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Abstract: In order to obtain flexible hig ivity conductive materials, a novel conductive film Srial cel-

ulose@ polypyrrole-single wall Carbol%l es (BC@PPy-SWCNTs) composite films was pr y simple in

situ oxidative polymerization and
out any adhesive. The surfa
characterized by SEM an
ied.
SWCNTs film can reach 6. 42 Seem ™', which is much higher than that
is 5 mA+cm ?, the area capacitance of BC@PPy-SWCNTs composit

iltration using BC, pyrrole (Py) and SWCNTs as raw materials with-

ology and chemical composition of BC (@ PPy-SW. ‘ ctomposite films were

The electrochemical properties of BC@ PPy-SWONIs domposite films were stud-
The results demonstrate that when the 4. 7% mass ratio of SWCNTs i the conductivity of BC@ PPy-
y film. When the charging current

2

can reach 0. 53 Fecm™ * with an energy

density of 0. 036 mWhecm * and a power density of 1. 75 mwx espectively. The film widens the variety of

BC@PPy-SWCNTs composite films electrode composite films
O
tors, batteries, and sensors.

Keywords: bacterial cellulose; polypyrrole; single~ty

ich has a great possibility for use in supercapaci-

rarbon nanotubes; electrode composite films; electrical

conductivity; area capacitance

SR SRR I G R T (Cu, Ag 8 BAR FERESRIE, R0 K 2 il 9 2R, N RE W 2 MR

HA#®

SRR, RN AR R SRR TR M, BT, RE SR AR R AR E N T

W B8

2018-06-01; KA B : 2018-08-29; M4EHARATE: 2018-09-14 10:20

W 4& AR 3k« https://doi. org/10. 13801/j. enki. fhelxb. 20180911, 007

HEeWH:

BIREE:

5 A%

% SUF & 1R (2017 YFB0309800; 2016 YEC0400503-02) 5 [ 58 F SR BL 2 3 42 (312007195 514031525 51473122) ; KEe i BH
FEJR B0 H (16JCTPJCA4400) 5 K HETH N FH S At B i 3 ARAF 58 351 (14JCQNJC14200) 5 #i 58 [ 36 X 5 K H (2016 A03006-3)
thE YR T B G SRR S5 H (2017011

2R, T, BIEAZ, T 1 R YT 8 AR E-mail: lizheng nx@163. com

aRfR R, M4, #E2, RN A B E-mail: zhangjianfeil960@126. com

WS, B, EARMD, . ANV AT 4l R @ R - BREE R 4K T A R A SR AELT ). B A AR, 2019, 36(3): 723-729.
DONG Lipan, LI Zheng, WANG Fuying, et al. Preparation and characterization of bacterial cellulose@ polypyrrole-single wall car-

bon nanotube conductive films[J]. Acta Materiae Compositae Sinica, 2019, 36(3); 723-729 (in Chinese).



. 724 -

EAMBENR

FL LA BRI SR, DR, A S R
TR R R R

H M 20 tib4d 70 4EARLLE, SFHEBEAS Y (ECP) K
HAMSRM S ot a0 A i 12 A 2 B 25 1
RE . T 51 R AT R A Sy S M AR B R, E
ECP 1, Jknk (PPy) AR S M, R
SEME L AT SR SR L G B TG R AR A
e | AR HLREBRI . Ot AR S
AR AU 32 BN W 5835 (RS ST é
AN T AR 2R R L, BRI T 35 b b @ :
i PPy UUREE 4R 4 -] DU P X — [ a

R 24 2 (BO) ph T ELA 7 34 5 1 5 GEORETR IR 44
*ﬁﬁ%%%ﬁ%%i&&%%%@é&ﬁ@%m
mi%%ﬁ%%ﬁ%,ﬁﬁggy bt A A H e
S e b G B R R Y A
SRR ST B T K R A 7
uﬁmw%mﬁg R H T M T

Tt S b RRS2011 4F, Mueller 2577 LLAIL 2
%jkﬂﬁ?f@?ﬁ%% BC 4K B I A A4k R &
PPy #% T BC@PPy S & 41k, H § %k
mjﬂmﬁﬂ%%ﬁm%%%@§

