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ABSTRACT: Organic-based electrodes for Li- and Na-ion
batteries present attractive alternatives to commonly applied
inorganic counterparts which can often carry with them supply-
chain risks, safety concerns with thermal runaway, and adverse

environmental impact. The ability to chemically direct the gt ’q_: 3
structure of organic electrodes through control over functional ( s *,,% .‘!,;‘k,"
groups is of particular importance, as this provides a route to fine- 5’:';0 -9

CHARGE

tune electrochemical performance parameters. Here, we report two
benzo-dipteridine derivatives, BF-Me, and BF-H,, as high-capacity
electrodes for use in Li- and Na-ion batteries. These moieties permit binding of multiple Li-ions per molecule while simultaneously
ensuring low solubility in the supporting electrolyte, often a precluding issue with organic electrodes. Both display excellent
electrochemical stability, with discharge capacities of 142 and 182 mAh g™' after 100 cycles at a C/10 rate and Coulombic
efficiencies of 96% and ~ 100% demonstrated for BF-Me, and BF-H,, respectively. The application of a Na-ion cell has also been
demonstrated, showing discharge capacities of 88.8 and 137 mAh g~' after 100 cycles at a C/2 rate for BF-Me, and BF-H,,
respectively. This work provides an encouraging precedent for these and related structures to provide versatile, high-energy density,
and long cycle-life electrochemical energy storage materials.

KEYWORDS: organic electrodes, Li-ion battery, Na-ion battery, flavin cathodes

Lithium ion (Li-ion) batteries continue to find their A biological system which shows great promise for organic
application in the electric vehicle market and as efficient electrodes is the flavins.'”'® Flavins are pteridine-based
energy storage systems for energy derived from intermittent derivatives containing a redox-active diazabutadiene nucleus
power sources (e.g, tidal, solar, and wind).! Traditionally, and are ubiquitous biological redox cofactors for a number of
positive electrodes in Li-ion batteries have been fabricated biotransformations and energy transfer reactions.'” Their
from metal-based inorganic materials.”~> However, there has redox-active nature has earmarked these compounds as
been increasing interest in rechargeable batteries featuring attractive materials for the development of redox flow and
redox-active organic molecules”’ as alternatives to current Li-ion batteries. For example, Meng and co-workers used flavin
commercial active electrodes. This has largely resulted from mononucleotide (FMN) as a negative electrolyte in redox flow
their lower environmental impact, improved sustainability, and batteries (RFBs), achieving devices with stable performances

over 100 cycles.20 More recently, Aziz, Gordon, and co-
workers have investigated the addition of solubilizing groups to
an alloxazine core. The 7/8-carboxy-functionalized system
produced RFBs with high current efficiency and capacity
retention and open-circuit voltages approaching 1.2 V.*'
With regard to Li-ion batteries, Kang, Park, and co-workers
have employed riboflavin and lumiflavin as cathodes,
demonstrating that Li-ion binding occurs similar to H* binding

ability to conveniently tune their redox properties through
synthetic manipulation.””"" However, the future development
of Li-ion batteries based on organic electrodes presents several
challenges as they must satisfy stringent requirements, which
include: low solubility in conventional electrolytes, the ability
to reversibly bind lithium ions, and good electrical con-
ductivity. These systems should also have properties
comparable to inorganic batteries. For example, organic
electrodes often display declining voltage profiles upon
repeated cycling, can exhibit solubility in the electrolyte, and Received:  April 14, 2020
have the propensity to participate in unwanted side reactions Accepted:  July 30, 2020
during battery cycling.'”~'® Therefore, the development of Published: August 18, 2020
new materials with more favorable voltage profiles, good

cycling kinetics, and improved cyclability is vital for the

realization of high-performance organic-based batteries.
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Figure 1. Chemical structure of benzo-dipteridine derivatives BF-Me, and BF-H, and potential reaction mechanism with lithium.

