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Abstract: Na-ion batteries (NIBs) are promising alternatives to Li-ion batteries (LIBs) due to the
low cost, abundance, and high sustainability of sodium resources. However, the high performance
of inorganic electrode materials in LIBs does not extend to NIBs because of the larger ion size of
Na® than Li" and more complicated electrochemistry. Therefore, it is vital to search for high-
performance electrode materials for NIBs. Organic electrode materials (OEMs) with the
advantages of high structural tunability and abundant structural diversity show great promise in
developing high-performance NIBs. To achieve advanced OEMs for NIBs, a fundamental
understanding of the structure-performance correlation is desired for rational structure design and
performance optimization. In this review, recent advances in developing OEMs for non-aqueous,
aqueous, and all-solid-state NIBs are presented. The challenges, advantages, mechanisms,
development, and applications of advanced OEMs in NIBs are also discussed. Perspectives for the
innovation of structure design principle and future research direction of OEMs in non-aqueous,

aqueous, and all-solid-state NIBs are provided.
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1. Introduction

The rapid development of modern technologies, including smart devices, electric vehicles,
renewable energy, and grid-scale electrical energy storage, has stimulated a substantial demand
for cost-effective and sustainable energy storage devices. State-of-the-art Li-ion batteries (LIBs),
consisting of graphite anodes and cobalt-rich cathodes, cannot satisfy this demand because of the
high cost and limited availability of lithium resources, as well as the high cost, scarcity, and high
toxicity of the cobalt resources.!> To overcome these challenges, it is pivotal to exploit advanced
battery systems beyond LIBs. Among them, Na-ion batteries (NIBs) have attracted considerable
research interests because of the low cost, abundance, and high sustainability of sodium
resources.’® The fundamental chemical and physical properties of Li, Na, and K elements in
various rechargeable battery systems are compared in Table 1. Though the specific/volumetric
capacity of Na is lower than Li, the cost of Na is much lower than Li, and the abundance of Na in
the earth’s crust is three orders of magnitude higher than Li.” From the overview of different types
of metal anodes in rechargeable batteries (Fig. 1), Na shows advantages over Li and K in terms of
cost and abundance, which makes Na resources promising for developing cost-effective and
sustainable energy storage devices.® In the last decade, a rich variety of inorganic electrode
materials were developed for NIBs, including sodium transition metal oxides, sodium transition
metal phosphates, sulfur, selenium, metal sulfides, graphite, tin, phosphorus, hard carbons, etc.*
However, compared to lithium ion, sodium ion shows similar chemical/physical properties but a
larger ion size and more complicated electrochemistry in NIBs, and thus the electrochemical
performance of these inorganic electrode materials in NIBs is not comparable to that in LIBs in
terms of specific capacity and cycle life.?>?® The development and applications of cost-effective

and sustainable NIBs as next-generation energy storage devices are highly dependent on the
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performance of advanced electrode materials. Developing low-cost, high-capacity, long-lifetime

and high-efficiency electrode materials plays a vital role in the prospect of NIBs.

Table 1. A summary of the fundamental chemical and physical properties of metal elements in

various rechargeable battery systems.

. . . Volumetric capacity ~Specific capacity Cost Abundance in
0
Atomic mass Ionic radius (A) E° (V) vs. SHE (mAh mL-) (mAh g) (USDkg')  crust (ppm)
Li 6.94 0.76 -3.04 2062 3861 19.2 20
Na 22.99 1.02 -2.713 1129 1166 3.1 23,600
K 39.1 1.38 -2.924 610 685 13.1 20,900
Abundance Specific capacity Abundance Specific capacity Abundance Specific capacity
Cost Li Safety  Cost N d Safety  Cost K Safety
/a—
Volumetric capacity E° (vs. SHE) Volumetric capacity E? (vs. SHE) Volumetric capacity E° (vs. SHE)

Figure 1. Overview of the fundamental properties of different types of metal anodes in

rechargeable batteries.”

The research on sodium batteries initiated in the mid-1960s, when the liquid form of
sodium metal was used as a negative electrode in rechargeable batteries at high temperatures (245
°C to 350 °C).??® The low cost, lightweight, nontoxicity and abundance of sodium resources
stimulated the research on high-temperature sodium-sulfur and sodium-nickel chloride (Zebra)
batteries in the last century. However, the commercialization of room-temperature LIBs in the
1990s retarded the development and large-scale applications of high-temperature sodium batteries.

Since then, the renaissance of sodium batteries has been dependent on the exploration of room-
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temperature NIBs.?*3° Due to the success of advanced material synthetic techniques and
nanotechnology, the research on room-temperature NIBs thrived in the last decade. Numerous
sodium-based energy storage materials and nanostructures were invented to improve the capacity,
cycle life, Coulombic efficiency, fast charging capability, and energy density of NIBs, whereas the
performance of state-of-the-art NIBs is still not comparable with LIBs. To further promote the

battery performance, developing advanced electrode materials for NIBs is pivotal.

As universal electrode materials for alkali-ion batteries, organic electrode materials (OEMs)
extend their high performance in LIBs to NIBs.>"* The lightweight, low cost, abundance, high
sustainability, and high structural tunability of OEMs enable the rational structure design of cost-
effective and sustainable energy storage organic materials for NIBs. To date, there are five types
of reaction mechanisms in organic NIBs, including the carbonyl (C=0) reaction, imine (C=N)
reaction, azo (N=N) reaction, thioketone/thioester (C=S) reaction, and free radical (N-O¢)
reaction.’*3° Scheme 1 summarizes these five types of reaction mechanisms by using the
representative OEMs to illustrate the reversible reaction between OEMs and Na-ions/electrons in
each type of reaction mechanism. The conjugated structure plays an essential role in the
electrochemical properties of OEMs based on the carbonyl, imine, and thioketone/thioester
reactions, enabling intramolecular electron transfer within these conjugated molecules during the
reaction between functional groups and Na-ions. Therefore, when designing these OEMs, two or
more carbonyl, imine, or thioketone/thioester groups are always connected by a conjugated
structure such as a benzene ring to make electrochemically active organic materials. In contrast,
the intramolecular electron transfer is not necessary for azo- and free radical-based OEMs, so the
structural design can be more flexible. For example, a conjugated structure is not required in free

radical-based OEMs.***! (2,2,6,6-Tetramethylpiperidin-1-yl)oxidanyl, commonly known as
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TEMPO, is widely used in designing free radical-based OEMs. The conjugated structure is not
necessary for TEMPO-based OEMs. Due to the abundant nature of organic materials, various
functional groups and backbone structures can be used to manipulate their electrochemical

performance in NIBs.

NaO. ON NaO. ..O NaO
2Na 2e” 2Na 2e”
C=0 Reaction
+ 2Na 2e" NaO + 2Na 2e”
NaO ONa

o 0.
C=N Reaction )@: L(? Tautomerism ° Irr PO 2w INa*, 2¢° :[:E Lr?
- 2Na*, 2e°

Na (o)
+ 2Na 2e N
. NaO N
N=N Reaction b_@_ ONa — N ONa
\
Na

- 2Na*, 2e o

Na$S, S + 2Na 2e’
C=S Reaction )—@—( >—C>—<
s SNa 2Na 2e’

nNa ne ne +nX"

Free Radical Reaction >L/lj< +nNa ne- >L)j< e, -nX- 7(lj<
O Na*

Scheme 1. The reaction mechanisms of various types of organic electrode materials in NIBs.%-¥

Though OEMs show great promise in NIBs, there are still three major challenges for their
development and applications: 1) low electronic conductivity, which leads to sluggish reaction

kinetics; 2) high solubility in the electrolyte, which reduces the cyclic stability; 3) particle
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pulverization triggered by the large volume change during the sodiation/de-sodiation process,
which destroys the structural integrity of organic electrodes and results in poor reaction kinetics
and cyclic stability.*>*** To overcome these challenges, a variety of approaches have been adopted
to improve the conductivity, stability, and integrity of organic electrodes. For example, a large
amount (30 wt% ~ 60 wt%) of conductive carbon such as carbon black, graphene, or carbon
nanotube, is used to build three-dimensional (3D) conductive networks and enhance the
conductivity of the organic electrodes.***” Organic salt formation and polymerization of small
organic compounds are two effective approaches to tuning the polarity and lipophilicity of OEMs,
reducing their solubility in the liquid electrolyte.**® To mitigate the particle pulverization in
organic electrodes, graphene oxide protection, and self-healing chemistry were used to retain the
structural integrity of organic electrodes.**** Though great achievements have been obtained, the
electrochemical performance of organic NIBs is still not comparable with those of commercial
LIBs. The design and synthesis of novel advanced OEMs are demanded for cost-effective and
sustainable NIBs. This review summarizes the recent advances in developing high-performance
OEMs for non-aqueous, aqueous, and all-solid-state NIBs. The rational structure design principles

and future research directions of OEMs in various types of NIBs are also discussed.

2. OEMs for non-aqueous NIBs

OEMs featuring low cost, lightweight, high flexibility, abundant structural diversity, and high
recyclability have been extensively studied for non-aqueous NIBs.?-% To fulfill the goal of cost-
effective and sustainable energy storage devices, OEMs that can be derived from biomass or
synthesized by natural derivatives, are promising alternatives to inorganic electrode materials in

non-aqueous NIBs.* There are a wide range of organic compounds such as quinones, polyimides,
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Schiff bases, azo compounds, carboxylates, etc., which have been studied as electrode materials
in non-aqueous NIBs.%%7 The focus is to improve their electrochemical reaction kinetics and
cycling stability by tailoring their molecular structure, mitigating particle pulverization, and
reducing the solubility in the liquid electrolyte. Table 2 summarizes the chemical structure and

electrochemical performance of state-of-the-art OEMs in non-aqueous NIBs.
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Table 2. Summary of OEMs for non-aqueous NIBs.

Initial
Average reversible Cvele Rate
Compound Structure Electrolyte discharge capacity at . ¥ -
voltage current life (n) capability
density
1 M NaClO4
. 137mAhg?
in EC/DEC, 312mAhg?
2DPI126 l:l/by ~0.2V o1n gﬁ 1,100  at10Ag!
volume
IMNafSlin o 282mAhgl ™10 't";ch &
EC/DEC, 4:6 : at0.1C a
o ONa Oli ';AC;\I;Eém 295mAhg? 100 mA h gt
NayCgH,0,5152114 >_©_§, Llby 0.3V at30mAg? 90 at 10C
Nao by (0.1C)
volume
245.2 mA h 88.2mAhg
lgi/'g:\;inoeﬁ ~03V  glat30mA  N/A lat1Ag?
g-l
e 0.8 M NaClOq4
a in EC/DEC 295mAhg? 100 mA hg?
DHBQDS>® ! 0.3V at30mAg? 90 at 10C
NaO 1:1 by
(0.10)
o volume
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Na,NDC04

CHDA5

NaHBDC>*

SSDC®8

Na3BTC0>

PTCDA®0

(o}

ONa
NaO

HO O
O : ;)H

DaWal

(o]
W
Na
O

O.__ONa

NaO, ONa

°.°
=<
Lo ] (v}

1 M NaClO,4
in PC + 3wt%
FEC

1.0M
NaClO4 in
EC/PC, 1:1
by volume, +
5wt% FEC

1 M NaPFe
EC/EMC, 3:7
by weight

1 M NaClO4
in PC

1 M NaBF4 in
tetraglyme

1 M NaPFg in
EC/DMC, 1:1
by weight

~03V

~0.3V

~0.34V

0.39V

0.42V

~0.50V

200mAhg?
at0.5C

307mAhg?
at0.1Ag?

