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Abstract

Sodium-organic batteries, which use organic materials as the electrodes in sodium-ion batteries,
are an attractive alternative to conventional lithium-ion batteries for next-generation sustainable
and versatile energy storage devices owing to the abundant sodium resources and environmental
friendly features. However, organics used in sodium-ion batteries also encounter some issues such
as low redox potential, high solubility in the electrolyte, and low conductivity. In response, alter-
ing the aromatic system/attaching electron-withdrawing groups, constructing polymers, and in-
corporating a conductive matrix are effective strategies. This review summarizes and briefly dis-
cusses recent organic carbonyl compounds for sodium-organic batteries from the viewpoint of
function-oriented design, including function evolution from small-molecule compounds to poly-
mers, then composites, and finally flexible electrodes. In particular, as a timely overview, car-
bonyl-based organic flexible electrodes for sodium-organic batteries are also highlighted for the
first time.
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1. 5|8

B A0 A BRORE B2 UR AR H 2 Al RO R S50 el A H 2 ™ 8, FFRARAS . ik FREE AU i mT AR
REVR BN BRI R I . JAutl,  AATTIA A & BRI A7 R 8 45 AR AE 930D o A A TR P A R ik
A IRIETS Y07 T ORI E A IR B R Re R R 2 —, BB T HI(LIBs) D4 5 7L A BT
MYy, PAEIEY RBIF M BT RS AR EEVEX —E 5 T[] [2] [3] [4] [5], HHbiEE
PRk B 58 PR A SRR ) B PR A v o AR BRI BRIE T F, ARPT A N, B BRI A R
AP, RS T HIb T KN A AT RE < S ECE TS« TERT BRI ARSK6] [7] [8], HRAIMHLR
A RERFERDAIL, BRSNS . RS, AT, IR AR ER A I A I (IS T AR BR L[ 9]-[19],
X R AN S HEIB(SIB)VE B 5 7 FI B B AR B it T — A2 NS IR EE H

SRR Y TEIN =, BHATH LIB/SIB & tHAEs i ) U5 i) & B CHIAMBHA ), A R 22 T FERE
PRFF P2 A BRHE G, DRI AR P 22 5 SR A RN BR S ) . 5 2 T BB BT EL )2, A WL TS A R R
B2, OFEEFREMIEERGE M. 2B R 2R IR 5T R0 ab B 555 A
XEEH PP T DL E NPT B A R IR RS, i mT DUAIAT AP il 4%, ] Aok /> B J5 v AR A1 — 4L
B R TS A1 , 3R] AR A LA BT 1 18 5 1 5 45 3 SR B T S8R SR M RE AT 22 L1 IOBIERLIG, A AL ER
A B AT DA SR SR — ARGkt Bt [20]-[30] 0 BT IR PP SR WS (R & ) LT o] DARR R M (it 56 4 T 4
MG RIERE RS, RIILTF R T SIB (A HLHLIE PR R G IE7E D4 .

WTAHHL SIB RS R B, CA8H Lk T AL IR 28R [31] [32]. IRATINILEE S it
(1) £ B R i S5 AN TR ZH R I BAFH T SIB IR MU ). ASLLR T HE N THED . BEY. &
GRS T SIB 2% 1 AR AT ek i o
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2. INFIEY

FIEHRTNIE, & N R EY[33]-(38]. BAHLE HELAWI39] [40] [41]. FIEHUBRELAWESF
AN 2 B A HLALA W) SRR 22 LIBs/SIBs (1) HLTE P ARAA RE24]-[32]0 Horh kI G DA HRR ) 2
T R NS A B SR G T T 20 0E.  H TR IE 0 s PR &4 — M mT DA = AL,
EPEREF O = 1 1)y BRBOREE 1(b) AR COREE 1(0). X TR, RETEZES N &ZHME, 7
F 20T L B B e . 6 TR, PR E A S IR, I I AT DATE BRSO A A
Ro MF/NGFAEYRIRE, RIRENS 7 HFIAAE, TS ik R. M2 T, REFR
AR AR, BRI HA T AL IR A AL, TR TR B BRI Na fl L, RBEVE N B A L o
BT A DU & P #0] DL 3 W] FEAE B PR A3 B AT AR % . fEIRX— o0, TR T
SR (N TR A YIAE 9 SIB TE P LA R .

