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Abstract Sodium metal batteries have been regarded as promising candidates for next-generation energy storage systems
due to their impressive capacity and natural abundance. However, the high reactivity of Na, unstable solid electrolyte inter-
face (SEI) and Na metal dendrite growth with safety hazards inhibit their applications. Various strategies have been proposed
to solve the above issues. Designing porous current collectors has been recognized as one of the most promising solutions.
Porous carbon/carbon nanotubes/graphene- based materials are widely investigated as host materials for sodium metal anode.
However, the sp? carbon faces serious issues, such as aggregation or stacking because of their n-n interactions. Herein, we
tackle this issue by using ionic liquid as additive during hydrothermal process. The non-covalent interaction between
1-butyl-3-methylimidazolium (Bmim*) and sp? carbon (carbon nanotubes and reduced graphene oxide) helps to inhibit the
aggregation of CNTs and the stacking of rGO layers. Also, their interactions induced the CNTs and rGO to form three dimen-
sional (3D) porous carbon (3D-GC) current collector. The ionic liquid 1-butyl-3-methylimidazolium bisulfate
([Bmim][HSO4]) plays great role as a stabilizer and surfactant. The reduced surface tension of the system is also favorable for
uniformly interweaving the CNTs and rGO. The prepared 3D-GC exhibit micro-meso-macro porous structure, which provides
a large storage space for sodium metal. Meantime, the composite shows a high electrical conductivity, leading to a low depo-
sition overpotential (5.6 mV) of sodium metal. As a result, the 3D-GC@Na anode exhibit an impressive cycling stability for
over 1450 cycles (2900 h) at 1 mA+cm 2 with a capacity of 1 mAhscm 2. Moreover, when being used in full cells with
Na3V2(PO4)2F; as cathode, they also show well performances.

Keywords ionic liquid; reduced graphene oxide; carbon nanotube; non-covalent interaction; sodium metal anode

* E-mail: cjli@wfust.edu.cn; willywu@hebtu.edu.cn; yanyang@dlut.edu.cn
Received May 10, 2023; published July 21, 2023.
Project supported by the National Natural Science Foundation of China (22179018, 22279028), the Natural Science Foundation of Liaoning Province
(2021MS132), Shandong Provincial Natural Science Foundation (ZR2020QB129) and the Natural Science Foundation of Hebei Province (B2021205019).
TH Z E A AR 3422179018, 22279028). 1L T4 H AR EE 4 (2021MS132) LR 2 F AR 5L 4 (ZR2020QB 129) T b 44 A% th 75 4R Bk 4
(B2021205019) % Bh.

Acta Chim. Sinica 2023, 81, 1379—1386 © 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 1379



o F 5 R

1 5|8

Ak, BEEMEHE T2 BraelE sk M
BHeH P PROE R e, AR ERIE SR 5 Rl % FE ARG
R . B4 R U B e LR AR T T A
RG], SR TR R S R AR, SECT T
FIN AR T R, DR A 4 L AN & F T K
LA e AR U, 54 Ab T [F)— 32 e 1) 4 J B A7 A 1 3
WHAEREIA 1166 mAheg™ I H HA BRI 5 H 34
(—2.714 V vs. trfESHEAR)E, 5 7 SR ) 5 i
W R R R, e R F it (SMBs) B A &
KIS RE R A I L. RENE R MRIEREE %
FEE R RCA T T AT RARPESL AT, (484 8 it e 787K
MR THINEE 2 K. &%, SRR E
Tk, 5 5ITEE A VLR A N, R, AR
BSR4 F A ot L T S (SET )WL 22 . S, PRI
T H P RCREO. R, B AN, R ARSI
TR, PEAEREL, S RRIEAESS R SEL JE, &
Bz A Fa U121 gk Ak, B4 R R TR Bk SE I I I AR
W T ED Y AE SR PR, SR AN 2k TG PR
fcris-14) e e AR AK th 2> SEI AR, PR IK4)E
BN AT R,

