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High stability bacterial cellulose/car bon nanotube/MnO,
composite super capacitor electrodes
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Abstract: Effective dispersion of hydroxylated multi-walled carbon nanotubes (MWCNT for short) in
water was achieved utilizing the amphiphilic molecular structure and nano-size effect of bacterial cellulose
(BC). BC/MWCNT composite films were then constructed by vacuum filtration assisted self-assembly based
on three-dimensional porous and flexible scaffold structure of BC and excellent conductivity of MWCNT.
Finally, novel BC/MWCNT/MnO, composite film electrodes were constructed by electrodeposition of
MnO, on the BC/MWCNT composite films. BC/MWCNT composite film and BC/MWCNT/MnO,
composite film electrodes were characterized by SEM, TEM, XRD, Raman spectrum and XPS, and
evaluated for their mechanical and electrochemical properties. The results showed that BC and MWCNT
were closely bonded through hydrogen bonds to confer excellent electrical conductivity and mechanical
properties. The porous structure of BC/MWCNT composite film, the electrolyte absorption characteristics
and the bridge structure of honeycomb active MnO, nanosheets endowed it excellent electrochemical
performance and remarkable cycling stability. At a current density of 1 mA/cm?® the area specific
capacitance and mass specific capacitances of BC/MWCNT/MnO,-20 (electrodeposition time of 20 min)
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reached 1.17 F/cm” and 200 F/g, respectively. And the specific capacitance retention was stable at 96% after
10000 cycles at a current density of 20 mA/cm®. The BC/MWCNT/MnO, composite film electrode was
facile and inexpensive to prepare and showed great potential in the development of flexible energy storage

devices.
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electrochemical performances, high stability; functional materials

i 5 (o 485 2 CORN AT 2R e A8 DL & i, PR
G A AR R T RS I e A R
X T R Y A A A P RE L 2 2 O AR AP
MnO, KIAUER A 24T R SIS -2 (~1370 F/g ).
T, mFEE . AT EE, EHME
ZRA LM (Y EAE AR SR, Hol S RAG, EER
M2 S Y BE UL AR, I ER
AU 7 A2 PRI

WH, K MnO, 5HA KRB, TR
A1 ERIF FBRAKA (ONT )55 3 SRR E A TS,
AR A O B B A L UTRESY . K B
Pgh PO R SR SRR R Rk VA S e, AT
PATSCEAE ONT 41 I B34 sk MnO,, s
MnO,/CNT & & BHVE B R Atk , Mk
BEp U213 SR, CNT $825 19 43 Bt K s s BeL
3 7 H 2z B o Al R mE PR L ONT SAfk
BEYER A A B U CNT B IETR, $2
e AL ) (B 2 s i B X ONT 1) S fl
Hlmgnlo, B LB, MEg4EE (BC) BA
WS T a5 M Mg ok Ry, 25 ONT 72 R 1
1 DT JC P v HF CNT 78 BC A i b 449 43 a8
BEAI, BC 1148 40 0 265 235 F4 R s FLBR %6 L s P i JiE
1o PR IK B T R S 1 A 40 ok i 1 S5 B TR 5 K
Rk, I H R S TR GE
AR 22t i 28 g BAR LA 0 R 1121

ARG T — R E A, UL BC A&k
), R 7S R B VE T X R Ak 22 BE AR 4 oK
B (PR MWCNT ) SCELE R B ac 4y, HAs i
B B A1 e fg i 1 S, o MWCNT 78 =4 %2
LR S HEE, M BC MR R4, &
JE s MnO, HUTERE A SR AL, DI R
fh2E R S B £F 2 R I 5 A I F Al A

1 LIGES

1.1 RFENEE

BC, & Ma, i mf 8 & A PR 7 s MWCNT,
JE AR 95% , B SEE AR MR RHE A BRA A
Jo/K B8 (C,HsOH ), Jo/KBREREN ( NayS0O, ). PUZK
& W5 (C4HMnO,4H,0 ), AR, Rt k%4k

AN A RS s R R gt it — 2P Ak,
BRI

Sigma 300 FH% L+ B 8% ( SEM ), {E[E Zeiss
N 5 Tecnai F20 i 5 B 1 0 i#8% ( TEM ), 3£ [# FEI
/N D8 Advance X BT ATHHY( XRD ), 2 [F Bruker
sl DXRxi W flhr & A% ot % {¢ ( Raman ),
K-Alpha X St HLF g1 ( XPS ), ZE[E Thermo
Scientific /A7 ; AI-700-NGD JifieikiobL, w45
RTINS (H S ) AMRAF; GT3001AZ #HHE
ok R g, WOUTH T R A B A A
CHI760E HLfb2: T AR, Ll RIEAERABRAF .
12 Ak

DL EA = SRR MWCNT F1EA 0 S WU
fer) BC AJERMHI S E AR, JFUE A BN Skt
JRAEH R LU MnO, #58 BC/MWCNT/MnO, &
AR, B & REN MWCNT 1 BC JE iR & i
LA . FRT, FER DU MnO, i3 #H, MWCNT
Fl BC 22 8UE BEAT Kk B 79 O 19 — 2 3c Bk
M2, IR B E, B RE N EIE
RO B R T R Mn®, A R TR TR R 2R,
Hofil g B s SR WE 1 R .

