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Energy transduction and storage in biological systems involve
multiply coupled, stepwise reduction/oxidation of energy-
carrying molecules such as adenosine triphosphate (ATP),
nicotinamide, and flavin cofactors."? These are synthesized
as a result of oxidation during citric acid cycles in mitochon-
dria or during photosynthesis in chloroplasts, and high
energies stored in their chemical bonds are consequently
harnessed for many biological reactions.** Phosphorylation
and protonation are key underlying mechanisms that allow
for reversible cycling and regulate the molecule-specific
redox potential.”! A sequential progression of electron trans-
fer through the redox cascades as well as continuous recycling
of the redox centers enables efficient energy use in biological
systems.[>]

The biological energy transduction mechanism hints at the
construction of a man-made energy storage system.®! Since
the pioneering work by Tarascon and co-workers” towards
a sustainable lithium rechargeable battery received significant
resonance, organic materials such as carbonyl, carboxy, or
quinone-based compounds have been demonstrated to be
bio-inspired organic electrodes.">*l The imitation of redox-
active plastoquinone and ubiquinone cofactors!™ through the
use of redox-active C=0O functionalities in organic electrodes
is a significant step forward to biomimetic energy storage.
However, the biological energy transduction is based on
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numerous redox centers of versatile functionalities available
in nature, not limited to the simple redox active C=O
functionalities. Consideration of how natural energy trans-
duction systems function at organelle or cellular levels by
elucidating the basic components and their operating princi-
ples selected by evolution™ will enrich the biomimetic
strategy for efficient and green energy storage.

Flavins are one of most structurally and functionally
versatile redox centers in nature, catalyzing an enormous
range of biotransformations and electron-transfer reac-
tions,"71¥ which occur over a wide potential range
(>500 mV)."?1 The extraordinary versatility of flavins
stems from their ability to engage in either one- or two-
electron-transfer redox processes, accompanying proton
transfer at the nitrogen atoms of diazabutadiene motif. In
the respiratory electron transport chain, for example, elec-
trons from reduced flavin adenine dinucleotide (FADH,) are
transported along a group of proteins located in the inner
membrane of mitochondria to induce proton pumping across
the membrane, as illustrated in Figure 1a (left). This process
generates an electrochemical proton gradient, which results in
the formation of high-energy ATP'! FAD is reduced again in
the citric acid cycle of mitochondria, which enables contin-
uous recycling of flavin redox centers. A close analogy exists
between the key components, facilitating respiration and
battery operation (Figure 1a); charged ions (H" or Li*) and
electrons, which are derived from flavin redox centers, are
unidirectionally transported in a stoichiometric manner using
separated paths. This creates chemical gradients across
membranes, and finally results in the formation of high-
energy species such as ATP and metallic lithium.

Herein, we report on the possibility of using the energy-
storage mechanism of flavin redox cycling in mitochondria to
lithium rechargeable batteries. According to our results,
flavin electrodes were capable of reversibly storing and
releasing two lithium ions and two electrons per formula unit.
Redox reactions in flavin electrodes were thoroughly inves-
tigated using the combined analyses of exsitu character-
izations and density functional theory (DFT)-based calcula-
tions. We found that the flavin redox reaction occurs during
battery operation at the nitrogen atoms of the diazabutadiene
motif in flavin molecules using two successive single-electron
transfer steps, in a similar way to the proton-coupled electron
transfer in flavoenzymes. Molecular tuning by chemical
substitution on the isoalloxazine ring significantly improved
electrochemical performances in terms of an average redox
potential, a gravimetric capacity, and stability, resulting in
a high-energy density comparable to that of LiFePO,, the
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riboflavin (Figure 2a, inset). Based on the
GITT result, which manifests a much higher
reversible capacity (1.90 Li atoms per riboflavin

molecule), it is demonstrated that the flavin
electrode is capable of accepting and releasing
two lithium ions per formula unit, as proposed
in Figure 1b (bottom).

The energy storage reaction of the ribofla-
vin electrode was found to follow two consec-
utive one-electron transfer reactions. The dif-
ferential capacity curves contain two sets of
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Figure 1. a) Energy transduction in mitochondria (left panel) where flavins work as

a redox center to store energy from nutrients into high-energy ATP. For synthetic energy
device applications (right panel), flavins serve as an active material that reversibly takes
up and releases electrons and lithium ions during electrochemical energy storage.

b) Different redox states of flavin molecules with indications of redox-active parts upon

electron uptake. Flavin molecules conduct a proton-coupled electron transfer reaction at
N5 and N1 in nature (top). We suggest the flavin redox cycle can be applied to lithium

rechargeable batteries using the reaction scheme proposed (bottom).

well-known inorganic cathode material for lithium recharge-
able batteries.

