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Abstract

Enzymes often involve short-range electrostatic interactions in the deliberate
microenvironment for accelerating the catalysis. Comparatively, electrostatic
interactions from ions in solutions are mostly shielded by solvent or counter-ion shells,
creating negligible catalytic effects. Herein, we discovered that the Li" cations
electrostatically accumulated on negatively-charged carboxylated carbon nanotubes
could create strong interactions with in-situ formed peroxide anion (OOH)
intermediates from O; reduction, forming an active side-on Li"-OOH™ complex. This
complex reduces the Oz-reduction energy barrier and increases the nucleophilicity,
expediting the aerobic oxygenation of ketones. Aside from trapping active
intermediates, excessive Li" cations also attract the surrounding water dipoles to
prevent from quenching the active Li'-OOH™ complex, highly mimicking the Baeyer
Villiger monooxygenase (BVMO). By using probe-assisted quantitative methods, we
demonstrated the unique under-coordinative characteristics of interfacial Li" with an
order of magnitude higher concentration than the bulk solution, providing essential
clues about the intrinsic discrepancy between electrocatalytic and thermocatalytic

reactivities.
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Introduction

Short-range electrostatic interactions are ubiquitous in catalytic systems and play
decisive roles in catalytic activity and stereoselectivity'™. The electrostatic attraction
between the positively-charged and negatively-charged centers from ions, dipoles or
polar functional groups modulates the configurations and energies of the reactants or
intermediates, steering toward the targeted reaction pathway>®. These electrostatic
interactions are also the selection of nature and drive almost all molecular processes in
biological systems, including protein folding, molecular recognition and enzyme
catalysis’!!. Specifically, the charged centers in enzymes precisely position the key

intermediates, toward tremendous rate acceleration and superior selectivity!%!3,

Taking Baeyer Villiger monooxygenase (BVMO) as an example, electrostatic
interactions enable the efficient oxygenation of ketones into the corresponding esters
using O> as the only oxidant, avoiding the use of unstable peracids in conventional
processes!* 8. The catalytic process of BVMO reduces flavin that binds O to form the
reactive charged center!”. Meanwhile, the NADP" amide establishes a crucial
electrostatic interaction with the hydrogen on the flavin’s NS5 site, which prevents the
internal proton transfer to form the undesired hydrogen peroxide. The charged amino
residues of the protein scaffold also position the ketone substrate to expedite the
nucleophilic attack of the peroxy anion center'®2. Inspired by these natural enzymes,
researchers have been dedicated to mimicking the enzyme functions, but precisely
creating the desired electrostatic interaction demands the deliberate design of catalytic

structures and remains a grand challenge**!-23,
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Herein, we discover that the electrostatically-accumulated Li" cations at the
electrode/electrolyte interface can act as catalytic centers toward biomimetic aerobic
oxygenation of ketones (Scheme 1). Bulk cations in solution are often surrounded by
dipoles (e.g. H>O in aqueous systems) or counter-ions (e.g. anions in non-polar solvents)
via strong electrostatic interactions, which prevents the formation of desired
electrostatic interactions with target substrates or intermediates. Therefore, these
cations had been considered as bystanders or helpers and seldomly regarded as the
catalytic centers®*2°, but the cations can universally accumulate at the
electrode/electrolyte interface?’, which might create a unique microenvironment toward

the desired electrostatic interactions that perform catalysis.

Results

Interfacial Li cations promote the aerobic electrochemical oxygenation of ketones.

The aerobic electrochemical oxygenation of ketones resembles the BVMO process
and utilizes the reactive oxygen species from O: reduction for the sequential
oxygenation with Baeyer Villiger (B-V) reactivity. We first screened different cations
and discovered a dramatic difference among their catalytic performances (Figure 1a).
In electrosynthesis systems, tetraalkylammonium salts (e.g. tetrabutylammonium
(TBA)) are typically used to ensure the sufficient solubility and ionic conductivity.
However, during the aerobic electrochemical oxygenation of cyclohexanone into &-
caprolactone (e-CL), the TBA cations can only produce an &-CL yield of 8.1% with a

Faradaic efficiency of 13.0%. Shrinking the sizes of the ammonium cations can slightly
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improve the yield but only to <15.0%. Interestingly, the use of 0.1 M lithium cations
(Li") tremendously improved the &-CL yield to 41.7% with a Faradaic efficiency of

67.1%, demonstrating catalytic behaviors.

Electrode material is another seminal component of the electrochemical system.
Under the identical 0.1 M Li", carbon-based electrodes that favor the two-electron O;
reduction outperformed the Pt/C electrode that encourages the four-electron O:
reduction, suggesting the necessity of in-situ formed reactive oxygen species®®3!.
Among these carbon-based electrodes, multi-walled carbon nanotubes modified with
carboxyl groups (CNT-COOH) exhibited the highest e-CL yield, whereas other
electrodes shared similar performances (Figure 1b). This was likely originated from the
negative charges of the deprotonated carboxyl groups that encourage the accumulation

of Li" cations (Scheme 1). Accordingly, CNT-COOH was utilized as the cathode, Li"

and TBA™ were utilized as representative cations in the following study.