during the natural reduction of riboflavin, and have achieved
capacities of around 174 mAh g~ for lumiflavin and 105 mAh
g ! for riboflavin.** Park, Kang, and co-workers investigated
the role the submoieties that form the flavin unit play in the
battery characteristics.'' Simplifying the flavin structure to
alloxazine and lumazine improved the energy density; however,
the smaller structures promoted higher solubility in the
electrolyte. The incorporation of single-walled carbon nano-
tubes (SWCNTs) expanded and improved the use of
alloxazine and lumazine derivatives for Li-ion batteries.
Anchoring riboflavin and lumiflavin to SWCNTs resulted in
a significant enhancement in the specific capacity, rate
capability, and cyclability of Li-ion batteries.”’ Flavins have
also been previously employed as pendant groups on
poly(norbornene) polymer electrodes, where initial discharge
capacities of 125 mAh g™' at a C/10 rate are obtained for this
hierarchical structure, which was employed to limit the
solubility of the system in the electrolyte.”* Nevertheless,
significant capacity fading was still observed, suggesting that
other degradation mechanisms also occur. Cho and co-workers
reported the use of 7,8-dimethylalloxazine (or lumichrome) as
the cathode material in Li-ion pouch cells, which displayed
initial discharge capacities of ~140 mAh g~' similar to those
observed for coin cells.”®

Although biomimetic flavins have been mainly used in these
studies, nonnatural synthetic flavins®® offer the prospect of
superior materials for use as active electrodes due to the ability
to tune their redox, solubility, and structural properties
through synthetic manipulation.””** Here, we present a series
of bis-flavin-like benzo-dipteridine derivatives BF-Me, and BF-
H, (Figure 1) as a new generation of organic battery materials.
Benzo-dipteridines™ have been selected for this study due to
their very poor solubility in most solvents, their ability to form
m-stacked structures,’® and their propensity to undergo
multiple, reversible one-electron reductions due to the
presence of two diazabutadiene moieties (labeled in blue in
Figure 1), which can accommodate up to two electrons.’!
Similar to riboflavin, subsequent lithium insertion would be
favored by carbonyl groups next to active nitrogen atoms, as
they provide stabilization of the lithiated complex by chelation.
Furthermore, the presence of two electron-withdrawing
pteridine cores shifts the redox potential toward more negative
values than that of the corresponding flavin analogs, leading to
possible exploitation of larger potential windows and higher
theoretical capacities compared to flavins. Another major
advantage offered by this system is its great structural
versatility. For instance, the choice of alkyl chains on the
N3, N7, N10, and N14 positions has a considerable impact on
the solubility and chelation properties of the resulting organic
electrode. Here, we report the electrochemical performance of
BF-Me, and BF-H,, demonstrating high capacities and

8303

excellent capacity retention after 100 cycles, and we apply
the insights from density functional theory (DFT) to explain
stability over repeated cycling.

The synthesis of BF-Me, was carried out according to that
previously reported by Yano et al. (Scheme S1).*?
Commercially available p-aminoaniline 1 was first acylated
and then reduced to obtain bis-aniline 3 in nearly quantitative
yield for both steps. This was made to react with 6-chloro-3-
methyluracil to afford compound 4, which, after nitration,
underwent ring-closure, forming S,12-di-N-oxide, which was
deoxygenated to afford BF-Me,. Similarly, BF-H, (Scheme S2)
was obtained by reacting 3 with 6-chlorouracil, affording §,
which underwent nitration and ring-closure under the same
conditions. The deoxygenation reaction required a much
higher dilution due to higher insolubility of the parent S5,12-N-
dioxide. A detailed description of the synthetic routes for both
BF-Me, and BF-H, is provided in the Supporting Information.
The X-ray crystal structure was obtained for BF-Me,,
confirming the linear structure. A full description can be
found in the Supporting Information.

