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An ultra-high voltage viologen/Br; flow battery was designed based on a
novel two-electron viologen derivative, a highly-conductive and low-
cost porous polyolefin membrane, and an effective complexing agent,
making the battery one of the most stable two-electron viologen-based
flow batteries with superior energy and power density at the same time.

The share of renewable energies in energy consumption increases
globally every year due to the critical issues of environmental
pollution and fossil fuel shortage. And energy storage technology
is in high demand to solve the intermittency and randomness
problems of renewable energies." Among different technologies,
flow batteries (FBs) are one of the most promising candidates
to solve these problems, due to their attractive features like long
cycle life, high safety, high energy efficiency, independence of
energy and power ratings and environmental benignity.”
Currently, some of the FBs like vanadium flow batteries (VFBs)
and Zn/Br, flow batteries are at a commercial demonstration
stage.>* However, the relatively low energy density and high cost
of these FBs hinder their commercialization.” Therefore, FBs with
high energy density and low cost are in urgent need.® Over the last
few years, various FB chemistries, from aqueous to non-aqueous,
have been designed and investigated.” Non-aqueous FBs can
provide a wider potential window, since the side reactions like
hydrogen and oxygen evolution can be avoided. However, the low
solubilities of redox couples, and low ion conductivity of electro-
Iytes in particular, limit their energy density and power density.”
Aqueous FBs have advantages of high power density and high
safety, making them more competitive for large-scale energy
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storage.® Therefore, plenty of aqueous FBs with new chemistries
have been proposed and investigated. For instance, zinc-based
FBs (Zn/Fe, Zn/l, etc.) have been widely investigated due to their
advantages of low cost and high energy density.>® However,
inorganic anolytes still pose some challenges, like the dendrite
problem of zinc-based FBs. Furthermore, the solubility and stability
of inorganic active materials are restricted, making it hard to further
improve the battery performance. Organic anolytes, possessing
many advantages like their diversity and adjustable properties, are
becoming more and more attractive for FBs.” Aziz et al. proposed a
quinone/Br, FB, which showed a relatively high power density.’
However, the relatively low cell voltage (ca. 0.9 V) limits its applica-
tion. An alkaline quinone/Fe FB increases the cell voltage to 1.2 V,
but the relatively low solubility and stability of K,Fe(CN)s
becomes another challenge.' A similar drawback occurs
in alkaline FBs utilizing Fe(CN)>~"*~ as the catholyte such as
FMN-Na (sodium salt of flavin mononucleotide)/Fe FB'' and
DHPS (7,8-dihydroxyphenazine-2-sulfonic acid)/Fe FB.'
Therefore, it is crucial to establish a novel aqueous FB with
both highly soluble positive and negative redox couples, high
cell voltage, high power density, and low cost. Methyl viologen
(MV) can deliver two single-electron reductions under neutral
conditions at —0.45 V and —0.76 V (vs. NHE), becoming one of
the most promising negative redox couples for FBs, lithium ion
batteries and super-capacitors.">™"> However, the insolubility
of the charge-neutral state (MV®) in aqueous solution makes
the second reduction reaction unavailable to be utilized in the
battery charge and discharge process.’®> To make use of the
second reduction reaction, thereby boosting the energy density
of the flow battery, Liu et al. proposed different chemistries by
introducing functional groups in MV® to improve its solubility."*'®
However, with the anion exchange membrane (AEM) as a separator,
these FBs displayed a relatively low performance (EE < 63% at
60 mA cm 2, Table S1, ESIT) due to the low ion conductivity of
the anion exchange membrane in a neutral medium, resulting
in a low power density. Besides, the high solubility of viologen
derivatives with two electron reactions requires a higher solubility
of the positive redox couple to maximize the energy density,
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which means a concentration of 2.2 M viologen derivatives needs a
concentration of at least 4.4 M positive active material. And the most
of the reported organic positive active material cannot meet the
requirement of such a high solubility. In addition, the instability of a
viologen based battery is one of the critical challenges due to the
irreversible crossover of redox couples. The Br,/Br~ redox couple,
which possesses the advantages of a very high solubility (up to 29 M),
a very high potential (0.85 V vs. SCE) and high reversibility, is a kind
of very promising cathode material for high energy density FBs.
However, the FBs of viologen based anodes and Br, cathodes are
rarely reported, due to some critical challenges. One of the chal-
lenges is that the complexation reaction between Br, and viologen
can produce a solid precipitate and further terminate the cycle life.
The second arises from the Br, shuttle from the cathode to the
anode, which greatly decreases the stability of these batteries as well.