According to the cyclic voltammetry (CV), the kinetics under Li" was greatly
expedited with the shifted onset potential of O reduction from -1.12 V vs. F¢'/Fc under
TBA"t0-0.55 V vs. F¢'/Fc (Figure 1c¢). In stark contrast to a pair of symmetrical single-
electron 0»/O;" redox pair’? under TBA®, the Li* system showed the irreversible O>
reduction toward more deeply-reduced oxygen species with the absence of the
oxidation peak on the reversed scan. Considering the nature of Li*, we speculate that
the active species is likely anionic OOH" that might form the short-range Li"-OOH"
electrostatic interactions. Under O-free and H,O, conditions, the Li" system

demonstrated much negatively-shifted curves toward further H,O» reduction and the
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disappearance of the H>O» oxidation compared to the TBA" system, corroborating the

possible Li*-OOH" interaction.

The simplest method of enhancing the Li"-mediated interactions is to increase the
Li" concentrations. Increasing the Li" concentrations benefited the Oz reduction current,
but more importantly H>O> oxidation was clearly present under 0.025 M Li" and
disappeared beyond 0.1 M Li", indicating the more effective interaction under higher
Li" concentrations (Figure 1d). This enhanced interaction led to an improved &-CL yield
to 60.1% under 0.8 M Li" that approaches saturation (Figure 1¢). The time-dependent
product analysis revealed that the reactions were mostly completed in 2700 s, and the
general trend followed the higher yield and Faradaic efficiency under a higher Li"
concentration. The Faradaic efficiency under a moderate Li" concentration of 0.2 M
under 900 s could even reach 99.4%, while this value gradually diminishes over
prolonging the electrolysis due to the consumed reactants for the insufficient

consumption of Oz-reduction products.

Evidences of short-range Li*-OOH-" interactions.

To verify our hypothesis of Li"-OOH" interactions, we first performed in situ
surface-enhanced infrared absorption spectroscopy (SEIRAS) (Figure 2a and Figure
S1). We could distinguish an O-O vibration peak at ~1124 cm™ under Li* that gradually
diminished under more negative potentials, accompanied by the evolving peak at ~1195
cm’!. According to the simulated vibrations, the ~1124 cm™ peak belongs to OOH",

while the blue-shifted peak at ~1195 cm™ corresponds to the Li*-OOH" complex (Figure
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S2). On the contrary, the TBA" system showed the absence of vibrational peaks in this
region, consistent with the CV observations (Figure S3). The in-situ surface-enhanced
Raman spectroscopy (SERS) also confirmed the O-O stretching vibration of Li*-OOH"
and OOH" at 1193 cm™! and 1092 cm™, respectively®*** (Figure 2b), and their absence
under TBA™" (Figure S4). There also existed the presence and absence of an O-O peak
at 1011 cm™ from the adsorbed O state under Li" and TBA" respectively, resulting
from the hydrophobic TBA" tail that traps the O, to prevent its adsorption on the
electrode such that only the long-distance electron transfer can occur to generate Oy".
The ultraviolet—visible (UV—vis) spectra of the cyclohexanone-free catholyte further
confirmed the Li*-OOH" complex from the broad peak emerged at 273.3 cm that
shifted under different Li" concentrations (Figure S5-S6)*°. After its accumulation,
adding cyclohexanone with a 15-min reaction without applied potential could produce
e-CL (Figure S7), while no product could be detected without this accumulation (Figure

S8), further demonstrating the catalytically-active Li*-OOH" species.

The configuration of the Li"-OOH" complex is key to its reactivity. The blue-shifted
peaks in SEIRAS and SERS are intriguing, because if Li" attracts the terminal O of the
OOH" via electrostatic interaction, the O-O bond should be elongated to demonstrate a
red-shifted vibration. Also, the terminal Li" can block the reactivity of OOH™. Thus, we
calculated the most thermodynamically-stable configuration of the Li"™-OOH™ complex
as a side-on form with the three-center bonding (Figure 2¢). The Li" drags the electrons
from the p orbitals of the two O atoms to increase the O-O bond order, consistent with

the observed blue-shifted vibrations. This stable side-on configuration facilitates the
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formation of the Li"-OOH" complex. This was evidenced by the decreased dissociation
energy of H2O, from 9.26 eV without Li" and 8.31 eV under TBA™ to 7.86 eV under
Li", benefited from the more stable Li*-OOH™ complex (Figure 2d). The O reduction
energy profiles with and without Li" on the CNT-COOH model were further calculated
(Figure 2e and Figure S9). Despite the thermodynamically favorable O» reduction
toward the H>O end-product, the energy barrier from “OOH to “O demonstrates a high
barrier of 1.18 eV, leaning toward the preferential H,O» pathway often observed on
carbon electrodes. Although the thermodynamic energy of Li*-OOH™ is higher than
H>0,, its kinetic barrier can be further reduced from 0.72 eV to 0.53 eV, favoring its

production.