#|1 Secm ™',
FLRE 97 5 0175 BC@ PPy & 4 bk . (3 iDSRR
Whn#) 3.9 Seem ', Lay %“‘”iﬁﬁﬁ@?
%% T BC@PPy it {fi PPy ém‘o &} ‘£ BC
MR M SR BT, Hl § 30k cm ',
SR, BC@ PPy Ji¥ 7 (N T 1
A NATTF BE YR K A B o i B B
REmBENmEEE ., ZoRAmMEEERENS
HPERE. A B9 I G 58 BC@PPy B 5 5 —Fh
ARG ) A% S e AR, L AT 3 A A B s
gk BC @ PPy 44 0K 2F 4k il & BE fik 49 K &

(MWCNTs) 4 B IR A il % T BC@ PPyMW

NTs & 5 i, H h MWCNTs 1 fi 4% ~(€
11.23 mgeem *, HLEREFIK 7.78 Seem ™', 414
Xof AR R 2 FL 25 A AT S I EE L 2R (590 mF e em ™ *) Al
R 0E 2R A5 e M. Ma 25500 FH )RR A9 O i 1 45
BC@PPy-if J5 S b A1 82 (RGOY BE G, RGO Y
T A13.5 mgeem *, BA WS, 4%
KRB EMRE LI T L mAcem "B T I
3.66 Fecm 2HI7E 50 mA«cem *HLIE F 2. 59 Feem 2
s ALY . Liu %004 PPy WAL /E BC-A b A1
B (GO MM R L il % T BC-GO@PPy B &
AoBE, BFRIKF] 13.2 Seem ', Peng 88 £

T BC @ PPy-CuS. BC @ PPy-NiS, BC @ PPy-CoS
TP R, CuS. NiS. CoS I A& T BC
@ PPy 3 i R AF R L S R, 4 Bk 5
8.2S+cm ', 5.1Secm ™', 6.6 Secm ™', HHAIL
580 Feg ', 713 Feg ', 614 Feg ', WF5EFHIEW,
TR Rl Ak 22 6 I D TIT A 8 e Al b R 1 5 e
HEAEF LAl P B

(OF BIOKAT (CNTs) BAT B S5, {5760 b fi
Feim e, T, RAFMOEEE I RAF
(Y RIL A B 3 A A 2 5 ik T 0 R 7 8 01 R
BAER AEJE H AT SRR RN K S (SWONT) 4
S bR B ST R AR A L AR SC L BC S 3 iR
EE, FERVRINEL A BB F . ¥ PPy B4 7E BC
ﬁ%%%ﬁ,#mﬁ§§mﬂsﬂﬁiﬁ%\%%
S RUF AL PRAET B JF AT S
SN 7 1

©éﬂi%éﬂﬁ?ﬁ(3c, JEE N 2 mm, LN 20~

0100 nm), A *%M%é‘xﬁ:ﬁﬁﬁé\gﬁi’%

YN KA (SWCNTs, 4ifiE N 75%), W e |
D) 5l A7 R

BHECARA A,
1.2 BC@PPy £4H
14 BC@

B H &
CNTs & & H Bl £ A A

&°1(b)), B )5 IR 50 mL BC £ 7% i A 350 mL
HCI(2 mol/1L) I FeCl, (10 mmol/L)IR-& AW+, 78
12 100 W 75 I 5 R AX o 75 15 min, P4
F£ 15 min IR E 4°C, BfiJ54450. 35 mL Py H&dn
AR AW b, I 1E 4°CF, 4 % & B 60 min,
120 min, 180 min, 300 min, 7% %] BC@ PPy & & 3
(M 1Ce)), ¥ B JE 3w L 8 000 r/min & 0>
20 min, FEJS7E 8 000~14 000 Da By BN 4 b HE1 715
Br 48 h, & 6~12 h4fe—kK, LIBREREGH Py,
BTG K BC@PPy K AluE v 13 BC@PPy & 5.
1.3 BC@PPy-SWCNTs £ & BB+ £l # &

FREL 3 mg SWCNTs A1 0. 15 g BH B 7 1 1§



HNHE, S N T 2T A R (@ SR L - BB il 2 K A L Y ) A 5 R A

. 725 -

(a) FeCl +HCI

o kol

BC nanofibers

- IJ)rmlc /

DOI\-mCrI/C
BC/PPy nanofibers

SWCNTs

\&/

-SWCNTs) & & M5 i il 45 i 72 7

Filtration ‘ '

