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Organic redox compounds represent an emerging class of cathode materials in rechargeable batteries for low-cost and
www.rsc.org/ sustainable energy storage. However, the low operating voltage (< 3 V) and necessity of using lithium-containing anodes
have significantly limited their practical applicability to battery systems. Here, we introduce a new class of p-type organic
redox centers based on N, N’-substituted phenazine (NSPZ) to build ready-to-charge organic batteries. In the absence of

lithium-containing anodes, NSPZ cathodes facilitate reversible two-electron transfer at 3.7 and 3.1 V accompanying anion
1
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association,  which  results in a specific energy of 622 Wh kg in  dual-ion  batteries.
24 Organic compounds with p-type redox activities and high
1 Introduction 25 redox potentials can provide new opportunities to create
2 In designing high-performance and sustainable batteries, tf%eG practically Y'able organlc-b.ased rec.hargeable I_‘IBS' Unlike, n-
3 . . . L . 37 type organic cathodes using alkali metal cations as charge
major technical barriers lie in developing new electrode - > )
4 materials can outperform current electrode materials 128 carriers, p-type electrodes utilize molecular anions. Thus, they
5 . . . . 29 do not require a lithium-containing anode in LIBs, thereby
Unlike  conventional  transition-metal-based |norgané%) . onifi p b onal
6 electrodes, organic compounds, which can be obtained from presenting ? significant - a \{antage ecausele fl:?nventlona
7 . . . 31 anode materials such as graphite can be used. ~ "’ Moreover,
earth abundant elements with minimum carbon footprint, are2 hod ; tive in their f . h
8 highly desirable for making sustainable electrodes.>® Thus p-';ype. Catfo e? are. |n;en5|':|ve ':1 t e';f l:mctlfon :0 t_e
9 considerable efforts have been made to identify organ%c?l Ze .elstclonbo cations in t e.eectrc‘a yte, o erlr}g r.ee om in
10 molecules and polymers that can reversibly react with lithiu _l+“ |n§ a+ttery Zs;yste:s usllng ;/arlf)us tyfpes :: Cat'O:S (g'gl'é
11 or sodium ions in rechargeable batteries. Various redox-acti A LII ,hNa ’h K. Me h’ and molecu :r (;ons‘) .Or_ t .efano s
12 organic materials (e.g., conducting polymers, carbony?s Atd(?ug hresearc on Z—typefcat odesisin ';s ml anc:/, recer:;
13 organosulfurs, and biological cofactors) have been explor(a3 stu |he.s 163\2’06 rjphorte a ’ ew p-typed ra |ca. .po yn|1fers,
14 thus far;*™ however, they still cannot rival state-of-the-d grap ite, an Zl_ziterocyc ic compounds cor?t?!nlng sutiur or
15 inorganic electrodes in terms of energy densities. The red nitrogen atoms. Even though the feasibility of p-type
16 potentials rarely exceed 3 V resulting in a low-voltage cell 2 R P R d
17 which requires additional inactive parts in battery pack design CE:I) -2 (\Arr;:) . 4 s
—
18 to meet the voltage specification.” *** More importantly, di;;‘:'rge pL s
19 most organic compounds do not contain lithium in their NN'-suésﬂwted [NSéPZ]‘ §
e e 2 2
20 natural state. Therefore, their use as cathodes in lithium-ion phenazine (NSPZ) 3
. . . . - P b e e % 1 1
21 batteries (LIBs). m.ust be accompz?\nled .by lithium cont.a|.r1|ng T i 2 W ovisertivesinrecbneli
22 anodes (e.g., lithium metal), which raises another difficult o o
. 715 a DMPZ 0 50 00 150 20
23 issue.” °= lT Specific capacity / mAh g
© e
.= [DMPZF* 4} DMPZ / LiTFSI in TEGDME / Li,Ti,0,, 14
(] = Y- > Ve
“ Department of Materials Science and Engineering, KAIST, 291 Daehak-ro, Sk 3
Yuseong-gu, Daejeon 34141, Republic of Korea DMPZ = 5,10-dihydro-5,10-dimethylphenazine §
b Department of Materials Science and Engineering, Research Institute of Advanced & S o 3
Materials (RIAM), Seoul National University, 1 Gwanak Road, Seoul 151-742, ﬁ
Republic of Korea S 4 q
“ Center for Nanoparticle Research, Institute for Basic Science (IBS), Seoul National U
University 1 Gwanak Road, Seoul 151-742, Republic of Korea oby + - - e
* e-mail: matlgen1@snu.ac.kr, parkcb@kaist.ac.kr. DMPZ [DMPZ]* [DMPZ>* Spesiioicapadity T mAlig!
1T These authors contributed equally. .
+ Present address: Department of Chemical Engineering, Stanford University, Figure 1. a) Chemical structure and redox mechanism of NSPZ. b) Schematic
Stanford, CA 94305, USA illustration of energy storage in dual-ion battery using DMPZ as a p-type cathode.
Electronic Supplementary Information (ESI) available: See c) HOMO plots of DMPZ and its oxidized forms. Galvanostatic charge/discharge