We further investigated the chemical property of this side-on Li*-OOH™ complex
by calculating the electrophilicity of each oxygen atom, using the orbital-weighted
Fukui functions and condensed dual descriptor (Af,,)*® (Figure 2f). The formation of
the cation-OOH interactions drastically decreases the Af,, values compared to bare
OOH’, corresponding to the increased nucleophilicity that benefits the oxygenation
process. Additionally, the calculated Hirshfeld-charges reveal the significantly
decreased Lewis basicity from OOH™ to TBA™-OOH™ and further to Li"-OOH". This
diminished Lewis basicity enhanced the structural stability of the Li"-OOH™ complex
to prevent its protonation to form the more thermodynamically-stable but much less
active H2Oz. These results could be explained by the change in the electron density
surrounding the terminal O atom (Figure 2c¢). The depletion of electron density away

from the plane decreases the tendency of H»O> formation, since this direction is
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consistent with the more stable bent form of H»O,. Whereas, the increased electron

density away from the Li" can still contribute to the enhanced nucleophilicity.

The determination of the active species allows us to elucidate the molecular-level
B-V oxygenation mechanism (Figure 2g). Like other oxygenation systems, acetonitrile
is a crucial mediator and creates a reactive adduct with a more favorable leaving group
(Figure S10). Thus, the Li*-OOH™ complex first nucleophilically attacks the acetonitrile
to form the peroxyacetonitrile adduct (OOR"), which can still form the short-range Li"
interactions by Li"-OOR". This complex can effectively attack the cyclohexanone to
form a Criegee adduct, and two Criegee adducts are further coupled into a dimer with
a lower energy barrier. This dimerization was supported by the significantly lower
conversion and yield under lower cyclohexanone concentrations (Figure S11). The
scission of the oxygen-oxygen bond in the dimer further forms a dioxy radical without
much energy penalty, which can then be re-arranged to &-CL as the final product. The
dioxy radical can be evidenced by the absence of e-CL under the DMPO-assisted radical

trapping experiment (Figure S12).

The concept of effective Li* concentration and water-tolerance of Li*-OOH"

complex.

Under 0.1 M Li", we could resolve the Li*-OOH" interaction from the CV, but no
product was detected using H>O» as the oxidant without applied potential. Due to the
factors of the local electric field and incomplete dissociation of the salt, the bulk Li"

concentration is not an effective indicator of its ability to form the Li"-OOH™ complex
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as well as the local Li" concentration at the interface. Consequently, we define the
fractional concentration of Li" capable of forming Li*-OOH" complexes as the effective
Li" concentration. A key parameter that affects the effective Li" concentration is the
H>O content. H>O is a crucial component as the proton donor for the O; reduction into
OOH" and Li"-OOH species, but can donate its dissociated protons to quench the active
Li"-OOH" complex. Comparing the polarization curves under different H>O contents
demonstrated a distinct positive shift of potential upon H>O addition (Figure 3a).
Dosing beyond 5% H>O led to the decreasing current at the first stage but the much-
elevated current at ~-0.9 V vs. Fc'/Fc, presumably corresponding to the deep O2
reduction. Therefore, H>O can be a double-edged sword that simultaneously benefited
the kinetics of O reduction and destroyed the desired Li*-OOH™ complex via
protonation to encourage deep reduction. Under 0.8 M Li", the positive shift was still
present, but the change at 5% H>O disappeared, suggesting the better water tolerance
(Figure 3b). Accordingly, under 0.1 M Li", the e-CL yield decreased from 41.2% of 0%
H>0 to 21.7% of 1% H>O, while under 0.8 M Li", the e-CL yield was almost maintained,

and only the excessive H,O dosage led to further decreased yield (Figure 3c).

The time-dependent product analysis with different H>O contents further
confirmed the H>O effect and HxO-tolerance of 0.8 M Li" (Figure 3d). Under 900 s,
dosing 1% H>O increased the yield with a much-improved Faradaic efficiency to 99.6%,
and further increasing H>O ratios decreased yield and Faradaic efficiency. It suggested
the essential role of H2O for driving the Oz reduction, but its overdosage quenches the

active species. This quenching effect was further corroborated by the absence of O-O
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vibration peaks of Li"-OOH™ (1195 cm™) and OOH" (1124 cm™") under 5% H,O (Figure
3e). In all, the electrostatically-enriched Li* cations at the interface can serve as two
major roles: 1) The under-coordinated Li" can effectively trap the in-situ generated
OOH species to form the reactive side-on Li*-OOH™ complex that mimics the active
center of the BVMOs; 2) The excessive Li" in the surroundings can form the cation-
dipole interaction with H>O that prevents its donation of protons to destruct the Li-
OOH" complex, which in turn increases the effective Li" concentration. These Li"
cations can act as an analogy to the NADPH cofactor that drags the N-H bond to prevent

H>0, formation (Scheme 1).