To assess the potential of lithium binding in these
molecules, a series of DFT calculations were performed. 33
To computationally predict the most likely energetically
favorable sites for lithiation, BF-Me, was first geometrically
optimized and then a lithium atom was placed at different sites
at an approximate 4 A distance from the molecule to allow the
system to geometrically rearrange to the most energetically
favorable state. The same calculations were also performed on
BF-H, and the results are reported in the Supporting
Information. Figure 2 shows the most stable structures for

4 9
>
° R Jt . ‘ ‘$4 ?
Be% %% % b a$0‘e'3 " 20 an at
i 2 9 2 b ;
0% e%e% 0 e : 4 o 0“‘3 %’
.3;. e d > 9 ® J
I > ]
9 9
BF-Me,-Li(N5) BF-Me,-Li(N1)
Most stable +0.414 eV

Figure 2. Molecular structure of the calculated most stable
conformations of BF-Me,, after a single-electron reduction and
lithium binding. Of these, BF-Me,-Li(NS) was found to be more
stable than BF-Me,-Li(N1) by 0.414 eV.

the monolithiated BF-Me,, BF-Me,-Li(N5), and BF-Me,-
Li(N1), where the former is thermodynamically more
favorable by 0.414 eV. This energy difference is likely due to
the stabilizing action of the lithium ion on the radical anion of
BF-Me,. Figure 3 shows a DFT-calculated radical map of the
one-electron reduced BF-Me, (top). The addition of a lithium
ion does not drastically affect the radical distribution (bottom),

https://dx.doi.org/10.1021/acsaem.0c00829
ACS Appl. Energy Mater. 2020, 3, 8302—8308
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Figure 3. Radical distribution maps for one-electron reduced BF-
Me,” and the monolithiated species BF-Me,-Li(NS5) and BF-Me,-
Li(N1).

which remains localized on C4a and NS5, suggesting that the
electrostatic interaction between the unpaired electron and Li*
at NS would be stronger than that between Li* and N1.
Similarly, another lithium ion was added to the two
monolithiated species and the four most stable conformations
were obtained (Figure SS, Supporting Information). As
expected from symmetry considerations, the twofold reduced
dipteridine with lithium ions at NS and N12, BF-Me,-Li2(NS,
N12) is the most energetically favorable conformation.
Furthermore, BF-Me,-Li2(N5, N12) is the most planar of
the four conformations, while the least stable BF-Me,-Li2(NS,
N1) shows a more bent structure, with a dihedral angle of 6°
between the fully lithiated pteridine and its fully oxidized
counterpart. Figure 4 shows an indication of how the planarity
of BF-Me, changes upon full reduction and lithiation. The low
solubility of the fully oxidized dipteridine can be explained
based on the formation of strong intermolecular 7-7 stacking
interactions, enhanced by the high planarity of the molecule
and the low steric hindrance of the side-chains. Upon
lithiation, the molecule progressively bends toward a chair-

7 2
i

BF-Me,-Li(N5)

)

r(“
ép%" gé g

BF-Me,-Li5(N1,N5,N12) BF-Me,-Li,

Figure 4. Geometry comparison between BF-Me, and BF-Me,-Li,.

8304

like configuration. This geometric rearrangement is more
evident upon the third and fourth lithiations, with the plane of
the core moiety twisted by approximately 7° and 11°,
respectively, with respect to the phenyl center. This structural
rearrangement is also evident by comparing the bond distances
before and after lithiation (Table S1, Supporting Information).
Upon lithiation, the C=0 and C=N bonds are stretched,
which led to progressive loss of their sp® character and
therefore the ability to form intermolecular 7 stacks. An almost
identical result was observed for BF-H, with the same
structural rearrangement to a chair-like configuration upon
lithiation and bond distances very similar to those of BF-Me,
(Table S2, Supporting Information).

To investigate the electrochemical performance of BF-H,
and BF-Me,, galvanostatic cycling experiments were performed
in Swagelok-type cells using two different electrolyte systems: 1
M LiPF¢ in EC:DMC (vol 1:1) (carbonate-based) and 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in dioxo-
lane (DOL):dimethoxyethane (DME) (vol 1:1) (ether-based).
The theoretical capacities of BF-H, and BF-Me, are calculated
to be 263 and 247 mAh g, respectively, assuming that four
Li-ions can be associated with each molecule during one redox
cycle. For cells cycled at a C/10 rate within a voltage window
of 1.2—4.0 Vin 1 M LiPF in EC:DMC, it can be observed in
the Supporting Information (Figure S6) that this theoretical
capacity is exceeded for both compounds during their first
cycle. This indicates additional processes beyond the four Li*
ions expected from stoichiometry and DFT predictions.

