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ABSTRACT: The utilization of redox-active organic species in aqueous
redox flow batteries holds great promise for large-scale and sustainable
energy storage. Herein, we report the low-temperature green synthesis
of three different phenazine derivatives and investigate their perform-
ances in alkaline organic redox flow batteries. Electrochemical
characterizations reveal that the ortho-substituents of the hydroxyl
groups in phenazine derivatives have significant influences on the
battery performances. By introducing an additional phenyl group
adjacent to the hydroxyl group in the phenazine motif and a carboxyl
group with strong solubilizing effect, the redox flow battery based on
fused-ring benzo[a]hydroxyphenazine-7/8-carboxylic acid with 1.0 M
electron concentration exhibits greatly improved capacity retention rate
of 99.986% cycle−1 (99.92% day−1) and stable average energy efficiency
of ∼80% for over 1300 cycles. Moreover, a combinatorial library of
hydroxyphenazine derivatives with varying substituent groups was built, and their redox properties were simulated to guide
further molecular structure design of phenazine-derived electroactive compounds.

The exploitation of renewable and distributed energy sources,
such as solar and wind power, has made significant progress in
the past decades,1−5 but their intermittency and volatility
seriously limit the application in grid-connected power
systems.6,7 It is essential to develop large-scale energy storage
systems that can rapidly respond and buffer the electricity flux
from renewable energy sources to the grid. Redox flow
batteries (RFBs) can conveniently store substantial electro-
chemical energy in the electroactive materials dissolved in an
electrolyte and kept in reservoir tanks, which brings the
advantages of high scalability and variable modular design with
independent control on energy and power.8−10 Therefore,
RFBs represent a promising grid-scale energy storage
technology for peak-shaving and valley-filling and have
attracted rising interest from academia, industry, and public
utilities. For now, most of the extensively studied aqueous
RFBs (ARFBs), such as all-vanadium, iron/chromium, and
zinc/bromine RFB systems,11−13 are based on inorganic redox
couples, especially metal-based electroactive species. Due to
the restriction of the inherent characteristics of inorganic redox
species, the widespread adoption of conventional ARFBs is
hampered by the relatively low Coulombic efficiency, high
system cost, environmental issues, and limited resources.14,15

To overcome these obstacles toward sustainable applications,
the design of high-performance ARFBs based on low-cost and
environmentally benign electroactive species is of great
importance.
In recent years, the design and utilization of redox-active

organic molecules as active species in ARFBs have aroused
rising attention,16−19 owing to the low synthesis costs, rich
structural diversity, and tunable multielectron redox properties
enabled by functional group modification.20−25 However,
organic-based electroactive materials may exhibit low solubility
and poor chemical stability in aqueous solution, resulting in
low energy density and shortened cycling life. The degradation
mechanism of organic molecules in nonaqueous system has
been widely studied for many years,26−30 while the capacity
fade mechanism of organic redox-active species in aqueous
systems has attracted rising attention over the last 5 years.31−33

To date, the redox reversibility of water-soluble organic
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molecules has been successfully extended to varying
degrees.34−37 Phenazine and its derivatives have been widely
used as broad-spectrum antibiotics.38 It has been found that
phenazine shows reversible redox properties in water−DMF
mixtures,39,40 but its insolubility in water hinders the
application in ARFBs. Through the grafting of triethylene
glycol (TEG) linkers or sulfonate groups, the solubility of
phenazine derivatives can be increased to different extents.41,42