T B ImImwE 2 B, ARAFERIT — &5
TR AR P, — ik F RO 11 5 SR A 2 B AR 1)
B4R R US04 e EROR IR I 7 )
a2l ook ok SET BRI sl 181 — M3 N it SEI Ji
TR an 4 8 R0 =Rt =48 2 LTRSS 3
B A PURAN A, Hodh = 2 2 FLAE AR W] DL RO RE
I HEIA 3 B SR Na MIRUAZAT N, MARIE L4 e
fn (R PP AR P21 b BRAPRL A SR MR RINKE L Bk
Y AALRMmMAIR, A, Foettir &g, 78
o 8 4 3 A1 DT AR O T B AR BRI R 98 124231,
Zhang ZFRPURIE T FH R ALER 4T 4ELR(CFP)fE N 3D S
I, FEFHEREE N 1 mAscm 2, Na &N 1 mAhecm 2 [
AR 2% AR o] LLAR e sk AT 100 FELBE/RIENAT R, TH 2
WRHCERFIE 99.5%. il TR ALK, =B\ Tis
JEE IR RE. Lin SRRy g 7 —M EA bR
2R 4 BT R E I B I = 4R AT (COME NN SR IR
W, FEPENEL S . A A LT B FLBR )
1 %2 TN T ANFIRE AN A, IR N/O SL45 24t m o
Bk, TRIGERTS T R I Bk A8 . Zhao 7T
T PABRAG(CP)NHEZE, A N B 228 99K B (NCNTs),
G T4 8 Bt Na@CP-NCNTs & & bk}
3D BRAME NS R ORI ESE, BN N B2
KE AL MK CP 58 @8Nz Al /A, HRT
MO “SRBME” , 3R18 T RIFM AL fE. Zheng
SESHRTE T 2 PR RE R R ) SR AR P B s e, IE
BT R (—C=0). ZIH(—OH). FEHE(—COOR)M 5
N, BRTF B S0

1380  http://sioc-journal.cn

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

W JF AN A B (cGOVE A —Fh 40 SRR B A A=
Rl BAAFER. R BaeR 8 i s
NN R E AR AR, AT DU Ak AR AN £ )R A%
P PRH] T AV A KB, SR, I R A SRR
REETARIAAFEFIAN WL 15, A 205 (GO)YE
R FE AR TR R R R - AR B S B % 15 3
) 1GO F=AEHES, PR T rGO SR 25 (Al ik Ehf
HIK, rGO EHI&E AT RRPAE ML S5, 1
KA B TR LA Luo [ PP Sl 4 fil ) Na IR
IR BE IR B A SR E R 28], H14% T GO & i
HNAS%(RESE)FI Na & JEE A . 5 Na s @A,
AN G R R ELAT 8 S RO R | S R A LR i A e
TER AT HEAN /R BN PR AR T R AP A e k. gl
KA (CNT)TER TIHb—F sp? Z b —ZEf A4 RHE B
SRR TR, SR, BRYKE ) AR
BRI mem AHEAE B, fER R SMEE A1
TE B RIS &P AARAL) & —F L B B FE & T
HRRM R, DRI TR S sp? Bk 2 AIEAEE
SRR /m-n A ELAE FH, AT DU AR E sp? kA kL, B
1 sp? BUB AR HE S/ ] SR 13334,

DR, FRATTIE I — o ] B ) B LS I 5 VK, AR
T RGN K A SR SR = 4E 2 FLBR BD-GO) BT AA.
I FH IOK R R BT R A 1- T 3 -3 HE R IR AR R A B
([Bmim][HSO4])5 sp? B[] i & FAH ELAEH, SCEl T —
4k CNTs f1—4E 1GO MAHMKE A, Hil&1F 2] 3D-GC
A =42 L4850, TLCAE R IRt KIN 7 =
|, A4, EEMEL RGN SEME, AREK T4
BN IR B AL(5.6 mV). HILE &R ik B s
RO R E M, 76 RE B 1 mAsem 2, JIRAIZE 1
mAhecm 2, 3D-GC F1RIE 240 VR 78 i G HA L FE A 46
LARFE TR A AR B (CE), “F¥) CE A 99.6%.
3D-GC@Na XF AR HL R I T K I IEH F i, 76
BFE 1 mAeem 2, UIAHAE | mAheem 2 A FIEER
1450 (2900 h) N A#FFZI N 21 mV 1 HL R S, H3E0)
3D-GC@Na 1 NasVa(POy),Fs 4= H it th R B H A 57 1 1
Ae. 1E 2 C ZEF, nTLARRGEDEH 300 B EN 70
mAheg ™!, [FIR7E KA 26561 T IRIR R FF B 4 it 1% e,
R EA B RRISLbR R 7.

2 BRSH®
2.1 FIRFNHE S Hr

1 Sl T BB (SEM) FIE S FEL T BB
(TEM) AP RIS HEAT T RAE. I 1a B 1AK% B
IR FGE ] & I8 SRS A A 8207 (rGO) AT LA H 5 /K 4
R AR EEME GC R4 25850, B 5
WA SBIGI A R B WS, ByrKkE kA 2ut
ANEZE(E 1b). TN S PR E, T 8- r
B [Bmim]" 54 U HL K GO 8] i HAH TLAE FH BT B T

