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Abstract Flexible Zn-ion batteries (ZIBs) have been considered as desirable candidate of flexible energy storages due to its
high safety, low cost and high energy density. However, there is a challenge that ZIBs can possess both high electrochemistry
properties and good mechanical stability. Among them, the lack of suitable substrate material has long been the major obsta-
cles against the development of flexible electrode for ZIBs. In this work, we prepared the bacterial cellulose/polyaniline/
carbon nanotubes (BC/PANI/CNTs) flexible electrode through a simple in-situ polymerization with subsequent vacuum filtra-
tion. Typically, the BC suspension and aniline monomer were dissolved into HCI solution. After the ammonium persulfate
dispersed in another HCI aqueous solution, the obtained solution was subsequently added dropwise into the above mixture in
an ice bath. Then, the acid treated CNTs was added to achieve the whole dispersion. The resulted film was collected by vac-
uum filtration and the BC/PANI/CNTs flexible electrode was finally obtained by further dried in an oven. Benefiting from the
BC substrate, the BC/PANI/CNTs flexible electrode possesses a 3D porous structure, which can provide the rapid diffusion
channel of electrolyte ion and improve the contact between the active material and electrolyte ion. Moreover, the BC sub-
strate endow the BC/PANI/CNTs electrode with high flexibility and large mass loading of active materials. The scanning
electron microscopy (SEM) image of the BC/PANI/CNTs electrode shows that the PANI is uniformly anchored on the surface
of BC nanofiber, and the CNTs is dispersed in the porous network and connected with BC/PANI nanofibers. Furthermore, the
X-ray diffraction (XRD), Raman spectra, Fourier transform infrared spectra (FT-IR) and X-ray photoelectron spectroscopy
(XPS) confirm the structure of the BC/PANI/CNTs. The BC/PANI/CNTs, tested as a flexible cathode for ZIBs, achieve both
good electrochemical performance, such as mass loading of 7.3 mg/cm?, gravimetric capacity of 157 mAh/g, areal capacity of
1.148 mAh/cm?, and excellent mechanical flexibility, which can be bended, twisted and rolled. To further explore the applica-
tion value of this flexible electrode in electronic equipment, the quasi-solid-state ZIBs was prepared with the BC/PANI/CNTs
as cathode, the Zn/carbon cloth (CC) as anode, and the ZnSO4/polyvinyl alcohol (PVA) as gel electrolyte, respectively. The
assembled quasi-solid-state ZIBs deliver a specific capacity of 109 mAh/g, and over 90% of the initial capacity is retained
after 200 charge/discharge cycles at a low current density of 0.5 mA/cm?. The low-cost BC/PANI/CNTs flexible electrode has
excellent performance and mechanical property, providing a feasible scheme for the scalable application of ZIBs.
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Figure 1 (A) Schematic of the fabrication process of BC/PANI/CNTs flexible electrode; (B, C) SEM images of BC; (D, E) SEM images of BC/PANI;

(F, G) SEM images of BC/PANI/CNTs
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Figure 2 (A) XRD patterns of BC, BC/PANI and BC/PANI/CNTs samples; (B) FT-IR spectra of BC, BC/PANI and BC/PANI/CNTs samples;
high-resolution (C) Cls and (D) N1s XPS spectra of BC/PANI/CNTs sample
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Figure 3 Optical images of the BC/PANI/CNTs flexible electrode when they are in the (A) natural, (B) rolled, and (C, D) bended state
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Figure 4 (A) Schematic of the ZIBs device; (B) galvanostatic charge-discharge curves of BC/PANI/CNTSs at 1 mA/cm?; (C) charge-discharge profiles of
BC/PANI/CNTs at different current densities; (D) rate performance of BC/PANI, PANI/CNTs and BC/PANI/CNTs, at various current densities; (E) EIS
plots and the equivalent circuit of BC/PANI, PANI/CNTs and BC/PANI/CNTs; (F) cyclic voltammetry curve of BC/PANI/CNTs at a scan rate of 0.1
mV/s; (G) cycling performance of BC/PANI/CNTSs at a current density of 10 mA/cm?
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BC/PANI/CNTs F IEAR, 1M Zn/CC Sifk ¥t A
. H#, Z1Bs Bt 2 R LAR L Zn $B1E R K. 2
ST Zn YBTE/K Z FO AR PO o 1) R B, SRR OK M R e
T ZIBs WA AR R, Ak, Dlhzizid &1
Zn fENGAEIRIK T Zn MR, Bm 156 H A,
T, TEIEE EUUR Zn 23R Zn FURIEH A6 I 2K
THRZ—, & IR A S5 T R4
YR P LR IE . R, FRATTTE R S LB o B AT 5
1) CC &K EAER Zn FIE SR, AMUIEE T Zn FIFRE
P PRIE T I KA R e v, M RIEE T Zn 1)
FIR R, BATH D@L MR AEE & Z1Bs 7EAN A2 il
UG B R R i iZ 2 R R AR fe e k. Wl
S15 iz, 1ZUERE S ZIBs 76 1 mA/cm? IR ZE T, 2
i 200 X5, N ERFFRATHZT 70%.