Herein, we report a neutral (1,1")-di(2-ethanol}4,4’-bipyridinium
dibromide ((2HO-V)Br,)/Br, FB with a superior high cell voltage
(1.49 V and 1.89 V) and high energy density (theoretical energy density
is 95.1 W h L") and power density (Scheme 1). For the negative side,
homemade (2HO-V)Br, was used, in which a hydroxyl group was
introduced into a viologen molecule to increase the solubility of the
charge-zero state in water from <10 mM to more than 2 M." For the
positive side, a Br /Br, redox couple was utilized as the positive redox
couple due to the high solubility of Br~ and Br; , and its high potential
and excellent electrochemical properties."” In addition, a complexing
agent of Bry~, 1-ethyl-1-methylpyrrolidinium bromide (MEP), was
introduced to prevent the complexation of (2HO-V)Br, and Br,, and
therefore increase the stability of the battery. Meanwhile, by the
complexation of Br, with MEP, a porous polyolefin membrane of a
much lower cost could be used to separate the MEP-Br, complexation
of a relatively large size by pore size exclusion. And the membrane can
provide a much higher ion conductivity under neutral conditions, and
thereby a much higher power density. Consequently, the assembled
(2HO-V)Br,/Br, FB could operate with an energy efficiency of 90.3% at
20 mA cm™ 2 and 83.4% at 40 mA ecm™ 2. Furthermore, the battery with
a higher-concentration electrolyte was also evaluated, obtaining an EE
of about 74% for a battery with 1.0 M (2HO-V)Br, in the anolyte. Most
importantly, using bromide viologen allowed a common electrolyte
(2HO-V)Br; at both sides, which can effectively solve the critical issues
arising from the redox crossover. And finally a highly stable (2HO-V)Br,
FB with a two-electron reaction can be created.

P Pumo.
Porous Polyelfin Membrane

Scheme 1 Representation of the FB and its anodic and cathodic half-cell
reactions.
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The working principle of the neutral (2HO-V)Br,/Br, FB is
illustrated in Fig. 1. According to the theory of molecular design
engineering, the introduction of a hydrophilic group can increase the
solubility of the molecule, while the addition of a electro-donating
group can decrease the redox potential of the molecule. To this end,
we chose the hydroxyl group (-OH) as a substituent because of its
high hydrophilicity, as well as the strong electron-donating effect. The
designed molecule, (2HO-V)Br,, was prepared by a very simple one-
step method (Fig. 1a), which is very easy for upscaling. The structure
and purity of (2HO-V)Br, were characterized by '"H NMR (Fig. S1,
ESIt). As expected, the solubility of (2HO-V)Br, and its charge-zero
state can reach 2.2 M and 2.1 M in H,0, respectively. Considering its
ability to store two electrons per molecule, this solubility corresponds
to a charge capacity of 112.6 A h L™". When paired with the Br™/Br,
redox couple, as shown in Fig. 1b, the battery would have an ultrahigh
cell voltage of 1.49 V for the first reduction and 1.89 V for the second
reduction, equivalent to the theoretical energy density of up to
95.1 W h L, The reaction of the (2HO-V)Br, in the anolyte during
the charge and discharge process is shown in Fig. 1c.

