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Organic active materials are regarded as a very promising choice for lithium batteries because of several
outstanding advantages such as low-cost, flexible tunability and pollution-free sources. Viologen
compounds are attractive two-electron storage materials with low redox potentials, which are mainly
used as anolytes in redox flow batteries (RFBs) considering their high solubility in electrolytes. However,
due to their relatively large molecular weight and low density, it is difficult to prepare high-loading and
stable-cycling electrodes for lithium battery application. In this research, by adopting 4,4’-bipyridine as
the raw material and combining salification with a high-energy ball milling method, a low-solubility and
high-stability viologen carbon-coated composite, ethyl viologen dihexafluorophosphate-Ketjen black
(EV-KB), is synthesized. Then, by optimizing the electrode preparation process, a high-loading viologen-
based electrode is successfully prepared. Salification effectively reduces the solubility of viologen
compounds in the electrolyte so that the EV-KB composite can be used in lithium batteries. At the same
time, it is pointed out that current collectors and slurry solvents play an important role in achieving the
high-loading electrode. By deliberately selecting carbon paper as the current collector and ethanol as

) ) the solvent, the EV-KB composite organic electrode with a loading up to 1.5-9 mg cm™2 can achieve
iig:";ﬁé 27?;2'3{;”532121 a specific capacity of 106—79 mA h g~ for 400 stable cycles with a coulombic efficiency of 96% as well

as a good rate capability. The synthesis method and electrode preparation optimization process
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Introduction

With the increasing problem of environmental pollution, the
demand for clean energy storage is becoming more and more
urgent.”” It is known that lithium-ion batteries are the most
commercialized electrochemical energy storage device at
present; therefore, the environmental protection ability of their
electrode active materials has attracted most attention.*® In
traditional lithium-ion batteries, the active materials contain
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a reference for other types of organic active materials to be used in

transition metal elements such as cobalt, titanium, and
manganese, so that they are not only expensive but also harmful
to the environment due to their toxicity.”"® Hence, developing
a new type of low-cost and environment-friendly active mate-
rials has become significant for the better utilization of lithium-
ion batteries in the future.

Currently, organic active materials are regarded as a very
attractive choice for electrodes because of their low-cost,
diversity of molecular moieties, wide range of reaction poten-
tial and pollution-free sources.”™® For example, quinone
compounds, through appropriate molecular modification, can
be synthesized to various derivatives and achieve a stable
cycling performance in the potential range of 1.7 V to 3.2 V vs.
Li/Li".*”"** Many sources of quinone compounds can be found in
nature. For example, there are many quinone derivatives
involved in the electron transport chain of chloroplasts.”*** In
addition, organic active materials such as pteridine,* nitroxyl
radicals*®?** and their derivatives® have also been used in
batteries, showing excellent application prospects. Among these
organic active materials, viologen-based active materials are
attractive two-electron storage active materials with low redox
potentials even if the molecular form of viologen is highly
toxic.*****” However, they are now mainly used in RFBs because
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of their high solubility in electrolytes.”® Viologen-based active
materials can be applied in lithium batteries only if their
solubility can be inhibited and their stability can be improved in
the electrode.” Viologen-based active materials belong to p-type
organics, which the reaction is between the neutral state and
the positively charged state.' This structure leads to a dual-ion
configuration relying on both cations and anions. Moreover, the
molecular anions are generally used as charge carriers for
compensation.*>*" In recent years, salification has been taken as
an effective method to suppress the dissolution of organic active
materials, and it is able to improve the electrode cycle perfor-
mance of the materials through the principle of reversing
polarity.*>>* Chen et al. used this method to successfully
demonstrate two viologen salt compounds which achieved 200
stable cycles.”® This study provides a good strategy for the
application of viologen-based active materials in lithium
batteries.