Meanwhile, the effects of different functional groups of
phenazine derivatives on the aqueous solubility, electro-
chemical redox properties, and cycling stability are waiting to
be further explored.
Herein, we investigate and compare the performances of

three different low-potential phenazine derivatives, including 2-
hydroxyphenazine (HP), 2-amino-3-hydroxyphenazine (AHP),
and benzo[a]hydroxyphenazine-7/8-carboxylic acid (BHPC)
as the active species in the anolyte of alkaline ARFBs, and
coupled them with low-cost ferricyanide catholyte.43,44 We find
that the substituted groups adjacent to the hydroxyl group in
hydroxyphenazine have dramatic influences on the redox
potential, solubility, and cycling stability. Briefly, HP with 2-H
shows a potential of −0.67 V vs a standard hydrogen electrode
(SHE) and a high solubility of 1.8 M, but the cycling stability
in ARFBs is not satisfying. By turning the 2-H to an NH2
group, the redox potentials of AHP are negatively shifted by
over 100 mV, and the redox stability is greatly improved.
Inspired by these results, we further propose the design of a
new molecule BHPC with an adjacent large, noncharged
phenyl block group (2-position) and an additional carboxyl
group (on the 7/8-position to further enhance its solubility).
The ARFB based on 0.5 M BHPC anolyte and excess
ferrocyanide catholyte exhibits a low fade rate of 0.08% day−1

for over 1300 cycles and an output power density of 0.43 W
cm−2, which is competitive among the state-of-the-art organic
ARFBs.16−25,32−37,45 The redox properties of these hydrox-
yphenazine derivatives were evaluated by Pourbaix diagrams,
pH-dependent UV−vis spectra and time-dependent density
functional theory (TDDFT) simulations,46−48 confirming the
non-negligible resonance effect of functional groups and
intramolecular hydrogen bonds. Moreover, we built a
combinatorial library of numerous phenazine derivatives, and
their redox potentials were computed and predicted based on
the phenol−ketone isomerization principle, which could
provide insightful guidance to further development of alkaline
ARFBs with high voltage and long cycling life.
The three designated phenazine derivatives were successfully

synthesized on a large scale from low-cost quinone and
diaminobenzene precursors in nontoxic solvents at different
temperatures (Figure 1a), as detailed in the Methods section of
the Supporting Information. Different from the traditional
Wohl−Aue reaction normally used for the synthesis of
phenazine,41 we utilized a cyclization reaction between
aromatic amine and quinone. This synthesis method has the
advantages of cheaper precursors, less reaction steps, milder
conditions, and higher yields and represents a more
economical and greener synthesis route. Briefly, HP was
synthesized in ethanol solvent at a low temperature (−10 °C)
with a yield of 70%. AHP was obtained from a dimerization
and hydroxylation process of an o-diaminobenzene precursor
at room temperature with a yield of >80%. BHPC was easily
prepared by mixing lawsone and 3,4-diaminobenzoic acid in
acetic acid at 40 °C with a high yield (>93%) and no
byproduct. The synthesis of these three molecules was
confirmed by nuclear magnetic resonance (NMR) and liquid

Figure 1. Synthesis routes and redox properties of hydroxyphenazine derivatives. (a) Synthesis routes of HP, AHP, and BHPC molecules. (b)
CV curves of HP, AHP, and BHPC molecules (with 2 mM concentration) measured by a 3 mm glassy carbon electrode in 1.0 M KOH
solution at a scanning rate of 100 mV s−1. (c) Pourbaix diagrams of HP, AHP, and BHPC molecules.
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chromatography mass spectrometry (LC-MS) (Figures S1−
S8). Compared to other reported redox-active molecules, the
costs for preparing these hydroxyphenazine derivatives are very
low (Table S1).
The electrochemical properties of these phenazine deriva-

tives were analyzed by cyclic voltammetry (CV) in 1.0 M KOH
aqueous solution (Figure 1b). HP exhibits a formal potential of
−0.67 V (vs SHE) with a peak separation of 140 mV, while
AHP and BHPC show a similar potential of −0.78 V with a
lower peak separation of 34 mV, which might due to the
intermolecular hydrogen bonds and larger conjugated
structures. When paired with ferrocyanide catholyte, the
alkaline ARFBs based on these phenazine derivative anolytes
can exhibit different open-circuit voltages (OCVs) ranging
from 1.16 to 1.27 V. To explore the proton and electron
transfer behavior during the redox processes, the CV curves of
these molecules at different pH values were also measured
(Figure S9), which exhibited similar shapes at neutral and
alkaline conditions. The Pourbaix diagrams calculated from the
CV curves measured at different pH values are shown in Figure
1c; the relevant slopes for HP, AHP, and BHPC are estimated
to be −57.9, −65.8, and −61 mV pH−1 (compared to the
theoretical value of −59.2 mV pH−1), which is in accord with a
two-electron/two proton process. This result indicates that the
higher pH value is helpful for elevating the open-circuit voltage
and the output power density of ARFBs based on these
phenazine derivatives.
To investigate the pH-dependent structural transformation

