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Abstract: Bacterial cellulose (BC), an eco—friendly bio—product obtained from fermentation of various microorgan-
ism, consisting of the interconnected networks structure attracted widespread interest due to its unique physical prop-
erties, including the large specific surface area, remarkable mechanical strength, high water-holding ability, good
chemical stability, and environmental benign material. These advantages enable BC to be applied to fabricate the
highly versatile three—dimensional (3D) carbon nanomaterials, and tunable flexible scaffold to support other multi-
functional materials. In this review, the production process of various carbon nanofibrous composites based on BC,
such as carbon nanofiber (CNF), doped CNF, CNF/metal oxide and CNF/conducting polymer, is presented. Their
emerging applications in supercapacitors are illustrated, in particularly, the design of hybrid bendable electrodes based
on BC substrate for flexible supercapacitor is highlighted. The challenges and opportunities in this fascinating area of
designing functional nanomaterials and flexible electrode from BC for various energy storage are addressed. Moreover,
the perspectives are given for the future development, including several significant kinds of study for applications in
the rechargeable battery.
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Fig. 1 (a) Photograph of the production line for BC®!; (b)
Schematic model of the plant cellulose fibrils (left) and the BC

microfibers (right)™; (c) Photograph of BC slice; (d) SEM and
(e)TEM images of BC!
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Table 1 BC-based carbon material electrodes for supercapacitor

. Function Potential Capacitance/ Rate Stability Highest energy nghest.power
Material of BC window/V (F-g™ capabilit (cycle number) density/ density/ Ref.
CO; activated  Active -0.2-0.2 42 (1mV-s™h 70% . . [14]
CNF material (vs. Ag/AgCl) (659 mF-cm™) (10 mV-s™")
Active -1-0 108
CNF material (vs. Ag/AgCl)  (2A-g)) - - - [15]
Active -1-0 261 76.6 .

PCN/CNF - aterial (vs. HyHgO) (2 mV-s™) (500 mV-s ™) 97.6% (10000) o T [18]
PPCCI\II\;/CCI\II\IFF// n[;itelrvlzl 0-1.8 — — 94.8% (10000) 20.4 17.8 [18]
N,P-CNF//  Active 204.9 .

NP-CNF  material 0-1 (1 AgY — 100% (4000) 7.76 26.1 [2]

Active 0-1 171.2 1 o
N-S-CNF-700 "~ *, (vs. AG/AZCD) (0.5 Ag) 1052 (10 A-g™)) >90% (1000) — — [20]
KOH activated Active 0.9-0.1 1 75% o
N-CNF material  (vs. SHE) 200 @ mV'ST 500 mygty  99% (10000) - - [12]
Active -1-0 1 o
N-CNF material (vs. Ag/AgCl) 120 (1 A-gh — 98.2% (5000) — — [13]
Active -1-0 o1 Lol o e o
NP-CNWs (vs. Hy/HgO) 258 (1Agh) 208 (10Agh)  98% (30000) [26]
I;I\}PP‘_CCI;I\IY;: / n‘;izr‘i; 0-1 74 (0.5 Ag™) — 87% (6000) 5.4 0.2 [26]
Active -1-0 194.7 . .
CNF aerogels - (vs. AgACl) (0.5 Ag) 108.7(10 A-g™)  94% (5000) — — [19]
@ BC BC/PANI
{4
L - ..,;f.'_f.'»‘-’-,'t .:acx.:{;é.}p"z&i‘ -