273 mAhg?
at10mAg?

375mAhg?
at50mAg?

558 mA hg?
at0.2C

436.1 mAh
glat25mA
g-l

200

100

50

400

1,500

300

133 mAhg?
at5cC

125mAhg?
at2.0Ag?

N/A

72mAhg?
at10Ag?

~210mAh
glatlcC

67.7mAhg
lat2Ag?
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BT AQ107

PCT110

TsNiPc@GO%’

PDAS!

D/A-CON-10%7

o o o [} Q 1 M NaBF;in
. EC/DEC/DMC
-[_ d\\ \. ,1:1:1 by
¢ © volume
1 M NaBF;4in

O O EC/DEC, 1:1
by volume,

+10wt% FEC

oaﬁ* ‘«‘_;-0
(] 1 M NaPFg
NH /N in EC/DMC,

,\$ 1:1 by
volume
NaQ N 0
=5 H 5-0
o NaO
O ©OHO OH 1 M NaPFg

in EC/DEC,
2O oS

« NWH & NH weight
P
1 M NaClO4
in PC/FEC,
98:2 by
weight

0.5V

0.5V

~0.5V

~0.5V

~0.5V

275.8 mA h
glat25mA 100

g—l

133 mAhg?
at200mA g 500
1

600 mA h g-
1lat10 mA

100
g-1

581 mAhg?
at50 mA g? 1,024

860 mA h g’

at 1001 mA g 150

105.7mAh
g'at 200
mAg?

~40mAhg

tat2Ag?

N/A

122mAhg?
at3.2Ag?

133mAhg?
at1Ag?

10
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D/A-CON-1657

SCID@CNT”’

Cabpdc?03

TBC®

Oligomeric Schiff
Bases®?

Oligomeric Schiff
Bases®?

DaWaty
[+] b~

o NaO

NaO
ONa

" OO O

OO OO0

1 M NaClO4
in PC/FEC,
98:2 by
weight

1 M NaClOq4
in
EC/PC/FEC,
1:1:0.05 by
volume

1 M NaClO,4
in

EC/DEC, 1:1
by volume, +
5% FEC

1 M NaPFgin
DME

1 M NaFSl in
Me-THF

1 M NaFSlin
Me-THF

~0.5V

~0.5V

0.5V

0.55V

~0.6V

~0.6V

880mAhg?
at100mA g
1

231mAhg?
at50mAg?

434.6 mA h
glat 100
mAg?

195mAhg?
at50mAg?

250 mA hg?
at C/10

250 mA hg?
at C/10

150

500

100

600

50

50

245mAhg?
at1Ag?

N/A

150 mAh gt
at1Ag?

50mAhg?
at400 mA g
1

~30mAhg?
at 5C

~50 mA hg?
at 5C

11
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1 M NaPF. in 192.7mA h 78 mAhg?
6 1
NauCioHa0s14 EC/DEC,1:1 065y 8 AL2OMA a5  at2000mA
by volume g J
o o . 182.3mAh
NaO Q O ona 1M NaPFgin 13125 mA N/A
NaPTCDA?®° . EC/DMC, 1:1 ~0.7V g 1 120
Na0 o Q Q o ONa by weight 8
1 M NaBF4in
~ -1
DBD-CMP2116 EC/DMC/EMC, . o75v  41amAhg! 100 S0mAhg
1:1:1 by 250 mA g at2Ag
volume
z Y X
Polymeric Schiff 1 M NaFSl in 360mAhg! 190mAhg?
N=C. =N ~0.
Base®? + H H ﬁ ]n Me-THF 0.8V at26 mAg? 75 at 1C
7 X Y (0.1C)
W
1 M NaClO,4
| 420mAh gt
o, o o . 1
DAAQ-COF ey O‘O in Elcﬁl;/lc ~1.0V at 1001 mAg 10,000 1938t ?2 gilg
| N volume
£
o N .o
1 M NaClO4 69.4mAhg
o - .
pl-2140 :f\u in EC/DEC, ~1.0V lzioonl‘ih & 1,000 ‘lat5Ag?
2 i\ P P 1:1 by Sl
o N volume
o
N -
o o

12
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BCP12

CADS®

DHBQDS*®

ADASS"®

Na,DBQ!%

Pl-1140

ONa

NaO’

1 M NaPFs
in DME

1 M NaClO,4
in EC/DMC,
1:1 by
volume

1 M NaClO4
in FEC/DMC,
1:1 by
volume

1 M NaPFg in
DEGDME

1 M NaClO4
in EC/DMC,
1:1 by
volume

1 M NaClO4
in EC/DEC,
1:1 by
volume

~1.0V 480.9 mAh
glat1Ag?

~1.1V 293mAhg?!

at20mA g?

1.2V 290 mAhg?
at20mA g?

1'12 ;/Ga\r/‘d ~220mAh

) glat0.2C
~12V 398 mA h gt

at0.1C

~1.2V ~500 mAh g
lat0.1Ag?

400

100

300

1,000

300

1,000

339 mAhg?
at10Ag?

N/A

68mAhg?
at1Ag?

71mAhg?
at40C

160mAhg?
at5cC

102 mAhg?
at5Ag?

13
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E-FCTF128

N32C10H2N204120

AQ260Na!#

ALP-g1°!

TQASG

I
s
\Awﬁ%: Y

[} ONa
—
Na—-N —Na
NaO

1 M NaClO4
in EC/DEC,
1:1 by
volume

0.8 M NaPFg
in PC

1 M NaPFg
in DME

1 M NaPFg
in DEGDME

1 M NaPFgin
diglyme

~1.2V

~1.2V

~1.2V

1.2-15V

~15V

332mAhgt 200

at0.1Ag?

~230mAhg 100
Lat 1 Na/20
h

245mAhgt 2200

at50mA g?

315mAhgt 120

at0.3C

4233 mAh
glat 100
mAg?

100

68 mAhg?
at2Ag?

~10mAhg?!

at 5C

139mAhg?
at500 mA g
1

42mAhg?
at40C

N/A

14
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TSAQ®®

Na,PDHBQS/
RGolzl

DAPT-TFP-CPF124

PAQS®

AQDSwZ

DHAQNa!!!

© 1 M NaClO,4
in EC/DMC,

1:1 by

weight

1 M NaClO4
in TGM

1 M NaPFg
in DME

1 M NaTFSI
in DOL/DME,
1:1 by
volume

1 M NaClO,4
in
EC/DEC, 1:1
by volume

1 M NaClO,4
in
EC/DMC, 1:1
by volume

~15V

~1.5V

~1.6V

1.3Vand
1.76 V

1.73Vand
1.62V

~1.75V

395mAhg?
at50mAg?

179 mAhg?
at 100 mA g
1

257.5mAh
glat1Ag?

134 mAhg?
at 100mA g
1

195 mAhg?
at30mAg?

176 mAhg?
at0.1C

2,500 220mAhg?
at 1000 mA

gl

150  147mAhg?
at1Ag?

100mA h gt
at 5,000 mA
g-l

1,400

200 ~120mAh
glat1Ag?

114 mAhg?

100 at480 mA g
1

100 ~40mAhg
tat2cC

15
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Na,AQ26DS!32

ALXY

Lc47

Nas;DHTPA’®

UP113

OAP!13

NaO

Na

ONa

ONa

1 M NaPFg
in DME

1 M NaPFgin
DEGDME

1 M NaPFg
in DEGDME

1 M NaClO4
in EC/DMC,
1:1 by
volume

1 M NaBF4
in DME

1 M NaBF4
in DME

~1.75V

~1.8V

~1.8V

1.8V

1.8V

1.8V

137mAhg?
at50mAg?

255mAhg?
at50mA g?

~222mAhg

lat50mAg
1

223mAhg?
at19mAg?
(C/10)

148.3 mA h
g'at 100
mAg?

137.8 mA h
glat 100
mAg?

1,200

N/A

N/A

100

1,000

1,000

N/A

N/A

N/A

~190mAhg
lat37.4 mA
g1(0.20)

91.8mAhg
tat3Ag?

107.8 mA h
glat3Ag?

16
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PDI-Ur'®s

N32C60659'70

N32C50659’70

Ni-TTO®

PHATN"!

TQBQ-COF”?

[¢]
[+} ONa
[+ Na
[+]
[¢]
[} ONa
[+] Na
(o]

1 M NaClO,4

in EC/DEC,

1:1 molar
ratio

1 M NaClO,4
in
FEC/EC/DMC
,2:3:5 by
volume

0.6 M NaPFs
in DEGDME

1 M NaPFg
in DME

4 M NaPFs
in DME

1 M NaPFgin

DEGDME

19V

~2.0V

~2.0V

~2.0V

2.12V

2.2V

119mAhg?
at25mAg?

205mAhg?
at20mAg?

484 mAhg?
at50mAg?

155mAhg?
at0.1Ag?

251 mAhg?
at50mAg?

452 mAhg?
at20mA g?

50

500

50

100

50,000

1,000

~112mAhg
Tat 200 mA

g-l

~102mAhg
lat1Ag?

371mAhg?
at1Ag?

118 mAhg?
at5Ag?

105mAhg?
at25C

1343 mAh
glat1l0Ag
1

17
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PTCDA®73

P75

NTCDA>

P|143

PTCDA!3

PI21%7

TAPQ'2

PYT-TABQ/rGO*?*

1 M NaClO4

in PC 2.2V

0.3 M

Na[TRsiis 22V

1 M NaClO4
in
EC/DMC/EM
C, 1:1:1 by
volume,

+ 2% FEC

2.2V

1 M NaPFg
in EC/DMC,
1:1 by
volume

~2.2V

1 M NaPFg
in EC/DEC,
1:1 by
volume

~2.2V

1 M NaPFg
in EC/DMC,
1:1 by weight

~2.2V

4 M NaTFSI
in TEGDME

~2.2V

1 M NaPFs

in DME 2.2V

~135mAh
glat 100
mA g

301mAhg?
at20mA g?

157 mAhg?
at 100 mA g
1

207mAhg?
at200mA g
1

140 mAhg?
at10mAg?