1.2.1 BC/MWCNT £ 464 ) &

H5E, ¥ BC MR RN, KPEE
SRIG, A E B FRHUIEFE 10 min 438218 B
BC BV, Ml SR 1.0 g/L,

B —E B MWCNT fIlLA 200 mL 281K,
#E (200 W) 30 min, fFAHISIE, i8N A—
R A 1.0 ¢/L /) BC & IF#, LA 500 r/min
HUBIERE 6 h, #4530 BC/MWCNT & 7K 28 H 23
g A4, BT 45 CFEZ T4 12 h,
4% BC/MWCNT B4 (iR 35 g/m? ). ikl
BC 5 MWCNT Byttt 3:7, 2:8, 1:9

(H BC 5 MWCNT M98 il 40 mg) il £ 1
B A EARIC N BCMWCNT? 7 . BC/MWCNT? * | BC/
MWCNT' %,

1.2.2 BC/MWCNT/MnO, & 4 ¥ 4% 64 4] &

LI BC/MWCNT? * G415 S o LR, @it i
DUREEE R E YA MnO, #1147 BC/MWCNT/
MnO, & A B 78 LAk 2 T AR ki 7 e PURRL S
5, SRAbRME =K R, Hf BOMWCNT * &
AR TAE R, 1R A Ag/AgCl B 43 Hi4E



© 2652 ¢

A% 4m 4 T FINE CHEMICALS

540 &

Xt LA A S R, TEIREEYICN 0.1 mol/L B
Mn(CH;COO), Fil Na,SO, B /K kA 746 F Fe L
B, UURREE R 0.8 V., HLITAIEIS: R 10,
20 1 30 min. K5, ¥ BC/MWCNT/MnO, & £ K

PUBBEHEAM
=Y
502
BC &##
_—~ BC
~~ CNT
6-MnO,
P
W
3 7 &
. ECER R
BC/MWCNT/MnO,
AR
K 1
Fig. 1
1.3 HEHRMESMHEENE
1.3.1 “Z#E4e

SEM i : #4524 Bk il M K/, R
FEAERE S & b, ] SEM XERRER RO T 50 45 A E 47
M

TEM W BRE i A 8 KRR RE, B i
S5, TETESSAE P E FH TEM X RE S HOUIE 35 32 47
FAF

XRD {3 : A XRD XFEE S 45 i g A i AT 36
it BEAGREERESESEG L, HfkEN
10°~80°, HHHHE N 6 (°)/min,

Raman M52 . K5/ 84 5 B4 B 6 1 00T B e
I, A Raman X} A7 A2 25 MK, YRR 532
nm, $72 M FIEFH 500~3000 cm ',

XPS S8 BRI AE B g L, XPS
XA BRI A ZEA A THRAE , MRS R CasaXPS
A AT S T o
132 AARAFHaen e

i 7 RE IS ML E BC/MWCNT &2 & I Hr
fEERE , FREE KN 10 mm( 5 10 mm x 30 mm ),
fifi 1 500 kg FREfLIEREY, FIiiE# %R 1 mm/min,
133 A4 ratn e

SR = AR RIS A R F s R, DA
Ag/AgCl FE R 4y 3 2t i RO il DAVR
4 1 mol/L 1) Na,SO, /KN LA, LT R
0~1 V. PEIAPERETE W it ik R 58 - A T

FELA 25 B FOK PRI 3 IR, LABRZSZRTHI G B 1) H i I
VW, TFTE 25 °CF T4 24 ho HfE FL U AR ] AN T]
B2 A B 2 BRid 8 BCMWCNT/MnO,-10
BC/MWCNT/MnO,-20, BC/MWCNT/MnO,-30.

HUBRAEFE

Ged

BC/MWCNT &#H

BC/MWCNT B4 i

BC/MWCNT/MnO, & 4 5 FiL il ] 6 i s B 1A
Schematic diagram of preparation process of BC/MWCNT/MnO, composite membrane electrode

HoAth oAb 2= PR RE Y 70 s fb 2% T ARG kATt
PEFMR L (CV ) DI : FERFE FEHEZ (5 mV/s)
T, ¥ BC/MWCNT/MnO, & A I B A 2547 78 5 L 52
B, 22 BT e R ORI A R O R R ) Se R R £k
A LW AR IR SR s B B T AT, JF e Ak A
RN J5 Sk fL AL 2 S BE S A, SIS R
351N 5. 10, 20, 50, 80, 100 mV/s, EH— P8
R R 1 R it s 54 o
R TR (GCD) k. @it GCD 4
A A RERE T o TETHH B LA, B I e b
HEAT FE R SC I, il L SR SC Rt 2
TP AR P SRR RE . TRIAPERE . PEERR, JE
T GCD M4 M HE=C (1) IHHEBE (CG):
C=0/(mxAV)=IxAt/(mxAV) (1)
X COMHHA, Flgs O MM (SBIM ) &
IR, C; TNTEERCR BT, A At ECEATE,
s; m ATETEM B B, g5 AV RHLERE H,
Vo B (1) i m B MiE A (em®), HAR
A A AR S (C,, Flem?),
HREAMNEEESE (E, Whkg) MY
W (P, W/g) #2% (2) F1 (3) it GCD fh<k
T
E=1/2Cy(AV) (2)
P=E/At (3)
Ar: G MHHZ, Flg; AV HHEEHED, V; At
LT TE], s SEG R EL A I 0.5, 1. 2.