(a) REF

O\ O
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Scheme 1. Schematic diagram for the redox mechanisms of representa-

tive organic carbonyl compounds for SIBs

TEE 1. REEEVNHRELEYE SIB PHENTENIEREE
2.1. B

B 05 B AN A BRI 5k [ PR R I S A WL R AR AR, &l 2R — F R I (PMDA), 1,4,5,8-25 U321 —
FF(NTCDA), FAIE 3,4,9,10-VURH —FH(PTCDA) B T3 2 W ) N AN LR B A5 2 17 2 AT U4 )
J& PTCDA 28| 7 ) {2 KiE. B0, Luo FANCEUEN, BAEMIEIMIRH PTCDA 7 LLA{E SIB FItk
BRIt AR [42]. tbAh, Wang 55 N\l i ¥ B A 75 B 4% I RR I 5k ] 5 A A BRI AL A1 057 IR &)
HBEAT LR, UFE T R R A 6 M (43] . TEIX ARG MR, AL T LS BRI T RIS, (R iE
JEMREAL SN, 557 B PR T AR 3R Na' B T2 UG IR, X ml DUEE Na B FHR A& 7 & 4. B
MEBL N, IR S P BR T3 1) 55 B BRI T LAEAT DY il TR SR, B g A B 240 mAh-g™!
[44]. FHSZE, 76 1~3 VIR TEERN, REHT 150 mAhg ' A EA GRS, M7E 0.6 V LL T RS
UASRIGFAMA (K 1(a)) [42] [43] [44] [45]. HEER EA R 1017 mAhg ' 72— A WA LU E
0.01 'V, IXERAE R A [ 14 AR 0T 53 THD PR R AN 5 4 N BIVRZA 10 0% 75 4514 [42] [43] [44] [45], #AT, IR
JBCRR AT BE SR PTCDA ) SRR SE#, IR, 76 5 AMIEIF G, 25 & 2U81 R 4% 300 mAh-g ' [42]. Bh4h, PTCDA
XF SIB I TAEHL RN # L&, [FI2h Na [ IEE R AL LG Li & 0.3 Ve ABTREAL GHLS T EMIE R
FL AL A DA 1A 5 B e o 4 23 T AUE (HOMO) ARG 488 43 1 BLE (LUMO) I RE R A Y o HR A 43 T4
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TEFRL, K LUMO At BB MRS K EA (FRT- 38R BE) AT 3 1 S8 A 1, DTG B8 1 FR3E TR #5344 [46] [47] .
T K LUMO BE&E, BATINA PIFSEM R TATI . B RY R ER LA R[21] [44], AMUA]
PARS AN T B0 B TN B A SEBR A, 36 7] LU /N HOMO-LUMO [a] B, FEAR AL o6 55 744 2 tH PMDA
%75  NTCDA Fl PTCDA ] AF#fIk LUMO Re&, MIfi$em P k. 38 =AM FF LUMO REE /3R
W BB IR R T JE A [22] [48]-[55]. B, Banda %5 A{ESE R - B A& MG 3L (Br A1 CN)E A
RN, X Na'/Na 7E 2.1~2.6 V AR AL A B E T M [45]. o A K S 1HE H I LUMO fg
BEZAFEEERRIE 1(b). B, WHTIMRENBNSET B &SRB (E 1(c).
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Figure 1. (a) Schematic diagrams for the proposed electrochemical reactions during sodiation/desodiation of PTCDA [45].
(b) First reduction potential versus calculated LUMO energy levels for 1, 3, and 6. (c) Charge/discharge voltage profiles of 1,
3, and 6 cycled at a current rate of C/4 [45]

1. (a) PTCDA ZEW/BR EIL R B (L 3 R RI7R BB [45]. (b) ESEITE 1.3 1 6 B9 LUMO RERIITIRES . (o) 1.
3¢ 6 7E C/4 BRIRE TR FT M FR FE R Bk [45)