R () B BC 9K A Y277 (b) Rl

UPPy K LF 4 BT i (o) A

Fig. 1 Schematic of synthesis procclernl cellulose@ polypyrrole-single wall carbon nanotubes (BC@PPy-SWCNTs)
hybrid membrane (a) a 1'6 ages of BC nanofibre susperision (b) and BC@PPy nanofibre susperision (c¢)
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Table 1 Properties and conductivity of BC and BC@PPy-SWCNTs membrane

Sample t/min  M,/g M/g W/wt% Thickness/mm Square resistance/(Q+sq ')  Conductivity/(Seem 1)
BC 0 0.051 — — — — —
BC@PPy-SWCNTs-1 60 0.061 0.010 19.61 0.20 11.57 4.32+0.02
BC@PPy-SWCNTs-2 120 0.062 0.011 21.57 0.18 12.22 4.55+0. 05
BC@PPy-SWCNTs-3 180 0.063 0.012 23.53 0. 16 9.73 6.424+0.02
BC@PPy-SWCNTs-4 300 0. 064 0.013 25.49 0. 20 8.92 5.61+0.03

Notes: ¢—Reaction time of PPy; My, M;—Initial mass and mass loading; W-—Mass {raction.



WML, F . 2T 2 2 3 @ IR O - B RE B 0 K BT R Y T A5 S RAE - 727 -
0.006 0.006
(b)
0.004 - 0.004 - g
d
0.002 i
< < 0.002 &
= = b
= ok d = i
o 2 oF 1y a
3 ¢ 3 a—2mV s
s} o :
-0.002 .
a—~60 min -0.002 | b—IS(rl\-’V- 57! ;
b—120 min c—l0mV - s
-0.004
c¢—180 min -0.004 d—20mV - 5"
_0.006 - d—300 min e—30mV - 5!
1 1 _0-006 1 1 1 1 1 1 1 1 1

-03-02-01 0 01 02 03 04 05 06 07 08

Potential/V e

J
Fig. 5

S HEERR, S H
., Uil BC@PP

KT HL U AR R AR X
s AT RHE JE T i A

*mﬁ¢M§@§ MR A T, A R
C) AT UL, CV 28 6 T AL 25

& 6 4 BC@PPy-SWCNTs Jist i) 1
(GCD)H 14, A%, BC@PPy-SWCN

GOEIPUN o

K 7 4 BC @ PPy-SWCNTSs I i 32 ¥ BH $t
(EIS) #h k. ®l %1, BC @ PPy-SWCNTs Hi, 2 i
Nyquist [H14& 4556 43 1 2F B R R A8 43 11 3
LR A, b B X BELA A S (2 R B T A
K1 LB N A X ) 7 B, IO B ) e )
BIC T HL B A F A PR BB . 7E RN B E] A 300

(2" Fcilr T v 25 M B I B L fr A% 3o BELBE e /DN
L FaL i A2 386 BELAC B 2R 65 BT ) 18 385 o 77 98 /)

8 N BC@PPy-SWCNTs fist B 4% 44 8} 1 i X
ARSI OC R, AT, AR AR P B LR
T, F B A A 180 min B, BC @ PPy-SWCNTs
HLA A TR AL A B 4F . ZECFE LN 5 mA - em
mf, K2 A A 180 min B, HE FR H 2 AT Gk
0.53 Fecm %, BEEZE 15 0.036 mWhecem 2, I
RBFEIRF 1.75 mWeem >, TEEMBCRBE T,

Cyclic voltammetry (CV)
30 ' and with 300 min reaction time at different scan rate@

I

3,

-03 =01 0.1 0.3 0.5 0.7 09
Potential/V

K5 BC@PPy-SWCNTs S HiBE7E %7 30 mV e s™ U] BRI i) T RO FRAR 2 ih 2k (CV) () J
S 300 min AFEHFERT CV L (b)

BC@PPy-SWCNTs conductive film with different reaction times at scan rate of

0.6

a—~60 min

b—120 min
¢—180 min
d—300 min

e = 2
W B i

Potential/V
=
(¥

-0.2
0 10 20 30 40 50 60 70 8a
Time/s
0.8
07k (b) a—5mA - cm?
’ b—10mA - cm™
0.6 ¢—I5mA - cm™
05 [ d ¢ b a d—20 mA - cm™

e—30 mA - cm?