The redox activity of both materials was confirmed by CV,
with a series of anodic and cathodic peaks observed (Figure
Sa,b). For BF-Me,, a reduction peak is initially observed at ca.
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Figure S. Cyclic voltammograms for charge—discharge cycles of (a)
BF-Me, and (b) BF-H, measured at a scan rate of 0.1 mV s™!
between 1.2 and 4.0 V vs Li/Li* and (c) BF-Me, and (d) BF-H,
measured at a scan rate of 0.1 mV s™! between 1.2 and 3.5 V vs Na/
Na*.

2.8 V versus Li/Li* which can be attributed to the first and
second Li" ions binding to equivalent sites within the molecule
(Figure Sa). This peak splits upon further cycling, which may
indicate that the previously equivalent sites have been slightly
changed. As the voltage is swept from low to higher values,
oxidation peaks are observed at 2.3, 3.1, and 3.5 V versus Li/

https://dx.doi.org/10.1021/acsaem.0c00829
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Li". The peak at 2.3 V is split, which indicates that a 2 Li*
removal process occurs on nearly equivalent sites. The further
two peaks most likely arise from the consecutive removal of the
remaining Li* ions in order to achieve full oxidation of the
dipteridine unit. Figure S8 shows the comparison of the first
cycle CV and the dQ/dV plot, in addition to dQ/dV data
across the first four cycles, where a peak between 1.5 and 1.6 V
versus Li/Li" is observed, and shows little change in intensity
and position across cycling. This peak is most likely attributed
to the capacity delivered during the binding of the final two Li*
ions to the BF-H, molecule, resulting in a full reduction of the
unit. Thus, taking into account the peak shifts observed
between the CV and dQ/dV profiles, it is reasonable to assume
that the peak at 1.5 V observed in the CV profile can be
assigned to the aforementioned Li* binding.

For BF-H,, there is a markedly improved overlap of peaks
for consecutive cycles in the carbonate-based electrolyte
(Figure Sb). For example, the reduction peak at 2.8 V, likely
corresponding to the binding of the first two Li* ions on the
NS and N12 sites, experiences very little voltage shift upon
turther cycling and there is no splitting of this peak. Oxidation
peaks for this compound are observed at around 2.6 and 3.3 V
versus Li/Li*, with each peak indicating a 2 Li* ion removal
process. The cycling stability of both BF-Me, and BF-H,
decreased with an increased cycle number, indicating the
possible dissolution of active materials in the carbonate-based
electrolyte. To mitigate this effect, further cycling experiments
were performed in an ether-based electrolyte (Figure 6). At a
C/10 rate, a capacity of 182 mAh g_1 is observed even after
100 cycles with almost 100% Coulombic efficiency for BF-H,
(Figure 6b,d). Similarly, BF-Me, displays its best performance
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4.0 V vs Li/Li" at a rate of C/10 in an ether-based electrolyte. Rate
performance of (e) BF-Me, and (f) BF-H, measured at a different C
rate from C/10 to 10C.

8305

in an ether-based electrolyte within a potential window of
1.35—4.00 V with a discharge capacity of 142 mAh g~!
observed after 100 cycles at C/10 rate with a Coulombic
efficiency of 96% (Figure 6a,c).