To further verify the Li’/H" competition, we utilized the rotating ring disk
electrode (RRDE) to measure the kinetics influenced by the reaction microenvironment.
Theoretically, the reduction of Oz to H2O2 or OOH™ involves the generation of 1 OH"
per ¢ through a conventional proton-coupled electron transfer (PCET) process (eq. 1).
However, the reduction of Oz to Li*-OOH" with the H/Li" competition generates only

one OH" but transfers two electrons (eq.2).

02 + 2H20 +2¢ — H202 +20H" (eql)

0,+H,0 +2¢ + Li’ — Li' -OOH + OH (eq.2)

It could lead to a different proton/OH™ gradient at the interface. We cathodically
biased the ring electrode to the hydrogen evolution potentials, and measured the kinetics
differences with and without the O2 reduction on the disk electrode. The larger current

difference corresponds to the larger proton gradient. By comparing the scenarios of 0%
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and 5% H2O, we discovered that the system with 5% H>O exhibited a much higher
current difference and a faster current response of 346 mV/decade compared to 980
mV/decade with 0% H>O (Figure 3f), corresponding to a higher proton gradient

approaching the eq. 1 scenario with strong protonation tendency.

Another central factor that governs the effective Li" concentration is the Li"-anion
binding. In non-aqueous systems with low dielectric constants, Li"-anion interaction

3738 and these anions can

can universally occur in solutions to encourage the dissolution
compete with the OOH". The B-V oxygenation activity trend followed the order of
LiClO4<LiBF4<LiTFSI<LiPFe<LiFSI (Figure 3g), which is in coincidence with the
calculated trend of the free energy of dissociation for different salts (Figure 3h). LiFSI
can be spontaneously dissociated in acetonitrile and produces the highest e-CL yield of
48.6% under 0.1 M, but its limited solubility in acetonitrile leads to its inferior activity
under higher concentrations compared to LiPFs. The O reduction onset potential

exhibited a consistent trend with e-CL yield, with a more positive potential for the LiFSI,

clearly indicating a promotion effect of the dissociated Li" (Figure 31).

Quantitative description of the effective Li* under electrocatalysis and

thermocatalysis.

Since the electrostatically-enriched Li" cations possess a much higher
concentration at the interface than the bulk electrolyte, this difference in the effective
cation concentration might be a key contributor to the observed oxygenation activity as

well as the activity difference between electrocatalysis and thermocatalysis (Figure
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S13). Therefore, we aimed to quantify this effective Li" concentration both at the
interface and in the bulk. To mimic the bulk electrolyte scenario, we added H>O» and
Li*-driven H>O; dissociation into Li*-OOH" formed the active species. The addition of
0.025 M and 0.1 M LiPF¢ generated no &-CL product and failed to compete with H"
corresponding to a low effective Li* concentration (Figure 4a). Comparatively, modest
yields of &-CL could be obtained under the electrostatically-enriched Li" at the
electrode/electrolyte interface. We only observed e-CL production under H>O> beyond
0.2 M Li". Interestingly, the &-CL yield under H2O> with 0.8 M Li" was almost
equivalent to that under electrochemical O reduction with 0.1 M Li*. It might indicate
that assuming similar microenvironments near the vicinity of Li", the concentration of

electrostatically-enriched cations was ~ 8 times higher than the bulk concentration.

However, the direct quantification of the effective Li" still remains to be solved.
Since the spectroscopic signal of the Li*-OOH" is not well-defined and affected by
solvent species, we utilized an azide (N3°) probe to mimic the OOH™ anion. The infrared
N3™ vibrations have well-defined peaks with negligible background interference, and
the short-range Li"-N3™ interaction could also cause a shift in the N3~ vibrational peak,
allowing for the quantification of their relative abundance. The SEIRAS spectra in 0.1
M Li" at -0.5 V vs. Fc'/Fc near open-circuit potential (OCP) resembles the
thermocatalytic condition. Two major vibration peaks of ~2110 cm™ from the Li*-Ns”
and ~2080 cm™! from the solvated N3~ appeared at this potential (Figure 4b and Figure
S14). After applying -1.5 V vs. Fc'/Fc, an additional peak at 2148 cm™' emerged,

corresponding to the N3~ coordinated to multiple Li" (nLi"-N3") (Figure S14). This was
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likely originated from the relatively low solubility of LiN3 solid and high Li" to N3
ratio used (0.1 M Li" vs. <0.01 M N3°). Under 0.8 M Li", an apparent peak at 2180 cm-
! was observed even at OCP, and this more blue-shifted peak was likely attributed to
the LiN3 crystallites that contain the multiple Li"-N3™ coordination. Biasing the system
to -1.5 V vs. Fc¢'/Fc recovered to three major peaks at 2147 cm™, 2104 cm™ and 2078
cm’! (Figure 4c). The well-defined peak shapes allowed the quantification of the relative
proportions of these species near OCP that represents the bulk electrolyte under
thermocatalytic conditions and -1.5 V vs. Fc"/Fc that represents the interface under
electrocatalytic conditions (Figure 4d and 4e). Under thermocatalytic conditions, the
major component is the solvated N3~ with negligible contribution of nLi*-N3", while
extending beyond 0.2 M Li" significantly increased the proportions of nLi*-N3~and Li*-
N3~ Under 0.8 M Li", the relative proportion of nLi*-N3™ could reach 17.35%. Under
electrocatalytic conditions, a significant proportion of 16.12% for nLi*-N3~ was present

even in 0.1 M Li", which further increased to 38.6% under 0.8 M Li".