2.2, EE

PR AL ATRH LG T RS . ZERIEERIE . FlG 205 JE IR . UGBS . ik Eh R AR TR IR K,
T H AA B AR R B, 7E R AR S 1Tz IR R, 2R A AT SIBs
(AR 25 46 B0 AR IE B A2 SIBs [ FEARAA BHE 22 s BRS (DFT) I THE AR 7 T LA o 3 5l NBR S5 1)
A DLE AN KA i B, AR CeF40, > CoClLO, > CeBryO, > CeHL4O, (K 2(a)), SLEurEbs
BRUIGR A R A F e e A FR B UK [56] . HAA 3R AR Wﬁmﬂﬁﬁ%@tuifch#@fﬂFﬁ?EﬂﬁtﬂﬁEPEI’JW
VAR P AR AR R IR ), RUORIX A BRI ™ E A R . RGN — R R s . —

I, FROBANIGIN T A HAORRRNE, 06 7Y EHE R BT R B s s 5 — 7, i"E’J%’E%
JKFEB 7] A % O-+Li/Na--O %ﬁﬂﬂ% BB BEASA ML TS [57]. Tarascon FUHF7E/NEIR T T ER &L,
R B IR 3 (LiaCeOg) [16], X NMEANLEAE A BRI TR . SRBUREEINGER SR, —ONa)
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FE 3G N A B F A B AR P i B B X . D TS B A B R R I KAL, BT T SRR . B,
PTG 254 () B EA HIL AR R T AR B H SE A IR BN A7 A I BB o B0, Wang 5 N LR . 1
BRG] NayCoOyr TEBA T LLIBEREN — TORRAN(NayCeOp) L A 1R 5 1 RS MR AP B 28 A7 12 e
(4 2(b)) [56] [58] FEXLLLER, GKBERIH AP AITERE, 0.1 C AT IS E LN 190 mAh-g™', 100
UGG AR B I 90%. v WL, A HUL S WIE BA TEATEHIR T8, 10K KR s A2 ] B
NI Hk, AT AL S BOR W] LLVE B A LB BV R . 9140, Wang 56 ABFFL T &Fh
X SIB VERERIREM, A0HE i 2% o AR 78 L RN BRGHE A L ok B2 R I BT A 1 (591 — kT, R E
Z [ER R AT DR A o g B L A B A AL 2 i . S — 0T, A@E RIS O, R4 AR 36t
PR ERE AR e I B B G B, B, PR PR R RO A R 1 11 RO PT DASRAS R A R
EMERE . BRI Lee S5 T NayCeOg FALZEMEREA BRI, DA SIR0/N & PR RO, R ST AN 6538 1
iR IR TT DA B AT B A S R T R AR A BE B, RHE NapCeOp AT TS AHAZ[60]. R, NayCoOp S 1 1 20 DU 4
1Phigas, WIS EN 484 mAhg !, HfF RIEFIITEAEERE S 2(c)).
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Figure 2. (a) Chemical structure of C¢R40, molecules (R = F, Cl, Br) and LUMO energies of C4R,0, molecules by using
DEFT calculations [56]. (b) Cycling test of microbulk, microrod, and nanorod samples [58]. (c¢) Cycle retention of Na,C¢Og at
500 mAh-g ™' and the corresponding voltage profile (inset) for 50 cycles [60]

[& 2. (a) DFT & C,R,0, H FEIUZFLEM(R = F, Cl, Br)F CR,0, 73 FHI LUMO &E[56]. (b) bR, BRI KAERE
A FEIRMIR 58]0 (c) Na,CgOg £ 500 mAh-g ' AOEERARF5ANHE 2 Y . FE Bh 2k (R D) 50 MEFR[60]
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23. BEHSY