behaviors of these phenazine derivatives in aqueous solution,
UV−vis spectra were measured at different pH values,39 as
shown in Figure 2. Moreover, the TDDFT-simulated light
absorption lines of these molecules were obtained by
calculating the energy levels of the HOMO (highest occupied
molecular orbital) and LUMO (lowest occupied molecular
orbital),47,48 as shown in the insets of Figure 2b,d,f. The HP
molecule could be deprotonated at pH around 7.6 (Figure
S10a). According to the TDDFT simulation result, the
absorbance peaks of HP observed at λ471 nm and λ374 nm are
predicted to be the electronic transition of HOMO−1 and
HOMO−2 to LUMO, respectively (Figure 2a,b). AHP shows
a slightly higher pKa value of 7.8 compared to HP (Figure
S10b) but only has one absorbance peak in the visible band. As
the pH increases, this peak blue shifts from 471 nm (pH 7) to
422 nm (pH 14), corresponding to the transition from
HOMO−1 to LUMO (Figure 2c,d). BHPC possesses two pKa
values of around 5.0 and 7.6 (Figure 2e,f), which can be
ascribed to the dissociation of carboxyl and phenol groups,
respectively (Figure S10c). With one more conjugated
aromatic ring, the absorption peaks of BHPC exhibit a strong
red shift. As the pH value increases from 7 to 14, the
absorbance peak of BHPC in the visible band is blue-shifted
from λ502 nm to λ490 nm, which matches well with the transition
of HOMO to LUMO (with a simulated spectral line at
λ489 nm). The simulated light absorption spectral lines of these
molecules are consistent with the experimental spectra,
confirming their structural conformation at different pH
values. The predicted potentials of the three phenazine
derivatives were evaluated based on the Gibbs free energy
differences between the oxidized and reduced forms and
converted to the values at pH 14 on the Pourbaix diagrams in
Figure 1d. The calculation average errors compared with the
measured values are less than 15 mV (Figure 2g), which is
much lower than the previously reported hydroxyphenazines

(∼300 mV).42 According to the absorbance curves (Figure
S11), the solubilities of HP, AHP, and BHPC in KOH solution
are measured to be 1.70, 0.43, and 1.55 M, respectively (Table
1). In comparison, the relevant values are measured to be 0.44,
0.57, and 16.0 mM in neutral buffer solution (Figure S12). The
results ensure the good solubilizing effect of the carboxyl group
in alkaline solution. The reason for the low solubility of AHP
could be ascribed to the intramolecular hydrogen bonds
between the hydroxyl anion and the adjacent amino group, and
the reason for the high solubility of BHPC in alkaline solution
shall be mainly attributed to the solubilization effect of the
carboxyl group (Figure S12c), which has also been observed in
previous literature.18,45

To understand the redox reaction kinetics of phenazine
derivatives, the diffusion coefficients (D) and rate constants
(k0) were investigated by linear sweep voltammetry (LSV),49

as shown in Figures S13−S15. All of the reduction limiting
diffusion current plateaus were gradually stabilized by the
cathodic polarization from the equilibrium potential to a lower
potential at a scanning rate of 25 mV s−1. Calculated from the
linear fitting relationship between the limiting diffusion
currents and the root of the rotation rates, the diffusion
coefficients of HP, AHP, and BHPC were calculated to be 3.79