We then used the Kendall correlation coefficient to illustrate the relevance of this
quantification with B-V oxygenation activity (Figure 4f and 4g). The correlation
coefficient based on the proportion of nLi"-N3” was the highest among all three species,
and further including the Li"-N3" did not benefit the coefficient, suggesting the central
species of nLi*-N3". It is worthwhile to emphasize that the relative solubility differences
between LiN3 and LiOOH may give rise to the difference in the coordination
environment of Li" to N3~ and OOH’, but this correlation still raises the attention to the

possible active anionic species coordinated to multiple cations due to the highly-
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concentrated cations at the electrode interface. Another important evidence is that the
proportion of nLi*-N3 under 0.8 M Li" and thermocatalytic conditions is 17.35%, very
close to the 16.12% under 0.1 M Li" and electrocatalytic conditions. This was highly
consistent with the trend of the e-CL yield, indicating that we might successfully
quantify the effective Li" concentration via the N3 ™-assisted method. Under 0.1 M bulk
concentration, no effective Li* with undercoordination characteristics could be obtained
in the bulk, while the effective ratio could reach <20% at the interface, while this value

could only be achieved for the bulk by octupling the Li" concentration.

The differences in the thermocatalytic and electrocatalytic systems could be
extended to other Li" salts, such as LiFSI and LiTFSI (Figure 4h and S15). The LiFSI
showed a similar trend compared to LiPFg, but due to its low solubility, the e-CL began
to be thermocatalytically produced from a lower concentration of 0.1 M, likely owing
to the more facile formation of Li" complexes near the crystallite surface. However,
increasing the LiFSI concentration was not beneficial for the electrocatalytic condition,
because the Li" cations already formed a near-saturation interface while increasing the
concentration of crystallites did not necessarily accumulate at the interface. In contrast,
LiTFSI showed the opposite trend. It has a relatively higher solubility such that the
electrocatalytic trend was similar to LiPFs, but no product was detected under
thermocatalytic conditions, even at very large concentrations. The Li" and TFSI
facilely formed Li*-TFSI ion pairs, which buried the Li" and prevented the formation
of active complexes, while the applied electric field pulled away the ion pairs to

construct the Li*-accumulated interface and allowed the formation of active Li* species.
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Overall, this strategy of creating the electrostatically-accumulated ion interfaces to
modulate the nature and concentration of active species is highly effective, and also
shines light on the intrinsic differences and similarities of chemo-reactivity in
electrocatalytic and themocatalytic systems. This strategy and relevant analysis could
be further extended to the oxygenation of other ketone systems, especially the highly
resembled activities of 0.1 M Li*/electrocatalysis and 0.8 M Li'/thermocatalysis, and

can provide a reference for other ion-sensitive systems (Figure 41).

Discussion

Herein, by simulating the unique electrostatic interaction in BVMO enzymes, we
discovered that the electrostatically-enriched Li* cations can efficiently catalyze the
aerobic oxygenation of ketones. Through systematic optimization, we demonstrated
that the effective accumulation of Li" cations induced by the applied potential and
carboxylated carbon nanotube electrodes can generate a high yield of 60.1% and a
Faradaic efficiency of 64.42% for the representative cyclohexanone oxidation. The
enriched Li" cations can not only induce short-range electrostatic interactions with the
OOH" intermediate generated by the electrochemical O; reduction, but also attract water
dipoles to prevent the annihilation of the active Li*-OOH"™ complex. Kinetic analysis,
in-situ spectroscopy, and DFT calculations reveal that the side-on Li"-OOH™ complex
can effectively reduce the energy barrier of O» reduction and increase the

nucleophilicity toward oxygenation. The competition of the Li'-OOH™ complex with
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the proton source and anionic species was highly critical for the activity, which led to
the concept of effective Li" at the interface that facilely form the Li*-OOH™ complex.
The effective Li* concentration behaves very differently at the electrode/electrolyte
interface and in the bulk solution. This difference accounts for the observed distinction
between electrocatalysis and thermocatalysis. By using the N3 probe-assisted method,
we quantified the effective Li" fraction that can facilely form short-range electrostatic
interactions with anionic species, and revealed that the electrostatically-enricheded Li*
cations are more effective than the bulk Li* cations for creating desired electrostatic
interactions, by a factor of up to 8. This discrepancy shines light on the intrinsic
chemoreactivity difference in electrocatalysis and thermocatalysis, and this work points
to the prospective route of utilizing electrostatically-enriched ions for the efficient

catalytic transformation, especially toward the synthesis of fine chemicals.