Flavins (Fls) can take up and release lithium ions
reversibly through a similar mechanism that occurs in
biological systems (Figure 1b). They possess three oxidation
states: oxidized (Fl,), half-reduced (Fl,4H), and fully
reduced (Fl,.4H,) states (Figure 1b, top).”” The main loci of
redox reactivity in the 7,8-dimethylisoalloxazine ring of the
flavin molecules are nitrogen atoms at positions N1 and NS.
The reduction and oxidation within the N5-C4a-Cl10a-N1
region enable the cycling between these three oxidation
states.’¥ The quinone groups in flavins do not function as
redox-active site, but only participate in the intermolecular
hydrogen bonding.”? We tested the electrochemical activity
of a riboflavin electrode versus lithium in a conventional coin-
type cell. Riboflavin (also known as vitamin B,) is a biochem-
ical source for the redox-active moiety of flavin cofactors.
According to our galvanostatic measurements, riboflavin/Li
cells exhibited a reversible capacity of approximately
105.89 mAhg™!, equivalent to 1.49 Li atoms per unit formula
between 1.5 and 3.8 V at a current rate of 10mAg"' (Fig-
ure 2a). The theoretical capacity of two lithium ions in the
riboflavin electrode is 142.43 mAhg™'. We also conducted
galvanostatic intermittent titration technique (GITT) meas-
urements with the riboflavin electrode under a low current
density, which allowed sufficient time for full lithium access to
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distinctive cathodic and anodic peaks with
average potentials of 2.65 and 2.4V, respec-
tively (Figure2b). This indicates that the
lithium-coupled electron-transfer reaction of
the riboflavin electrode occurs in two different
environments and evidences a relative stability
of the intermediate phase, resulting in two
consecutive one-electron reduction steps, as
depicted in Figure 2 ¢ (left). The first reduction
(Eoxrea) by lithiation (that is, acceptance of
lithium in the molecule) of riboflavin yields
a stable intermediate phase: lithiated flavose-
miquinone (Fl,,4Li). It is followed by the second
reduction (E,qrq) to form a fully lithiated
flavoquinone (Fl,.4Li,). This is in clear contrast
to free flavins dissolved in aqueous (or protic
organic) media, where the flavoquinone (Fl,,)
is reduced directly into flavohydroquinone
(Fl,.¢H,) through a two-electron and two-
proton transfer process in  Figure2c
(right).’>?"l The difference between the lith-
ium-derived two-step reaction and the one-step
reaction in the protonation of free flavin molecules will be
discussed later with the DFT calculations, and further
discussion is in Section 3 of the Supporting Information.

To unveil the mechanism of flavin redox reaction with
lithium, we have analyzed the riboflavin electrodes during
battery operation by using exsitu XPS at 1) as-prepared,
2) fully discharged, and 3) fully recharged states. In the high-
resolution XPS scans of riboflavin electrodes (Figure 3a),
lithium insertion and deinsertion were clearly observed. Li 1s
spectra indicate the evolution of the lithium peak for the
discharged electrode stemming from the lithium insertion into
riboflavin. Upon recharge, the lithium peak substantially
reduces as lithium is extracted from the riboflavin. The
reversible lithium insertion and deinsertion also affect the
bonding of nitrogen and oxygen in riboflavin. N 1s spectra
show that the peak was noticeably broadened with lithium
insertion (that is, discharged) and restored as lithium was
extracted. For the as-prepared electrode, the N 1s spectrum
initially fits well with two peaks having the same full width at
half maximum (FWHM; 1.8eV) centered at 400.2 and
401.4 eV. They are assigned to conjugated (sp*) -N= and
non-conjugated (sp®) -NH- groups, respectively.’*?") For the
discharged electrode, peak broadening occurs because of an
additional peak at 399 eV, implying the formation of a new
bond between nitrogen and lithium. The peak centered at
about 399 eV in the N 1s region was designated as an N-Li

(FlreaH2)
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We conducted the density-
functional theory (DFT) calcu-

lations (B3LYP) for in-depth
understanding of our experimen-
tal results. To verify the plausi-
bility of lithium insertion, vari-
ous possible lithium sites were
examined in the riboflavin (see
Figure S4 in the Supporting
Information). We found that
the first lithium (Lil) insertion
occurs via the formation of the