Figure 2. UV−vis spectra of (a) HP, (c) AHP, and (e) BHPC at
different pH values. TDDFT-simulated light absorption lines at pH
7 and the measured UV−vis spectra at pH 7 and 14 of (b) HP, (d)
AHP, and (f) BHPC. The insets in (b,d,f) represent the relevant
transition orbitals in the visible band. (g) Comparison between the
predicted and measured potentials of three phenazine derivatives
at pH 14.
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× 10−6, 2.85 × 10−6, and 3.52 × 10−6 cm2 s−1, respectively. The
Koutecky−́Levich plots were fitted to the Butler−Volmer
equation, and the electron-transfer rate constants of HP, AHP,
and BHPC were calculated to be 1.42 × 10−3, 1.63 × 10−3, and
1.55 × 10−3 cm s−1 according to the Tafel plots, respectively.
The physiochemical parameters of these molecules in 1.0 M
KOH are also listed in Table 1. These results verify that the
redox rate and reversibility of organic species can be
conveniently adjusted by modifying the functional groups,
which is distinct from simple metal ions.
The working performances of ARFBs coupled by different

phenazine derivative anolytes and excess ferrocyanide cath-
olytes at low concentrations were first investigated, as shown in
Figure 3. The K4Fe(CN)6||HP ARFB exhibits an OCV of 1.16
V and delivers initial discharge capacities of 3.65 and 3.25 Ah
L−1 at 50 and 100 mA cm−2, respectively (Figures 3a and S15).
A cycling test shows that the capacity of K4Fe(CN)6||HP
ARFB quickly fades from 3.25 to 1.23 Ah L−1 after 100 cycles,
although the Coulombic efficiency maintains at ∼100%
(Figure 3b). After the cycling test, some precipitation appears

in the HP anolyte, and a new redox peak pair is presented in
the CV curve of the cycled HP anolyte (Figure S17a). The
UV−vis spectrum shows a different peak shape at pH 14
(Figure S17b), and a peak at m/z 389.05 is also found in the
LC-MS spectrum, indicating a dimerization process between
its reduction state and oxidation state during cycling, as
illustrated in Figure S18. The K4Fe(CN)6||AHP ARFB shows
an OCV of 1.27 V (Figure 3c) and delivers initial discharge
capacities of 4.39 and 4.35 Ah L−1 at 50 and 100 mA cm−2,
respectively, with a capacity retention of >99% and an average
energy efficiency of 80% after 100 cycles (Figure 3d), which is
very superior to those of K4Fe(CN)6||HP ARFB. In
comparison, the K4Fe(CN)6||BHPC ARFB shows a high
OCV of 1.28 V and initial discharge capacities of 5.12 and
4.98 Ah L−1 at 50 and 100 mA cm−2, respectively (Figure 3e),
with a high capacity retention of >99% and an average energy
efficiency of 77% after 100 cycles (Figure 3f). Different from
the HP anolyte, the AHP and BHPC anolytes show no obvious
change after cycling, as measured by CV and UV−vis
spectroscopy (Figure S17c−f), indicating that no dimerization
process has occurred.
Considering the instability of HP in its reduction state and

the low solubility of AHP, BHPC is regarded as the most
promising candidate among these three molecules. We tested
the performances of K4Fe(CN)6||BHPC ARFB at a high
concentration of 0.5 M BHPC anolyte in a 1.0 M KOH
solution at a current density of 100 mA cm−2 (Figure 4).
Benefiting from the electron-donating phenyl group, the
K4Fe(CN)6||BHPC ARFB exhibited a maximum output
power density of 0.43 W cm−2 at ∼100% SOC (Figure 4a).
Figure 4b shows the charge−discharge curves at the 20th,
600th, and 1300th cycles. The charge and discharge voltage
plateaus were maintained well during the whole cycling process
(with merely a 40 mV voltage drop), which is superior to the
reported ARFB based on 3,4-diaminobenzenesulfonic acid
(DHPS) (with a 150 mV voltage drop after 500 cycles),42

verifying the importance of molecular engineering. Moreover,
we also studied the self-discharge behavior of the K4Fe(CN)6||
BHPC ARFB after 1304 cycles, and the interference of O2 was
fully excluded (Figure 4c,d). The battery was first charged to
1.7 V at 100 mA cm−2 (∼100 SOC%) and then rested for 24 h,
resulting in a drop of OCV from 1.38 to 1.35 V and a capacity
fade from 25.4 Ah L−1 (charge capacity) to 25.0 Ah L−1