Acta Chim. Sinica 2023, 81, 1379—1386



o F F R

RIE

GO [M)ZMES, TERL T et E 850, a3k
LY = 24 Z FLITER G, TR R BT A =)
IMES, BRAOKE thnT DUSE 35 51 Hb oy 87 I8 IR S8 Ak A 5
1520, TR R G =42 L85 1c). Bl la FE—
Y73 HIIE JR AL AT BRI (GO TS R AL HAE ] T & 1
WA GO [HE AR X TR . B —24 50/ rGO
[FRE A P 250, R R4 10 i R A8 O T
—#HEZ LIPS, TEM Bt —2 5" T 3D-GC 1 GC %5
M ZER. B 1d Bl GC HARERERSE M, [F,
CNTs AR L&, 1M 3D-GC(AE 1e)d1 ) rGO 2N T
i, CNTs /B S). B, MEHIHR SRR TIY
BT RAE. W 1f FiR, GC. rGO Al 3D-GC
) EEL - FEL S 43 3109 192.3.267.7 F1330.1 Sem L. 3D-GC
BA w0 S, IF 20 5 S AT S50 RN
KERRZEHAERTREMEIEFSFHEE H N, &
TR LB R AL T MR LR AR R FLEs#. Wl 1(g)Fr
TN, RRTRR TR B /AR 2N TV B SRR 2R, B
¥ JE 3. 3D-GC (373.1 m?eg )] Brunauer Emmett
Teller (BET)EL R & T GC (153.4 m?g ")l rGO
(106.9 m2eg™"). [FARf, 3D-GC L&D AEFE, B

= RALEH, HEARRIFUAT 0.719 cmPeg !, F&
HIFLEEAUE FI T Na b fifg s, ien] Lo 4R
BNERAL T RG2S 18], BT — 2 AT EE SRR
2B MR PR AL A i T e, B 1G0T UG, 8
A Tafel B9 1)k A7 X383 3 7 SRS e B i
FTE. 3D-GC BT 6T FR R R I H 22 H60 P I 5 e
KA 8.52 mAsem 2, Tfif GC I rGO X AR Fth [ 58 4 HL I
5359 8.24 mAscm 2 F16.52 mAscm 2. HR 3D-GC
HARKMGRTR, 0T A8 kA AR Ak ) i
efih, dEimiE RO AT, (252, BT 3D-GC &
Y EL AR SR 1) Nat AL S PERE, 43 L 5 H B %R
L IR
22 MBS

N EOULHLE A =R R v RE, SR A
SEM RKMEANTIRETESE. B 2(a~DE/RE ik
=RATRENIRUR TESE. BB 2(a~c) AT LB HAEDT
FZE A 1 mAheem 21, rGO SEFAR R T H L T B £ 1)
HUlR &84, T GC £k EAR L GO H T, (22
TRAFAEA I SRS 7 3D-GC MR AR, Na

330.1

(h) GO 30-GC
500
_ . 04 ——wz
——GC BET surface area: 153.4 m’-g | - 30.GC
% 400{ ——3D-GC  BET surface mea:‘373,| mi-g f‘ . L« G0 ] 001
,,~E —— GO BET surface area: 106.9 m?-g -.E 0.3
f 300 £ 0.00
(=]
» E 02 -0.01 —GC  B24mAcm?®
® 200+ S ——3D-GC 8.52mAcm®
o = —GO 652mAcm?
€ S0.1- !
2 1004 g |
S ) >
01 0.04
0.00 0.25 0.50 0.75 1.00 — T T T T -5.0 T - - v -
Relative pressure (p/p,) 1 23.6 ,10, 200 50 100 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Pore diameter/nm Overpotential/ V

Bl 1 (a)rGO, (b) GC F(c) 3D-GC (¥ SEM [&]; (d) GC Fi(e) 3D-GC [f] TEM [&l; ZFFHEHI(OH T H 52, (g) Ny S0 - 1hi bl 28, (n)FLA2 4> A
FIGE)EEFE R MZEE(0.01 Ves™)

Figure 1 SEM images of (a) rGO, (b) GC and (c¢) 3D-GC; TEM images of (d) GC and (e) 3D-GC; (f) electronic conductivity, (g) N, adsorption-
desorption isotherms, (h) pore size distribution and (i) Tafel plots of rtGO, GC and 3D-GC (0.01 Ves™")
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Figure 2 SEM images of (a) and (d) rGO, (b) and (e) GC, (c) and (f) 3D-GC electrodes at 0.5 mAscm 2 with different capacities; (g) cross-section SEM
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Figure 3 (a) Coulombic efficiency profiles of tGO, GC and 3D-GC at 0.5 mA+cm?; (b) voltage-capacity profiles after different cycles at 0.5 mAscm;
(c) Coulombic efficiency profiles of rGO, GC and 3D-GC at 1 mAscm%; (d) voltage-capacity profiles after different cycles at 1 mA+cm™?; (e) rate capabil-

ity of rGO, GC and 3D-GC at different current densities
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