Developing high-loading electrodes is crucial for the prac-
tical battery application. In classic LIBs, the high-loading elec-
trodes can be achieved by binder enhancement,®* current
collector optimization,®” active material modification®® and
advanced electrode manufacturing.*®* However, the current
research of organic electrode is mostly concentrated on devel-
oping novel active materials but often overlooks the importance
of high-loading. Recent years, novel electrode architectures and
electrode fabrication methods have been successfully applied to
organic active materials.***' For example, the carboxylate
compound was designed to achieve high mass loading of
12.0 mg cm > with only 0.5 wt% carbon additive.** Nevertheless,
large polarization and poor rate performance issues arise as the
mass loading increases. The problems associated with high-
loading of organic active materials still need to be addressed
in the future. Due to the low density, high molecular weight and
poor conductivity of organic active materials, it is difficult to
achieve high-loading electrodes. Therefore, compared with the
traditional lithium-ion battery electrode, the single cell capacity
of organic active material electrode is much smaller, which is
not conducive to its further application in more fields. Espe-
cially for today's vigorous development of electric vehicles,
a higher requirement for the single cell capacity is put
forward.****® Among the reported work so far, the loading of the
organic active material electrode is about 1-5 mg em >, and
there is still a lot of room for improvement. For the optimization
of organic electrodes, many researchers embark on the prepa-
ration of composites,"”** the selection of binders**® or
solvents,> which makes the stability and loading of the elec-
trode improved to a certain extent. For example, in the research
of Cui and Bao et al., the cycle performance of the organic active
material disodium rhodizonate (Na,CeOs) was successfully
improved by optimizing the size of the active material and
selecting the appropriate electrolyte.>

In this work, 4,4’-bipyridine is used as the raw material to
synthesize viologen compounds by salification, and through ion
exchange, the almost insoluble ethyl viologen dihexa-
fluorophosphate (EV(PFs),) is obtained, which can be effectively
adopted as the electrode active material for lithium batteries.
Then, EV-KB composite is prepared by a simple high-energy ball
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milling of EV(PFs), with conductive carbon Ketjen black (KB) to
increase the conductivity and stability of the active material.
After optimizing the electrode preparation process, a high-
loading viologen-based organic electrode is achieved and
applied to lithium batteries. Because the salification method
can effectively reduce the solubility of EV in the electrolyte, the
active material is no longer dissolved in the electrolyte, thereby
improving its stability; at the same time, the EV-KB composite
effectively increases the connection between the active mate-
rials, so that it can still achieve better cycle stability under high-
loading conditions. In our demonstration, the EV-KB composite
electrode is able to reach a specific capacity of 106-79 mAh g™ *
with a high-loading of 1.5-9 mg cm™>. It can also stably cycle
400 times under certain conditions with the coulombic effi-
ciency of 96%. The synthesis method and electrode preparation
optimization process adopted in this paper provide a reference
for other types of organic active materials to be used in high-
loading lithium batteries.

Experimental
Synthesis of ethyl viologen dihexafluorophosphate (EV(PFq),)

4,4'-Bipyridine (1.000 g, 6.4 mmol) and bromoethane (1.746 g,
16.0 mmol) were mixed in acetonitrile (ACN, 15 mL) and stirred
at 80 °C overnight. After cooling down at room temperature, the
suspended solid was collected by filtration and rinsed with
acetone for 3 times. Finally, faint yellow solid (1) was obtained
after vacuum drying at 50 °C overnight (yield: 2.035 g, 85%).

1 (1.000 g, 2.7 mmol) and KPF¢ (2.945 g, 16.0 mmol) were
mixed and stirred in DI water at room temperature overnight.
Then the suspended solid was collected by vacuum filtration
and rinsed with DI water. Finally, white solid (EV(PF¢),) was
obtained after vacuum drying at 65 °C overnight (yield: 1.225 g,
90%).

Synthesis of EV-KB composite

EV-KB composite was prepared by a simple and scalable high-
energy mechanical ball milling method. The synthesized
EV(PFs), (EV) and Ketjen Black (KB) were mixed in the mass
ratio of 2:1 in a zirconia vessel. Fritsch Pulverisette-6 was
applied at a speed of 350 rpm with the milling duration of
30 min. The collected EV-KB composite was dried in oven at
55 °C overnight.

Preparation of EV-KB composite electrode

EV-KB composite electrodes were prepared by mixing EV-KB
composite with PTFE binder in NMP/ethanol solvent
(EV:KB:PTFE = 5.4 : 3.6 : 1). The mixtures were sonicated in an
glass container to get homogeneous slurry and coated on
a clean carbon paper/aluminum foil. After drying in a oven at
55 °C for 12 h, the samples were measured with a mass loading
of 1.5-9 mg cm 2 for typical electrodes in $14 mm discs as
shown in Fig. S4a.}

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Assembly of Li-EV based coin cell

Fig. S4bf shows the structure of the Li-EV based coin cell
(CR2032). The electrolyte used in the cell assembling was 1 M
LiClO, in propylene carbonate (PC). One piece of lithium foil
(916 mm) was attached to a anode plate cell body, which acted
as a current collector for the anode side. 50 pL of electrolyte was
added on the surface of lithium foil. One glass fiber separator
(919 mm) was placed on the surface of the lithium foil followed
by adding 50 pL of electrolyte. One piece of EV-KB composite
electrode (#14 mm) was placed on the separator. Finally,
a stainless steel spring and a cathode plate were placed on the
cell. The cell assembling process was conducted in an Ar-filled
glove box (Etelux, H,O < 1.0 ppm, O, < 1.0 ppm).