148.9 mA h
glat0.1C

~250mAhg
1at0.5C

~210mAhg
lat1Ag?

76 mAhg?

>00 at71C

~180mAh
100 g'at300
mAg?

112mAhg?

500 at1Ag?

39mAhg?
100 at 500 mA g
1

91mAhg?
300 at 1,000 mA
g-l
50mAhg?
>,000 at40C
NA NA
141.5mAh
1400 gt

18
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PPTS'2

P5Q74

C4Q75

BPOE>®

Q-TTF-Q1®

PP-pSI3s

PDPPD28

PVK-3131

Ppy/DS**

1 M NaPFs
in DME

1 M NaClO4
in
EC/DMC/FEC

03M
Na[TFSI]/ILs

1 M NaClO,4
in PC
N !"—/
[+ ] 0
H 25M
NaTFSl in PC
[+ ] 0
7\ 7
n N7 'm 1 M NaPFg
H in EC/DEC,
1:1 by
Na volume
-;F 0.5 M NaPFs
L@’ ‘@\ /@T in EC/PC,
N n 1:1 by
* volume
1M NaPFs
- .
| H | W in EC/DEC,
{en-cre —CH;—CH-CH,-C—CHe— | 1:1 by
Q O volume
1 M NaPFg
I\ I'H-( )=N—< >_su:- PFg™ in EC/DEC,
N osos— 7 1:1 by
volume

1.2-2.4V

25V

~2.5V

~2.5V

26V

~3.15V

3.38V

34V

~3.5V

290 mAhg?
at1Ag?

418 mAhg?
at0.1C

406 mAhg?
at20mA g?

~200mAhg
tat10 mAg?

232mAhg?
at40mAg?

75mAhg?
at40 mAg?

94 mAhg?
at 1C

110 mA h g
at50mAg?

115mAhg?
at50 mA g?

2,000

300

300

7,000

10

350

1,000

900

70

155mAhg?
at10Ag?

201 mAhg?
at1cC

343 mAhg?
at45mAg?

~40 mA hg?
at5Ag?

N/A

N/A

~35mAhg?
at 100C

33mAhg?
at500 mA g
1

85mAhg?
at50 mAg?

19
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(L
6 OO 1 M NaClO,
Opr O in PC
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Note: *The electrochemical performances of the OEMs are collected from the full-cell data, because the half-cell data

were not reported.
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2.1 Molecular structure design

The extension of m conjugated structures is a feasible strategy to improve the
electrochemical reaction kinetics and achieve the fast-charging capability of OEMs in non-aqueous
NIBs. The conjugated structure is able to stabilize the charged/discharged states while facilitating
ion diffusion. Wang et al. synthesized (sodium 4,4-stilbene-dicarboxylate) SSDC through a one-
pot eco-friendly reaction (Fig. 2a), offering an extended m-conjugation linkage between two
carboxylate groups.®® The SSDC anodes were tested in half cells with the sodium metal as a
counter electrode at high current densities to evaluate the capacity and cycle life. The SSDC anode
delivered a specific capacity of 247 mA h g' at 1 A g! in the first cycle with an initial Coulombic
efficiency of 80% (Fig. 2b). The Coulombic efficiency was enhanced to 98% after 5 cycles while
the capacity stabilized at 160 mA h g™!. After 400 cycles, a reversible capacity of 112 mA h g'!
was retained with capacity retention higher than 70%, demonstrating exceptional cycle life at a
high current density. Moreover, the SSDC anode delivered reversible capacities of 105 mA h g'!
at 2 A g'and 72 mA h g! at 10 A g, demonstrating fast-charging capability in non-aqueous
NIBs. This superior high-rate performance is attributed to the extended m-conjugation structure,
which not only improves the charge transport and stabilizes the charged/discharged states but also

enhances the intermolecular interaction and the resulting terrace packing structure.

Another strategy to improve the electrochemical performance of OEMs in non-aqueous
NIBs is stabilizing a-C intermediate radicals by the resonance and steric effects. The highly
reactive o-C radicals are formed in OEMs during the sodiation/de-sodiation process, triggering
undesired side reactions and thus reducing the electrochemical performance. To design a stabilized
a-C radical intermediate, Wu et al. fabricated highly stable tri-carbonyl-based anodes by

diminishing the reactivity of radical intermediates.®® Tris N-salicylideneanthramine, TSAA, and
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tris N-salicylideneanthraqunoylamine, TSAQ, were synthesized by a facile metallic catalyst-free
condensation reaction (Fig. 2c). The carbonyl group (C=0) in TSAA and TSAQ could undergo
the electron reduction, leading to the breakage of the tri-B-ketoenamine system and the formation
of a benzyl radical (a-C radical) intermediate. Subsequently, the resonance effect of the aromatic
ring structures together with the steric hindrance of the large-size substitution groups in TSAA and
TSAQ was able to stabilize the benzyl radical intermediate. The reversible specific capacities of
172 mA h g'! and 366 mA h g'! were achieved for TSAA and TSAQ at 50 mA ¢!, respectively,
suggesting ~5.5 and ~11.5 Na" per molecule could participate in the electrochemical redox
reactions. More importantly, TSAQ delivered a high-rate performance of 220 mA h g at 1000
mA g! (Fig. 2d) and showed no obvious capacity degradation after 2,500 cycles (Fig. 2e),
demonstrating excellent rate capability and cycle life. This work provided a structure design
strategy to stabilize the a-C radical intermediate formed in organic anodes during the sodiation/de-
sodiation process, which may also be beneficial for the structure design of other organic energy

storage systems.

In addition to these organic anodes, the structure design for organic cathodes in non-
aqueous NIBs is also significant. Lee et al. studied the four-sodium ion storage mechanism of
disodium rhodizonate (Na2CsOs) as one of the best candidates for cathodes in NIBs.”® The redox
mechanism of disodium rhodizonate is demonstrated in figure 2f. The a-phase of Na2CsOs
transfers into y-phase due to the thermodynamic preference. The removal of sodium ions during
the charge mitigates the reverse structural change, leading to permanent desodiation. As a result,
the charged electrode remains as partially sodiated intermediate (Na2+xC¢Os) in y-phase. The
research suggested the redox capability can be significantly improved by reducing the particle size

and selecting a good electrolyte. The selected electrolyte, diethylene glycol dimethyl ether
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(DEGDME), could diminish the cation-anion interactions and result in the most efficient phase
transformation. The four-electron process in the Na-ion cell was evaluated at a large potential
window of 0.5 V — 3.2 V. The nanoparticle electrode (Nano/DEGDME) revealed a reversible
capacity of 498 mA h g'! at 50 mA g!, which is about 95% of the theoretical capacity as shown in
figure 2g. Even with an increased mass loading of up to 20 mg cm™, NaxCsOs still retained a
reversible capacity of 428 mA h g along with an areal capacity of 8.56 A h cm™ (Fig. 2h),
demonstrating great promise for practical applications. The complete utilization of organic
cathodes at high mass loading offers opportunities for developing cost-effective and sustainable

organic NIBs.
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SBDC (red) are also presented for comparison) under a current density of 1 A g'!. Reproduced

24



Page 25 of 75

Journal of Materials Chemistry A

with permission.®® Copyright 2015 American Chemical Society. (c) Design of B-ketoenamine-
linked compound-based organic electrode. Chemical structure of TSAA and TSAQ. (d) Rate
performance of TSAA and TSAQ electrodes at various current densities. (e) Cycle performance
and the corresponding Coulombic efficiency of TSAQ at a current density of 1,000 mA g™! in the
voltage range of 3—0.05 V for more than 2,500 cycles. Reproduced with permission.%’ Copyright
2016 Springer Nature. (f) A schematic of the proposed de/sodiation mechanism of Na2CeOs.
During charging, the structural change from the a- to the y-phase is kinetically suppressed. This
leads to a premature desodiation, which results in limited sodium storage in subsequent cycles.
Nevertheless, the reversible phase transformation becomes possible by decreasing the particle size
and selecting a proper electrolyte, which in turn facilitates ideal four-sodium storage in Na2CsOe.
(g) Rate capability and corresponding cycle performance (inset) of Na2CsOs electrodes from 0.5—
3.3 V. (h) Voltage profiles of NaxCsOs electrodes with high active content (80% Na2CeOs,
5.3 mgcm™) and high mass loading (60% Na2Ce¢Os, 20 mg cm?) compared with the original
condition (60% Na2CsOs, 3 mg cm™). Reproduced with permission.”” Copyright 2017 Macmillan

Publishers Limited.

The polymeric structure design for OEMs can also affect the electrochemical performance
in non-aqueous NIBs. Mao et al. suggested hexaazatrinaphthalene (HATN), which contains imine
functional groups with a high theoretical capacity of 418 mA h g!, to be used as a cathode for non-
aqueous NIBs.”! By polymerizing this organic compound, the more stable PHATN was obtained
which was not only used in NIBs but also in multivalent (Mg and Al) rechargeable batteries. The
simulated geometry and insertion potential versus Na/Na" for Nam(HATN). was calculated by

density functional theory (DFT), and the discharge voltage profile was found in different ratios
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(Fig. 3a). The rate capability and cycle life of PHATN in 4M NaPFes/dimethoxyethane (DME)
electrolyte were tested in NIBs with sodium metal as the counter electrode. As shown in figure 3b,
a small capacity decrease from 220 mA h g'! to 164 mA h g'! was observed with elevated current
density from C/8 to 5C. Even at high current densities of 12C and 25C, PHATN still retained the
reversible capacities of 138 mA h g'! and 105 mA h g'!, respectively, and an ultra-long cycle life
of 50,000 cycles was achieved at 25C with 83.8% capacity retention (Fig. 3c), indicating the fast
reaction kinetics and stable cyclic stability. The excellent electrochemical performance of PHATN
makes it a promising cathode for rechargeable batteries. In addition to PHATN, covalent organic
frameworks (COFs) with porous structures while containing active groups such as C=0 and C=N
offer redox sites for sodium-ion storage. The size of pores is very important, and it should be
adjusted based on the size of sodium ions to make the ion transport facile and efficient. The
synthesis of triquinoxalinylene and benzoquinone (TQBQ) by using a triple condensation reaction
between tetraminophenone and cyclohexanehexone yielded a new COF skeleton to be used in
NIBs.”? The carbonyl groups provide multiple redox sites to store up to 12 Na*, while pyrazine
groups link the building blocks in TQBQ-COF two-dimensional structures (Fig. 3d). The reaction
mechanism was exploited by characterizing the corresponding absorption peaks for the active
groups (C=0/C=N) during charge and discharge using in-situ Fourier-transform infrared
spectroscopy (FTIR, Fig. 3e), confirming that carbonyl groups and imine groups are redox-active
centers to reversibly react with Na-ions and electrons. The TQBQ-COF-based electrode delivered
a high capacity of452.0 mA h g at 0.02 A g! (Fig. 3f) and high cycling stability of ~96% capacity
retention after 1,000 cycles at a high current density of 1.0 A g'! (Fig. 3g). The honeycomb-like

morphology of the insoluble TQBQ-COF combined with doped nitrogen improved the electronic
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conductivity and ion/electron transport. The porous architecture of nitrogen-rich COFs promises

high-power NIBs.
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Figure 3. (a) Optimized geometries and insertion potentials vs. Na/Na" of the Nam(HATN)a
complexes surrounded by implicit solvent from DFT calculations using M05-2X/6-31+G(d,p) and
PBE-GD3/6-31+G(d,p) DFT calculations. (b) Rate capability at various current densities from C/8
to 25 C. (c) Long-term cycling performance of PHATN under the current densities of 10 A g!