Z 04
£ 03
i)
2 02
Q 0.1
O

OII(JI2U 3I0 40I50I60I?0
Time/s
5 6 BC@PPy-SWCNTs IR7EH % E R 5 mA+cm 2
AN TR 52N I ] T 54 1 FL U FE T (GCD) it 2% Ca) B 52 7 i) Sy
300 min 7E A 7] L 3% BE R 9 GCD B2k (b)
Fig. 6 Galvanostatic charge-discharge (GCD) curves of BC@PPy-
SWCNTs film with different reaction times at current density of
5 mA+cm 2(a) and with 300 min reaction time at different

current densities (b)

I B 18] 2 300 min B, BC@PPy-SWCNTs i (1
AL A e AR N 15 mA s em PR R



-3

Do

o
.

EAMBENR

g 30

N a—~60 min

5 | b—120 min a
3 ¢—180 min

& d—300 min

8 201

5

=

g

=1

E

=

S 10F

E

e

£

E 0F L 1 1

10 20 30 40
Real part of impandance spectrum Z';'QU

different reaclio%jso
Q\Qﬂb

0.6

a " a—~60 min
E 03T b—120 min
. ¢—180 min
e 04y d—300 min
3
§ 03 r
b o\
-]
! \-\
=
2 a b ¢ d
< x‘

0 -

h
=
o
[ o)
=3
2
h
[
=3

Pl 8 ORIF Sz B ] ) BC@P Ts FHER
R L AL R L5 TR AR KA M
Fig. 8 Areal capacitances versus different discharge currents of

BC@PPy-SWCNTs films with different reaction times

JR 5[] % 300 min B}, BC@PPy-SWCNTs [fij
25558 0.30 Feem *, f£30 mAscm ‘HHIREE
T, KW [E] 300 min Af BC@PPy-SWCNTs J#
AR AR T 0.1 Feom * B AL HL 28, HHL %
BAE R 22%,
3 % it

(D) FEARWR AT AT 26 A R A5 o0, 8 &
BMREN R EEMES SR EAR T EA S H
SN AW LR @ Rk M- RE R g8 Ok 4
(BC@PPy-SWCNTs) S & & # B, Hib G %
i£6.42 Secem ',

(2) 4 1 BC@PPy-SWCNTs § & & #
BHEE B R B e F MERE, fE T OH BN
5 mAecm ‘B, HmAHEZAETES 0.53 Feem 2,

fE %5 3K 0.036 mWh » em 7, I 3 %5 FF 35 5|
1.75 mW+cm ?, BC@PPy-SWCNTs I & 22 i
TR 2 o 25 2% B9 H A AR

S E 3HR

[1] LIANG HW, GUANQF, ZHU Z, et al. Highly conductive
and stretchable conductors fabricated from bacterial cellulose

@[J]. NPG Asia Materials, 2012, 4(6); 1-9.

based supercapacitor devices and electrodes[]J]. Journal of

@%] SNOOK G A, KAO P, BEST A S. Conducting-polymer-

Power Sources, 2011, 196(1): 1-12.

[3] RAMYA R. SIVAUBRAMANIAN R, SANGARANARAY-
ANAN M V. Conducting polymers-based electrochemical
supercapacitors: Progress and prospects[ ] ]. Electrochimica
Acta, 2013, 101: 109429.

4] AEma, w#hig. 20k W B 2 M &2 & AR & 5 R AE

2012, 29(5): 41-46.

. Preparation and characterization of PPy/

sitae Sinica, 2012, 29(5): 41-46 (in Chinese).
KB, 2240, K&k, 55 Bk / Ak 2245 ARl

<)
@ F R ]. EEMEAR. 2016, 33(3): 572-579.

FUC]J, LIS, SONG C L, et al. Preparation of@)yrrole/

graphite oxide composite and its capacitive rties [ ] .
Acta Materiae Compositae Sinica, (3): 572-579
(in Chinese).