Electrochemical characterizations

All the electrochemical characterizations were performed using
the Bio-Logic VSP electrochemical workstation. Cyclic voltam-
mogram (CV) tests of active materials (2 mM EV(PFg), in 1 M
LiClO, PC or 1 M LiPFs EC/DEC electrolyte) were conducted
between —2.0 and 0 V vs. Ag/Ag" using a three electrodes
configuration with glassy carbon electrode as working elec-
trode, nonaqueous Ag/Ag" electrode as reference electrode and
Pt wire as counter electrode. Galvanostatic discharge-charge
tests were performed between 1.5 and 3.0 Vvs. Li/Li" for full cell.
Voltage control galvanostatic discharge-charge tests were per-
formed between 2.1 and 3.0 V vs. Li/Li" for 1st electron and 1.5
and 2.4 V vs. Li/Li" for 2nd electron. Current density was
calculated based on the current collector geometric surface
area. The specific capacity was calculated from the mass of
active materials (EV(PFg),).

Material characterizations

Scanning electron microscopy (SEM) and energy dispersive X-
ray (EDX) characterization were performed on JEOL JSM-
7800F. The X-ray photoelectron spectroscopy (XPS) test was
conducted on K-Alpha+. Thermogravimetric analysis (TGA) was
performed STA409PC (NETZSCH-Geritebau GmbH). "H NMR
was recorded on VarianVNMRS 400 in solutions of D,O.

Results and discussion

In this paper, using 4,4-bipyridine as the raw material, the
viologen-based organic active material EV(PF¢), is obtained
through a two-step synthetic route (Fig. 1a). In this process, we
note that Br~' anions is replaced by PFs ' through ion
exchange, which makes the synthesized viologen active material
almost insoluble in the electrolyte. Thus, this material can be
effectively used in the electrode of the lithium battery. We
observed that the solubility of as-prepared EV(PFg), is around 5-
10 mM in the 1 M LiClO, PC electrolyte with obvious precipitate
as shown in Fig. S11.1 The "H NMR results in Fig. S11 confirm
the chemical structure and purity of the synthesized EV
compound, proving the successful synthesis. We conducted the
EDX and XPS tests of the as-prepared EV(PFg), to examine the
structure after ion exchange process as shown in Fig. S13 and
S14.7 The results indicate that all the Br~ ions are replaced by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic synthesis process of ethyl viologen dihexa-
fluorophosphate (EV(PFg),). (b) Schematic synthesis process of EV-KB
composite. (c) Redox reaction mechanism of EV(PFe)..

PFs~ in our synthesis method. Viologen compounds are
attractive organic active materials with two transfer electrons.
As shown in Fig. 1c, during the discharge-charge process, the
two N atoms on the benzene ring can each gain or lose an
electron, thus realizing a reversible double electronic redox
reaction, and providing two corresponding discharge-charge
plateaus. Based on EV(PFg),, a high-energy ball milling is then
used to mix it with conductive carbon KB to prepare EV-KB
composite, thereby increasing the conductivity and stability of
EV(PF), (Fig. 1b). The results of thermogravimetric analysis in
Fig. S21 show that the yield of this method is very efficient, and
the active material in the obtained EV-KB composite accounts
for about 61% with almost no loss.

Compared with EV(PFs),, the EV-KB composite synthesized
by high-energy ball milling has more uniform particles and an
obvious carbon-coated morphology, which makes it more
conductive and more uniformly distributed when preparing
electrodes. As shown in the SEM results of Fig. 2, after high-
energy ball milling, the morphology of EV(PF,), aggregation is
broken into smaller and more uniform particles. It can be seen
from the EDX results of Fig. 2c¢ that the C atoms and other

Fig. 2 SEM images of (a) EV(PFe), and (b) EV-KB composite. (c) EDX
images of EV-KB composite.