(25C) for 50,000 cycles. Reproduced with permission.”! Copyright 2019 Wiley-VCH Verlag
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GmbH & Co. KGaA. (d) The chemical structure and possible electrochemical redox mechanism
of TQBQ-COF with a theoretical capacity of 515 mA h g!. (e) In-situ FTIR spectra collected at
different states. (f) Charge—discharge profiles of the TQBQ-COF electrode at 0.02 A g™'. (g) Long
cycling stability of TQBQ-COF electrodes at different current densities (0.1, 0.5, and 1.0 A g'!).
The capacities are all calculated based on the mass of TQBQ-COF. Reproduced with permission.’

Copyright 2020 Springer Nature.

2.2 Particle pulverization mitigation

The large volume change during cycling is another existing challenge for high-energy
NIBs. Luo et al. developed two approaches to overcome this challenge: 1) wrapping OEMs with
graphene oxide to accommodate the volume change and mitigate particle pulverization;* 2)
employing self-healing chemistry to suppress the resulting mechanical fracture by establishing
connections between the polymer binder and active material.’® In the first approach, graphene
oxide wrapped croconic acid disodium salt (CADS) was designed and synthesized.** The particle
pulverization of CADS was alleviated by graphene oxide, resulting in an improved reversible
capacity and cycle life. In the second approach, sodium rhodizonate dibasic (SRD) was used as a
model to study the self-healing chemistry between the active material and the polymer binder in
non-aqueous NIBs.*® Although SRD contains the highest number of oxygen atoms among organic
electrodes (Fig. 4a), it undergoes pulverization caused by large volume expansion. The two of
carbonyl groups in fully sodiated SRD could form hydrogen bonds with hydroxyl-rich binders.
Sodium alginate (SA) as a hydroxyl-rich binder and polyvinylidene fluoride (PVDF) as a
hydroxyl-free binder were chosen to demonstrate the self-healing chemistry between the electrode

material and the binder (Fig. 4b). FTIR spectra confirmed the formation of hydrogen bonds, which
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results in the deformation of pyranose rings in the SA binder. This was confirmed by the
disappearance of the FTIR peak at ~1300 cm™ for the SRD-SA film. To investigate the role of the
binder, the electrochemical performance of SRD with the SA binder and the PVDF binder was
compared. As shown in figure 4c and 4d, SRD-SA electrodes showed much better cycle life of
500 cycles and higher rate capability up to 1 A g'! in non-aqueous NIBs due to the self-healing

chemistry between SRD and the SA binder. This work opened a new door for the application of

self-healing chemistry in rechargeable batteries.
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2.3 Dissolution inhibition

Due to the high solubility of OEMs in the liquid electrolyte, their dissolution induces fast
active material loss and capacity decline in non-aqueous NIBs. Several strategies such as surface
coating, carbon encapsulation, electrolyte optimization, organic salt formation, and polymerization
have been used to mitigate the dissolution of OEMs. Recently, surface modification at the atomic
level was introduced as an effective strategy to stabilize organic electrodes. Zhao et al. and Luo et
al. used a gas-phase atomic layer deposition (ALD) technique to deposit a thin layer (2~5 nm) of
Al203 on the surface of disodium terephthalate and 2,5-Dihydroxy-1,4-benzoquinone disodium
salt electrodes to improve their cyclic stability in non-aqueous NIBs.’® The Al>O3 coating acts as
an artificial solid electrolyte interphase (SEI) layer to protect the organic electrode from dissolution
into the liquid electrolyte and enhance the electrochemical performance. Thangavel et al. also
applied ultrathin metal oxide coatings on the surface of perylene-3,4,9,10-tetracarboxylicacid
dianhydride (PTCD) via the ALD technique.”® Two of the carbonyl groups in PTCD act as active
centers to reversibly react with Na-ions and electrons (Fig. 5a). The metal oxide coatings (Al203,
Zn0O, and Ti02) can form a stable interphase to protect the PTCD electrodes from dissolution and
improve the electrochemical kinetics and cyclic stability of PTCD electrodes. All the coated
electrodes showed better cycle life and higher rate capability than the pristine electrodes, because
the PTCD dissolution in the organic electrolyte was mitigated by the coating layer (Fig. 5b and
5¢). The PTCD electrode coated with TiO2 (Ti-PTCD) exhibited better electrochemical
performance than the other two coatings (Al203 and ZnO) in terms of rate capability and cycle life.
The Ti-PTCD electrode showed a stable cycle life and low polarization for 500 cycles. These
results demonstrated that surface modification is an effective method to enhance the interphase

stability and cycle life of organic electrodes.
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Quinone-based organic electrodes have been widely studied in non-aqueous NIBs due to
their low cost, abundance, and high sustainability. However, the quinone derivatives also suffer
from high solubility in the liquid electrolyte. To circumvent this challenge, the composite structure
of Pillar[5] quinone (P5Q) was built by encapsulating P5Q in ordered mesoporous carbon (CMK-
3) and single-walled carbon nanotubes (SWCNT).”* Xiong et al. further introduced poly(ethylene
glycol) (PEQG) as a gel polymer electrolyte to restrain the solubility of P5Q. The discharge-charge
mechanism of the P5Q cathode is illustrated in figure 5d, indicating that carbonyl groups play an
important role in the redox reaction with Na-ions and electrons. The large surface area of CMK-3
allows better diffusion and absorption of sodium ions while SWCNTs are beneficial in creating a
3D conductive network around the P5Q. The initial capacity of 418 mA h g’ at 0.1 C was achieved
for the PSQ/CMK-3/SWCNT cathode, and a reversible capacity of 290 mA h g! was retained after
300 cycles (Fig. 5e), demonstrating superior cycling stability. Furthermore, PSQ/CMK-3 with a
ratio of 1:2 delivered higher rate capability and better cycle life than pure P5Q and P5Q/CMK-3
with a ratio of 1:1 in non-aqueous NIBs, suggesting that a higher content of CMK-3 could reduce
capacity decay and stabilize the cathode. The P5SQ/CMK-3 composites represent a promising

structure for stabilizing organic cathodes in non-aqueous NIBs.

The effort to improve the stability of quinone-based cathodes has not been limited to
structure optimization. Selecting the best electrolyte with adjustable physicochemical properties
such as weaker polarity and lower donor numbers is another method to enhance the performance
of organic cathodes.”” Among various organic electrolytes, ionic liquids (ILs) have been exploited
in non-aqueous NIBs based on organic quinone cathodes. In general, ILs were composed of cations
such as N-methyl-N-propylpyrrolidinium [PY 13], N-butyl-N-methylpyrrolidinium [PY 14], and N-

methyl-N-propyl piperidinium [PP13], and anions such as bis(fluorosulfonyl)imide) [FSI] and
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bis(trifluoromethanesulfonyl)imide [TFSI] (Fig. 5f). Wang et al. evaluated the performance of five
types of para-quinone small molecules including 1,4-benzoquinone (p-BQ), 4,4’-dimethyl-1,1°-
bi(cyclohexa-3,6-diene)-2,2°,5,5 -tetraone  (DBT), 9,10-anthraquinone (AQ), 5,7,12,14-
pentacenetetrone (PT), Calix[4]quinone (C4Q) in non-aqueous NIBs. The inhibitory effect of
different ILs toward the dissolution of quinone electrode materials is shown in figure 5g. Weaker
polarity, lower donor number of ILs, and small interaction energy between the active material and
ILs suppress the dissolution of OEMs in the electrolyte. The interaction energy between quinone
cathodes and ILs was calculated using DFT. According to the results, [PY 13][TFSI] - p-BQ and
[PY14][FSI] - p-BQ showed the smallest and largest interaction energy, respectively. Therefore,
[PY 13][TFSI], in which p-BQ has the lowest solubility, was selected for the electrochemical test.
As shown in figure 5h, the [PY 13][TFSI] based electrolyte in the Na/C4Q cell exhibited a much
better cycle life (300 cycles) than the DME-based electrolyte, demonstrating that developing ILs-
based electrolytes is a promising method to address the dissolution challenge of OEMs in non-

aqueous NIBs.
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carbonyl groups of P5Q. The charging process is the opposite way. (e) Discharge capacities of
P5Q and P5SQ/CMK-3 at 0.1 C and Coulombic efficiency of PSQ/CMK-3 (1:2). Reproduced with
permission.”* Copyright 2019 American Chemical Society. (f) Chemical structures of six ionic
liquids in this study. (g) Schematic comparison of polarity, donor ability, and quinone-solvent
interactive energy for DME and ionic liquids. (h) Cycling stability of C4Q cathode at 130 mA g!
(0.29 C) in 0.3 M Na[TFSI}/DME and 0.3 M Na[TFSI]/[PY 13][TFSI] electrolyte. The cathode
consists of 50 wt % C4Q, 40 wt % conducting carbon, and 10 wt % binder. Reproduced with

permission.” Copyright 2018 Elsevier Inc.

In addition to surface coating, carbon encapsulation, and electrolyte optimization, organic
salt formation and polymerization of small organic molecules are also effective strategies to
overcome the dissolution challenge of OEMs in the electrolytes. A novel azo group based organic

1.76 The azo compounds with and without carboxylate groups in

anode was designed by Luo ef a
figure 6a showed different electrochemical behaviors in non-aqueous NIBs because of the
dissolution of azo compounds. Azobenzene (AB) without a carboxylate group is highly soluble in
the electrolyte and suffers from very fast capacity fading, while 4-(phenylazo)benzoic acid sodium
salt (PBASS) with one carboxylate group attached to azobenzene shows improved cyclic stability.
Azobenzene-4,4’-dicarboxylic acid sodium salt (ADASS) with two carboxylate groups exhibited
the best electrochemical performance (Fig. 6b and 6c¢) in terms of fast charging capability (up to
40C) and long cycle life (2,000 cycles). The carboxylated azo compounds represent a new family
of organic anodes for high-performance NIBs. Another example of organic salts in non-aqueous

NIBs is sodium 5,5’-carbonylbis(isobenzofuran-1,3-dione) (SCID) synthesized from two sodium

phthalate bridged by carbonyl groups.”” The structure and mechanism of Na ion
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insertion/extraction in SCID is illustrated in figure 6d. The bridging carbonyl group is able to
activate the adjacent carbonyl groups in SCID, accommodating four sodium ions and leading to a
high initial capacity of 231 mA h g'! at 50 mA g™'. At a higher current density of 100 mA g!, an
initial capacity of 155 mA h g! is achieved, and a reversible capacity of 83 mA h g'! can still be
retained after 500 cycles (Fig. 6¢). This work confirmed that organic salt formation is an effective

strategy to overcome the high solubility challenge of OEMs in non-aqueous NIBs.

