
REVIEW

Recent approaches and future prospects of bacterial

cellulose-based electroconductive materials

Xiao Chen1, Fanshu Yuan1, Heng Zhang1, Yang Huang1, Jiazhi Yang1, and Dongping Sun1,*

1Chemicobiology and Functional Materials Institute of Nanjing University of Science and Technology, Nanjing, China

Received: 25 October 2015

Accepted: 14 March 2016

Published online:

22 March 2016

� Springer Science+Business

Media New York 2016

ABSTRACT

The interest in studying cellulose especially bacterial cellulose (BC) and BC-

based composites has increased dramatically, due to their outstanding proper-

ties. Among them, BC-based electroconductive composites seem to capture

more attention because of their perfect structure and controllable synthesis as

well as potential values. Meanwhile, the development of carbon fibers is

becoming a hot spot in recent years. Here, we concentrate on describing their

numerous approaches, and some improvements in the process, which are dis-

cussed in greater details with an emphasis on their functional properties and

potential applications. The challenges in commercial scale applications are

discussed and the efficiencies of various electroconductive composites are

compared, in order to exploit its far-reaching application value.

Introduction

As a ubiquitous natural polysaccharide, cellulose has

been extensively applied in commercialized markets,

including paper, textile, food, medical, reinforcement

agent, and electronic industries. While cellulose is the

primary structural material of cell walls in most

plants, it is also synthesized from several types of

bacterial species [1]. Bacterial cellulose (BC), or

microbial cellulose discovered by A.J. Brown, was

initially produced by Acetobacter xylinum in 1886 [2].

These fibers undergo the process of crystallizing,

forming self-assembled bundles and further tightly

aggregate to form a fibrillar ribbon(\100 nm wide),

which is an ultrafine fiber (1/10 to 1/1000 compared

with pulp fiber) [3]. Finally, these ribbon-like fibrils

transform into a three-dimensional (3D) reticulate

structure (Fig. 1). The formation of 3D hierarchical

structure can be related to the bacteria cell division

and random motion during the cellulose synthesis

process [4–6].

Apart from its ideal structure, BC has some other

excellent properties superior to the cellulose pro-

duced by plants. It possesses higher chemical purity

without pectin, hemicelluloses, or lignin. The ultra-

fine interconnected structure endows BC with ample

porosity and specific surface area, which can serve as

a matrix to support other functionalized materials.

Furthermore, abundant hydrogen bonds and the 3D
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structure make BC possess high hydrophilicity and

water-holding capability, which is characterized by

the water-retention of 1000 % (while just 60 % for

plant-derived cellulose) [7]. Moreover, BC also bears

the merits of high crystallinity (60–90 %) and higher

degree of polymerization (2000–8000), which lead to

high Young’s modulus, great tensile strength [8, 9],

and stable chemical properties [10].

On account of all these meritorious properties,

great efforts have been dedicated toward developing

BC-based materials, especially conducting or optical

materials [11–14]. Numerous materials have been

involved, as shown in Fig. 2, including conducting

polymers, graphene and graphene oxide, carbon

nanotubes, and carbon nanofibers. Advantages such

as high hydration, excellent strength, and flexibility

are combined with their intrinsic conducting prop-

erties, and the limitations are ameliorated [15, 16].

Today, also owing to their low cost, renewability,

biocompatibility as well as biodegradability, BC

membranes have attracted great attention in indus-

trial scale production via the microbial fermentation

process for the versatile application especially in fuel

cell, ion battery, flexible supercapacitors, and other

electrochemical devices.

Overall, the main focus of this review is not only to

summarize current knowledge of BC-based conduc-

tive composites in recent 5 years but also to provide a

Figure 1 SEM image of 3D BC network contained Acetobacter xylinum (left) and Schematic diagram of the structure of BC

nanocomposites (right). Reproduced from [6] with permission from Yang et al. (2012).

Figure 2 General routes to

electroconductive bacterial

cellulose composites and their

wide applications.
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comprehensive comparison of various conducting

nanomaterials decorated by BC, which generally

focus on their properties as well as potential value in

the electrochemistry application. Owing to the

rapidly expanding nature of this interesting field, we

hope that this review can provide a helpful overview

and insights to readers in this exciting research area.