RSC Adv, 2021, N, 24429-24435 | 24431
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atoms (N, F, P) in EV are uniformly distributed and overlapped
throughout EV-KB composite, which proves the uniformity of
EV-KB composite in coating carbon. This simple and efficient
composite synthesis method can effectively improve the elec-
trochemical performance of EV(PFg),. Fig. 3a shows the cyclic
voltammetry (CV) results of 2 mM EV(PFg), in 1 M LiClO, in PC
at various scanning rates. It can be observed that the redox
potentials of EV(PF,), are —0.82 V (EV/EV') and —1.22 V (EV"/
EV>") vs. Ag/Ag", respectively corresponding to the two-step
reaction in Fig. lc. In addition, the oxidation peaks and
reduction peaks are very symmetrical, showing good revers-
ibility. These two reactions come from the gain and loss of
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Fig. 3 (a) Cyclic voltammetry results of 2 mM EV(PFg), in 1 M LiClOy4 in
PC at various scanning rates. XPS spectra of EV(PF¢), in (b) C 1s and
(c) N 1s regions.
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electrons of the two N atoms on the benzene ring. However,
EV(PFs), exhibits poor reversibility in the commonly used 1 M
LiPF, EC/DEC electrolyte as shown in Fig. S12.7 The CV results
shows asymmetrical configuration for the oxidation and
reduction peaks, which implies that the 1 M LiPFs EC/DEC
electrolyte is not suitable to be used in the EV based system.
The structure of EV(PFs), is then confirmed through X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 3b and c,
the characteristic peaks of C-C, C-H (284.6 eV) and C-N (285.0
eV) appear in the C 1s spectrum, and the characteristic peaks of
N* (401.6 eV) and C-N (399.8 eV) appear in the N 1s spectrum,
all of which are in line with the structural characteristics of
EV(PFs),. Meanwhile, similar results in the XPS of the EV-KB
composite (Fig. S31) are obtained, which suggests that after
high-energy ball milling, the structure of the EV are not changed
and its electrochemical properties are not affected. Moreover,
there is a CF; (292.2 eV) peak in both EV(PF¢), and EV-KB
composite. This is mainly due to the small amount of impuri-
ties introduced in the ion exchange with KPFs during the
synthesis.

Owing to the large molecular weight and low density of
organic active materials, it is difficult to achieve high-loading,
or even under high-loading, the electrochemical performance
will not be good. When preparing electrodes in this paper, EV-
KB composite has been uniformly coated with carbon, so no
additional conductive carbon is needed in the electrode slurry
(Fig. S4at); only polytetrafluoroethylene (PTFE) is needed to be
mixed with EV-KB composite in the solvent for coating elec-
trodes directly. The aluminum foil is commonly used in lithium
batteries as the current collector. However, when it is adopted in
the process of preparing EV-KB composite electrodes, it is
difficult for slurry to be bonded with aluminum foil, which
leads to its obvious separation from aluminum foil. Therefore,
carbon paper is used as the current collector in this work to
uniformly achieve a high-loading of 1.5-9 mg cm™>. Due to its
similar surface properties to active materials, carbon paper is
more suitable for connection with EV-KB composite. In addi-
tion, the solvents in the slurry also have a great impact on the
coating of electrodes. As shown in Fig. S5,f when N-methyl-2-
pyrrolidone (NMP) is used, the coated electrodes will become
severely cracked after drying, failing to achieve high-loading;
however, when ethanol is used as the solvent, the electrodes
will be uniformly distributed after drying, and there will be no
cracks, achieving high-loading easily. This results demon-
strated that it is also possible to optimize the current collectors
and slurry solvents for the preparation of uniform organic active
material based electrodes. Lithium metal is used as the refer-
ence electrodes and counter electrodes in this research to test
the electrochemical performance of the EV-KB composite elec-
trodes in CR2032 coin battery (Fig. S4bt).

The EV-KB composite electrode presents good rate capability
and shows typical two-electron discharge-charge plateaus at
various current densities (Fig. 4a). Meanwhile, as shown in
Fig. 4b, under the current density range of 0.1-0.6 mA cm ™2, the
EV-KB composite electrode realizes a specific capacity ranging
from 101 to 65 mA h g~ . Furthermore, after discharge-charge
at high-rate current, the electrode can remain sound stability

© 2021 The Author(s). Published by the Royal Society of Chemistry
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current densities from 0.1 to 0.6 mA cm™2.

when returning to low-rate current with Coulomb efficiency
higher than 95%, presenting good rate adaptability. By limiting
the discharge-charge voltage, we also study the reversibility of
the two-electron of the EV-KB composite electrodes respectively.
By setting the discharge-charge voltage at the range of 2.1-3.0 V
vs. Li/Li", it can be seen that the first electron (EV/EV") achieves
600 stable cycles with Coulomb efficiency about 98% (Fig. S67).
Likewise, when the range of discharge-charge voltage is set as
1.5-2.4 Vvs. Li/Li", the second electron (EV/EV") can also realize
600 stable cycles with Coulomb efficiency of 98% (Fig. S77). The
two-electron discharge-charge plateau of viologen active mate-
rials brings better adaptability, which enables the materials to
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match with anode and cathode materials with various
potentials.