(discharge capacity) in the next discharge step, corresponding
to a capacity retention of 98.4% (Figure 4c,d). Notably, the
charge and discharge capacity fully recovered to 25.4 Ah L−1 at
the 1305th cycle. This result proves that BHPC in its reduction
state is chemically stable, and the capacity drop of 1.5% after
resting for 24 h at 100% SOC is possibly caused by the
transformation of catholyte (i.e., from ferricyanide to
ferrocyanide) or the chemical degradation of catholyte (the
catholyte turns dark yellow but without precipitation after 23
days). The long-term cycling performance of K4Fe(CN)6||
BHPC ARFB is shown in Figure 4e. Because of the initial O2
residue in the cell, the Coulombic efficiency gradually
increased from 93.3 to 99.2% during the initial 20 cycles,

Table 1. Summary of the Physiochemical Properties of As-Prepared Phenazine Derivatives

compound solubility (M) E (vs SHE) pKa k0 (cm s−1) D (cm s−2)

HP 1.70 −0.67 7.6 1.42 × 10−3 3.79 × 10−6

AHP 0.43 −0.78 7.8 1.63 × 10−3 2.85 × 10−6

BHPC 1.55 −0.78 5.0, 7.6 1.55 × 10−3 3.52 × 10−6

Figure 3. Performances of ferricyanide/phenazine derivative
ARFBs at low concentrations. The electrolytes in the cell are
comprised of 15 mL of 0.2 M ferricyanide catholyte and 10 mL of
0.1 M phenazine derivative anolyte. (a,c,e) Charge−discharge
curves of the ARFBs based on (a) HP, (c) AHP, and (e) BHPC
anolytes at current densities of 50 and 100 mA cm−2. The black
dashed lines indicate the theoretical specific capacities. (b,d,f)
Cycling performances of the ARFBs based on (b) HP, (d) AHP,
and (f) BHPC anolytes at a current density of 100 mA cm−2.
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and the discharge capacity reached the maximum value of 25.9
Ah L−1 at the 20th cycle, corresponding to a theoretical
capacity utilization rate of 96.7%. After shaking and balancing
the anolyte reservoir at the 400th cycle, the K4Fe(CN)6||BHPC
ARFB thereafter worked stably with an average energy
efficiency close to 80%. The discharge capacity decreased
from 25.9 to 25.4 Ah L−1 after the entire 1305 cycles (558 h or
over 23 days), corresponding to a capacity retention of 98% or
a temporal fade rate of less than 0.08% day−1 (or a total of
2.0% in 23 days), providing another effective way besides the
dimerization coupling.43 Such a remarkable capacity retention
should be ascribed to the high electrochemical stability of
capacity-limiting BHPC anolyte.
The electrochemical performances of BHPC are compared

with those of other previously reported molecules, as shown in
Table S2. Among them, the ARFB based on DHPS

demonstrated the highest OCV of 1.35 V and a relatively
high energy density of 10.2 Wh L−1 derived from the superior
anolyte concentration (1.4 M).42 However, the ARFB based
on DHPS delivered a relatively fast capacity fade rate of
∼0.69% day−1 (a total of 9.75% in 14 days), which could
possibly be ascribed to the decomposition of catholyte and the
membrane insertion of anolyte.42 In this work, the self-
discharge test of K4Fe(CN)6||BHPC ARFB shows a remarkable
capacity retention of 98.4% after resting for 24 h (Figure 4c),
and the capacity can be 100% recovered in the following cycles
(Figure 4d), confirming the high chemical stability of BHPC in
its reduction state. Furthermore, we performed a galvano-
static−potentiostatic cycling test using 0.1 M BHPC anolyte
with the charge potential held at 1.4 V until the current density
decreased to 4 mA cm−2 to eliminate the membrane resistance
effect. As shown in Figure 4f, the discharge capacity was only
faded from 5.014 to 5.006 Ah L−1 for over 1000 cycles (in 4.23
days), corresponding to a fade rate of ∼0.04% day−1. We
suggest that the capacity fade of BHPC-based ARFB could be
partially a result of the slight increase of membrane resistance,
similar to the galvanostatic polarization test results of other
redox-active molecules in previous literature.18,36 The K4Fe-
(CN)6||BHPC ARFB exhibits a low fade rate among the
representative alkaline ARFBs (Table S2), indicating the
importance of molecular design for improving the long-term
cycling stability of organic redox-active species. To evaluate the
performances of the BHPC molecule at higher concentration,
we also tested a Na4Fe(CN)6||BHPC cell based on 1.0 M
BHPC anolyte with a measured energy density of ∼9.5 Wh L−1