Detailed analysis of the electrochemical properties of (2HO-V)Br,
was performed by cyclic voltammetry (CV) at different sweep rates
from 10 mV s~ to 200 mV s~ ' using a glassy carbon as the working
electrode and a graphite electrode as the counter electrode (Fig. S4a,
ESIT). The results showed that both redox couples (2HO-V)*"** and
(2HO-V)'*"° were fully reversible, confirming the solubility of the
charge-zero state (2HO-V)’."® The two redox potentials of (2HO-V)Br,
were observed at —0.64 V and —1.04 V versus the saturated calomel
electrode (SCE). The second redox potential decreases due to the
introduction of the -OH group. Besides, the peak currents of these
two reductions showed a linear relationship with the square root of
scan rate (v2, Fig. S4b, ESIY), indicating that both redox couples of
(2HOV?"™™* and (2HO-V)"""° were reversible and diffusion con-
trolled. To further investigate the electrochemical kinetics of the
(2HO-V)Br,, the diffusion coefficient was measured by linear sweep
voltammetry (LSV) using a glassy carbon rotating disk electrode
(Fig. S4d, ESIt). The second and third plateaus observed in the
LSV curves corresponded to the first and second single-electron
reduction of (2HO-V)Br,, while the first plateau might be due to the
surface adsorption of the (2HO-V)Br, molecule. Levich analysis
was performed to calculate the diffusion coefficient which was
519 x 107° em”® s" and 3.99 x 107 ® em® s ' for the first and
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Fig. 1 (a) Synthesis of (2HO-V)Br,. (b) Cyclic voltammograms of 4 mM
(2HO-V)Br; (—0.64 Vand —1.04 V vs. SCE) and 10 MM KBr (0.85V vs. SCE) in1 M
NaCl solution, respectively. (c) Reaction mechanism of (2HO-V)Br, in the FB.
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second electron reduction, respectively (Fig. Sde, ESIt). We also
estimated the rate constants (k°) for the electron transfer of (2HO-
V)Br; by the Nicholson’s method. The results showed that the k° was
>0.356 cm s ' for the first reduction and >0.312 cm s~ for the
second reduction, indicating a very fast electron transfer. Combining
the high solubility, good electrochemical reversibility and fast
electron transfer, the (2HO-V)Br, is expected to be an excellent
anolyte for FBs.