%12 H# X, 45 mfaE

PR TR 1 2k /A1 K B /MnO, B A5 88 20 L 25 i FEL

© 2653 ¢

5. 10 mA/cm®, B — FEIRE RE AR/ 0 R LR B

b 2= BT (EIS) Mlik: EIS i 1 4~/
Y IE 5274 sl R n] SEBURRE I 2Pk Ha fb e N, 15
FIAS R T B FHPUECE & A 210 BIS £k
TR DT FC LG TS A W i BEAE . AR AkrLRE
B ) A AL L BHAE 55 . SEER Y EIS AR
0.01~100 kHz, #RIEHN 5 mV,

2 HRSHE

21 BCEMWCNT JRE 3 BC/MWCNT £ 5%

IR/ BE R RN

AWFFEET BC 5 MWCNT 22 [a] i) 5t 1 & gk 52
B MWCNT 7E K v i 2 % 43 #, [ B 42
BC/MWCNT & A A4 B S5 ML P BE i 34588, HL
BC 5 MWCNT f9—4E RCF UL ECPE(ETS 35 kA5
R ZESE . P, BC/MWCNT g3 H BC
TR BIER MWCNT B 4FrY S ik,

K JH SEM % BC/MWCNT &5 kAT TS
fiE, Z5HILA 2,

¥ 2 BC #1 MWCNT #3iE&% (a). BC/MWCNT? 7
(b). BC/MWCNT?*'® (¢), BC/MWCNT'*? (d),

i SEM &
Fig. 2 SEM images of mixture of BC and MWCNT (a), BC/
MWCNT?*7 (b), BC/MWCNT? ¥ (c), BC/MWCNT' *? (d)

Kl 2a fan, BC I EHAE N 20~50 nm, HA
IR (R AS R 2%, ¥R AR MWCNT( E4% 10~20 nm )
RMABELEE, 5 HAEE R RLER., WA
2b~d A[ LA, BC/MWCNT E 4 EA H 255 M 4%
ghER, IREFBARRE T 21, WAENE TEEZE, 46
& Mn®"E] MWCNT 2 i 099 Bl 25, 1) s iR )
KA Bl BC AR/, BO/MWCNT ZEJE 1)
Y51 FE AR, BC/MWCNT'*® 26 1 H BRACK 9%
HFLIA , eE N T BC/MWCNT & &+ R ALK
PEREATHL SR, 453K, BC 7R SRR G g HLAK 2
FEME A IEINE, %F MWONT A2 2 T 20 BROR, A3

HuBii Ik T MWCNT MY, GREH: K47 0 5 f Pk R
PLAERE™

& 3a & BC. BC/MWCNT?*7, BC/MWCNT?'®
A BC/MWCNT' ° 1Y FTIR &,

N . BC/MWCNT!
NS T A,
IBCMWCNT?8 N i Y
. .
i BC/MWCNT? ;
H |
i BC ||
! |
K |
3345 A
T 2897 , L1063,
4000 3500 3000 2500 2000 1500 1000 500
PeE/em™

b
BC/MWCNT' *?

~ BC/MWCNT? 8

(002)

~_ J\__ aom

@0
aioy G0

(110 BC
10 20 30 40 50 60 70 80
200¢)

c G
D 2D

BC/MWCNT! 1J1,=0.74 /\,,,
BC/MWCNT? M I/I=0.88 [\

BC/MWCNT?“ 7/ \ ) | Iy/1=0.90 / \

500 1000 1500 2000 2500 3000

BC/MWCNT? ‘7

MWCNT

b fi/em™
30
d
E20
)
H
i
®10|
0
3:7 2:8 1:9
BCE5MWCNTRE L

Kl 3 BC., BC/MWCNT & &R FTIR & (a)., XRD

PEIE (b)), frgill (c) MR (d)
Fig. 3 FTIR spectra (a), XRD patterns (b), Raman spectra
(c) and electronic conductivity diagram (d) of BC
and BC/MWCNT composites films

H&l 3a A LIE Y, 5406 BC 4, BC/MWCNT? 7,
BC/MWCNT? 8 f1 BC/MWCNT! * ° v & sk 17 1F



© 2654 ¢

M 4m 4 T FINE CHEMICALS

540 &

3345 cm' 4bTE 3 AY U0 8 T —OH B9 {45 4k 5 04
2897 cm ' ARIAJE T C—H X BRAH 45 IR B0
1649 cm' 4b1H )& T—OH 125 i #2 2 Al C—O i fh
G PR Bl S 1 2 W RR A0, PR RN . B
# MWCNT BIIA 1649 cm ™' W m i dis s, XA
HF BC 5 MWCNT Z I &8 r=4. JFH,
BC/MWCNT? 7, BCMWCNT?*® 1 BC/MWCNT!' *? )
TE 3445 cm™ b HEBL—OH i 4 ¥R sh A5 g, 3%
B MWCNT 44 K i—OH , 4 F T Mn?" {1 24,

& 3b & BC. BC/MWCNT?*7, BC/MWCNT?*®
1l BC/MWCNT' *° 1) XRD &l 4l BC f1, 20 N
14.6°, 22.6°4bFH WA FiE, 20 S 16.8°kbA —1~55
W, 23 50 0F I T4 2 T £5KB9( 110 ).( 110 )FI( 200 )
ST MWCNT 7E 20 = 25.9°4bH — MR, 75 20 =
43.0°4b 45— 5505, A BI%T N T8 (002) A1 (101)
Fa e, IR RRFE AT SIELE BC/MWCNT? 7
BC/MWCNT? * FI1 BC/MWCNT' “? {4 XRD % &l th #F A
THW R, X EB MWCNT 5 BC & Ih4s4 . Fn,
ik MWCNT JIA SN, BC AYRFIE 40 i %
Wk 55, MWOCNT [PRRF 0G50 B 35 3 K .