DOI: 10.1039/x0xx00000x profiles of a lithium rechargeable battery with d) DMPZ cathode and Li metal

anode and e) DMPZ cathode and LisTisO1, anode at a current density of 50 mA g'l.
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organic cathodes was successfully demonstrated there®4
these cathodes generally exhibited limited specific capaciti®5
of less than 100 mAh g™. 7" #?* % T4 achieve higher capaciti@6
in p-type cathodes, it is necessary to identify organic materi&y
that are lighter and exhibit multi-electron redox capability. 98

To that end, here we present a new class of multi-electr&9
p-type organic cathodes based on N, N’-substituted phenazl®
(NSPZ) derivatives and reveal underlying mechanisms of tA€d
redox reactions with molecular anions. The phenazines ark02
family of heterocyclic nitrogen-containing metabolites in Iiifg3
organisms, which are known to scavenge harmful radicald Q4
biological systems and are involved with various physiologlddb
charge-transfer reactions.”®3° We demonstrate a reversib@b
two-electron redox reaction in NSPZ cathodes in LIBs for 10/
first time, which exhibits an average redox potential of 3.208
vs. Li/Li* and a theoretical capacity of 254.9 mAh g™*. Combid&9
electrochemical and structural studies reveal that anld®
interactions govern the reversible redox reaction of the N38Z4
electrodes. We further demonstrate that the numberld®
electrons and anions that reversibly react with the N383
electrode can be tuned based on the electrolyte type and di4

concentration. 115
116

. 117
Experimental 118
Preparation of materials 119

5,10-Dihydro-5,10-dimethyl phenazine (DMPZ) was purchalgtp
from TCI chemicals (Japan). Other chemicals were purcha

from Sigma-Aldrich (UK) and utilized without furtiﬂgz
purification. mP-DPPZ and pP-DPPZ were synthesilgtﬁ
according to the literature.> A phenazine solution (1 M ir;l-%4
xylene) was added to a phenyllithium solution (1.9 M in dib&tzﬁ
ether) and mixed for 3h. The reaction mixture was quencllrg(ﬁ
by adding cold deaerated distilled water and the organic Iékr%V
was separated for following reaction. The resulting solu

(2.5 mmol), which was stored with dry sodium sulfate, \ngg
further mixed with m-diiodobenzene (1 mmol), sodium t;l?to
butoxide (3.18 mmol), bis(tri-tert-butylphosphine) pallad'rlﬁrl
(0.017 mmol) at 120 °C for 1 hour. After cooling to r

temperature, the mixture was filtered and the filtrate \Jv§§

evaporated. The residue was subjected to silica
chromatography (hexane-toluene = 3:1) followed sy
recrystallization (tetrahydrofuran-methanol), resulting a pale

yellow solid of mP-DPPZ. pP-DPPZ was prepared according 3%
similar procedure as for the synthesis of mP-DPPZ usingl 6
diiodobenzene instead of m-diiodobenzene. The synthesis W37

performed under nitrogen atmosphere. 138
139
Electrochemistry 140

A three-electrode system (Pt counter electrode, Ag/Ag&éi‘

reference electrode, glassy carbon working electrode)
employed to measure solution-based cyclic voltammogram
DMPZ molecules (1 mM) at the scan rate of 100 mVs ™. wél
used various electrolytes including LiClO,, LiTFSI, LiPFs, NaClOj}
and MgClO, in different types of solvents to test §
electrolyte salt and solvent dependence of the ani%ﬁ-7