N5-Lil bond of riboflavin (Fig-
ure 3¢). The N5-Lil bond was
more stable than other bonds,
such as NI1-Lil, by 576 meV,
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Figure 2. a) Discharge/charge profiles of a Li/riboflavin cell and GITT profiles (inset). b) Differential
capacity (dQ/dV) curves of a Li/riboflavin cell calculated from the data shown in (a) indicating two
consecutive one-electron transfer reactions. c¢) Thermodynamic energy states of flavin (Fl) electrodes
and free flavin molecules during reduction indicating different electron-transfer pathways. The thick
arrows correspond to the actual reaction path, whereas the dotted arrows represent the infeasible path.

bond similar to that in lithium azide.”*" The variation of the
-N = peak (400.2 eV) intensity with respect to the -NH- peak
(401.4 eV) also indicates reduction and oxidation of the
riboflavin, although the limited resolution of N 1s did not
allow a quantitative analysis. The reversible reduction of the
N-Li peak at 399 eV as well as the recovery of the -N = peak
in the recharged electrode coincides with the redox reaction
of riboflavin with lithium. The O 1s peak also varied during
lithium insertion/extraction. The shift of the O 1s band toward
lower binding energy in the discharged electrode suggests an
increase in electron density of oxygen atoms accompanied by
lithiation of riboflavin during the discharge step.*>!

The change in the bonding nature of riboflavin after the
lithium-coupled reduction was further observed by ex situ
FTIR analysis (Figure 3b). With charge and discharge, the
absorbance signals at 1580, 1547, and 1511 cm™' from the
vibrational modes of C=N double bonds in riboflavin [v-
(C4a=N5) and v(C10a=N1)]***! significantly change, indi-
cating the participation of C=N double bonds in the reaction
with lithium. This strongly supports the formation of a N-Li
bond. Additionally, we found a reversible change in the C=O
vibrational mode [v(C2=02) and v(C4=04)],* which
indicates that C=O double bonds also participate in the
reaction with lithium during charge and discharge. This
observation is in contrast to the case of Fl;H,, in which the
redox reaction only occurs at C=N double bonds. This
discrepancy will be discussed in the DFT calculations below.
Additional evidence of reversible lithium reaction with
riboflavin, such as spectrophotometry and °Li NMR analysis,
is provided in the Supporting Information.
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which is significantly large con-
sidering the thermal energy at
room temperature (about
25 meV). This result is consistent
with the proton-coupled electron
transfer of flavins, where the first
proton binds to N5.%1 Subse-
quently, lithium binds to the
remaining N1 atom, forming
Fl,.,Li, during the following
reduction procedure. Based on
the formation energy, the chem-
ical potentials of lithium in ribo-
flavin after the first and the second lithium insertions were
estimated to be 3.1eV (AE,.a) and 2.4eV (AE.geq)s
respectively; although the values are slightly different from
the experimental observation because of possible intermo-
lecular interactions, such as hydrogen bonding and aromatic
stacking, the trend of chemical potential changes along de/
lithiation processes is reasonable. While the main bonding
occurs between lithium and nitrogen, lithium also interacts
with oxygen because of the comparatively large size of the
lithium ion (59 pm).’] Thus, the first lithium insertion induces
the formation of a heterocyclic five-membered -C4a-C4-O4-
Lil-N5-C4a- ring, whereas the next lithium insertion creates
a four-membered ring: -C2-N1-Li2-O2-C2-. The geometri-
cally strained four-membered ring is much less stable than the
five-membered ring system, so that the energy state of Fl 4Li,
becomes higher. Therefore, the relative stability of the
intermediate Fl,,Li phase results in two consecutive elec-
tron-transfer reactions, which is in agreement with our
electrochemical data.

The changes in the major bond lengths obtained from
DFT calculation (Figure 3d) clearly manifest the change of
bonding nature of conjugated diazabutadiene in 7,8-dimethy-
lisoalloxazine ring during the redox reaction of riboflavin
electrode. Upon lithiation, asymmetric bonding of =NS5- and
=N1- was successively converted into symmetric -N- with an
increase in the length of the C=N double bond, indicating the
reduction of the double bond. In addition, in the fully reduced
state of riboflavin, the distance between C4a and C10 was
shortened, implying the oxidation of a single bond to a double
bond. A slight increase in the C=0O double-bond lengths was

Angew. Chem. Int. Ed. 2013, 52, 83228328
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Figure 3. a,b) Ex situ characterizations of the riboflavin electrodes at different states of charge: as-prepared state (black), fully discharged state
(1.5 V, red), and fully recharged state (3.8 V, blue). XPS local scan spectra of Li s, N Ts, and O 1s regions (a). FTIR spectra containing
information of CN and CO bonds (b). c) Molecular structure of riboflavin upon lithium insertion, predicted from DFT calculations. d) The major
bond lengths (A) measured from the data shown in (c). With lithium uptake, consecutive bond-length alternation in the N5-C4a-C10a-N1 region

is observed, indicating reduction.