Polymerization

1 . Carbonization 1T %
— ] """“"L"i:-:..-.g S, m— T~ g
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7 i\
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H1210© & 3001 @ -o-N-CNF/MnO, <
7 5 250 ~=MnO, '5 100 <
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B2 (a)dEx FR7ALEE 2 r 25 2% 1 5 22 B, (b)N-CNF/MnO, ) TEM ), (c)N-CNF/MnO,
HLHZ I GCD Ik, (d)J5f i b H 2 R () 0 P e o k)
Fig. 2 (a) Schematic diagram for asymmetric supercapacitor device; (b) TEM images, (c) GCD curves,
(d) specific capacitance and (e) cycle performance of N-CNF/MnO,!'?!
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[F 44 R T 524 1 3D B4 KA RN 3(a)). JCR A
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doped carbon
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K3 (a)ZkJ5 T8 2% CNF il & i FE E, (o)t R, (o) CV 2k, (d) GCD il e il (e) I ¥ A 5 i)
Fig. 3 (a) Fabrication process of heteroatom—doped CNF; (b) Elemental mapping images of C, N, P, and O for N, P-CNF;
(¢) CV curves, (d) GCD curves and (e) cycling stability test of N,P—CNF supercapacitor
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ANEEA A, RIS N(N-5). HERER! N(N-6)-
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S, T N—oxide I LA HL MR A4 L 35 7K
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FFIRIT7iE, AN E S f i NH H,PO, F1 CO(NH,),
1% N,P—-CNF.

SER R —REAIREE., KSAE. RIFHT
JEE it | v PSR T AR = 5 B ) = 4Rk 2 AL

B, MR KB A AR
HETZ RN AP, Xu 25900 BC O NRTIRE S
T A FLA A SR A ) B -5 45 I B SRR,
P 2 0 2 2% B AR T B L B %A 78.7 pF-em 2,
X T LU BB A B e 5
SHEAEVMAARSTE. 5 REG LR
P e, AT DI S AT 2 SN B LA 2 TR
Fe TR0, (B B 2 IS PR R T SR ) T3
BE—20 R, TR R EAT BT i b 2 AR e
BHEREEEENHTEMEREEASEMN. Muller
2t TV 3o J5 o7 58 4 o SR N g (PPY) 34 40 b (1, 78 76
BC KL 4L IE A A% 5285810 PPY/BC B
B EAEWEE N PUAR 3 BEK 5 S BR #E,
SHRIEF] 77 Sem”!, HLUILRT SCERIRGE = 3
B, PPY/BC L N 316 F-g s N T#E—25
o S R L P RS, Liu 2P N GO K% 3D
HZEM 4 PPY/BC/GO REMEL, %450 Wl
FEEHRAL R 1 23 B, JR8G i e] Befuh L. a0l 4 B
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=76 PPY/BC/GO EE MBI R 75 HL 3D 4%,
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N~

4 (a)PPY/BC/GO &I & AL, (b~O/RFEA f) SEM Hi f 0¥
Fig. 4 (a) Synthesis scheme of PPY/BC/GO composites; SEM images of (b) pristine GO, (c) cross—linked BC/GO,
(d) a single layer and (e) multilayers of PPY/BC/GO hybrid, and (f) PPY/BC core—sheath hybrid™®
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Table 2 BC-based composites electrodes for supercapacitor

Stabilit Highest Highest
Material Function Potential Capacitance/ Rate capabilit (c cley energy power o .
of BC window/V (Fg™h P y nuri/lber) density/  density/ ’
(Wh'kg")  (kW-kg™")
Active 0-1 254.64 77.53%
CNF@MnO, material  (vs. Ag/AgCl)  (1A-g) (10A-g") - - - [24]
CNEE@&“FO“ / H‘zctte‘rvl; 0-2 — — 95.4% (2000)  32.91 284.63  [24]
. Active 0-0.6 957 1 0
Ni;S,/CNF material (5. Ag/AC) (1 A 703 (8A-g")  16.5% (1000) — — [15]
Ni;S,/CNF//CNF nﬁizle 0-1.7 a if_'g,l) 354 (10 A7) 97% (2500) 25.8 0425  [15]
Active 0.15-1.15 273 75%
CNF/MnO, material (vs. SCE) 2mv-sh (100 mV-s™) o o o [12]
Active 113 53% N
CNF//CNF/MnO, = L 0-2 Q0mV-s!) (10200 my-sy 92% (5000) 63 8 [12]
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N-CNF@LDH it (AgAeC)) (gl —S4T00AgY 744% (5000) — — [23]
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Fig. 5 Photographs of (a) BC paper and (b) flexible CNT/BC paper; (c) Cross—sectional image of CNT/BC paper; (d) GCD curve

and (e) CV curves for CNT/BC/ion gel flexible supercapacitors; (f) Photograph of a LED turned on by the flexible supercapacitors
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Table 3 BC-based electrodes for flexible EDLCs

Material Function of BC window/V (mF-cm’z)

Potential ~ Capacitance/ Capacitance/ Rate

Stability Highest Highest
(cycle energy power Ref.