To use OEMs as both the cathode and anode in all-organic batteries for high-sustainability
energy storage devices, Wang et al. developed a unique organic salt, organic tetrasodium salt of
2,5-dihydroxyterephtalic acid (NasCsH20s) with enolate and carboxylate groups.”® The redox
couples of Na2CsH206/NasCsH20s at 2.3 V in the positive electrode and NasCsH206/NasCsH206
at 0.3 V in the negative electrode were employed in the all-organic NIBs. The reaction mechanism
is shown in figure 6f, indicating the alkoxide groups act as active centers in the positive electrode
and carboxylate groups act as active centers in the negative electrode. The conjugated benzene
ring, combined with both types of functional groups, stabilizes the redox intermediates in the
electrochemical process. The excellent performance of Na4CsH20s¢ in the symmetric full cell was
confirmed by various electrochemical tests. In the cutoff window from 0.2 V to 2.6 V, the full cell
delivered high charge and discharge capacities of 223 mA h g!' and 198 mA h g! with an average
discharge voltage of ~1.8 V (Fig. 6g). In addition, the full cell was stably tested for 100 cycles
with the Coulombic efficiency close to 99% (Fig. 6h), demonstrating great promise for high-
sustainability NIBs. Therefore, organic salt formation is an effective strategy to overcome the high
solubility challenge of OEMs and achieve high-performance organic cathodes and anodes for non-

aqueous NIBs.
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As is well known, the solubility of organic compounds decreases as their molecular weight
increases. Hence, redox-active polymers are widely used in non-aqueous NIBs to solve the high
solubility challenge. As previously discussed, COFs with crystalline structures and n-conjugated
skeletons can offer high electrochemical performance in non-aqueous NIBs. To gain fundamental
understanding of electrochemical behaviors of COFs, facile synthesis of f-Ketoenamine linked
DAAQ-COF from 1,3,5-triformylphloroglucinol was used to prepare the two dimensional (2D)-
COFs with different thicknesses (Fig. 6i).” The effect of thickness on the electrochemical
performance of COFs was investigated at different conditions. The results demonstrated a lower
thickness is more favorable in improving the capacity and cyclic stability. The high capacity of
420 mA h g’!, excellent rate capability of 198 mA h g!' at a high current density of 5 A g, and
outstanding cycling stability (10,000 cycles) for the DAAQ-COF with a thickness of 4-12 nm
confirm that the thin 2D-COFs are promising for non-aqueous NIBs. Further studies can be done
to design an exfoliated structure of COFs, where the thickness remains low enough for high-rate
electrochemical reactions in non-aqueous NIBs. Therefore, based on the knowledge gained from
the recent progress of OEMs in non-aqueous NIBs, more research efforts could be devoted to the
rational design of molecular structures, organic electrolytes, interphase layers, hybrid composites,
and polymeric frameworks to further optimize the electrochemical performance of OEMs in non-

aqueous NIBs.
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Figure 6. (a) Molecular structure of AB, PBASS, and ADASS. (b) Rate performance at various
C-rates. (c) De-sodiation capacity and Coulombic efficiency versus cycle number at 20C.
Reproduced with permission.”® Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. (d) The

proposed mechanism of Na ion insertion/extraction into/from the molecular structure of SCID.
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Electrochemical performance of SCID/Na half cells in the voltage range of 0.01-3.0 V. (e) Cycling
performance of SCID@CNT at current densities of 100 mA g!. Reproduced with permission.”’
Copyright 2020 The Royal Society of Chemistry. (f) Electrochemical redox reaction mechanism
of Na+ ions with NasCsH20¢/NasCsH206 and Na2CsH206/NasCsH20s at potentials of 0.3 V and
2.3 V, respectively. (g) Galvanostatic charge/discharge voltage profiles of the full cells assembled
with Na4DHTPA under a current density of 19 mA g!. (h) Cycling and Coulombic efficiency
under a current density of 19 mA g™!. Reproduced with permission.”® Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA. (i) Synthetic route and simulated structures of DAAQ-COF and
illustration of the Layer-by-Layer Stacking in 2D-COF with different thickness. Reproduced with

permission.” Copyright 2019 American Chemical Society.

3. OEMs in aqueous NIBs

Aqueous NIBs are promising alternatives to LIBs due to their high affordability, sustainability,
and environmental benignity. However, their performance was limited by the narrow
electrochemical stability window of aqueous electrolytes due to electrochemical water splitting at
high and low potentials.*® Many high-performance electrode materials such as graphite, silicon,
sodium metal, hard carbons, and sodium transition metal oxides do not show good performance in
aqueous NIBs. It is of great significance to develop high-performance electrode materials for
aqueous NIBs. Here, the tunable molecular structure and adjustable redox potentials make OEMs
promising electrode materials for aqueous NIBs.*'®> A number of high-performance OEMs
compatible with aqueous battery systems have been explored and are presented in this section,
including carbonyl compounds and imine compounds. Table 3 summarizes the chemical structure

and electrochemical performance of state-of-the-art OEMs in aqueous NIBs.
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Table 3. Summary of OEMs for aqueous NIBs.
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Note: *The electrochemical performances of the OEMs are collected from the full-cell data, because the half-cell data were not reported.

Carbonyl compounds are widely used in rechargeable batteries due to their low cost,
abundance, and flexible structural tunability. The redox potentials for some carbonyl compounds
such as quinone derivatives and imides are in the range of 1.5 V to 3.0 V versus Na/Na", which is
within the stability window of the electrolyte in aqueous NIBs. Kim et al. developed disodium
naphthalene diimide (SNDI) as an anode for aqueous NIBs (Fig. 7a).*% SNDI is partially
protonated and becomes (H)-SNDI when exposed to the aqueous electrolyte. The (H)-SNDI
delivered sodiation and desodiation peaks at —0.25 V and —0.03 V versus standard hydrogen
electrode (SHE), respectively, and when evaluated in a half cell at 6 C (516 mA g!), the organic
anode delivered a reversible capacity of 62 mA h g (Fig. 7b). These reduction/oxidation peaks
and capacity indicate that 0.7 Na" ions reversibly bind with SNDI. A hybrid aqueous sodium-ion
full cell based on the (H)-SNDI anode and a Prussian blue analogue (KCoo.5Cuo.sFe(CN)s) cathode,
demonstrated an average potential of ~1.1 V, and a specific capacity of 34 mA h g! at a high rate
of 20 C (1,720 mA g!) during charging and 10 C (860 mA g!) during discharging (Fig. 7c). The
full cell exhibited a stable cycle life of 100 cycles with 88% capacity retention, demonstrating

great promise in aqueous NIBs.
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Quinone derivatives, which are widely used as electrode materials in non-aqueous NIBs,
have also been used in aqueous NIBs. These compounds undergo an ion-coordination mechanism
whereby, during reduction, cations (Na") bind to the reduced carbonyl group (C-O") and then
during oxidation, cations (Na") are dissociated with the restored carbonyl group (Fig. 7d).%¢
Recently, Liang et al. developed multiple aqueous battery systems (H*, Li*, Na*, K*, and Mg*"),
utilizing quinone-based monomers and polymers. A quinone-based monomer, pyrene-4,5,9,10-
tetraone (PTO), was initially investigated as an anode material, however, it was found to be soluble
in aqueous electrolytes.®® To address this challenge, PTO was polymerized to generate
polymerized pyrene-4,5,9,10-tetraone (PPTO), which was proved to be insoluble in aqueous
electrolytes. The PPTO anode delivered a high specific capacity of 201 mA h g™! with 79% capacity
retention over 80 cycles, when paired with a Na3V2(POa4)3 cathode in a neutral 5M NaNO3 aqueous
electrolyte (Fig. 7e). Long et al. investigated another quinone derivative, Alizarin, as an organic
anode in aqueous NIBs.}” Alizarin nanowires were obtained through an antisolvent self-assembly
method (Fig. 7f). The nanowire electrode delivered a high specific capacity of 233.1 mA h g ata
current density of 5 A g’!, representing one of the best anodes in aqueous NIBs. When paired with
polypyrrole (Fig. 7g), a biodegradable and highly compatible cathode material, the full cell
demonstrated an average discharge potential of ~1.06 V and an initial specific capacity of 151.8
mA h g at a current density of 1 A g™. The cell retained a discharge capacity of 62.8 mA h g’!
even at a high current density of 5 A g! (Fig. 7h). All these results confirm that carbonyl

compounds are promising for developing aqueous NIBs.
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Figure 7. (a) Structure of (H)SNDI. (b) Discharging cycling performance of (H)SNDI measured

at 6C. The C-rates were the same for charge and discharge in each cycle. 1C = 86 mA g'. (c) The

cycling performance and Coulombic efficiency of the given full cell. Reproduced with

permission.®* Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA. (d) Reaction mechanism

for common quinones, (¢) Cycling performance of PPTO-Na3V2(PO4)3 full cell (5 M NaNOs at 1

C). Reproduced with permission.®® Copyright 2017 Macmillan Publishers Limited. (f) Preparation

of alizarin nanowires via antisolvent self-assembly. (g) Schematic and mechanism of Alizarin-

polypyrrole full cell. (h) Galvanostatic curves of the full cell with alizarin nanowires and
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polypyrrole at different current densities. Reproduced with permission.®” Copyright 2018 WILEY-

VCH Verlag GmbH & Co. KGaA.

Nitroxyl free-radical compounds with free radicals as the redox-active centers are a known
and well demonstrated option for organic cathodes in aqueous rechargeable battery systems. The
nitroxyl radical, 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO), undergoes a one-electron
oxidation process to produce an oxoammonium cation (Fig. 8a), and the positive charge is
counterbalanced by taking an anion from the surrounding electrolyte.®® Perticarari ef al. evaluated
a commercially available compound, 4-hydroxy TEMPO benzoate (4HT-benzene), as the cathode
(Fig. 8b) with a bipyridinium—naphthalene diimide oligomer (DNVBr) as the anode in a highly
concentrated electrolyte (8M NaClO4) in aqueous NIBs (Fig. 8c). DNVBr was chosen as the anode
because it has multi-functional groups, which are able to release and store both anions and cations.
The 4HT-benzene/DNVBr full cell represents a novel aqueous battery system, operating
simultaneously in an anion-rocking chair manner and a dual-ion manner. The full cell delivered an
average voltage of 0.96 V with an areal capacity of 5.3 mA h cm™ at a C rate for 500 cycles,

demonstrating a superior all-organic aqueous battery system.