Online Method

Chemicals. All reagents were used as received without further purification.
Cyclohexanone (C¢Hi0O, Standard for GC), e-caprolactone (Ce¢Hi0O2, 99%),
cyclobutanone (C4HeO, 99%), cyclopentanone (CsHsO, >99.0%), lithium
hexafluorophosphate (LiPFs, 97%), ammonium hexafluorophosphate (NH4PFe,
99.99%), tetramethylammonium hexafluorophosphate (CsHi2F¢NP, 98%), platinum on
carbon (Pt, 5 wt. %), tetracthylammonium hexafluorophosphate (CsH20FsNP, 98%),

tetrabutylphosphonium hexafluorophosphate (CisHscFeP2, 98%), isopropyl alcohol
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(C3HgO, 99%), lithium perchlorate trihydrate (LiClO4-3H20, 99.99%),
bis(trifluoromethane)sulfonimide lithium salt (C2FsLiNO4S2, 99%), fumaric acid
(C4H404, >99.5%), lithium azide solution (LiN3, 20 wt. % in H20), 5,5-dimethyl-1-
pyrroline N-oxide (C¢H11NO, 97%), deuterium oxide (D20, 99.9 atom % D), hydrogen
peroxide solution (H202, AR, 30 wt. % in H>O), lithium tetrafluoroborate (LiBF4,
99.99%), silver nitrate (AgNOs3, 99.8%), lithium bis(fluorosulfonyl)imide
(F2LiNO4S2, >98.0%), ferrocene (FeCioHio, 99%) were purchased from Aladdin
Industrial Corporation (China). Acetonitrile (CH3CN, > 99.0%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (China). Carbon fiber paper was purchased
from Hesen Electric Co., Ltd. (HCP020P, China). Carbon black was purchased from
Shanghai Lisheng Industrial Co., Ltd. Nanographite powder was purchased from
Sigma-Aldrich Trading Co., Ltd. Graphene sheets were purchased from TCI Chemical
Industrial Development Co., Ltd. Carboxyl carbon nanotubes and carbon nanotubes
were purchased from Beijing Deke Island Gold Technology Co., Ltd. Pt sheets, glassy
carbon electrode and Ag'/Ag electrodes were purchased from Wuhan GaossUnion
Technology Co., Ltd. (China). Ultrapure Deionized water (18.2 MQ-cm™!, 25 °C) was

obtained from ELGA Purification system (China).

Catalyst Electrode Preparation. Carbon paper (1 cm x 1 cm % 0.1 cm) were
ultrasonically washed with deionized water and ethanol to remove surface contaminants.
Prepare ink by dispersing 4 mg catalyst in 1000 pL isopropyl alcohol with 20 L Nafion.
The resulting mixture was then sonicated for 20 min to obtain a uniform ink. Finally,

250uL of ink was dropped on hydrophobic carbon paper and dried at 80 °C. After the
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glassy carbon electrode was polished with polishing powder, it was ultrasonicated in
water for 10 min, ultrasonicated in ethanol for 10 min, and dried naturally at room
temperature. The electrochemical workstation (CHI 660E, Shanghai CH Instruments

Co., China) was used for the potential control.

Electrochemical measurements. The -electrochemical measurements were
performed on a CHI 660E work station using a standard 5 mL electrochemical cell with
a three-electrode system. The as-prepared electrodes were directly served as the
working electrode. A Pt sheet and an Ag'/Ag electrode in 0.1 M AgNO3 were used as
the counter electrode and the reference electrode, respectively. All measured potentials
in our work were converted to Fc'/Fc scale. The kinetics study was examined by
polarization curves/cyclic voltammetry curves under a scan rate of 100 mV/s, corrected
with 80% iR-compensation. In the electrocatalytic oxidation of ketone experiment, we
applied a constant current in 60 mM ketone + x M salt (x = 0.025, 0.1, 0.2, 0.4, 0.8) +
acetonitrile for 2700 s. During the electrolysis process, the oxygen in the system is
always saturated. In addition, acetonitrile was continuously added to the system through
a peristaltic pump to keep the volume constant. All experiments were conducted at a

room temperature of 25 °C.

Electrolysis product analysis. Product Analysis. The products were analyzed by
nuclear magnetic resonance (NMR, Bruker 400 MHz Avance III HD) spectrometer. The
g-CL product was quantified by 'H NMR with fumaric acid as the internal standard.
The standard method includes adding 100 pL electrolyte into a 400 uL D>O solution

with 100 pL 0.01 M fumaric acid. The number of moles of the product (n:.cr) was
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calculated using the following equation.