N .
(Fg™) capability number) density  density

Active material —0.8-0.2 2106 76% 100%
N-CNF/RGO/BC " ¢ bstrate (vs. Hg/HgO) (1 mV-s™) 263 (50 mV-s") (2x10% o [43]
N-CNF/RGO/BC// Active material 01 810 o 755 99.6% 0.11 27 [46]
N-CNF/RGO/BC & substrate 2mvV-sh (50 mV-s™") (10 mWhem? mW-cm™
Active material —0.8-0.2 1900 1554 100%
N.P-CNF/RGO/BC ¢ ' bstrate (vs. Hg/HgO) (2 mV-s™") 244.8 (50 mV-s) (2x10% o [16]
I\];’g;/g\f/ggg Active material 01 690 620 99.6%  0.096 19.98 [16]
S — | — ol 4 2 )
RGO/BC & substrate 2mVss) (A0mV-s) (1x10") mWh-cm™ mW-cm
-0.2-0.8 160 68 90.3%
BC/GO electrode Scaffold (vs. SCE) — 04 Ag") CAagl)  @x10% — [44]
BC/CNT/ion gel 18.8 42.0 99.5% 15.5 1.5
supercapacitors  >UST® 03 oomvshy % (so0mves) (5¢109 Wikg! kwkg! [41]
a—CNF//BC gel// Active material o o
a—CNF superca- & electrolyte & 0-1 0.1 rr21i9-cm’2) (10 11710A-/ocm’2) 6(?070? — [60]

pacitors separator

Liu 25 M5 8 A WU T3 2 O 2 HLbR NP-CNE/
RGO/BC £ HL 4L 57 1) EE B 25(2588 mF-cm ) A1
MR VE(E 3). Nt o i PEfE, Ma &1
K FH T ORI 200 g il % N-CNF/RGO/BC ZE 1%
B, — SRS RIN B A 3D Pk E AW, I
H¥ GO BH#:ib )5 N FH RGO. 437l LL KOH Fl
H,SO, 9 MR O AR ek B 5 2, i K RE R

i R T 225 B 43 BT 34 0.11 mWh-em 2/27 mW-cm >
1029 mWh-em 2/37.5 mW-em 2o JL40H o8 2 A ik
40.7 MPa, F H %37 AN[E 1 A BT DR 3 R 47 (1 B AL
AaEtE. BC AR EE R Fr 4l ) 2 v AR T8
[ P B B 0 e AR B B M, LB IR R AL
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FL 2 (A 7T Bl v b B R
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Fig. 6 (a) Photographs of CNT/BC paper and PANI/CNT/BC paper; (b) SEM image and (c) CV curves of PANI/CNT/BC

electrode; (d) Schematic structure, (¢) digital images and (f) CV curves for flexible supercapacitor

[1]



154 T AL A R R

¥ 35%

400 06
@
g )
< 200f z0s
o0
=0 T o4}
2z 9 o
Wl
z 203
3 =
g =200 o2}
& ~
—400 L— " N N N 0.1 ) N L A L
01 02 04 05 06 0 500 1000 1500 2000 2500

Potential / (V vs. Hg/HgO)

Time / s

7 Ni(OH)/RGO/BC ff](a)SEM Fl(b) TEM & '; (c,d)Ni(OH),/RGO/BC 1] SEM #} [ Hi F;
Ni(OH)/RGO/BC % [f1(e)CV FI(HGCD i 1%
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