Polyimides, which are a type of carbonyl group-based OEMs, are widely used in non-
aqueous NIBs because of their negligible solubility, high structure tunability, and high cyclic
stability. The high performance of polyimides in non-aqueous NIBs is extended to aqueous NIBs.
By designing and synthesizing polyimide skeletons from dianhydride and diamine monomers, a

number of research groups have achieved high-performance polyimides for aqueous NIBs.*’ Qin
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et al. presented a 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA) derived polyimide as
an anode in aqueous NIBs (Fig. 8d).”° Upon Na' ion insertion/extraction, intramolecular electron
transfer occurs in the polyimide. The polymer framework remains intact during the cycling,
granting the polyimide material great structural stability and fast reaction kinetics. The NTCDA-
based polyimide anode in the 5 M NaNOs aqueous electrolyte delivered discharge/charge
capacities of 184 mA h g and 165 mA h g in aqueous NIBs (Fig. 8¢). When paired with a
NaVPO4F cathode, a full cell was assembled and exhibited an initial capacity of 40 mA h g’ in

the first cycle and 30 mA h g™! after 20 cycles (Fig. 8f).

Deng et al. explored a redox-active water-insoluble polyimide, poly-(naphthalene-4-
formyl ethylene diamine) (PNFE), synthesized from NTCDA and ethylenediamine.’' The reaction
mechanism of the PNFE electrode involves a reversible two-electron redox reaction of the
polyimide (Fig. 8g), exhibiting two reduction peaks at -0.55 V and -0.9 V and two oxidation peaks
at-0.75 V and -0.25 V vs. Ag/AgCl in figure 8h. PNFE delivered a high capacity of 140 mAh g!
at 1 C (100 mA g™') when cycled between -1.0 V and 0 V. When the current density was increased
to 12 C (1,200 mA g'), the reversible capacity of PNFE dropped from 134 mAhg'to 112mA h
g’!. At the high rate of 18 C (1,800 mA g!), the cell still retained a reversible capacity of ~95 mA
h g!'. When evaluated for long-term stability at 10 C (1,000 mA g!), PNFE demonstrated high
Coulombic efficiency with virtually no capacity loss over 1,000 cycles (Fig. 81). Dong et al. also
investigated the same NTCDA-derived polyimide, named PNTCDA.?? Their research focused on
PNTCDA as the anode and a unique aqueous cathode dependent upon the reversible redox
reactions of I'/I>~ couple in a liquid (NaNO3) cathode (Fig. 8j). As shown in figure 8], during
charging, I" ions are oxidized to I*- ions, while Na-ions are simultaneously diffused across the ion

exchange separator and react with PNTCDA to form Nax-polyimide through the enolization
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process (C=0)n = (C-O-Na)a. An aqueous full cell based on a solid-state PNTCDA anode and a
liquid-state I />~ cathode was assembled and evaluated. The cell delivered a reversible capacity
of 95 mA h g at 110C (20,000 mA g, and a reversible capacity of 28 mA h g™ at 550C (100,000
mA g!). This unique cell system further exhibited high cyclic stability over 50,000 cycles at 27C
(5,000 mA g!) with 70% capacity retention (Fig. 8k), demonstrating a supercapacitor-like high-

rate performance and an ultra-long cycle life.
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Figure 8. (a) Schematic of the redox reaction of TEMPO derivatives, (b) Structure of TEMPO
derivative, 4HT-benzene. (c) Schematic of 4HT-benzene|DNVBr full cell in 8 M NaClOa.
Reproduced with permission.®® Copyright 2019 American Chemical Society. (d) Reaction
mechanism of NTCDA. Discharge-charge curves of (e) NTDCA electrode and (f)

NTDCA|NaVPOJF full cell in 5 M NaNOsat 50 mA g™!. Reproduced with permission.”® Copyright
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2013 Elsevier B.V. (g) Reaction mechanism of PNFE. (h) Cyclic voltammetry (CV) curves (10
mV s’') demonstrating reduction and oxidation peaks. (i) Long-term cycling stability of full PNFE
cell at 10 C (1.0 V — 0 V voltage window). Reproduced with permission.”! Copyright 2015 The
Royal Society of Chemistry. (j) Mechanism of reversible redox reactions of I /I*~ for PNTCDA.
(k) Cycle life of full cell with PNTCDA anode and liquid cathode I'/I° . Reproduced with

permission.”> Copyright 2016 American Association for the Advancement of Science.

In addition to carbonyl compounds, conjugated imine compounds have also demonstrated
high specific capacities and superb cycling performance in aqueous NIBs attributed to the
reversible reaction between imine compounds and cations, occurring at the conjugated C=N
bonds.”® Phenazine (PNZ), a conjugated imine compound, possesses a high theoretical specific
capacity of 290 mA h g! in aqueous batteries. It was found that PNZ was insoluble in highly
concentrated alkaline electrolytes, making it an attractive anode material for aqueous NIBs.
Therefore, PNZ was evaluated by Sun ef al. as an anode material in aqueous rechargeable batteries
with different charge carriers, Li*, Na®, and K" (Fig. 9a). A full cell utilizing a PNZ anode, a
Nao.44aMnO2 (NMO) cathode, and a 10 M NaOH electrolyte was assembled and evaluated. It was
demonstrated that rapid kinetics of the redox reaction of PNZ in the highly concentrated alkaline
electrolyte can be achieved. The cell delivered a reversible capacity of 176 mA h g at 4C (1,200
mA g'!) with an excellent cycle life of 13,000 cycles and exhibited a fast-charging capability up to
100C (Fig. 9b and 9c). More importantly, the PNZ-NMO full cell can be cycled in a wide
temperature range from -20 °C to 70 °C, indicating great application potential. Penticarari et al.
explored a bipolar organic material with both n-type naphthalene tetracarboxylic diimide (NDI)

and p-type viologen (Violo) moieties in one molecule to further increase the performance of
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OEMs.”* The NDI was combined with a Violo moiety to create a new compound, named MNV,
which can undergo two sets of electrochemical reactions with both cations and anions. The
theoretical capacity of 70 mA h g! can be achieved by MNV upon 3-electron reduction of the two
Violo (Violo?") units to a viologen radical (Violo™") and the naphthalene diimide core from (NDI)
to (NDI") radicals (Fig. 9d). In the aqueous batteries, it was determined that the initial 1/3 of the
capacity from MNV corresponded to the mixed p/n-type redox behavior of both the Violo and NDI
cores, leading to a dual cation/anion insertion mechanism, while the remaining 2/3 of the capacity
was attributed to the Violo moiety and the associated insertion/extraction of solvated anions.
Though the specific capacity of MNV is not high, this work provides a new strategy to design

advanced OEMs for aqueous NIBs.

Another type of imine compounds for aqueous NIBs is alloxazine (ALO), which has gained
great success in non-aqueous LIBs and NIBs. Zhong et al. explored its application in aqueous
NIBs with a hydrogel electrolyte and carbon-coated Na3V2(PO4)3 (NVP@C) as a cathode.” ALO
has a high theoretical capacity of 250 mA h g”'. However, a major challenge in its application is
the severe dissolution of sodiated ALO in H20 and poor electrical conductivity of ALO. To address
the conductivity challenge, the addition of the conductive carbon (CMK-3) to fabricate the
ALO/CMK-3 anode remarkably enhance the conductivity of the organic anode. To curb the
dissolution challenge, polyacrylamide hydrogel electrolyte was investigated. An ideal solid
content of 60% hydrogel was determined to inhibit the dissolution of sodiated ALO in H2O,
thereby increasing the electrochemical performance. Hence, a full cell was assembled using a
NVP@C cathode, an ALO/CMK-3 anode, and the 60 % solid content hydrogel electrolyte (Fig.
9¢). The full cell exhibited a pair of redox peaks at 1.19 V and 1.03 V in cyclic voltammogram

(Fig. 9f). In the rate capability and galvanostatic charge/discharge test, a high-rate capability of
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146 mA h g! at 10C (1 C =250 mA g') and good capacity retention of 90% after 100 cycles at
2C were achieved (Fig. 9g and 9h). Compared to the electrochemical performance of bare ALO,
the significantly improved performance of ALO/CMK-3 composite demonstrates the success of

the conductive carbon on the enhancement of rate capability and cycle life of OEMs in aqueous

NIBs.
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Figure 9. (a) Reaction mechanism of PNZ and molecular potential energy surface diagram. (b)

Long-term cycling performance of PNZ/NMO full cell in 10M NaOH at 4 C. (c) Reversible rate
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capability profiles of PNZ/NMO full cell in 10M NaOH. Reproduced with permission.”*> Copyright
2020 Springer Nature. (d) Anticipated electrochemistry of MNV in an aqueous electrolyte.
Reproduced with permission.”* Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA. (e)
Diagram and mechanism of the full cell ALO/CMK-3|polyacrylamide hydrogel
electrolyte]NVP@C. (f) CV curves of the full cell demonstrating reduction and oxidation peaks,
(g) Rate performance of the full cell, (h) Cycling profiles at 2 C for the full cell. Reproduced with

permission.”®> Copyright 2018 American Chemical Society.

4. OEMs in all-solid-state NIBs

Optimization of the electrochemical performance of OEMs in NIBs has been pursued through
tailoring the molecular structure, carbon encapsulation, electrolyte optimization, organic salt
formation, and polymerization. However, these methods still cannot overcome all the challenges
of OEMs in NIBs, including low electrical conductivity, low cyclic stability, and high solubility
in conventional liquid electrolytes.”® To search for advanced techniques to circumvent these
challenges, all-solid-state battery technology, which can ultimately solve the high solubility
challenge, has been explored. Recently, all-solid-state NIBs (ASSNIBs) based on OEMs were
exploited by combining an organic cathode with an inorganic/organic anode in the presence of a
solid-state electrolyte. Improved cyclability, capacity, and efficiency have been achieved in
organic ASSNIBs. This section discusses recent advances in developing OEMs in ASSNIBs in
detail. Table 4 summarizes the chemical structure and electrochemical performance of state-of-

the-art OEMs in ASSNIBs.

50

Page 50 of 75



Page 51 of 75 Journal of Materials Chemistry A

Table 4. Summary of OEMs for all-solid-state NIBs.