] 3c /& BC/MWCNT & A 7 2G5 vl L
WELH @ T MWCNT U D4 (1347 em™ ). G4 (1583
cm') 12D 45 (2694 cm™ ), W F ] D #HH G i
B (B3 B2 EL ( In/lG ) SRVEAN AL B SR IL R B
BC/MWCNT?*7, BC/MWCNT?*® fl BC/MWCNT! *°
BAWER In/Ig 550 % 0.90, 0.88. 0.74, KWK
£ BC Wiy hn, 2A MR In/lg EHiE K, X
Sl T BC BiF/E MWCNT 31, 5/ MWCNT
RKEEZ GG, %45 T BCMWCNT &4 K
R R S L T

TERE A TR L A B DR AT 470 5 o R 2 U A
Koo R SHETEIE T AR R LAY BC/MWCNT
BAWRHE SR, 458K 3d B, ART BCH
2, BCMWCNT® 7 1 55:%8 12.50 S/em, Bt
TSP HL TUBURE FH X B A AR (10 Sfem ) ¥,
P MWCNT g, 153149 BC/MWCNT? 3k
BT EEAHS(21.74 S/em ), XK T MWCNT
S22 1 BC K T 4 38 45T % S e e 1Y 5 HL I 26
LE3EH MWCNT B9mAHE, BC/MWCNT' ° ()5
HR R 2] 1515 S/em, XJ&H Fid £ MWCNT
SEARE], B EAH RIS, SEELIE
JERERY . AR B
22 BCEMWCNT REE3 BC/MWCNT E &R

HEEER N

& 4 A BC 5 MWCNT Jiifz H i BO/MWCNT
AP ERE. MWCNT BUBEM 2%, K 4
FHE TR o B0 BC J5 & A A S A B2 25 4 m

B i il 35 20 MPa, BiHA#E BC K UF4rHA MWCNT
R AE LA BT H 4% BC/MWCNT & A 8,
BC FERMEM L, MWONT FHERME SH
P, ZA SRR S, PRI T BC/MWCNT
IR R R AU PERE . 5B B I A
MUARPEBE )2 S PERE, BC/MWCNT? ™ 2 J5 2L it
LS 00 o P 3 P R R A5

18
BC/MWCNT?+7
151
<13 SN
S}
B 8
= BC/MWCNT? 8
5 -
3 BC/MWCNT!**
0 I
0 0.5 1.0 1.5 2.0
NI/ %
Kl 4 BC/MWCNT K& RN 77 -1 2 #h 2k (4 1 0
MWCNT %522 (4 B4 B )
Fig. 4  Stress-strain curves of BC/MWCNT composite

films (the inset is a picture of poor film-forming
properties of MWCNT)
2.3 HAREY BC/MWCNT/MnO, £ A IREBE R
LR R I
BC/MWCNT?** & 4 I (1 B i &5 # mT 4 e e U
FI Mn> (3 2) 43 #i . i MnO, (R34 4) TR 24 5 3k
fith o FEDTREFR S R i an=l (4) P .
Mn**+2H,0—MnO,+4H +2¢ (4)
W TR A BC/MWCNT? S A 4
WAk MnO, G2, B 5 J&2 BC/MWCNT? ® fil
BC/MWCNT/MnO, & & IEHL Y SEM Kl (4 [EH
R CRASEECT BE ),

BC/MWCNT/Mn0,-20 ( ¢ ), BC/MWCNT/MnO,-30
(d) # SEM A
SEM images of BC/MWCNT?*® (a), BC/MWCNT/

MnO,-10 (b), BC/MWCNT/MnO,-20 (c), BC/
MWCNT/MnO,-30 (d)

Fig. 5



o512 1) XDERE, %5 mksE

PR TR 1 2k /A1 K B /MnO, B A5 88 20 L 25 i FEL

© 2655 ¢

hE s THBAEH, 99k MnO, VI T BC/
MWCNT? ® i, B T ¥ s RMOREEFI Y MnO,
TEPEZ, X Mn® () B U B T A R B 4%
i, {H}E, BC/MWCNT/MnO,-10 FI49% MnO,
RIS A 584 5 BCMWCNT? ® 1, 40K
MnO, I PR )2 HP e i 45 25 Bl Ab W 24, 156 8H 22 () A 7E T
5P 1 BC/MWCNT/MnO,-20 /Y MnO, i #:
FEO4EAHEETE BOMWCNT? S 41 F, AT
Wi, s RAK MnO, iGHE 2 EEGIKSL, K
mHE A E T L HEZEY KL . BC/MWCNT/
MnO,-30 40K MnO, I6 42 2 3 1L Bk 0
i, B —EZE, MnO, A & K 5% =1
MnO, 2 {1 15 P45 Fa) 2 il A 21 A ot , G LAl 2 P
fig TR,

& 6 /& BC/MWCNT/MnO,-20 f¥) TEM &,

K 6 BC/MWCNT/MnO,-20 (&% TEM & (a) FIERE
TEM & (b)

Fig. 6 Low magnification TEM image (a) and high magnification
TEM image (b) of BC/MWCNT/MnO,-20