2 | Green Chem., 2017, 00, 1-3
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association reaction. Charge/discharge profiles of DMPZ, mp-
DPPZ and pp-DPPZ powder samples were measured versus a Li
metal foil (Hohsen, Japan) in coin-type cells (CR2032). The
electrodes were fabricated by mixing 50% w/w active
materials, 35% w/w conductive carbon (Super P) and 15% w/w
polytetrafluoroehylene (PTFE) binder, which are self-standing
without using any current collector. The weight of active
compounds were adjusted within the range of 2.5 + 0.5 mg per
cell. A porous glassy microfiber filters (GF/F Whatman, UK)
were used as separator after washed thoroughly in acetone
and dried overnight at 120 °C. The composition of electrolyte
salts were altered to compare the potentials of redox reaction;
Electrolytes containing LiPFg, (1 M), LiCIO4 (1 M), LiTFSI (from
0.1 M to 4.5 M) in tetraethylene glycol dimethyl ether
(TEGDME) were utilized for galvanostatic measurements. The
cells were assembled in an Ar-filled glove box under inert
atmosphere (<0.5 ppm 0O,, H,0). Galvanostatic tests were
performed at 50 mA g'1 current density on a battery cycler
(Won-A tech, Korea).

Ex situ electrode characterization

The electrodes at different states of charge were prepared by
disassembling coin cells (as-prepared, half-charged, fully
charged to 4.1 V, half-discharged, and fully discharged to 2.5
V) followed by rinsing the electrodes with diethylene glycol
dimethyl ether (diglyme). To prevent air contamination, all
samples were prepared and sealed in an Ar-filled glove box.
XPS spectra were collected with a Thermo VG Scientific Sigma
Probe spectrometer (UK) equipped with a microfocus
monochromated X-ray source (90 W). Binding energies were
referenced to the C—C bond of the C 1s region at 284.5eV.
Fourier transform infrared spectra were obtained with pellets
consisted of the mixture of electrodes and KBr powder on an
FT/IR-4200 (Jasco, Japan) at a resolution of 2 em™. Sulfur to
nitrogen ratio was measured with FLASH 2000 series CHNS
elemental analyzer of Thermo Scientific (UK). The results of
elemental analysis were averaged after five times tests. The
absorption spectrum of each sample was measured in
TEGDME by a V/650 spectrophotometer (Jasco, Inc., Tokyo,
Japan).

Results and discussion

Among the phenazines, NSPZ is of particular interest because
of its multi-electron redox capability, as it is known to undergo
two successive one-electron transfer reactions (Fig. 1a).32 In
our continuing effort to utilize a conjugated diazabutadiene
motif in a heterocyclic system to store energy, for example,
flavins” ** and pteridines,7 we note that NSPZ also shares the
diazabutadiene motif in the heterocyclic system. Unlike flavins
and pteridines, the motif in NSPZ is in its reduced form and is
therefore “ready-to-charge”. DMPZ, the simplest form of
NSPZ, is a phenazine that is methylated at both nitrogen atoms
in the pyrazine ring. Note the difference between phenazine34
and DMPZ, which are oxidized and reduced, respectively, in
pristine states. We fabricated a dual-ion rechargeable battery

This journal is © The Royal Society of Chemistry 2017
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—electron clouds. e) dqg/dV curves of solid DMPZ electrodes in 1 M LTFSI in
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system based on DMPZ as a cathode, as schematich®@
illustrated in Fig. 1b, where the as-assembled cell was ih9d
discharged state. The charging process leads to the oxidatl®2
of the DMPZ cathode via anion association and simultane®83
reduction of the anode via cation insertion. During 19¢}
discharge process, the reverse reactions occur. Therefore, 195
p-type DMPZ is capable of being charged even in the abseh&6
of a lithium (or sodium) reservoir in a counter electrode ¥8v7
lithium- (or sodium-) ion batteries. 198