To qualify the two-electron storage capability of (2HO-V)Br,,
KBr was chosen as the catholyte for its high solubility in H,O
(>5.4 M in H,0, 20 °C) and the high redox potential of Br,/Br—
(0.85 V vs. SCE). Bry/Br~ has been widely used in FBs such as
Zn/Br, FB and exhibits excellent battery performances. How-
ever, Br, can coordinate with the (2HO-V)Br, and form an
insoluble complex ("H NMR spectrum of the precipitate is
shown in Fig. S2, ESIt).>! This insoluble complex can not only
reduce the utilization of Br,, but also block the pores of the
membrane, causing an increased resistance of the membrane
and a decreased battery performance. To solve this problem, a
Br, complexing agent with a higher binding energy associated
with the formation of the complex than that of (2HO-V)Br, was
added to electrolytes. Density functional theory (DFT) modelling
of the binding energy of the Br, complexing agent (MEP), and
(2HO-V)Br, with Br, was done to find whether it can complex
with the Br, and thus inhibit the formation of precipitate. The
DFT energy-minimized structures of the two complexes are shown
in Fig. 2. Calculations for the binding energy of MEP-Br, and
(2HO-V)Br,-Br, were performed using the Gaussian 09 package.
In order to simplify the calculation, the (2HO-V)** was only
modelled as one half, considering its symmetric structure. The
calculated values of binding energy are summarized in the ESI}
(Table S2). The results showed that the binding energy of MEP
and Br, was much higher than that of (2HO-V)Br,, indicating
that the Br, molecule tends to coordinate with MEP rather than
with (2HO-V)Br,. These results could be explained by the fact
that the N* on the MEP are more positively charged, while the
electrons on the (2HO-V)** are more evenly distributed due to the
influence of the benzene ring. Therefore, MEP can supress
the precipitation of the (2HO-V)Br,-Br, complex and increase
the stability of (2HO-V)Br,/Br, FB. Meanwhile, by the complexa-
tion of MEP and Br’~, the permeability of Br*~ can also be greatly
reduced according to the permeability tests of Br*~ and MEP-Br*~
(Fig. S8, EST}).
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Fig. 2 Theoretical calculations of binding energies.
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By using MEP as the Br, complexing agent in the catholyte
and a porous polyolefin membrane with high ion conductivity
and low cost as the separator, a FB was constructed using 0.2 M
(2HO-V)Br, and 1.2 M KBr in a 2.0 M NaCl supporting electrolyte
for the anolyte and catholyte, respectively. The assembled battery
exhibited an optimal performance with a coulombic efficiency (CE)
of 99.8% and an EE of 83.4% at 40 mA cm ™. This high EE is an
indication of a very high power density. The rate performance was
investigated as shown in Fig. 3a. The CE was nearly 100% from
20 mA cm™ 2 to 100 mA cm ™%, while the EE decreased from 90.3% to
67.4% due to the increased electrochemical polarization and ohmic
polarization. In addition, the battery could continuously operate for
more than 100 cycles with no obvious efficiency fading (Fig. 3b).
A representative voltage profile is shown in the inset of Fig. 3b. Fig. 3c
shows the rate performance of the battery with 0.5 M (2HO-V)Br,.
The CE increases from 98.0% to 99.9% as the current density
increases from 20 mA cm > to 80 mA cm 2 However, the EE
decreases from 86.6% to 68.5%. With an increase in concentration,
the discharge capacity increases from 10.0 Ah L' to 25.6 Ah L™,
and the discharge energy density increases from 14.0 W h L™*
to 36.4 W h L. The cycling performance of the battery with
0.5 M (2HO-V)Br, showed very slight efficiency decay over
50 cycles (Fig. S5, ESIT). To further improve the energy density,
we evaluated the battery with a higher-concentration electrolyte.
As shown in Fig. 3d, even with 1.0 M (2HO-V)Br, in the anolyte,
the battery could achieve an energy efficiency of about 74% at a
current density of 40 mA cm™ >,

However, the crossover of redox couples between different
anolytes and catholytes resulted in a fast capacity decay during
the cycling (Fig. S6, ESIT), which is one of the most troublesome
issues with FBs. To solve this problem, a common electrolyte
was used to alleviate the crossover of redox couples and enhance
the cycling performance of batteries. Because of the effective
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Fig. 3 (a) Plot of average CE, EE and voltage efficiency (VE) at different
current densities from 20 to 100 mA cm™2. (b) Cycling performance of the
assembled FB at a current density of 40 mA cm™2; inset: representative
charge and discharge curves from the experiment. Conditions: anolyte:
0.2 M (2HO-V)Br, in 2 M NaCl; catholyte: 1.2 M KBr and 0.8 M MEP in2 M
NaCl. (c) Plot of average CE, EE and VE at different current densities
from 20 to 80 mA cm~2. Conditions: anolyte: 0.5 M (2HO-V)Br, in 2 M
NaCl; catholyte: 1.2 M KBr and 0.4 M MEP in 2 M NaCl. (d) Plot of average
CE, EE and VE at different concentrations of 0.2 M, 0.5 M, 0.8 Mand 1 M
(2HO-V)Br, at a current density of 40 mA cm—2.

Chem. Commun., 2019, 55, 4801-4804 | 4803


https://doi.org/10.1039/c9cc00840c

Published on 27 March 2019. Downloaded by Dalian Institute of Chemical Physics, CAS on 10/28/2019 9:47:02 AM.