MK 6a AT LLE H, 7E BC/MWCNT/MnO,-20 &
G LU T A A R MnO, K, 5
SEM %55 —3 ., T HEAY MnO, 40K F 2 ] LAHE 25
A 5 L B 2 (A A A ik, 5 SEML S5 R4
ME 6b AT A, A& SRSEIEE R 0.24 nm, X T
5-MnO, ) (110) fhifl, X5 XRD Z5F— (& 7a).
Kl 7a J&H DU [A B E] )5 ) BC/MWCNT/
MnO, & & Bk XRD 1% &, i d 20 M7 i
BC/MWCNT/MnO, & & B i i 1K 45 # . BC/
MWCNT &4 BC #1 MWCNT 4 5%, [FmEA
BC il MWCNT BY4FIEIE, 20=14.6°, 16.8°F1 22.6°
(R AR I 23 BT TP 46 1Y (110), (110) F
(200 ) fhEI, 260=25.9°. 43.0°4b %5 fF 15 XF B T
MWCNT £ (002 ) F1( 101 ) &4 T AT 504 . 26=12.5°,
25.2°, 36.2°H1 67.1°4bFFAE I 43 1| X B F-4l 6-MnO,
B (001 ), (002), (110) A1 (020 ) &1 AT 5,
£ BC/MWCNT/MnO,-10, BC/MWCNT/MnO,-20 .
BC/MWCNT/MnO,-30 F) XRD i [ rh f£1E 260=36.2°
67 1M S, B LAY MnO, /& 6-MnO,,
TEE A BC/MWCNT EH LB MnO, Ji, BC/

MWCNT/MnO,-10 . BC/MWCNT/MnO,-20 . BC/
MWCNT/MnO,-30 I & T £F 4k K i 1T 55 16 1 1
il o B USR] 3, BC/MWCNT/MnO, &
A 6-MnO, AN, T3 20 = 25.9°4b%F
I F MWOCNT Y RFIE I 58 FE REAIT , X J& - F 6-MnO,
FE 20 =25 2°KbFEAF I T4 AT 801, R E AR, &
Al 5-MnO, AT o7 S A 55 A7 5 g, X K
5-MnO, VIR MBI R AFTE,, XA HA AR S S50
R 2 FL 5 25 R A R 2 T R T S X LA
FERIIB A, JFHRAI T 1) R AR - R o AL T 22 A
FURNH 22 (1) 8 A J s A P

& 7b /& BC/MWCNT fl BC/MWCNT/MnO, &
AR SR . XA, BUUH MnO, )5,
BC/MWCNT/MnO, & & BEH XF 0 F BC B D 7. G
HEAN 2D HPARAEIER 2, MiAE 575 A1 646 cm ' AbH
PRI SRR 4 VTR T Mn—O B AY-F 1 P9 X FR
145 4% 3h A1\ T4 MnOg Y Mn—O %2 114 - T A %
R4 R 3, W MnO, BT 4k 3 & & i
BC/MWCNT?'® |-, 3@y %} H BC/MWCNT/MnO,-10,
BC/MWCNT/MnO,-20 #l BC/MWCNT/MnO,-30 &
B, BEEHRVUERE RIS, JET MnO, Hi & FF1E
UG ) 5 R T, U IH R TR R AR, AR A
BC/MWCNT? * E# /) MnO, Rl £,

2 (002)

(110309

(1o (101) BC/MWCNT? ¢

Mo~ BC/MWCNT/MnO,-10

k. JUAN BC/MWCNT/MnO,-20

N . BC/MWCNT/MnO,30
6-MnO,

JCPDS No.80-1098

(001) (002) (110) (020)

10 20 30 70

40 50
200

M ~ BC/MWCNT/MnO,30 _

_ BC/MWCNT/MnO,-20

BC/MWCNT/MnO,-10
& -

D 2D
BC/MWCNT?: ¢

500 1000 1500 2000 2500 3000
PENF/cm™

K7 BC/MWCNT/MnO, E & BEHKAY XRD %A (a)
2k (b)
Fig. 7 XRD patterns (a) and Raman spectra (b) of BC/
MWCNT/MnO, composites film electrodes

[ 8 4 BC/MWCNT? ** il BC/MWCNT/MnO,-20
Y XPS i A,



© 2656 ¢

M 4m 4 T FINE CHEMICALS

540 &

Ols
BC/MWCNT?: 8

Mn 2p BC/MWCNT/MnO,-20
M

1000 900 800 700 600 500 400 300 200 100 O
ey 1Y

b

Mn 2]73/2
—>11.7eV

Mn 2p,,

660 655 650 645 640
A fblev

49eV

536 534 532 530 528
ZiBhe/eV

%8 BC/MWCNT? * Fil BC/MWCNT/MnO,-20 i) XPS 1%
E (a). BC/MWCNT/MnO,-20 ) Mn 2p (b ), Mn
3s (¢) K Ols (d) madEs XpS &

Fig. 8 XPS spectra of BC/MWCNT?'® and BC/MWCNT/

MnO,-20 (a), as well as Mn 2p (b), Mn 35 (c), and

O 1s (d) high-resolution XPS spectra of BC/

MWCNT/MnO,-20

LA H, BC/MWCNT/MnO,-20 &4 [ HL )
A7 Mn. O fl C T, UHI4 Mn 45 B3 Hb 11 2%
7E BC/MWCNT & &R (14 8a), & 8b 5 BC/
MWCNT/MnO,-20 & & BRI 1) Mn 2p K461,
Mn 2ps;, (642.0 eV) 5 Mn 2py, (653.7eV) A