As—CL X Nfumaric acid

Ne_cL =

Nfyumaric acid
Afumaric acid X Ns—CL

where Ae.cL is the integral area of the e-CL peak (4.35 ppm) in the NMR spectrum
(Figure S13), which corresponds to two protons, Ne.cL is the corresponding H number
(NecL = 2). Afumaric acid 18 the integral area of the fumaric acid peak (6.70 ppm), and
Nfumaric acid 18 the corresponding H number (Nfumaric acid = 2) of the fumaric acid peak. The
yield of the product was calculated by the following equations.

Ne—cL

yieldE_CL = X 100%

Ncyclohexanone

Where 7ne.cr is the mole number of &-CL and 7cyciohexanone = 3 *107# is the initial mole

number of the cyclohexanone.

The product faradaic efficiency (FE) was calculated by the following equation.

Ne—cLZe—cLF
FE, oL = —eCLPe=CL” o 100%

total
Where z..cL = 4 is the number of electrons required to produce a e-CL, F is the faradaic

constant (96,485 C/mol), and Qotal is the total charge.

UV-Vis and [In-situ ATR-SEIRAS spectroscopy. UV-vis spectroscopic
measurements were performed using a UV-vis spectrometer (Lambda 35, PerkinElmer).
The UV-vis spectrometer was referenced to deionized water using a quartz cuvette. UV-
vis spectra of the electrolyte were measured at different reaction stages on the carboxy
carbon tube with LiPFs. After electrolysis for 0/5/10/15 min, The electrolyte in the

cathode part of the H-type cell is used in UV-visible spectrophotometers measurement.
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UV-vis spectroscopy characterization studies were conducted on various concentrations

of LiPFs in x M LiPFe (x = 0.025, 0.1, 0.8) for 5 min.

Since the focus is on the electrode interface rather than the catalyst, We directly
used Au disk electrode (® = 10 mm) as our working electrode. The ATR-SEIRAS
spectra were collected by a Nicolet iS20 FTIR spectrometer (Nicolet i1S20 FTIR,
Thermo Scientific) with a built-in MCT detector and an in-situ IR optical accessory
(SPEC-I, Shanghai Yuanfang Tech. Co., Ltd., China). The Au-coated Si prism was used
as the working electrode, with the Ag/Ag electrode and the Pt foil as the reference and
counter electrodes, respectively. Potentio-dynamic measurement was conducted in the
N»-saturated atmosphere, and ~10 sccm N> flow was kept bubbling through the spectro-
electrochemical cell and infrared spectrometer. ATR spectra were acquired at a
resolution of 4 cm™' with unpolarized IR radiation at an incidence angle of ca. 60°. All
spectra were converted to the absorbance unit as -log (I/lo), where I and Io represent the
signal intensities of the reflected radiation of the sample and reference spectra. The
electrochemical workstation (CHI 660E, Shanghai CH Instruments Co., China) was

utilized for the potential control.

Rotating ring disk electrode test (RRDE). After polishing the rotating ring disk
electrode with polishing powder, it was ultrasonicated in water for 3 min, in ethanol for
3 min, and dried naturally at room temperature. Prepare the ink by dispersing 2 mg of
catalyst in 700 puL of water, 300 pL of isopropyl alcohol, and 20 puL of Nafion. The
resulting mixture was then sonicated for 20 minutes to obtain a uniform ink. Finally, 10

uL of ink was dropped on the disk electrode and dried at room temperature. The kinetics
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study was examined by polarization curves under a scan rate of 10 mV/s, corrected with
80% iR-compensation. The electrochemical workstation (CHI 760E, Shanghai CH

Instruments Co., China) was utilized for the potential control.

In-situ Raman spectroscopic study. The Raman spectra were recorded by Raman
spectrometer (Horiba Jobin Yvon) equipped with a 638 nm laser. The spectral Raman
shift range was set from 200 to 2000 cm™ with the resolution of 1.3 cm™, using a
1200/mm grating and setting the acquisition time as 60 s. The Raman spectroscopy was
conducted on a custom-built three-electrode cell (EC-RAIR, Beijing Science Star
technology Co., Ltd.), with the Pt wire as the counter electrode, the Ag/Ag" electrode
as the reference electrode (0.1 M AgNOs3) and a roughened gold surface as the working
electrode. The Au electrode for the in-situ Raman spectroscopic study was prepared by
a modified electrodeposition method on the roughened gold electrode. The
electrodeposition was conducted at a current density of 1 mA-cm™ with a deposition
duration of 120 s. The working electrode was further washed with ultrapure deionized
water and ethanol. Before the spectroscopic study, the electrode is immersed in a
saturated solution of O,. The Raman spectrum is collected by sweeping the electrode

over a specified potential range.