Communication

View Article Online

ChemComm

Test time / h
a 0 10 20 30 40 b
100 5 2.0
onil
] b
80 =4 Su
- 15 LN
T
X - n
T e 32 > LN
<
g = 3l
D 40 1, 2 8
2 e 8
2 e °
E -o- Coulombic Efficiency g > sl
20 - Charge Capacity 5
-o- Discharge Capacity
0 0.0

c s (20H-V)Br2/Br{ Reported by us
200
In)
s >
{160 2 L Q@ mefovervcrrenc
; g" ° (NP):VI|N*-TEMPO
LN {120 § 3
=
"y 2 >
" g 3
180 = o
% >
a0 & ‘l‘KQQ
5 \
0 o

. i . 0 A . \
0 50 100 150 200 0 50 100 150
Cycle Number

Current density / mA cm”

200 250 300 350

c_,,/o/o 100 100 ge’*

Fig. 4 (a) Cycling performance of the assembled FB with a common electrolyte at a current density of 40 mA cm~2. Conditions: both anolyte and
catholyte: 0.1 M (2HO-V)Br,, 0.4 M MEP and 0.6 M KBr in 2 M NaCl. (b) Polarization and power density curves of the (2HO-V)Br,/Br, FB at 80% SOC.

(c) Cell voltage, power density and energy efficiency of the (2HO-V)Br,/Br, FB and other aqueous organic FBs.

inhibition of the (2HO-V)Br,-Br, complex precipitation by MEP,
the flow battery with a common electrolyte bromine viologen
could operate steadily. As a result, the (2HO-V)Br,/Br, FB demon-
strated a very stable cycling performance at a current density of
40 mA cm > with no obvious capacity decay in 200 cycles (Fig. 4a
and Fig. S7, ESIT). The UV-vis absorption spectrum of the anolyte
after 70 cycles was detected (Fig. S9, ESIt). Due to the similar UV
absorption peak position of (2HO-V)Br, and Br’~, the peak intensity
after the battery cycles slightly increased. In the polarization test
at 80% state of charge (SOC), the (2HO-V)Br,/Br, FB can achieve
204 mW cm™ > of peak power density, which is one of the highest
power densities of neutral FBs (Fig. 4b). Compared with most
reported systems, our (2HO-V)Br,/Br, FB shows tremendous advan-
tages in cell voltage, power density and energy efficiency, as shown
in Fig. 4c. Both the cell voltage and EE of our (2HO-V)Br,/Br, FB are
the highest among the reported viologen-based FBs.

In summary, we have developed a highly stable (2HO-V)Br,/Br,
FB that achieves high energy and power density. By introducing a
hydrophilic and an electron-donating -OH group into a viologen
molecule, the (2HO-V)Br, can provide two single-electron reac-
tions and a highly negative potential. Using highly soluble Br,/Br~
as a positive redox couple enables an ultra-high cell voltage, and a
further high energy density (95.1 W h L") of the battery. Adding
a complexing agent MEP can prevent the precipitation of the
(2HO-V)Br,-Br, complex, ensuring a steady operation of the FB.
Besides, upon the complexation of Br, and the MEP molecule, the
size of Br, increases. Hence, a porous polyolefin membrane can
be used in this FB. Employing the porous polyolefin membrane
with a low-cost and high ion conductivity enables the battery to
operate at a high current density of 100 mA cm™ 2 and achieve a
high energy efficiency of 83.4% at a current density of 40 mA cm™>.
Most importantly, a common electrolyte, bromide viologen, can
be used to greatly improve the capacity retention. As a result, the
battery with the common electrolyte can run continuously for
more than 200 cycles with no capacity decay. The battery perfor-
mance of this neutral (2HO-V) Br,/Br, FB can be further promoted
by adjusting the concentration of MEP, changing the supporting
electrolyte and tuning the thickness of the porous polyolefin
membrane. Therefore, this neutral (2HO-V)Br,/Br, FB with a high
energy density, power density and low cost is a very promising and
sustainable energy storage device.
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