BEREREZEN 11.7 eV, FHIRES FAFE MO, A
8¢ /& BC/MWCNT/MnO,-20 & A B HL A9 Mn 3s K
i, 7E45AHE 84.5 Ml 89.4 eV Ab Ay MRFIFIL
SRR Mot Rl M, REEEZE(EN 4.9 eV, Mn* Rl
Mn® By 45 A RE 2278 4.7~5.4 eV Z ], HHIN T
BC/MWCNT/MnO,-20 & 4 EH 48 4E 4 Mn* iy
FE7E . [l 8d J& BC/MWCNT/MnO,-20 & 4 5 HL ik 1
O 1s Kidioti%, 7E45 A fE 533.0. 531.8 F1530.1 eV &b
FIEREE 3 CFK (H—OH ), /K& 4R A kY (Mn
—OH ) MIEKHEEMALY (Mn—O0—Mn ). 45401
SRR SCHR TR, Mn M & 3.44, 5 Mn 3s
WEREY G, RS EZ DL MO, IWE
Y,

KA = AR RIEN T BC/MWCNT/MnO, &
AR 1 F AL S PR RE , 455 LR 9, WnIA 9a TR,
Fif CV AR B I B XTFRIIER, £
] BC/MWCNT/MnO,-10, BC/MWCNT/MnO,-20
BC/MWCNT/MnO,-30 #FHAG —Fh #AE A9 I H 2547
Sk, ELRR G5 T R TR A [0 B4 38 T mi v K &l 9b &
BC/MWCNT/MnO, & A A AE 1 mA/cm® A F)
GCD i1k, WA (1) iHH H BC/MWCNT/
MnO,-10 . BC/MWCNT/MnO,-20 #l BC/MWCNT/
MnO,-30 fY B LY FL 25 FST f: L FL 250 51 0.52,
1.17. 0.90 F/cm® 1123, 200, 185 F/g, HHATE
DURRET ] 20 min PNIA SNEEAE , Bl & DUBL I H] fr) i
— AN 4G R B o B DURR R AY EE K, MnO,
JZIEREREIN, B AR A, X RB R
TR EBERRND D AR HERT
BC/MWCNT/Mn0,-20 HLH 1Y CV 14 2RI (&
9¢ ), RUIFHEA RIFMIERAAT R ASF T HADE
LA, MnO, LAY CV IZIR R T 32
AR, XJEHT MnO, BB ERLT T —&
B % 252 1) e T AAA R SR RN, 4G M Mn (T Ak
HAMn (V) FiMA Mn (IV) if8J5085 Mn (1), XEE4
PR S — I L T — MR UG OV P, bl
HHEHER BN, CV 2 A2 8 m #2098 4%
e, X EWEE FE MnO, A A T HAG R
e 1. B 9d b HL B BN BC/MWCNT/
MnO,-20 & 4 BB FL AR 0 T L R FE RO 45 2R . AR B
X(2), ERFEE SN 1.2.3.4.5 A1 10 mA/cm®
T, AHR T AR E LS 73 31 R 1169 547, 344 247,
190 F1 81 mF/cm*, BC/MWCNT/MnO, )4 25 i 4%
KIanEl 9e Fron, MREEEETE X Bir9#EE, BC/
MWCNT/MnO,-10 . BC/MWCNT/MnO,-20 . BC/
MWCNT/MnO,-30 HLFH (Ry) 9 7 Q, WELT
BC/MWCNT/MnO, HL i B A R4 i 3 Lk



%12 XERR, 5 v ke PR 40 i £ 2 R /B K B /MnO, & AR 9 28 2 d il © 2657 ¢
e 2 — BCOMWCNT/MnO-10 ~10[® — somwont| c
NE 10 } —BC/MWCNT/MnO»-20 (o)o : MnOx-10 NE 40 |
S —— BC/MWCNT/MnO:-30 <081} — Bomwent| §
% ) Mn0-20 E 20
< 0.6 | —— BC/MWCNT/

=~ 0t “ Mn0:-30 =~ 0t
% S 04t % 4//7&/
3 < —20 i
| 502 i
& 10 ]‘@ 0 P40 figm% 100 mV/s

0 02 04 06 08 10 0 500 1000 1500 2000 2500 0 02 04 06 08 1.0

HUE/V i /s HUE/V
g 10r v 20 T S 100
< o8 3 mA/om? 15t : ° 120 ¢ > .
? ' —4 mA/cm? . ¢ %100 80 Q
— S mAjom? e "
‘é 0.6 — 10 mA/cm? g 10 * 2 =2 80 r < 160 g
2 04 N cos & 60 40 9
B o2t 5t 2 2 eomwentmnonto | 40 | &+
B 227 oBOMWONTMnO:20 | R 20| 120
or ) L ) ) ) 0 ) Jj * BCIMWCNT/MnO;-30 0
0 500 1000 1500 2000 2500 0 5 10 15 20 25 0 0 2000 4000 6000 8000 10000

B [El/s

Z'IQ

IRV

HH#BE N 5 mV/s i BC/MWCNT/MnO, & BE A1 CV 14 a); B A 1 mA/cm?® i BC/MWCNT/MnO,

EAMEEM A GCD ik (b); BC/MWCNT/Mn0,-20 7EARRIF#E T A CV £k (¢ ); BC/MWCNT/MnO,-20 7ER
[FI W% T % GCD ik (d); BC/MWCNT/MnO, & A BEHAR ) EIS 82 WK (e); BC/MWCNT/Mn0,-20

TEFTERE ()