observed, which is compatible with other experimental and
computational results. Furthermore, the redox-active sites
upon electron uptake were identified by calculating the
Mulliken charges of atoms in riboflavin (Figure S5). The
notable increase in the electron density of oxygen atoms
implies that the oxygen atoms also partially participate in the
redox reaction, whereas nitrogen atoms play a role as major
redox centers in the molecule. Overall, DFT calculations
support our experimental observations of the reversible
mechanism of the lithium-coupled electron transfer reaction
of riboflavin.

Taking the benefit of chemical tunability of organic
materials, we have designed tailored flavin derivatives that
exhibit much improved electrochemical properties in terms of
energy density and cyclability as shown in Figure 4a. In
nature, a number of flavin analogs exist with different
substituents on the isoalloxazine ring, which show different
electrochemical properties in diverse biological redox
events.’ As a bioinspired strategy, we considered the
following criteria of molecular substitutions in the design of
organic electrode: 1) substituents with stronger electron-
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withdrawing properties in the benzene subnucleus (C7 and
C8) to elevate the redox potential, 2) simpler side chains at
the N10 site to increase the gravimetric capacity, and
3) functionalities with low polarity to inhibit the dissolution
of active materials.

According to our results (Figure 4b), the replacement of
the methyl group by chlorine atoms at C7 and C8 (7,8-
dichloro-10-ribitylisoalloxazine), and bromine atom at C8 (7-
methyl-8-bromo-10-ribitylisoalloxazine) raised the operating
voltage of flavin electrodes. The changes in the average redox
potential for each analog were 0.14 and 0.09 V, respectively.
We expect a substitution with much stronger electron-with-
drawing groups, such as cyano,! will enable further elevation
of the redox potential of flavins. The replacement of the
ribityl group at N10 in riboflavin with a methyl group can lead
to a simpler molecule, called lumiflavine (Figure 4a), with
a theoretical capacity as high as 209.18 mAhg™'. According to
our observation, the gravimetric capacity of lumiflavine was
much higher (17432mAhg™") than that of riboflavin
(105.88 mAhg™') with negligible transition in the redox
potential in a galvanostatic measurement under the same
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Figure 4. Design of flavin molecules to enhance electrochemical performances. a) Chemical structures of tailored flavin derivatives. b) Differential
capacity (dQ/dV) curves of Li/7-methyl-8-bromo-10-(1"-p-ribityl)isoalloxazine (gray) and Li/7,8-dichloro-10-(1"-p-ribityl)isoalloxazine (black) cells
compared to Li/riboflavin cell (gray, dotted) calculated from the discharge/charge profiles (inset). c) Discharge/charge profiles of a Li/lumiflavine
cell (black) compared to the Li/riboflavin cell (gray, dotted). The capacity retention of the Li/lumiflavine cell compared to the Li/riboflavin cell is

shown in the inset.

experimental conditions. In addition, the alternation of the
side group from ribityl to nonpolar group reduced dissolution
of flavin molecules in polar electrolytes.” The lumiflavine
electrode exhibited the capacity retention of 66.3 % after 10
cycles, which is higher than that of the riboflavin electrode
(53.6%; Figure 4c inset). We attribute this result to the
differential solubility of the molecules. For practical applica-
tions, the stability of flavin electrodes should further be
improved by adopting engineering options, such as polymer-
ization or immobilization and the use of a solid-state electro-
lyte. Beside the substituents, molecular conformation as well
as intermolecular interactions, such as hydrogen bonding and
aromatic stacking, also contribute to the redox properties of
flavins,® and should therefore be taken into account when
designing a tailored flavin electrode.

In summary, this work demonstrates a biomimetic
approach to design high-performance energy devices based
on the analogy between energy-storage phenomena of
mitochondria and lithium rechargeable batteries. We found
that flavins such as vitamin B, and lumiflavine are capable of
reversibly storing lithium by using redox-active nitrogen
atoms in the diazabutadiene motif during battery operation.
Analyses of both exsitu characterizations and DFT calcu-
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lations revealed that electron transfer reactions in the flavin
electrode during lithium-coupled electron uptake and dona-
tion are analogous to the proton-coupled electron transfer
mechanism of flavoenzymes. Proper chemical modification of
flavin molecules can improve battery performances; applying
strong, electron-withdrawing substituents at the benzene
subnucleus and a simple side chain at the pyrazine subnucleus
of the isoalloxazine ring, the energy density of the flavin
cathode (i.e. 510 Whkg ™' for lumiflavine) can compete with
that of the commercial inorganic electrode material, LiFePO,,
while more study is required to have lithiated compounds and
to overcome the intrinsic low volumetric density of the
organic materials. These findings confirm that natural living
systems, which have become optimized for energy cycling
through evolution, hint at unlimited opportunities for us to
design sustainable materials with a superior performance
beyond the conventional electrodes in lithium rechargeable
batteries.