Organic active materials generally have large molecular
weight and small density, making it difficult to demonstrate
good electrode performance at high-loading. Therefore, a rela-
tive large gap exists between the organic active materials and
the commonly-used inorganic electrode materials for lithium
batteries. However, high-loading is practically significant to the
industrial application of organic electrodes. In this work, by
optimizing the electrode current collector and slurry solvent,
the EV-KB composite electrode successfully achieves stable
performance at high-loading. Fig. 5a shows first galvanostatic
discharge-charge profiles of EV-KB composite electrode at
various loadings. When the electrode loading is between 1.5-
9 mg cm 2, the reachable specific capacity range is 106-
79 mA h g '; i.e., when the loading is increased by 6 times, the
specific capacity can reach up to 75% of the theoretical value,
which represents a relatively high level among the demon-
strated organic electrodes at high-loading by far. Meanwhile, we
realize 400 stable cycles at loading of 3 mg cm™ > with Coulomb
efficiency of 96% (Fig. 5b), with the capacity decayed only
0.049% on each cycle. Moreover, stable cycle performance and
rate capability are achieved at other high-loading as well (Fig. S8
& S9t). We also used the EV-KB composite electrode in a self-
made pouch cell to further examine its applicability in the
larger system. The galvanostatic discharge-charge profiles of
EV-KB composite electrode with area of 4 x 2 cm? were shown
in Fig. 10,1 which still indicates the reasonable cycling stability
and high coulombic efficiency. We believe that the performance
of a larger battery system can be further improved by better cell
design and manufacturing process.

As illustrated in Table 1, compared with recently-reported
organic electrode materials,>>*** the EV-KB composite
organic electrode demonstrated in this paper reaches relatively
high-loading (1.5-9 mg c¢m™?), which represents a currently
leading level. Meanwhile, it shows the reasonable cycle life
among all organic electrodes. The demonstration of this stable
and high-loading electrode is practically significant to the
industrial application of organic active materials. The salifica-
tion method adopted in this paper, which can effectively reduce
the solubility of soluble viologen active materials in electrolyte
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Table 1 Performance parameters comparison of various organic electrodes

Active materials Voltage (vs. Li/Li") Specific capacity (mA h g™*) Cycle life (No.) Loading (mg cm?) Ref.
EV(PFg), 24&20V 106 400 1.5-9 This work
PTCLi, 1.1V 110 200 12 53

DMTS 2.2V 720 50 6.7 54

PAQS 2.2V 165 100 1-2 55

PDBS 2.5V 200 20 1-2 56
Li,PDHBQS 20V 247 >1000 1-2 56

PBQS 2.7V 275 >1000 1-2 57
2HNAQ 24V 280 1000 2-3 58

PID 2.7V 207 100 1.6 59

P14AQ 21V 263 100 1-2 60
LiDHAQS 2.5V 330 400 1 61
PBDTD 2.5V 200 250 2-3 62
DAAQ-TFP 2.4V 107 >1000 0.45 63
Li,CgH,0, 0.8V 300 50 8-10 32
Li,TDC 0.65V 200 50 5 64
2,6-Naph(COOLi), 0.8V 220 100 2.5 65

thus to enable their application in lithium batteries, can also be
applied in other kinds of organic active materials. Furthermore,
the high-energy ball milling, a simple and effective composite
synthesizing method, provides a direction to further optimize
the organic electrode performance and loading.

Conclusions

In summary, by adopting 4,4"-bipyridine as the raw material and
combining salification with high-energy ball milling, a low-
solubility and high-stability viologen carbon-coated EV-KB
composite is synthesized in this research. Then, by optimizing
the electrode preparation process, a high-loading viologen-
based organic active material electrode is successfully
prepared. Salification can effectively reduce the solubility of
organic active materials in the electrolytes, thus enable the
application of viologen active materials in lithium batteries. The
importance of current collectors and slurry solvents is discussed
in this research. By selecting carbon paper as the current
collector and ethanol as the solvent, the EV-KB composite
electrode with a loading up to 1.5-9 mg cm™? is successfully
prepared. This high-loading electrode can stably cycle 400 times
at coulombic efficiency of 96%, achieving a specific capacity of
106-79 mA h g ', and it exhibits a good rate capability. The
synthesis method and electrode preparation optimization
process introduced in this paper provide a reference for other
types of organic active materials to be used in high-loading
lithium batteries.
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