Fig. 9 CV curves of BC/MWCNT/MnO, composite electrodes at a scanning speed of 5 mV/s (a); GCD curves of
BC/MWCNT/MnO, composite electrodes at a current density 1 mA/cm? (b); CV curves of BC/MWCNT/MnO,-20 at
different scanning speed (c); GCD curves of BC/MWCNT/MnO,-20 at different current densities (d); EIS Nyquist
plots of BC/MWCNT/MnO, composite electrodes (e); Cycle performance of BC/MWCNT/MnO,-20 (f)

7 20 mA/cm® B2 R X BC/MWCNT/MnO,-
20 &2 A A FEAT 10000 YRAGFS, 4559 WK of,
DI, HELBEAERERAN 96%. 717 WG
(1000 %) "L H A RET & MnO, BIFMT AT A
HRJZE 2 18] A B AN B E 3 Y, R 72 BC/MWCNT
R FUORR T B MnO, 2 . 7EFEJS 19 9000 R AE
e, EAEE TR 96% R WIA LAY, XM
W MnO, Z7EME i #2 AR5 E&E , BC/MWCNT/
Mn0,-20 & & & H A 76 /= LI 2% B T 5 e R 5
e,
2t |, BC/MWCNT/MnO,-20 i e {2 1
BEI T BC/MWCNT & & B b 3T B0 & o
MnO, 49K F, HoRS 4 i e s k4549, HAA RIW L&
T AR 5 1 S A ST A

3 #Hit

HT BC X} MWCNT LG5 (1) 43 1l S 3525 4 B
H4 %%, MWCNT 5 BC i & #2320
S A 1S BC/MWCNT BCh 3L & S f e il
RAFHUARE RE O & A, 3 o 1) S i r OB 7%
FE5 A B BC/MWCNT i E T MnO,, S il %
T HREEFIRY A S BC/MWCNT/MnO, ., &
BEERIR

(1) PRt R85 R /) BC WIE Sk R G
PEFR], B MWCNT R4 s K, [FR =38 R
U0 —HEOR RFUC EC Ml L 70 7 2 28 5 eAh, %

2351 BC Al MWCNT mlJE i AL Ak, 5T
LI EZEAER, B4 BCMWCNT A S i AL
M. AR BC 5 MWCNT Jiiht Xt BC/MWCNT
HEMEHIESS M N S REA B M, X BC
A MWCNT Byl 2 : 8 i, BC/MWCNT?*®
BA N R, Pk 21.74 S/em,

(2)E 4 BCOMWCNT & &5, A F]F M
MR, 24 e SRR ] 2 20 min i, BC/MWCNT/
Mn0,-20 & A MR b=t Re i, M
JER 1 mA/em?® B, HHCALZSAT A 1.17 Flem® (200 F/g ),
HEARFOERRRENE, 78 20 mA/em® iy HLH 2
JETFHEAT 10000 R, AR B R RRUE A
96%.

S E k-

[1] ZHAO Z, XIA K, HOU Y, et al. Designing flexible, smart and
self-sustainable supercapacitors for portable/wearable electronics:
From conductive polymers[J]. Chem Soc Rev, 2021, 50(22): 12702-12743.

[2]  MA T (5%), WANG F P (£35°F), ZHOU K L (JAHLR), et al.
Preparation of sandwich-type biochar electrode materials and
performance of supercapacitor[J]. Fine Chemicals (Fi4ifk T.), 2021,
38(2): 374-379.

[3] ALLAGUI A, ELWAKIL A S, FOUDA M E, et al. Capacitive
behavior and stored energy in supercapacitors at power line
frequencies[J]. Journal of Power Sources, 2018, 390: 142-147.

[4] ZHANG S F (k#K), HU X X (WjiJi), ZHOU Q S (JARKE), et al.
Study on electrochemical performance of ntrogen-doped carbon fiber
functionally modified by MnO, nanosheets[J]. Transactions of China
Pulp and Paper ({1 E#402%4R), 2022, 37(1): 36-42.

[5] WU D, XIE X, ZHANG Y, et al. MnO,/carbon composites for

supercapacitor: Synthesis and electrochemical performance[J].



© 2658 ¢

A% 4m 4 T FINE CHEMICALS

540 &

(7]

(8]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Frontiers in Materials, 2020, 7: 1-16.

ZHANG Y, YUAN X, LU W, et al. MnO; based sandwich structure
electrode for supercapacitor with large voltage window and high
mass loading[J]. Chemical Engineering Journal, 2019, 368: 525-532.
MOHIT S, KAUSHIK N, MOBIN S M. Robust nanocomposite of
nitrogen-doped reduced graphene oxide and MnO, nanorods for
high-performance supercapacitors and nonenzymatic peroxide
sensors[J]. ACS Sustainable Chemistry & Engineering, 2018, 6(8):
10489-10504.

JYOTHIBASU J P, WANG R H, ONG K, et al. Cellulose/carbon
nanotube/MnO, composite electrodes with high mass loadings for
symmetric supercapacitors[J]. Cellulose, 2021, 28(6): 3549-3567.
CHEN H, ZENG S, CHEN M, et al. Oxygen evolution assisted
fabrication of highly loaded carbon nanotube/MnO, hybrid films for
high-performance flexible pseudo supercapacitors[J]. Small, 2016,
12(15): 2035-2045.

WANG L, HUANG M, CHEN S, et al. 6-MnO, nanofiber/single-
walled carbon nanotube hybrid film for all-solid-state flexible
supercapacitors with high performance[J]. Journal of Materials
Chemistry A, 2017, 5(36): 19107-19115.