Before the experiments, we examined the redox capabil®P
of DMPZ by calculating the highest occupied molecular orbi24)€
(HOMO) using density functional theory (DFT) calculation2€d
investigate the electronic stability of DMPZ during 202
oxidation reaction (Fig. 1c). Upon the successive removal o203
to two electrons from DMPZ molecules, the electrons w20
effectively delocalized in the conjugated structure, impl\05
the structural stablilty after two-electron oxidation.>*206
Inspired by this theoretical feasibility, the electrochem2V
performance of DMPZ cathodes was investigated in the ddfl8
ion batteries based on lithium ions and molecular ani269
[bis(trifluoromethane) sulfonamide, TFSIT at 50 mA g2238
illustrated in Fig. 1d and e. The charge—discharge profil di
DMPZ in Fig. 1d reveals well-defined voltage plateaus thi2
correspond to average potentials of 3.7 and 3.1 V (vs. Li/&1)3
respectively. The specific capacities were 217 and 191 mAhZé'Zl
for the initial charge and discharge, respectively, whdb
strongly indicates a two-electron redox reaction @RHH
theoretical capacity of DMPZ for a one-electron reactio iy
127.4 mAh g). We further examined the performance &¥18
DMPZ//Li,TisO,,-based full cell (Fig. 1e). The full cell exhibited
specific capacities of 220 mAh g'1 (charge) and 163 mAh g'1
(discharge) with voltage plateaus at 2.2 and 1.6 V, respectively.
This corresponds well with the result of Fig. 1d, considering the
redox potential of the Li,TisO;, electrode (~1.5 V vs. Li/Li*). The
reversible cycling of the full cell suggests that the dual-ion
rechargeable battery system using p-type organic compounds
is practically feasible.

To better understand the redox mechanism based on
anion-association reaction, we investigated electrochemical
activities of DMPZ by altering the electrolyte conditions.
According to solution-based cyclic voltammetry (CV) analyses
(Fig. 2a and Table S1), the reversibility was significantly

a d DMPZ Clo,~ PF,,
i } i of
% 2 ) { TFSI
solvent : TEGDME v *\u_\;f‘
L L L —_—y
AGN 05 00 05 10A g
CliirFsi e = o LTSI
: > SN
T 0.0
o
’ {
\
\

AN 28 30 32 34
s f Potential / V'vs. Li/Li*
= N 33|
/ /1 -
\/ 3 2
A /A]\»j @32
LICIO4 7 = >
i, / >
= ‘ =3
\// oo 3 %3
solvent : TEGDME 239
08 -04 00 04 08 05 00 05 o o1 1 10

Potential / V vs. Ag/AgNO; Concentration / M

Figure 2. Combined electrochemical studies in liquid and solid states. CVs of DMPZ
molecules in a) 0.1 M LiClO4 in TEGDME, ACN, DMF, and DMSO, b) 0.1 M LiCIO, in
TEGDME and 0.1 M NaClO, in TEGDME, c) 0.1 M LiTFSI, 0.1 M LiPFg, and 0.1 M
LiClO, in TEGDME. d) Relative sizes of DMPZ and molecular anions including
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affected by the type of electrolyte solvent. In electrolytes using
low-donor-number solvents, i.e., weak Lewis bases, such as
acetonitrile (ACN, 14.1)*” and tetraglyme (TEGDME, 16.6),%
the CV curves of DMPZ exhibited two clear pairs of redox
peaks, indicative of two stable and reversible successive one-
electron redox reactions. In high-donor-number solvents such
as dimethyl sulfoxide (DMSO, 29.8) and dimethylformamide
(DMF, 26.6), in contrast, the second cathodic peaks at 0.5 V
(vs. Ag/AgNO;, the grey dotted circle) disappeared, which
suggests that the multi-electron transfer in DMPZ is no longer
reversible. Instead, a new redox reaction appeared as
shoulders of the first redox peaks at -0.3 to -0.2 V, which is
attributed to demethylation of DMPZ during the second
oxidation process in strong nucleophiles forming of 5-
methylphenazinium-type products.32 Nevertheless, when we
constrained the potential window from -0.8 to 0.1 V
facilitating only the first redox reaction, the redox couple was
fully reversible even in DMSO and DMF (Fig. 2a, black dotted
lines). These results suggest that the selection of an
appropriate solvent for the electrolyte is important to fully
utilize the multi-electron redox activity of the DMPZ electrode.