FRIRHAT LA RMLHE — AN 5N ZASRFRENE R0 75 FIME N SIBs M B B L) 72 4Rkl
(1 3). 35 1 Wi T IX b S E N SIBs LA L b2 PERe . SIHAMAVIBREL AR, XA
MU R R A BAR A Na fl N B R, A ME R % B R A R, X 2 BHAR N, FH AR % . X —
BREA e BRI T ) 12 MR IR EE SIBs A HLA AR BHII U1, Zhao &8 A UEMIRT K — FRREN(1) HA B = 1 w)
W 250 mAhg !, KR TFER, EHRERER L ZE 0 ALO; AT L — Bt Na M7 ik
BE[61] [62] [63] [64]. Park % AAIFBA T 5% 2K — F R 2 Rl ARIR AL — Nl I R =4 295 mAh-g ' A2
T ) 75 B RE Y AT G 2K R R 2, BEBR A ) 3 1 fR P AR AT DUV R AN R AL (2) [62] HAL St g 2 EUAR
S AR B & 5 8UH = (AR IR B A S B S S RUB RN . BRI R A, HE TR
1 p SRR, &R LU AR A I AR A IS SR B AL . teAh, R TTDARIEE S A R, |
B 25 B 38R . Abouimrane 28 A HFFT T 9440 AR 28 — FRERAN & LT AEMI(3) [63]. HEERIRE, SR T
1 A HLBH AR A AL 4285 A B T A r M 28 — AN, iZ iR (T 238 mAhg ' AR, REE
50 UG JE A PREEI(~T%) - JEAE, Wan 58 NHE 78 T 9K RINN % 28 — FE IR AN Fe A 2 VE R 1 2 AR FH [64]
0K DR 8 A 5 0o 2 R R 5 PR AR K A B LA T 4 1 RT3 2 (248 mAh-g ! vs. 199 mAh-g ), B
(3£ % BE 71(59 mAh-g ' vs. 38 mAh-g ™', 1250 mA-g )R i (7GR PEAE(105 mAh-g ' vs. 60 mAh-g™', 250
mA-g ' 5 100 KIEIR). ZFREREE A E EE AR B A R 2 S B B R N R

Table 1. Comprehensive overview of organic carbonyl compounds as electrode materials for SIBs

= 1. BURELESWIER SIBs BARMBIRILRA

R 3 HLB RS TR/ 25 w54 i R
1 20% Ketjen black ~290 50/225/0.1 C 150/2 C
1 37.5% Super-P 295 90/290/0.1 C 100/10 C
1 30% Super-P 273 50/244/20 mA-g"!
1 40% acetylene black 248 100/248/250 mA-g ™! 60/1.25 Ag’!
2 37.5% Super-P 304
4 28.6% Super-P 200 150/~192/0.1 C 100/20 C
5 40% Super-P 260 400/112/1 A-g™! 72/10 A-g”!
7 30% Super-P 466 250/150/500 mA-g”' 1852 Ag”!
8 30% Super-P 567 250/340/500 mA-g”' 2902 A-g!
9 30% Super-P 436 250/210/500 mA-g™' 2002 A-g”!
10 10% acetylene black and 10% Super-P 100 100/100/25 mA-g™*
11 30% Super-P 207 100/184/0.1 C 117/5C
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Figure 3. Structures of reported carboxylate-based organic compounds as electrode materials for SIBs

B 3. RERRERE B AMIER SIBs BRI BIHIZEH

W F BRI EERE, ¥R R s s R e 1 B 4, 5 71 6)RIARU&EEI A, Choi
S NAEWA, BIAEFE 20 C 3EAR (3740 mA-g ) N, 4,47-BCF R4 R T 100 mAh-g ' B K fE
[65] [66] [67]. MtAP, Wang & NAFBH, BUME7ZE 10 A-g ' I, 44-"2E 28 - ZRBMIG)WEIN LT 72
mAh-g™ R R AE[66]. X LELE R AT LUAR T p- LBtk REGY BAMIR S T Briie, e 7/
FORRAS, T HLI5E 7 TIRIGAI AR, (23T Na &P NZER. o, S%E T, MR T
R T ME TR EE R, &5 —FigmaSRIaROE, IR mERERE(7~9) B E, A
TEFRIRHE A ) HUAR AR T DA Ry H 1 B S A IR BE AT o DRI, M 5IN 4 MBI, BT DASRAS BE K1)
78 567 mAh-g ' (8). DFT iHHEM, & HTHIBEUR 7l AR E ik 6 MM E T (15 4(a)). I
Ab, BREFATAE M Z R IR & (10) AT FAE SIBs [FIBH%[43] [67]. DFT iHHEH, ZbEWABFEHRA
BV AN A B R A AT, T DY AN NS L R S AR E (] 4(b)). DRET IR it A
A RN S E B RS . W ERTR, FRSSA MM BT B i AR SR AT, TR IR
AP ERABARM AL R AL, B, BAX A &Y mT DAE T RE ). #lin, Wang
SN FR IR 3h(—COONa) RN G IR R 45 A il % T A HLIUANER(11) [68]. 7F 1.6~2.8 V A1 0.1~1.8 V I}, AR
TR SRR IR AL, W] LAA i b B 25 BRI R Na™ 8 1o IS0, AW 11 0] LAAE N BH AR AR BA B ()3 1
MoRE, B RS — AN HLIER R SIB IRER, PRI TAERIEN 1.8V, BEREELN 65 Whike .
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Figure 4. (a) Calculated HOMO plots of compound x with different uptake amounts of
sodium [66] (b) HOMO plots of compound x by using selected molecules/anions with
different extents of reduction calculated at the B3LYP/6-31G(d) level [43]