D) d 100

100 .
N - 80 2
= 80} &
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= [ 460 5
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= i CE% 40 o
g 40 ® Charge | =
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B5 (A) #EFZ ZIBs 75 0.5 mA/cm? B ¥ 78 75 FE M1 28 (B) ZIBs FTi% HL 1B s (C) =~ ZIBs SR 3RE) 3 V LEDs [f1H8 5 (D) ZIBs 7E 0.5 mA/cm?
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Figure 5 (A) Charge-discharge curves of the quasi-solid-state ZIBs at 0.5 mA/cm?; (B) open circuit voltage of the ZIBs; (C) three ZIBs connected in
series to power 3 V LEDs; (D) cycling performance of the ZIBs at 0.5 mA/cm?
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| ey

3 e

B2, BATRA G 7w % T AT 3R ZIBs
(1) BC/PANI/CNTSs 1EA%. BC 1 25 A B FEAL) g B R &5
4 B B v H A P 70 2 R 1 T T Bt B K i .
Ab, BC JEJiE. PANI i £V B F] CNTs 53 FLADRLE (1)
WEERAE T R Rk A. D
BC/PANI/CNTs % LA AL 1) ZIBs 3K45 T 157 mAh/g
(1.148 mAh/em?)[f) b, HE&TE 1000 K78 I
WG, HERERRYERE 50%0L L, RO H R IF75E
HRaEE. G AUER S ZIBs 76 0.5 mA/cm? HLI %5
I ELH 109 mAh/g (0.869 mAh/em?) I LL &, IHhAh,
ZHERE 2 ZIBs £ 0.5 mA/cm? KR EZE T, £ 200
B SR BCEIEI G, VIR T & T 90% M A EIRFRR. =
A~ ZIBs HR IS AT LAIKED 3 V ) LEDs. X ARt T
— R B ARAS R 7 ) A A e A R MR R S SR
WL A, AZRNE ZIBs (R FRRAIL T 5 K.

4 SHES

4.1 BC/PANI BBREOH &

(1) BC &7 LA R i A8 A i A PR =] R OREIR
BC NEME, HEBFKEHRE5E, HE pHHEAN
A, SRR R ST EHLLL 10000 r/min (145 % FE
F—E =M BC BRI VIRE, 343351 BC &%, &5
HY 10 mL BC 273 T4, 0 RRECT 80t 5 i = 2%,
A BC BRI HERfIR .

(2) BC/PANI Hi#l: K H J5fr S840 TR & 177 ¥R 7E BC
YR T A K PANLVEVERRL. 84644 13.30 mL KE R
1.87 mg/mL [ BC & #3521 /3 BI(E 10 mL 2 mol/L HCI
WA, SREAE EIRIEA WA A 20 mL # 0.07 mL
R AR (AN)F 2 mol/L HCL TR, FHAEUKAKIE it #F
30 min. 5381 0.2826 g APS ¥ 10 mL 2 mol/L HCI ¥##
W, ZJETEVOKIE 0~5 CH&A N HZERm A FRE
BT RN, [NEF RN 10 h, fRRBSERE, 7
Vit A iR, IR A B K R k. Bl SR
JEE T 60 CHA T4 6 h, #1579y 4 N BC/PANI
(8% BC/PANI-0.07). 4 IIH) AN 24 0.06 1 0.08 mL H,
fT 158 7= ) fiv 4 N BC/PANI-0.06 A BC/PANI-0.08.
BC/PANI-0.06. BC/PANI 1 BC/PANI-0.08 3% 447 5
PANI 547 AR SR 3 & 50 58 6.50. 7.69 F1 10.00
mg/cm?,

4.2 BC/PANI/CNTs M ERAVE &

WG ERAB IR, 73 HIfE BC/PANT SN R FH A
A& (5. 10+ 15 mg)BRILALFR) CNTs, SR )5 5 BN 4Bl
WA T H AR, BRI =R AR 2 B K R B b
Bela, MR T 60 CH&AMF N4 6 h, HZ&=Y) 5l
fir44 4 BC/PANI/CNTs-5. BC/PANI/CNTs(2% BC/PANI/
CNTs-10). BC/PANI/CNTs-15. % HLf) FR s 45 PANI
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FIERE S M9 7.35. 7.30 A1 7.31 mg/em? X EHLAEEf
PANI/CNTs Rl & L2k T A BC, Ha PR F L.
4.3 Zn/CC HatRkayHl&

KH CHIT60E HLAL2E T AR, il Ak 2= iR
J7i%, A CC EAER Zn, #il#% Zn/CC Hitlk. ML
RS E, HoA e BN TAE R, CC 1R X
W 2 2 LML, 1 mol/L ZnSOs N HLER. T HAL A
0.8 V, YLAEFTE] M 600 s.

4.4 ZIBs B tipyE &

(1) EF/KRHBEMBEE ZIBs: IEWA BC/PANI/
CNTs AR, Tl Zn §6, BRI 9 SR MM, FRARWRCN 2
mol/L ZnSO. 7K AR,

(2) #ERZ ZIBs: 1IEM% N BC/PANI/CNTs HLf), it
W N Zn/CC, #E KK W f# B N PVA/ZnSOs. |
PVA/ZnSO4 il 241N, ¥ 1 g PVA EE(E 10 mL
) 2 mol/L ZnSO4 1, SRJEHHEIM#AE] 90 C, HRNER
THIEL R EIRA .

45 MRIFRAE

A o T B4 % ] Hitachi S-4800; X 5F 4R ATHHY
M RigakuD/max-1IB, WA N Cu Ka 3=
0.15406 nm), FIETEMEI(20)8 10°~80°; X Bt T
feitk{x %l VG ESCALAB MKIL i 5 %% ik H
JobinYvonHR800; {# HLIH-£1 4M 144X 3% | Thermo Ni-
colet iS50 FT-IR.

46 HLERE

K H Autolab HLAL2E TAER 7M1 AR J ZIBs [IEIA
Rz, K Neware B R G007 B4R & ZIBs
7RO, SR Autolab HLAL 22 T A Sk 43 b FEAR 1)
Bk, SR TEEA 0.001 Hz~100 kHz, $RIEA 5
mV.
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