Electronic and catalytic applications

Combination with conducting polymers

Since 1970s, electronically conducting polymers (ECPs)

have received intensive interest for flexible electrodes

due to their excellent conductivity, controllable syn-

thesis process, and low density [17, 18]. Their wide

applications involve electrical and optical devices,

chemical and biological sensors, electromagnetic

shielding materials, and even solar cells [19]. The

growing attention of using bacterial cellulose as a suit-

able matrix is mainly attributed to the improvement of

mechanical strength [20, 21]. Among ECPs, poly-

pyrrole(PPy) is considered as a hopeful conducting

polymer in electronics, optical, biological, and medical

application areas for its direct polymerization, bio-

compatibility, and electrical conductivity with control-

lable synthesis process [22, 23]. Shi et al. [24] used

regenerated nanoporous cellulose gels (NCG) as the

template, which were prepared from aqueous alkali/

urea solutions, and employed in situ vapor-phase

polymerization of pyrrole monomers in the NCG

matrix (Fig. 3a). The NCG/PPy composite hydrogels

demonstrated good mechanical stability (Fig. 3c, d, e),

sufficient electrical conductivity (up to 0.08 S/cm), and

even good biocompatibility. Wang et al. obtained

ordered core–sheath nanostructured BC/PPy nanocom

posites which showed outstanding electrical conduc-

tivityashighas77S/cm[25].This result is far optimized

than other research results [9, 26–28]; because of its

excellent electric conductivity, stable thermal stability,

and well-controlled microstructure, this composite

extends the applications of new conductive materials

based on BC/PPy [29].

Figure 3 (a) Preparation of NCG/PPy composite aerogels. (i) The

NCG hydrogel with interconnected nanofibrillar network is solvent

exchanged with ethanol, and then impregnated with a solution of

FeCl3 in ethanol to form the NCG/FeCl3 alcogel. (ii) PPy

nanoparticles are formed by in situ vapor-phase polymerization

of pyrrole monomers supplied as vapor, giving the NCG/PPy-1

composite alcogel. (iii) Repeating the second step two or three

times gives NCG/PPy-2 and NCG/PPy-3 composite alcogels,

respectively. (iv) Drying with supercritical CO2 gives NCG/PPy

composite aerogel. (b) Schematic representation of pyrrole

polymerization with FeCl3. Macroscopic views of NCG/PPy-3

composite hydrogels under (c) bending, (d) rolling (internal

diameter of 10 mm), and (e) torsional loading, and (f) NCG/PPy-3

composite aerogel. Reproduced from [24] with permission from

Shi et al. (2014).
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It should be pointed out that although the efforts

have been made to exploit new oxidants, such as

ammonium persulfate(APS), BC/PPy�FeCl3 compos-

ites seem to present higher interaction of functional

groups than BC/PPy�APS composites so that the for-

mer provides higher electrical and mechanical prop-

erties [30]. Instead, by doping with stretchable

polymer or carbon materials, the flexibility and con-

ductivity have been successfully raised. A highly

conductive membrane based on BC/PPy/multi-wal-

led carbon nanotubes (MWCNTs) with a high mass

loading in the range of 7–12 mg/cm2 and efficient

performancewas reported.The value of its capacitance

(2.43 F/cm2 at a discharge current of 2 mA/cm2) was

higher than that of PPy-coated papers (1.5 F/cm2) [31].