Initial
Average reversible Cvele Rate
Compound Structure Electrolyte discharge capacity at "f\é (n) capabilit
voltage current P ¥
density
5 mol%
NaClO4-SCN
. . 205mAhg? 120mAhg?
97 - ~
PAQS PCE solid 19V at50mAg? 50 at 800 mA gt
state
electrolyte
o
o} ONa NasPS4 1 _1
Na,Cs06" solid-state ~2.0V 22:22 S"n’: : & 400 943:‘3\ 5th
ONa electrolyte g ’
Na3PS4
) - 376 mAhg? 200mAhg?
solid-state 2.0V at 0.01C 500 at1C
electrolyte
PT099,100*
Beta-
. . -1
alulmltnals:hd Y 362 mAh gl 50 18(;tn2)A52g
electrolyte at0.1C .
(BASE)
5 mol%
NO, NaClO4-SCN 120 mA h g
P(AN-NA)>7* _{_Q /@\ % PCE solid- ~3V 120mAhg? 50 at 800 mAg’l
| N7n state at50mAg?! g
electrolyte

Note: *The electrochemical performances of the OEMs are collected from the full-cell data, because the half-cell data were not reported.
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4.1 All-organic ASSNIBs

In an effort to explore the impact of utilizing n-type and p-type polymers in ASSNIBs, Zhu ef al.
fabricated all-organic ASSNIBs composed of poly(anthraquinonyl sulfide) (PAQS) as the anode
and poly(aniline/o-nitroaniline) (P(AN-NA)) as the cathode and a plastic crystal electrolyte (PCE)
based on succinonitrile (N=C-CH2-CH2-C=N, SCN) and NaClOs as the solid electrolyte (Na'-
PCEs).”” The Na"-PCEs were formed by dissolving ionic salts in a polar organic molecular solid
and were developed for use in rechargeable Li batteries, fuel cells, and dye-sensitized solar cells.
However, their application in NIBs was rare. The prepared Na'-PCEs exhibited a high ionic
conductivity of ~10° S cm™ at ambient temperature, comparable with liquid electrolytes in non-
aqueous NIBs. Additionally, it displayed a plastic phase in a wide temperature range (-35 °C to 62
°C), a wide electrochemical window (1.3 V - 4.9 V vs. Na/Na"), and good mechanical flexibility,
indicating great promise for ASSNIBs. Redox-active polymers, PAQS and P(AN-NA), represent
n-type and p-type OEMs, respectively. During the battery charge process, PAQS anode accepts
electrons from the external circuit and Na* ion insertion occurs, while the P(AN-NA) cathode is
electrochemically oxidized, releasing its electrons to the external circuit with “p-doping” of C104
anions into the cathode host. This unique cell exhibits symmetric charge/discharge curves with a
sloping voltage output from 0.8 V — 2.6 V (Fig. 10a) and a reversible capacity of 200 mA h g’!
(determined by the PAQS anode). It retains a reversible capacity of 160 mA h g! over 50 cycles
with 80% capacity retention. Furthermore, the all-organic ASSNIBs demonstrate 60% capacity
retention even when cycled at a high current density of 800 mA g! (Fig. 10b), which is comparable

to reported rate performances of non-aqueous NIBs.
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4.2 Organic ASSNIBs based on inorganic solid-state electrolytes

In addition to the PCEs, other inorganic solid-state electrolytes were also used in organic
ASSNIBs. Chi et al. fabricated a symmetric all-solid-state battery utilizing an organic salt,
Na4CsOs (Fig. 10c) as both the anode and cathode, and a sulfide-based solid-state electrolyte,
NasPS4 (NPS).”® Sulfide electrolytes are promising electrolyte alternatives due to their high ionic
conductivity, but they suffer from a narrow stability window (1.5 V — 2.7 V vs. Na*/Na) and are
prone to forming resistive interfacial layers when high-voltage cathodes or Na metal anodes are
used. To address this interfacial challenge, the cell system was cycled within the stability window
of NPS. The organic ASSNIBs using Na4CsOs as a cathode with a Na14Sn4 anode, demonstrated
good performance with a reversible capacity of 140 mA h g'! (76% capacity retention) at 0.1 C (20
mA g) for 100 cycles and 107 mA h g!' (70% capacity retention) at 0.2 C (40 mA g!) for 400
cycles, representing the record cycling performance reported to date for ASSNIBs.”® NasCsOs
contains two phenolate groups and two carbonyl groups that can participate in the electrochemical
redox reactions in both cathode and anode. The two phenolate groups act as active centers in the
cathode to provide 2 sodium ions at high potentials, while two carbonyl groups can act as active
centers in the anode to store additional 2 sodium ions at low potentials. The symmetric organic
ASSNIBs using Na4CsOs as both the cathode and anode (Fig. 10d) demonstrated stable cycling
performance at 0.1 C (20 mA g"') for 50 cycles with 66% capacity retention. This work
successfully developed an OEM as both the cathode and anode that is compatible with sulfide-

based solid-state electrolytes in ASSNIBs.

Chi et al. also developed an organic ASSNIBs based on pyrene-4,5,9,10-tetraone (PTO), a
quinone-based compound, as the cathode material.”” PTO was selected because it contains four

carbonyl groups capable of storing four cations and shows a high capacity of 409 mA h g! (Fig.

53



Journal of Materials Chemistry A

10e). However, PTO is known to suffer from the dissolution challenge and shuttling reaction in
liquid electrolytes, causing rapid capacity decay. To remedy this challenge, the PTO cathode was
paired with an oxide-based solid-state electrolyte, the beta-alumina solid electrolyte (BASE),
which exhibits high electrochemical stability in a voltage window of 0 V — 3.5 V vs. Na'/Na. The
rigid surface of BASE poses a challenge during the formation of interfacial layers between PTO
and sodium metal, resulting in high interfacial resistance, poor cycle life, and fluctuating voltage
profiles. Hence, a Sn layer was deposited via thermal evaporation onto the rigid surface of BASE,
lowering surface roughness and surface tension of sodium metal, increasing the wettability, and
improving ionic/electronic conductivity for Na plating/stripping (by forming ‘sodiophobic to
sodiophilic contact’) (Fig. 10f).” Furthermore, to address the interfacial barrier issues at the
cathode and electrolyte interphase (causing poor ionic transport), a PTO-poly(ethylene oxide)
(PEO) composite cathode was fabricated, in which PEO served to increase interfacial contact
between the cathode and BASE. With these improvements, a full cell, Na|Sn|BASE|PTO-PEO,
was assembled and demonstrated an initial energy density of ~900 Wh kg™! and an average voltage

of 2.46 V vs Na/Na" (Fig. 10g).
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Figure 10. (a) Discharge-charge profiles for PAQS/P(AN-NA) cell at 50 mA g! (0.8 V-2.6V
voltage window), (inset 10a) cycling curve of capacity versus cycle number for PAQS/P(AN-NA),
(b) Discharge-charge profiles for PAQS/P(AN-NA) at different current densities. Reproduced with
permission.’” Copyright 2015 Elsevier Ltd. (c) Structure of NasCsOe, organic salt anode-cathode
material. (d) Cycling of a symmetric NasCsO6s/Na3PS4/NasCeOs full cell (Inset: cell schematic).
Reproduced with permission.”® Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. (e)
Structure and mechanism of PTO. (f) Sn layer deposited via thermal evaporation onto the surface
of BASE. (g) A comprehensive survey of the redox potentials and experimentally demonstrated
specific capacities of all-solid-state full cells with sodium metal anodes and various cathodes.
Reproduced with permission.”” Copyright 2019 Elsevier Ltd. (h) SEM imaging of PTO-NR

demonstrating 1 pm sizing, (i) Galvanostatic voltage profiles of PTO-NR at different C rates (1 C
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= 409 mA g, (j) Capacity and CE % versus cycle number for PTO-NR-based cell at 0.3 C.

Reproduced with permission.'® Copyright 2019 Elsevier Inc.

Although the PTO cathode exhibited high energy density in ASSNIBs, its cyclic stability
is limited by the BASE electrolyte. To further improve its cycle life, PTO was coupled with
NasPS4, a sulfide-based solid-state electrolyte in ASSNIBs.'? The PTO cathode was optimized by
creating a PTO-carbon composite with 10 wt% carbon, resulting in an initial charge capacity of
314 mA h g’!, the first-cycle Coulombic efficiency of 82%, and 93% capacity retention after 20
cycles. In contrast, the bare PTO cathode only delivered a specific capacity of ~200 mA h g (49%
of its theoretical capacity) with the first-cycle Coulombic efficiency of 75%. Therefore, carbon
plays an essential role in improving the electrochemical performance of the PTO cathode. To
further evaluate the interfacial challenge between the cathode and electrolyte interface, in-situ
electrochemical impedance spectroscopy (EIS) measurements were performed and determined a
reversible interfacial resistance evolution during cycling for the first time. This reversible behavior
is attributed to the conversion between the conductive NasPS4 phase and resistive phases within
the operating voltage window of PTO (1.1 V — 3.1 V vs. Na'/Na). Moreover, PTO with low
modulus maintains intimate interfacial contact with solid electrolytes during cycling, improving
the cyclic stability of ASSNIBs. PTO-nanorods (PTO-NRs) were prepared via antisolvent
precipitation method to reduce the particle size from an average diameter of 5 pm and a thickness
of 1 pm to ~1 um in length and ~300 nm in thickness, shortening the ionic and electronic pathways,
increasing reaction kinetics, and improving battery performance. PTO-NRs based ASSNIBs
delivered specific energy of 587 W h kg™ at 0.1C and 335 W h kg at 1C with 89% capacity

retention for 500 cycles at 0.3C (Fig. 10h-j), representing the best electrochemical performance in
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organic ASSNIBs so far. The exceptional performance of OEMs opens up a new door for the
development of ASSNIBs towards the direction of cost-effective and sustainable energy storage

devices.

5. Summary and outlook

OEMs are extensively used in non-aqueous, aqueous, and all-solid-state NIBs due to flexible
structural tunability and the abundant nature of organic compounds and polymers. This review
summarized recent advances in developing OEMs as cathode and anode materials in various NIBs,
as well as the correlation between molecular structure and electrochemical performance for
rational structure design and performance optimization. Figure 11 shows the application of
advanced OEMs in various NIBs and emphasizes the functional groups that are used in each type
of NIBs. To date, considerable research efforts have been devoted to developing OEMs in NIBs,
and significant achievements have been obtained. A rich variety of approaches such as tailoring
molecular structures, extending m conjugated structure, self-healing chemistry, fabricating
composite structure with carbon, organic salt formation, and polymerization, are utilized to
overcome the three challenges of OEMs in NIBs (low conductivity, high solubility, and particle
pulverization). As discussed throughout this review, a rich variety of approaches have been utilized
to overcome the high-solubility challenge of OEMs in liquid electrolytes to improve the specific

capacity, Coulombic efficiency, and cycling stability of OEMs in NIBs.