Calculation Details. The density functional theory (DFT) calculations of Oxygen
reduction reaction (ORR) processes on the anode of multi-walled carbon nanotubes
modified with carboxyl groups (CNT-COOH) were performed in the framework of
periodic plane waves implemented in the Vienna ab initio simulation package (VASP,

version 5.4.4, https://www.vasp.at) The electron-ion interactions are represented by
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projector-enhanced waves (PAW)*, and the energy cut-off is 440 eV using the PBE
function. The VASPsol package was also imported corrections of DFT-D3 and solvation
in acetonitrile (EB_K= 35.69 F/m). As the CNT-COOH in our practical experiment is
in relatively large radius, causing its curvature can be ignored at the nanoscale, the CNT
models with -COOH function groups on the basal (CNT-COOH-Basal) and at the edge
(CNT-COOH-edge) were both formed flat*, as shown in Figure S9. For geometrical
optimization, the convergence criterion for forces acting on atoms is 0.02 eV+A"!, while

the energy threshold defining the self-consistency of the electron density is 10 eV.

DFT calculations of B-V oxygenation process and other cluster structures were
performed using the Gaussian 16 rev. b.01 suite of programs (https://gaussian.com).
Application of the TPSSh function in combination with 6-311+G(d, p) basis set was
used for the analysis of the Fukui functions and electron density distribution; the
MO062X functional in combination with the def2-tzvp basis set was used for the
geometry optimizations and frequency computations of intermediate-/end-products and
transition states, with correction of DFT-D3*!; the calculations of IR spectra was
calculated at B3LYP/6-31G(d) level with correction factor of 0.9614%?. The whole DFT
calculations were performed under in acetonitrile solution by using IEFPCM method.
We have employed unrestricted M062X methods and found broken-symmetry solutions
for the open-shell triplet. For each transition-state, IRC calculations were performed in
both directions to locate the nearest stationary points; the resulting structures were
subjected to geometry optimization and frequency calculations. Multiwfn

(http://sobereva.com/multiwfn/) was imported for the electronic wavefunction
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analysis*®.
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Scheme 1. (a) The mechanism of BVMO enzyme!”. (b) Biomimetic mechanism of aerobic

oxygenation by electrostatically-enriched Li".
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Figure 1. a) The yield/Faradaic efficiency of e-CL with different cations. b) The yield/Faradaic
efficiency of €-CL on different catalyst electrodes under 0.1 M LiPFs. c¢) Cyclic voltammetry
curves of O2/H20; reduction under Li* or TBA™ on a glassy carbon electrode. The scan rate is
100 mV/s. d) Cyclic voltammetry curves of O reduction on a glassy carbon electrode under
different concentrations of LiPFs. The scan rate is 100 mV/s. e) Time-dependent &-CL

yield/Faradaic efficiency under different concentrations of LiPFs.
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Figure 2. a-b) The ATR-SEIRAS/in-situ SERS spectra of the system when polarized to

different potentials in an electrolyte with Li" under O.. ¢) Calculated electron density and their
difference of Li*-OOH™ complex and OOH" anion (value = 0.007 a. u., blue represents a
decrease in the electron density, yellow represents the opposite). d) Energy transition of H>O,
dissociation with or without cation coordination. e) Energy profile of O reduction with and
without Li* on the CNT-COOH-Basal model. f) The electrophilicity of each oxygen atom on
H,0, and OOH" with/without cationic coordination described by orbital weighted Fukui
functions and condensed duality descriptors (O1 represents the O atom away from the H and
O represents the O atom close to the H. g) The Gibbs free energy distribution of the

cyclohexanone oxygenation pathway.
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Figure 3. a-b) Polarization curves of O reduction in a) 0.1 M and b)0.8 M LiPFs system with
different H,O contents. c) The yield and Faradaic efficiency of e-CL in 0.1/0.8 M LiPF¢ system
with different H,O contents. d) Time-dependent e-CL yield/Faradaic efficiency under different
H,O contents under 0.8 M LiPFs. ¢) The ATR-SEIRAS spectra of the system when polarized to
different potentials in 0.1 M LiPFs system with 5% H,O. f) The current difference of the Pt ring
electrode at different potentials under the influence of 41 pA/cm? and 2.57 mA/cm? the disk
electrode in 0.1 LiPF¢ system. g) The yield and Faradaic efficiency of ¢-CL in Li salt systems
with different anions. h) Calculated Gibbs energies of dissolution for Li salts with different

anions. i) Polarization curves of O, reduction under Li salts with different anions.
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Figure 4. a) The yield and Faradaic efficiency of &-CL in thermocatalytic/electrocatalytic
scenarios with different LiPFs concentrations. b-c) The ATR-SEIRAS spectra of the system
when polarized to different potentials in b) 0.1 M and c) 0.8 M LiPFs system with saturated N3
d-e) The proportions of different forms of N3 and Li* coordinated-N3™ in LiPFs systems with
different concentrations d) near OCP and e) under -1.50 V vs. Fc/Fc'. f-g) Kendall correlation
coefficient between different forms of N37/Li" coordinated-Ns™ and &-CL yield f) near OCP and
g) under -1.50 V vs. Fc/F¢'. h) The yield and Faradaic efficiency of &-CL in
thermocatalytic/electrocatalytic scenarios with different LiFSI concentrations. i) Yield and
Faradaic efficiency of different products for the oxygenation of different cycloketones under

both thermocatalytic/electrocatalytic scenarios.
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