PATIL B, AHN S, PARK C, et al. Simple and novel strategy to
fabricate ultra-thin, lightweight, stackable solid-state supercapacitors
based on MnO,-incorporated CNT-web paper[J]. Energy, 2018, 142:
608-616.

HUANG Z H, SONG Y, FENG DY, et al. High mass loading MnO,
with hierarchical nanostructures for supercapacitors[J]. ACS Nano,
2018, 12(4): 3557-3567.

JIANG G H (¥t#%), OUYANG Q S (RkFH&Jt), HU M Y (#f52),
et al. Research progress in preparation and application of manganese
dioxide/graphene composites[J]. Hunan Nonferrous Metals (1F545
64 08), 2021, 37(4): 51-55.

LIANG X, LI H, DOU I, et al. Stable and biocompatible carbon
nanotube ink mediated by silk protein for printed electronics[J]. Adv
Mater, 2020, 32(31): €2000165.

CHEN Z Y (M%), LIU J (XI#), PU C S GiliFE), et al. Surfactant-
assisted multi-walled carbon nanotubes dispersion: Mechanism and
properties evaluation[J]. Fine Chemicals (K5ZH{LT), 2022, 39(2):
269-275.

FENG X, WANG X, ZHANG C, et al. Highly conductive and
multifunctional nanocomposites based on sulfated nanocellulose-
assisted high dispersion limit of single-walled carbon nanotubes[J].
Carbon, 2021, 183: 187-195.

GUAN Q F, HAN Z M, YANG K P, et al. Sustainable double-
network structural materials for electromagnetic shielding[J]. Nano
Lett, 2021, 21(6): 2532-2537.

HONG F (#tW), SONG T (Ki#), BAL T (111if), et al. Research
progress on functional modification of bacterial cellulose[J]. Fine
Chemicals (K§4iifk T7), 2021, 38(12): 2377-2384.

ZHOU J, YUAN Y, TANG J, et al. Metal-organic frameworks
governed well-aligned conducting polymer/bacterial cellulose membranes
with high areal capacitance[J]. Energy Storage Materials, 2019, 23:

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

594-601.

WANG Z, LEE Y H, KIM S W, et al. Why cellulose-based
electrochemical energy storage devices[J]. Advanced Materials,
2021, 33(28): €2000892.

XU T, DU H, LIU H, ef al. Advanced nanocellulose-based composites
for flexible functional energy storage devices[J]. Advanced Materials,
2021, 33(48): €2101368.

HU Z A (ifH%), WANG C J (EHUR), L1 Z M (Z=E8). Preparation
and electrochemical properties of MnO, solid supercapacitors[J].
Journal of Northwest Normal University: Natural Science (F§ILUfiyE
K (IRBIERR), 2021, 57(1): 63-69.

HUANG H D, LIU C Y, ZHANG L Q, et al. Simultaneous
reinforcement and toughening of carbon nanotube/cellulose conductive
nanocomposite films by interfacial hydrogen bonding[J]. ACS
Sustainable Chem Eng, 2015, 3(2): 317-324.

GAO L (F#¥), CHEN L (%3#f), HONG F (#t#0). Effect of CNT
concentration on the physical and electrochemical properties of
CNT@BC nanocomposite film[J]. Journal of Cellulose Science and
Technology (4F4EZEFI2: 54K), 2020, 28(4): 28-37.

CHEN Y X, CAI K F, LIU C C, et al. High-performance and
breathable polypyrrole coated air-laid paper for flexible all-solid-
state supercapacitors[J]. Advanced Energy Materials, 2017, 7(21):
1701247-1701260.

BAO J, HOU C, DONG Q, et al. ELP-OPH/BSA/TiO, nanofibers/
c-MWCNTs based biosensor for sensitive and selective determination of
p-nitrophenyl substituted organophosphate pesticides in aqueous
system[J]. Biosensors and Bioelectronics, 2016, 85: 935-942.

FAN F D, ZHOU J, SHENG L, et al. Juglone bonded carbon nanotubes
interweaving cellulose nanofibers as self-standing membrane
electrodes for flexible high energy supercapacitors[J]. Chemical
Engineering Journal, 2020, 396: 125325.

PENG X W, WU K Z, HU Y J, et al. A mechanically strong and
sensitive CNT/rGO-CNF carbon aerogel for piezoresistive sensors
[J]. Journal of Materials Chemistry A, 2018, 6(46): 23550-23559.
ZHAO Q, SONG A, DING S, et al. Preintercalation strategy in
manganese oxides for electrochemical energy storage: Review and
prospects[J]. Advanced Materials, 2020, 32(50): 200245.

ZHU C, YANG L, SEO J K, et al. Self-branched a-MnQO,/6-MnQO,
heterojunction nanowires with enhanced pseudocapacitance[J].
Materials Horizons, 2017, 4: 1-30.

PARAYANGATTIL J J, CHEN M Z, LEE R H. Polypyrrole/carbon
nanotube freestanding electrode with excellent electrochemical
properties for high-performance all-solid-state supercapacitors[J].
ACS Omega, 2020, 5(12): 6441-6451.

DONG L B, XU C J, LI Y, et al. Flexible electrodes and
supercapacitors for wearable energy storage: A review by category[J].
Journal of Materials Chemistry A, 2016, 4(13): 4659-4685.

BOYD S, GANESHAN K, TSAI W Y, et al. Effects of interlayer
confinement and hydration on capacitive charge storage in
birnessite[J]. Nature Materials, 2021, 20(12): 1689-1694.