(1) Surface modification: Depositing a thin and dense layer of insoluble compounds such as Al2O3
on organic electrodes can physically block the contact between OEMs and liquid electrolytes
to prevent the dissolution. This thin and dense layer will not only mitigate the dissolution of

OEMs but also act as an artificial SEI to protect the interphase of organic electrodes, and thus
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improve the performance of OEMs. However, the thickness of this thin layer needs to be
precisely controlled because it could enhance the interphasial resistance and reduce the
reaction kinetics of organic electrodes.

(2) Polymerization: Increasing the molecular weight to generate polymers decreases solubility by
altering the polarity of OEMs. The molecular weight of repeating units in polymers determines
the theoretical capacity of polymeric electrode materials, so the inactive branches and
functional groups introduced into the polymer repeating units could reduce the solubility but
will compromise the electrochemical performance, in terms of low specific capacity and
sluggish reaction kinetics. Rational structure design for polymeric electrode materials is
required to optimize the capacity, cycle life, and rate capability.

(3) Salinization (Organic salt formation): Salinization by synthesizing organic salts converts the
covalent bonds in OEMs to ionic bonds, which remarkably enhance their polarity and reduce
their solubility. Salinization has been proved to be an effective method to improve the cyclic
stability of OEMs while still maintaining low molecular weights for high theoretical specific
capacities. More importantly, unlike most organic cathodes without sodium sources, the
organic sodium salts based on rational structure design can act as pre-sodiated cathodes to
couple with various sodium-free anodes for all-organic sustainable batteries.

(4) Hybridization: Hybridizing OEMs with insoluble inorganic materials is an effective strategy
to reduce solubility. There are three effective methods to stabilize OEMs by hybridization: 1)
confining the OEMs into the small pores of porous materials such as porous carbon; 2) using
the m — 1 interaction between conjugated OEMs and conjugated inorganic materials such as
graphene or carbon nanotube; 3) forming chemical bonding such as covalent or ionic bonds to

chemically attach OEMs to inorganic materials or ions to provide organic/inorganic
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composites or metal-organic frameworks. Hybridization could reduce the solubility and
improve the cycle life of OEMs, but the use of a large amount of inactive inorganic materials
decreases the capacity and energy density of organic electrodes.

(5) Electrolyte optimization: Liquid electrolytes play a critical role in the electrochemical
performance of OEMs. Manipulating the electrolyte composition could significantly change
the chemical/physical properties of the electrolytes to reduce the solubility of OEMs. The
polarity and donor ability of electrolytes can be optimized by tuning the sodium salt
concentration, altering the anions in sodium salts and the structure of organic solvents, using
ionic liquids and other additives. In addition to low OEMs solubility, the optimized electrolytes

should retain high Na-ion conductivity, high Na-ion transference number, and low viscosity.

To date, advanced OEMs have been obtained to achieve high specific capacities (> 200
mA h g), long cycle life (> 1,000 cycles), and fast-charging capability (up to 100C). However,
there are still two challenges for the practical application of OEMs in NIBs: 1) low mass loading;
2) flooded electrolyte condition. Most reported organic NIBs use a low mass loading (1~3 mg cm™
2) of OEMs in the electrodes because the thinner electrodes exhibit faster reaction kinetics and
higher specific capacity. However, the areal capacity and energy density of OEMs, which are more
important in practical applications, are lower than that of the inorganic counterparts. To improve
the energy density of OEMs in NIBs, it is of great significance to enhance the mass loading of
OEMs in the electrodes to 10 mg cm™ or higher to assess their electrochemical performance. The
battery performance at a high mass loading is vital for the development of OEMs. In addition, the
flooded electrolyte condition (>50 UL electrolyte/MEactive material) 1S Widely used to measure the
electrochemical performance of OEMs in NIBs, because it facilitates the reaction kinetics and

improves the cycle life. Nevertheless, the lean electrolyte condition (3~5 pLelectrolyte/Mgactive material)
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is used in the commercial rechargeable batteries to improve the energy density of the battery.
Commercial NIBs based on OEMs will also use the lean electrolyte condition, thus the
electrochemical performance of OEMs at a high mass loading and lean electrolyte condition should

be emphasized in the research.

Figure 11. The schematic illustration for the application of representative OEMs in non-aqueous,

aqueous, and all-solid-state NIBs.

Due to the different nature of non-aqueous, aqueous, and all-solid-state NIBs, the targeted
performance improvement strategies for each type of battery are distinct. For example, quinones
and polyimides act as cathode materials in non-aqueous NIBs but are anode materials in aqueous
NIBs, so their redox potentials should be increased in non-aqueous NIBs but decreased in aqueous
NIBs by rational structure design to improve their electrochemical performance. More importantly,

non-aqueous and aqueous electrolytes show completely different polarity and donor abilities,
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resulting in different OEMs solubility. The all-solid-state electrolytes overcome the high-solubility
challenge but suffer from poor interphasial contact and low electrode-electrolyte compatibility.
Therefore, the targeted performance improvement strategies for each type of battery are different.

Herein, the targeted strategies are summarized and described as follows:

(1) In non-aqueous NIBs, the organic liquid electrolytes exhibit wide stability windows, which
enable the use of a rich variety of OEMs. For instance, carboxylate compounds, azo
compounds, and Schiff base are anode materials, while quinones, polyimides, and p-type
OEMs are cathode materials. Electron-donating functional groups could be introduced into
anode materials to reduce the redox potentials, and electron-withdrawing functional groups
could be attached to cathode materials to enhance the redox potentials. Surface modification,
polymerization, salinization, hybridization, and electrolyte optimization are used to mitigate
the solubility of OEMs. The poor conductivity, particle pulverization, and high solubility
challenges can be overcome by rational molecular, composite, and electrolyte structure design
to improve the conductivity, integrity, and stability of organic electrodes.

(2) In aqueous NIBs, the aqueous electrolytes exhibit narrow stability windows due to the
electrochemical water splitting, so low-redox-potential OEMs such as carboxylate compounds,
azo compounds, and Schiff base cannot be used in anodes, while high-redox-potential OEMs
such as quinones and polyimides are used as anode materials to couple with p-type organic
cathodes or inorganic cathodes. Moreover, the polarity of water is higher than organic solvents,
so salinization is not a proper method to reduce the water-solubility of OEMs. Extending the
hydrophobic backbone structure and polymerization are effective methods to mitigate the

dissolution of OEMs in aqueous electrolytes. Surface modification and hybridization could
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meliorate the interphase stability and conductivity of organic electrodes to further improve the
electrochemical performance in terms of long cycle life and fast reaction kinetics.

(3) In all-solid-state NIBs, the high-solubility challenge is not present, but the poor interphasial
contact and low electrode-electrolyte compatibility become the main hurdles. Therefore,
accommodating the large volume change and improving the structural stability are critical for
OEMs. Tailoring the molecular structure of OEMs to enhance the stability and compatibility
with solid-state electrolytes is vital for organic all-solid-state NIBs. In addition, surface
modification and hybridization can also be used to accommodate the large volume change and
enable intimate contact between electrode materials and electrolytes.

Although the development of OEMs in NIBs is slower than LIBs and other inorganic
battery systems, the substantial demand for cost-effective and sustainable energy storage devices
attracts massive research interests and efforts to develop high-performance OEMs for NIBs. Due
to the universal nature of OEMs in alkali-ion batteries, the promising methods for structure design
and performance optimization could draw inspiration from the success of OEMs in LIBs. For
instance, the capacity and redox potential of OEMs can be enhanced by incorporating multi-
functional groups in one organic framework.'!” More research efforts are demanded to further
boost the battery performance of OEMs. To shed light on the development of advanced OEMs in
non-aqueous, aqueous, and all-solid-state NIBs, we outline future research directions of OEMs in

each type of NIBs as follows.

(1) Non-aqueous NIBs: The main obstacles to developing OEMs in non-aqueous NIBs are the
high solubility in the electrolyte and slow reaction kinetics. To circumvent these challenges
and achieve high-stability and fast-charging batteries, it is pivotal to develop new structures

for electrode materials and electrolytes. For example, the highly conductive 3D porous
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substrates such as porous graphene films or porous copper/aluminum current collectors can be
used to encapsulate OEMs in the porous structures and reduce the amount of conductive carbon
in the organic electrodes, resulting in improved cyclic stability, energy density, and rate
capability. In addition, the new electrolytes based on fluorinated solvents, high concentration
sodium salts, ionic liquids, etc. are demanded to construct a stable and robust SEI layer to
protect OEMs upon long-term cycling. The molecular structure of OEMs can also be optimized
by manipulating the functional groups, heteroatoms, structure isomerism, and material porosity

for high-performance, cost-effective, and sustainable non-aqueous NIBs.

(2) Aqueous NIBs: Due to the narrow voltage window of the aqueous electrolytes, a number of

high-performance inorganic electrode materials and OEMs in non-aqueous NIBs cannot be
used in aqueous NIBs. An important task for the development of aqueous NIBs should be
enlarging the voltage window of the aqueous electrolytes and mitigating electrochemical water
splitting at high and low potentials. The water-in-salt electrolytes and organic/inorganic
additives could be used to enhance the stability of the aqueous electrolytes. Constructing a
stable and robust SEI layer to avoid the continuous decomposition of the aqueous electrolyte
is also very important in aqueous NIBs. Additionally, the dissolution of OEMs and sodiated
OEMs in water is a challenge in aqueous organic NIBs, so polymers with large backbone
structures are favorable in developing high-performance aqueous NIBs. More research efforts
should be devoted to the design and synthesis of redox-active polymers for cost-effective and

sustainable aqueous NIBs.

(3) All-solid-state NIBs: There are only a few reports about the application of OEMs in all-solid-

state NIBs. The development of OEMs in all-solid-state NIBs is still in its infancy. Although

the use of solid-state electrolytes avoids the dissolution of OEMs, the main challenge in all-
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solid-state batteries is the poor interfacial contact, especially under large volume change. The
electrochemical performance of all-solid-state NIBs is not only dependent on the performance
of OEMs but also related to the stability and resistance of the interphase between OEMs and
solid-state electrolytes upon long-term cycling. Developing soft, flexible, and low modulus
OEMs could be an ideal solution for this challenge and enable the intimate contact between
OEMs and solid-state electrolytes in all-solid-state NIBs. Therefore, the structure design and
synthesis of soft, flexible, and low modulus OEMs is a potential direction for high-
performance, cost-effective and sustainable all-solid-state NIBs.

The applications of advanced OEMs in non-aqueous, aqueous and all-solid-state NIBs are
promising for developing cost-effective and sustainable energy storage devices. This review not
only provides a comprehensive overview of state-of-the-art OEMs in various NIBs but also offers
guidance for rational structure design and performance optimization of advanced OEMs. The
understanding of the advantages, challenges, development, applications, and outlook of OEMs in
various NIBs will attract considerable research interests and stimulate further research in these

fields.
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