The rate performance of the BF-Me, and BF-H, pressed
pellet electrodes (see the Supporting Information) was
measured at increasing C-rates from C/10 to 10C, as shown
in Figure Ge,f. As the charge/discharge current increases, both
electrodes exhibit excellent capacity retention. A capacity
retention of over 180 mAh g™' at a C/S rate is observed in
both the cases. The rate performance of the BF-Me, and BF-
H, electrode films was also measured at various C-rates from
C/10 to 10C, and these results are shown in the Supporting
Information (Figure S9). Interestingly, even at a rate of 10C,
the BF-H, material displays a discharge capacity of 127 mAh
g~' (75 mAh g" in the case of BF-Me,). These materials show
excellent cycling stability and high rate performance likely due
to their high conjugation and planar geometry. As DFT studies
suggest, upon lithiation, both molecules have the tendency to
bend into a chair-like configuration, therefore weakening the 7-
stacking interactions, which could, in turn, contribute to an
increase in the solubility of the compounds in the organic
electrolyte. However, unlike BF-Me,, the lack of functionaliza-
tion on N3 and N10 in BF-H, provides an opportunity for H-
bond formation, which would decrease the solubility of this
compound compared to its dimethylated counterpart. This has
obvious implications on electrochemical performance as one
would expect less severe degradation effects for this bent
conformation. The formation of H-bonds in N3 unfunction-
alized isoalloxazines with diaminopyridine derivatives, acting as
flavin receptors, has been widely reported in the litera-
ture.”*®3%3> Moreover, Ohshiro et al. demonstrated the
formation of a charge-transfer complex between two N3 and
N10 unfunctionalized dipteridine molecules having different
oxidation states, interacting with each other through
antiparallel dipoles (N—H and C=0).”°

To further examine the lithiation mechanisms in BF-Me,
and BF-H,, ex situ ATR-IR spectroscopy and X-ray diffraction
measurements were performed on each cathode material prior
to cycling, upon discharge to 1.2 V and after subsequent
charging to 4 V (see the Supporting Information for
experimental details). ATR-IR is particularly useful in
examining vibrational energy levels to assess changes during
electrochemical cycling, as exemplified by recent developments
in operando measurements by Bitenc et al.’° The benzo-
dipteridine derivatives BF-Me, and BF-H, possess several
characteristic IR bands, including C=0 stretches (~1715—
1730 and ~ 1680 cm™") and the vibrational mode from N4 =
C4a—Cl4a = N4 (shown in blue in Figure 1) which are
sensitive to reduction.”” Spectra recorded for both compounds
upon discharge show a weakening and negative shift in the
C=0O0 stretches (Figure S10), indicating a reduction of these
groups in good agreement with the proposed mechanism as
shown in Figure 1. These peaks re-emerge upon charging,
demonstrating the reversibility of this process. Ex situ X-ray
diffraction data collected for both materials after discharge and
upon recharge show a high degree of amorphization (Figure
S11), similar to the behavior noted for the perylene anhydride
electrode in K-ion batteries.”® SEM images collected of the
pristine material and the cathode prior to and after cycling
confirm this loss of long-range crystallinity and a pronounced
change in morphology (Figures S12-S17), where micron-long
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rod-shaped particles for pristine BF-Me, and BF-H, are
broken down to smaller quasi-spherical particles postcycling.