Experimental Section
Electrochemical measurements: Electrochemical performances of
flavin molecules were measured versus a Li metal foil (Hohsen Corp.,

Angew. Chem. Int. Ed. 2013, 52, 83228328
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Japan) in coin-type cells (CR2016). The electrodes were fabricated
by mixing 50 % w/w active materials, 30 % w/w carbon black (Super
P") and 20% w/w PTFE (polytetrafluoroethylene, Aldrich) binder.
A porous polypropylene membrane (Celgard 2400) was used as
a separator. The electrolyte was 1M LiPFy in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 v/v, Techno Semichem Co.,
Ltd., Korea). The cells were assembled in an inert atmosphere
within an Ar-filled glove box. The discharge and charge measure-
ments were carried out at a constant current density of 10 mAg~'in
voltage ranges of 1.5-3.8 V on a battery test system (Won-A Tech,
Korea). For GITT measurement, the Li/flavin cells were discharged
and charged for 1 h at 5mA g~!, with 2 h rest time, in galvanostatic
mode.

Confirmation of the material stability: To confirm structural
consistency, X-ray diffraction (XRD) patterns of riboflavin powder
and the as-prepared riboflavin electrode were collected on a Bruker
D2phaser (Germany) using Cu Ka radiation (1=1.54178 A) with
a scanning speed of 1° per minute in the range 26, ¢, = 5-40° with
a 20 step size of 0.02°. The photochemical stability of the riboflavin
electrode with electrolyte EC/DMC was confirmed by Fourier
transform infrared spectroscopy (FTIR) and UV/Vis absorbance
spectroscopy. The riboflavin powder, as-prepared electrodes, and as-
prepared electrodes stored in EC/DMC for 24 h were compared. The
electrode retrieved by disassembling as-prepared coin cells preserved
for 24 h and rinsed with DMC was used as the sample stored in
electrolyte. FTIR spectra of pellets made of riboflavin powder (or
electrodes) and KBr powder were recorded on a FT/IR-4200 (Jasco
Inc., Japan) at a resolution of 2 cm ™' in argon atmosphere. For UV/
Vis absorbance spectroscopy, each sample was immersed in degassed,
deionized water in argon atmosphere, resulting in immediate
solubilization of the riboflavin molecules. UV/Vis absorbance spectra
were obtained using a V/650 spectrophotometer (Jasco Inc., Japan) in
the range of 200-600 nm.

Exsitu electrode characterization: For exsitu analyses, the
electrodes at the different states of charge (as-prepared, fully
discharged to 1.5V, and fully recharged to 3.8 V) were disassembled
from coin cells and rinsed with DMC. To prevent exposure to air, all
the samples were handled in an Ar-filled glove box. X-ray photo-
electron spectroscopy (XPS) measurements were performed by using
a Thermo VG Scientific Sigma Probe spectrometer (UXK.) equipped
with a microfocus monochromated X-ray source (90 W). All the
binding energies are referenced to Cls (284.5e¢V). FTIR and
absorbance spectra were collected by following the method described
previously in stability confirmation. °Li magic-angle spinning (MAS)
nuclear magnetic resonance (NMR) analysis was performed for the
riboflavin electrode after fully discharged to 1.5V. The NMR
spectrum was obtained using a solid-state 400 MHz NMR spectrom-
eter (AVANCE 400WB, Bruker Science, Germany) at room temper-
ature.

Computational details: All energy calculations were conducted
with spin-unrestricted density functional theory (DFT) using the
Gaussian 09 quantum chemistry package.*” Geometry optimizations
were carried out with Becke-Lee-Yang—Parr (B3LYP) hybrid
exchange-correlation functional“**! and the standard TZVP basis
set.l”*1 To determine the sites and sequence of lithium occupation
upon redox reactions, DFT energies of various possible forms of
Fl,,4Li and Fl,.,Li, were compared. Mulliken population analysis was
used to analyze atomic charge.*! The detailed procedure and results
of DFT calculations are discussed in the Supporting Information.
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