E 4. () ITETHAEY x ERRHREE TH HOMO [E[66].(b) 7£ B3LYP/6-31G(d)
KEEHBEARRERIZEMIEES FMET, SEHLEY x 89 HOMO EiE(43]

3. BAW

N TN G YLEE T BRI T VA R S B A B R, BRI T LSERR R . BRIE RS
NERAL, a5 SR AR AR K — ) L1 S SR S AR I B A 5 e o I S AR A, A SRR
P2 —/MEA WS IRIERE— 1, ERAERITIER R, WA BRI A R NS FR[57] [69].
F—J7H, AFTRAAL, PLEA R R mivRE AR SRS . — ANl R E— R
FRIEBEAL R PY, A THE ELEE WAL % BT, 41 PMDA. NTCDA A1 PTCDA (/% 5(a)) [44]. fn _ERTiR,
W75 AR & HH PMDA #7455 NTCDA 1 PTCDA 7] PAF#E LUMO fg &, M $ s~ F 28 i H R (B 5(b))s
UbAh, KRR AT LA N B R R R (8 S5(c). EEME, K FFE WIS N RS YHESL AR R ] T AR
JRAAS DB A, RS T RE . Rk, 3T PTCDA ) PI7E 5000 ARG 5 2 B H K A6 Fa
e, HAWERZER, hFE A 2099 kWke ', LAEE N 285 Whkg ' (14 5(d)). SR, HkedtstiE
PR IE ST VE AL S o] DU KA )™ B ) R R IR, (H R R AN AR R ), X AT R S B
MR = AR B S . Rk, AL EAERDERRE, DAIINEe A R, R, R R e
PTCDA & PI, HAMWA RN 126 mAhg !, REMAFFRIF. AEIE, QXA RAN PT 532 H iR
PR AR, ST AN E T A, HAIAREN 73 mAhg !, CFIEMHEIERN 135 V. T
WK AL EE, RN E, IR T RN T EESNE . a0, Xu SR 2,6- R
it N B % 52 PMDA Rl NTCDA, & B T W R T BUBR 1 PT, HLm] 1 5 800 7 R ik 165 F1192 mAh-g™' [70].
B i, Xu 28 AN LA 1,5- 2 5 Bl N EE % 9% NTCDA, [FIFE & Rk 1 5 EERIE T i, ForT %78 84 190 mAh-g '
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ZEETIK,

[71]. SHUAER—F, A BRI GRITA PL#EA RIFIEARENE. Bk 7 PL. 2 EjZ(PDA)
WAL /& SIB B RRA RIS SE b, W2 E% 3] PDA SN 2% HA $WH), H=ThEn, ©R
A5 FAIE JFE PERR I AR BAR 7> T 4544 . KG, PDA AT DAME EabbtokE, $8 28 2 BHAR AN B AR A4 KL . f5ildn,
Sun SE NS BIE B FE AR A, 153 PDA MENFIRA RE, R P57 (it A PR RE[72] [73], HL4% 500
mAh-g ™ 78 HL 2 R RAF PR IR E M, STIB IO B IRFF R HEIT 100%. A2, M PDA IR §E
KE, ERAMIREE RO TARANE, Her)ifhit, PDA ARG WE kG, XA FiREE®E
AR LGS, EEEMEIARENE. BAR, W TSI ARG, MR AT DA Rot e AL~ LA,
R R E Mo BRI, T3t — PR mA 2 VR RE, 7R X > T A M EAT & BT B e 1 i

@ E:
O

AN RFLL A
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Figure 5. (a) Chemical structures of tailored polyimides. Charge/discharge curves of different benzene-ring (b)
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Figure 6. (a) Schematic of the synthesis process of Na,PDHBQS/RGO. (b) Synthesis scheme and redox reaction of Na,PDHBQS.
(c) Cycle performance of various samples at 100 mA-g . (d) Rate performance at various current densities [ 56]
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