(Figure S19), confirming the operation feasibility of high-
concentration ARFBs based on BHPC and ferrocyanides
enabled by mixed Na+/K+ cations.50,51

Theoretical simulation and prediction of the redox potentials
of organic species are helpful to the research of ARFBs. In this
work, we calculated the redox potentials of a series of
phenazine derivatives for both phenol and keto forms
according to the Gibbs energy changes in a neutral
environment and converted them to the values at pH 14
based on the Pourbaix diagrams, as shown in Tables S3 and S4.
For some molecules, it is notable that the redox potentials
could not be precisely predicted by only simulating the phenol
form or keto form because the conjugated form should also be
considered. The predicted potentials of multihydroxyl
phenazine derivatives in Table S3 indicate that the far-end
hydroxyl groups can induce a strong electron-donating effect
and lower the redox potentials. Moreover, the effects of other
functional groups (Table S4), including −NH2, −NO2, −CH3,
−COOH, −OCH3, and −Cl on the redox potentials, were also
simply simulated by connecting to the 6′-position-substituted
2,3-dihydroxyphenazine (DHP) derivatives. The results
indicate that the functional groups and intramolecular
hydrogen bonds would greatly affect the redox potentials.
Nevertheless, the actual redox potentials and stability of these
molecules in alkaline solution require further validation by real
experiments.
In summary, the phenazine derivative anolytes studied in

this work show high solubility and tunable OCVs of 1.16−1.27
V when coupled with ferrocyanide catholyte. Especially,
benefiting from the electron-donating phenyl group and
solubilizing carboxyl group, the ARFB based on BHPC with
a concentration of 0.5 M exhibited a theoretical capacity
utilization rate of >96%, high energy efficiency of ∼80%, high
output power density of 0.43 W cm−2, and high capacity

Figure 4. (a) Polarization and power density curves at 10, 50, and
100% SOC, respectively. (b) Charge−discharge curves at different
cycles. (c) Self-discharge test at 100% SOC. The battery was rested
for 24 h after being fully charged at the 1304th cycle. (d)
Corresponding charge−discharge curves from the 1303th to the
1305th cycle. (e) Long-term cycling performance at a current
density of 100 mA cm−2 for the entire 1305 cycles. The battery was
rested for 24 h after being fully charged at the 1304th cycle, and
then the 1305th cycle was tested. (f) Galvanostatic−potentiostatic
cycling performance at a current density of 100 mA cm−2 with the
charge potential held at 1.4 V until the current density decreased
to 4 mA cm−2.
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retention of ∼98% for over 1300 cycles at 100 mA cm−2

(corresponding to an ultralow capacity fade rate of <0.08%
day−1), indicating its great potential for application in alkaline
ARFBs. The synthesis cost comparison of the reported redox
molecules for alkaline ARFBs also show that the BHPC
molecule derived from low-cost and earth-abundant lawsone is
a good candidate for active materials for large-scale energy
storage. The effective strategy of functional group modification
would enlighten more possible routes to solve the capacity
fading issue of redox molecules. The theoretical calculation of
redox potentials and isomerization behaviors of proposed
organic compounds via the combinatorial molecular library are
also helpful to predict their electrochemical performances in
ARFBs.
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