We further attempted to verify how the charge carriers
affect the redox potential of the DMPZ electrode. As observed
in Fig. 2b, we obtained identical CV curves in two different
electrolytes with LiCIO, and NaClO, of the same molarity,
suggesting the cation selection (either Li* or Na*) would not
alter the electrochemical response of DMPZ in rechargeable
batteries. The CV curve of DMPZ in electrolytes of a divalent
cation (Mg2+) with the same ClO, anion reveals reversible,

a b
25 — As-prepared
0Q ---- Half-charged
20 Fscf\ﬂf%CFs — Charged
) Half-discharged
TFSI Discharged

o

o
Absorbance / a.u.

o
7}

>

Weight ratio of sulfur to nitrogen
(S/N) at DMPZ electrode

i=4
=)

Pristine Rested  Charged Discharged 400
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c d
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Normalized counts
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Figure 3 Ex-situ analyses of DMPZ electrodes at different states of charge in a
DMPZ//Li cell. a) Sulfur to nitrogen ratio according to CHNS elemental analysis. b)
UV/Vis absorption spectra. c) and d) XPS spectra of N 1s and C 1s local scan,
respectively. e) FTIR spectra.
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TEGDME. f) Average potential of the first redox reactions measured for solid DMPZ
electrodes using LiTFSI in TEGDME with various salt concentrations.


http://dx.doi.org/10.1039/c7gc00849j

Published on 08 May 2017. Downloaded by University of Arizona on 09/05/2017 02:03:40.

219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

Green Chemistry

two-step redox reactions with similar potential values as thd4&
in Fig. 2b. (Fig. S1) The higher polarization might be due to 248
strong solvation between ions and solvent molecul&s0
Nevertheless, this result demonstrates the possibility2bi
utilizing DMPZ in rechargeable batteries based on multival2b2
cations such as Mg* and Ca**.* 253
In contrast, the redox potential of DMPZ varied notaii¢}
with the type of anion species: TFSI, PFg, or CIO, (Fig. 2c). 2555
redox potential of DMPZ was the highest in the electroBb®
containing TFSI” ions and lowest in the one having ClO, i&E7
We speculate that the potential change originates from 2568
different sizes of the anions (Fig. 2d) and the resul@268
difference in the stability of the ([DMPZ]"-anion’) complexes,
Large anions tend to exhibit weaker electrostatic interactzlcg;rgJ
with [DMPZ]" compared with smaller anions because of
diffuse (or delocalized) nature of charge.40 In addition, the
steric effect becomes stronger as the size of anions 289
bigger, which increases structural distortion and destabilizsg
the complex, thus resulting in a higher voltage in 2'6?1
electrochemical cell. This effect becomes more severe for 2'6%
second redox reaction, where two anions must be associaﬁ%
with one molecule to compensate for the charge of [DMPZjZé7
This description is consistent with the observation in Fig. 258
where the variation of the second redox potential (~ 0.5 Va9
Ag/AgNO;) is more significant. In coin cells using soIid-stzHR)
DMPZ electrodes, a similar dependence of the DMPZ rqu)l
potential on the anion type was observed (Fig. 2e), indicaQ’qQ
the analogous electrochemical mechanism of the DMPZ) i
solid state.

274
5 5
e nP-DPPZ b P-DPPZ 275
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Figure 4. (a-d) Dimerization of NSPZ using phenyl groups for high performance. 3)97
Molecular structure of two different isomeric P-DPPZs. b) CV curves of DMPZ, mP-
DPPZ, and pP-DPPZ molecules in 0.1 M LTFSI in TEGDME. c) and d)
Charge/discharge profiles of P-DPPZ electrodes for five electrochemical cycles (5099
mA g?). e) Voltage profile and capacity retention of DMPZ for the single-electron) ()
redox reaction. f) Capacity retention of DMPZ in 5 M electrolyte with an additive. 01
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The anion association during battery operation is proved
by the redox potential dependence on the salt concentration
in electrolytes (Fig. 2f). In dilute conditions (< 1 M), the redox
potential decreases linearly with the salt concentration
following the Nernst equation described below (Eq. 1, 2),
where the activity (apnion-)) is proportional to the mole
concentration. On the other hands, the redox potential should
more rapidly decrease with salt concentration for high-
concentration conditions (> 1 M) because the short-range ion-
solvent interactions become non-negligible, resulting in a rapid

increase in the activity coefficients of ions in such
concentrated solution.***?
[DMPZ] + anion” <> [DMPZ]"anion” + & Eq. 1