The limited natural abundance of lithium has spurred
investigations to find more sustainable carrier ions for
rechargeable batteries with sodium emerging as a popular
choice.®” Therefore, we have investigated the cathode behavior
of BF-Me, and BF-H, for rechargeable sodium-ion (Na-ion)
batteries. Cyclic voltammograms for BF-Me, and BF-H, versus
a sodium metal anode are shown in Figure Sc,d, respectively.
Figure Sc shows the first five cycles of the CV curves of BE-
Me, in 1 M NaPF; in diethylene glycol dimethyl ether. In the
first cathodic scan, there is a large reduction peak centered at
~2.5 V versus Na/Na*, which appears at a lower potential
compared with subsequent scans. This is reminiscent of the
behavior observed for perylene diimide as a Na-ion cathode,
where a large polarization was required for initial Na-ion
insertion.”” The reversed anodic scan shows a broad oxidation
peak, with a shoulder, centered at ~2.9 V. The excellent
reversibility is reflected by no changes in peak positions or
intensities in subsequent cycles. In the case of BF-H, (Figure
5d), a broad reduction peak is observed at 2.45 V versus Na/
Na® in the first scan with two oxidation peaks found in the
anodic scans at 2.8 and 3.0 V. On subsequent scans, a slight
shift to higher potentials is again observed, indicating an
increasing polarization. The overlap in peak position and
intensity in later scans indicates good electrochemical
reversibility. Cycling studies were carried out for both
electrodes at a C/10 rate. For BF-Me,, an initial discharge
capacity of 160 mAh g~ is observed, which reduces to 125
mAh g™' after 25 cycles. The BF-H, cathode displays a first
discharge capacity of 240 mAh g™' reducing to 153 mAh ¢! in
the 25th cycle. A large difference between the first and second
discharge capacities is attributed to reactions with the
electrolyte. The cycling stability was examined at a C/2 rate
for BF-Me, and BF-H,. The first and 100th cycle discharge
capacities for the BF-Me, electrode were 128.8 and 88.8 mAh
g~!, respectively, with a 100% Coulombic efficiency observed.
For BF-H,, the first discharge capacity was found to be 175
mAh g_l at a C/2 rate, reducing to 137 mAh g_l after 100
cycles with almost 100% Coulombic efficiency. The rate
performance for both materials was determined at current
densities ranging from C/10 to 10C. On final return to a C/10
rate, BF-Me, and BF-H, showed discharge capacities of 128
and 174 mAh g, respectively, demonstrating good material
stability at high current (Figures S18 and S19). Although
improvements in cell construction, conductive carbon
additives, and electrolyte optimization can lead to enhanced
performance and are ongoing for these dipteridine compounds,
these results demonstrate the promising application of BF-Me,
and BF-H, as electrodes for both Li- and Na-ion batteries.*""**
Overall, the electrochemical performances reported in this
work were outstanding when compared across a variety of
organic cathodes, thus achieving comparatively high discharge
capacities and cycling stabilities for both lithium and sodium
cells. ¥ *

Strong sharp redox peaks (corresponding to plateau-like
features in the voltage profile in the galvanostatic cycling data)
at around 2.8—3.4 V versus Li/Li* (Figure $20a) and 2.7—3.0
V vs Na/Na* (Figure S20b) indicate a two-phase reaction
mechanism. In the case of the Li-ion cells, there are additional
broad redox contributions over the rest of the cycled voltage
window, which may be arising from solid-solution processes
where Li-ions diffuse within the dipteridine material without
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producing a phase change. This type of redox reaction is absent
in the Na-ion cells, indicating only a two-phase mechanism for
these cells. This is in contrast to the Li-ion case where
additional capacity arises as a result of the solid-solution
mechanism. The additional solid-solution processes observed
in the low-voltage regime are also more evident and contribute
to a higher capacity in the case of the BF-H, material, which
indicates a less hindered ion diffusion compared to the bulkier
methyl substituents of BF-Me,, where steric hindrance may
hamper ion diffusion.

In conclusion, we have reported the synthesis of two benzo-
dipteridine derivatives, which show great promise for use as
cathode materials for Li- and Na-ion batteries. We have shown
that each molecule can accommodate at least four lithium ions,
with high capacities and excellent cyclability demonstrated.
BF-Me, displays lower cycling stability compared to BF-H,,
which likely arises from the N-methyl group, preventing
intermolecular H-bonding. Furthermore, the DFT-predicted
loss of planarity, which affects both molecules upon lithiation,
will likely result in increased solubility in the electrolyte due to
the disruption of intermolecular -7 stacking interactions. The
combination of DFT calculations with electrochemical experi-
ments provides unique insights into the structure—property
relationships of these organic electrodes, permitting future
tailoring of the primary structure to avoid degradation through
solubility effects. Without the need for postprocessing of the
flavin moieties, these cathodes deliver high discharge capacities
stable even after 100 cycles. This work paves the way for the
incorporation of these materials and their molecularly
engineered counterparts’’ into a range of cathode structures
for Li- and Na-ion batteries.
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