[ 6] Bk 45T 2es/ R A B R B ] A R

fELD]. L. RAER¥
TANG L. Preparati characterization of bacterial cellu-

lose/polypyrrole

mater& >

_ERA D, RAMBOB C R, RECOUVREUX D O S, et

ble conductive composite membrane

(o]
anghai: Donghua University, 2013 (in

[7

? Chemical in situ polymerization of polypyrrole on bacterial

a
O\ cellulose nanofibers[ ]J]. Synthetic Metals, 2011, 161(1-2):

106-111.
(81 wEmiky, 2B, BIH1%. . 407082 4 5 Mk 5 K% v H 19 3T 58
HEIELT]. BAEY#E . 2014, 41(8): 1675-1683.
WANG L F, LI Z, JIA SR, et al. The research progress in
characteristics and applications of bacterial cellulose [ J].
Microbiology China, 2014, 41(8): 1675-1683 (in Chinese).
[9] FEmIZE, 2B, B30, 5. P4 4 2% 5 66k B 58 0 it
JBLI]. MEBHES T, 2018, 26(1) . 88-96.
DONG L P, L1Z, XIA W, et al. The new research progress
on composite material of bacterial cellulose[ J]. Material Sci-
ence and Technology. 2018, 26(1): 88-96 (in Chinese).
[10] KIZILTAS E E, KIZILTAS A, RHODES K, et al. Electri-

cally conductive nano graphite-filled bacterial cellulose com-



HNHE S N T 2T A R (@ SR L - BB il 2 K A L Y ) A 5 R A

. 729 -

posites[J]. Carbohydrate Polymers, 2016, 136. 1144-1151.
B, B AREE) L G AT A 4R A BRI BT R
[J]. AL TB bR, 2016, 44(11): 20-22.

XIA W, LI Z, HUA J C, et al. Research progress on com-

[11]

posite material of bacterial cellulose[J]. New Chemical Mate-
rials, 2016, 44(11): 20-22 (in Chinese).

BUSL AR, JTT T 2 v 7 e 11 SR ML I 52 5 2 00 W A b R 80 7
KAEREWFZELD]. B RINGTH K, 2014,

ZHU L G. Investigations of polypyrrole-coated textile sub-

[12]

strate as supercapacitor electrode[ D]. Wuhan: Wuhan Te

tile University, 2014 (in Chinese).
MAKARA L. ISRAEL G T, TARRES J A, et_al\"#ikh

electrical and electrochemical properties in bac f!’ﬁllose/

polypyrrole membranes [ ] ].
2017, 91: 1-9.

LIS H, HUANG D K, YA al. Freestanding
bacterial cellulosepolypyr@%lbres paper electrodes for
advanced energy s ces[J]. Nano Energy, 2014,
9: 309-317. g@

MA L, LIU %7 H J, et al. Freestanding conductive film

[13]

European mér Journal,

[14]

[15]

p?/rrole/bacterial cellulose/graphene paper for

apacitor: Large areal mass exhibits excellent

capacitance [ J ]. Electrochimica Acta, 2016, 222
429-437.

[16] LIUY.,ZHOU]J, TANG]J, et al. Three-dim

A

(@)

A

ensiona %{#
ically bonded polypyrrole/bacterial cellulose/ com-

posites for high-performance supercapacitors[ J]. Chemistry
of Materials, 2015, 27(20) . 7034-7041.

[17] PENG S, FAN L L, WEI C Z, et al. Flexible polypyrrole/
copper sulfide/bacterial cellulose nanofibrous composite mem-
branes as supercapacitor electrodes[ J]. Carbohydrate Poly-
mers, 2017, 157 344-352.

[18] PENG S, FAN L L, WEI C Z, et al. Polypyrrole/nickel sul-
fide/bacterial cellulose nanofibrous composite membranes for

@@ﬂexible supercapacitor electrodes[ J]. Cellulose, 2016, 23

(4): 2639-2651.

[19] PENG S, FAN L L, WEI C Z, et al. Flexible polypyrrole/
cobalt sulfide/bacterial cellulose composite membranes for
supercapacitor application[ ] ]. Synthetic Metals, 2016, 222:
285-292.

[20] KUMARA S, NEHRAAB M, KEDIA D, et al.

ti aterial for energy conversion and
storage [ J]. Prog S@Energy and Combustion Science.
2018, 64, @ @o
N J L, JIANG Z L.
pyra le
(o]

Carbon

nanotubes: A poten

Flexible conductive poly-

ocomposite membranes based on bacterial cellulose

O

mphiphobicity [ J ]. Carbohydrate Polymers. 2015,
: 230-235.

MULLERA D, RAMBOB C R, PORTO L. M, et al. Struc-

ture and properties of polypyrrole/bacterial ce

composites[ J ]. Carbohydrate Polymers., @ 94 (1)

655-662. e@o

S€ nano-