E[DMPZY[DMPZ]+ _ pO0.[DMPZYDMPZI | 5 30RT/F x log(1/aguion) Eq. 2

We examined the structural changes and the electron
transfers in DMPZ molecules during the battery operation
using ex situ UV/Vis absorption spectroscopy (Fig. S2b), X-ray
photoelectron spectroscopy (Fig. S2c-d, and S3), and Fourier-
transform infrared (FTIR) spectroscopy (Fig. S2e). We
measured UV/Vis spectra of DMPZ electrodes at as-prepared,
half-charged by one-electron oxidation, fully charged by two-
electron oxidation, half-discharge, and fully discharged states
by recollecting electrodes from coin cells disassembled at each
state. The detailed analyses and discussions for the
spectroscopic results are described in Supplementary
Information section 2.1. The evolution of UV/Vis spectra is
attributed to the step-wise transformation of neutral DMPZ
into radical and divalent cations, which is fully reversible
during the cycling. The reversible shift of the peaks in the N 1s
and C 1s XPS spectra indicates that the diazabutadiene motif is
the key redox center for the anion association reactions similar
to n-type flavin” * and pteridine36 systems. FTIR spectra
verifies the reversible evolution of local bond structures in
DMPZ, especially those related to C-N-C and C=C bonds, which
agrees well with the XPS results. DFT calculations also support
our experimental observations that the diazabutadiene motif
is responsible to the reversible anion-coupled electron transfer
reaction of DMPZ (Fig. S4). Overall, we confirmed that the
structural evolution of DMPZ during oxidation/reduction is
highly reversible and stable at molecular level.

To improve electrochemical performances of the redox
active unit, we further synthesized two different dimers of
NSPZ with distinct symmetry by coupling two monosubstituted
5,10-dihydrophenazine units with m- or p-diiodobenzene (Fig.
4). 3 The resulting m- or  p-phenylene-linked
diphenylphenazine derivatives (mP-DPPZ, pP-DPPZ) are both
electrochemically active with two redox peaks in the CV curves
in analogy to DMPZ (Fig. 4a-c). The dimerization strategy
improved the cycle stability of the electrode due to suppressed
dissolution of the molecules. This confirms that the redox
motif of NSPZ can be versatilely utilized in various forms of
organic compounds, providing room for designing additional
NSPZ-based cathodes. We note that the limited capacity
retention of the DMPZ electrode was dominantly observed for
the second plateau above 3.5 V, indicating that [DMPZ]2+ is

This journal is © The Royal Society of Chemistry 2017
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most soluble. As shown in Figure 4e, about 97% capacity of 353
initial cycle was still available in the small potential windovd b#
2.6 to 3.5 V corresponding to the single-electron redbb
reaction. From the voltage profiles in various electroBb®
conditions, we hypothesized that the solubility of DMP35¢
insensitive to anion types (Fig. S4a), and is higher in EC/DBB&
than TEGDME electrolyte (Fig. S4b). Alternatively, increas3b®
salt concentration in electrolytes improved the cygdé
performance of DMPZ (Fig. 4f), analogous to the solvent-in-3@1
approach for suppresing polysulfide dissolution in Li/Suffa2
batteries.** With high salt concentration electrolyte contairB6g3
DMPZ as a additive, the dissolution of DMPZ can 36
suppressed. We expect that polymerization of the redox ma&f5
or utilization of solid electrolytes would further improve cyd®
life of the NSPZ-based organic cathodes. In addit®®m/
optimizing electrode architecture would improve pract3@a8
applicability, for examples, encapsulating active materialS&9
porous scaffolds for longer cycle life, and ensuring effecBvVé
electronic/ionic pathways throughout the electrode for highéd

mass loading.* 372
373
374
Conclusions 375

In summary, we utilized for the first time the redu%g@
diazabutadiene motif to facilitate anion association for ene’r‘gy
storage by using NSPZ molecules as multi—electron—donat?hzg
cathodes. Combined studies of electrochemical analyg’Js?
theoretical modeling, and ex  situ spectrosc
characterization revealed the underlying mechanism for re%&
reactions in the p-type electrodes coupled with an$
association/dissociation. The combination of salt and solv%%t3
in electrolytes strongly affects the number of electrggél
participating in the reversible redox reaction and alters reé
potential. This study on anion-associating redox reacti%gé
presents a potential to assess high-energy, multi—elec@&?
organic electrodes for battery systems. 388
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