Polyaniline (PANI), owing to its low cost, ease of

preparation, environmental stability, and reversible

acid/base doping characteristics, is now widely used

in conducting polymer composites [32, 33]. Various

strategies, including template synthesis, self-assem-

bly, electrospinning, electrochemical methods, rapid

mixing polymerization, and interfacial polymeriza-

tion, have been developed for the synthesis of PANI

nanofibers andnanotubes [34].With BCmaterial as the

template, PANI/BC conductive nanocomposites have

been successfully fabricated by oxidative polymer-

ization of aniline using ammonium persulfate as the

oxidant. The process is shown in Fig. 4. It was found

that the PANI particles could uniformly deposit on the

surface of BC to form a continuous nanosheath by

taking along the BC fibers, which greatly increased the

thermal stability of BC [35]. The electrical conductivity

was enhanced from 10-8 to 10-2 S/cm by controlling

the reaction time and the amount of PANI used [36–

38]. In addition, the composites showed amazing

combination of flexibility and conductivity, which

could be bent by 180� without breaking. The work

opens a new field to prepare flexible conducting films

with BCmaterials [39]. Wang et al. developed a highly

conductive BC/PANI nanocomposite with conduc-

tivity hitting 5.1 S/cm. They dissolved BC in a mixed

solvent of DMF and distilled water before reaction

steps. Figure 5 shows that with the PANI coating, the

morphology of the 3D network of nanocellulose

changes into a flake structure. From Fig. 5a, b, c, d of

homogeneous BC/PANI fibers, DMF may play an

important role in diffusion of aniline monomer in the

mixture, resulting in concentrating aniline on the sur-

face of BC nanofibers and inner 3D networks for

polymerization. In addition, it was found that BC/

PANI electrode retained about 94.3 % (234.7 F/g) of

initial capacitance after 1000 cycles. This good stability

may be ascribed to the well-ordered BC/PANI com-

posites and strong interaction between the BC core and

the PANI shell [40]. Furthermore, PANI/BC compos-

ites could also be constructed as an excellent three-

dimensional template for hydrothermal growth of

MoS2 nanosheets after nitrogen-doped carbonization

[41]. The hierarchical nanostructures and coarse sur-

face of N-doped carbon nanofibers were beneficial to

Figure 4 Photographs of

a BC hydrogel and b BC–

PAni hydrogel and c schematic

diagram showing the

experiment process, the

chemical structure and

synthesis of PANi in the BC

hydrogel. Reproduced from

[35] with permission from Shi

et al. (2012).
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the diffusion of MoS2 precursors into the inner space.

These synergistic effects ensure the excellent electro-

catalytic activity and stability of the composites, which

provide a new strategy for design and application of

bacterial cellulose andMoS2-based nanocomposites in

energy conversion and storage areas.

Another electrode material with attractive mor-

phology was fabricated via in situ synthesis of PANI

on regenerated cellulose microspheres (CM) using

phytic acid (PA) [42]. PA with phosphorus oxygen

groupswas believed to form strong hydrogen bonding

with polyaniline serving like a bridge between PANI

and CM. From the SEM images in Fig. 6, the CM

microspheres exhibited homogeneous porous struc-

ture with pore size ranging from about 100 to 200 nm,

and the loose structure induced the formation and

rapid aggregation of coralline PANI on the surface of

the CM. Due to this homogeneous micro- and nano-

porous architecture, the PANI/PA/CM exhibited

excellent cycling stability (over 12,000 cycles), high rate

capability, and good conductivity as an electrode

material. They open a new gate with large scale and

cost-efficient strategy to construct highly efficient

electrode materials in energy-storage devices.

Recently, BC conducting composites incorporating

with poly(3,4-ethylenedioxythiophene)–poly(styrene-

sulfonate) (PEDOT:PSS) have attracted considerable

interest, because of their strong chemical interactions,

ionic nature, as well as high conductivity [43, 44]. The

composites were usually prepared by ex situ incor-

poration PEDOT: PSS into BC pellicles so that the

three-dimensional structure of BC could be preserved.

The electrical conductivity could raise up to 12.17

S/cm for only 31.24 wt% PEDOT:PSS loading, which

confirmed PEDOT: PSS was more efficient than PANi

or PPy [43]. Chen et al. [45, 46] made efforts to explore

both biocompatible and electrical performance of 3D

BC/PEDOT/PSS nanofibers. Human mesenchymal

stem cells (hMSCs) presented good attachment and

proliferation on the scaffolds. Moreover, PC12 cells

Figure 5 FE-SEM images of BC/PANI nanocomposites with 86 wt% PANI prepared from a pure H2O, b DMF/H2O (1:2, v/v), c DMF/

H2O (2:2, v/v), and d DMF/H2O (3:2, v/v). Reproduced from [40] with permission from Wang et al. (2012).
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responded with the conformational changes of the

proteins, when they received the electrical stimuli of

charge injection. They confirmed these 3D BC/PEDOT

nanofibers could also meet the needs of bio-sensing

devices, smart drug delivery systems, and

implantable electrodes for tissue engineering. What is

more, Wang et al. [47] reported a soft biomolecule

actuator based on carboxylated bacterial cellulose

(CBC), ionic liquid (IL), and PEDOT:PSS electrodes.

Carboxylic acid groups in TEMPO oxidized bacterial

cellulose could greatly contribute to the absorption of

ionic liquid so that enhancing ion transport properties.

The soft CBC–IL actuator exhibited better tip dis-

placement in both the step and harmonic response

cases due to the higher ionic exchange capacity, ionic

conductivity, and an exceptionally superior elonga-

tion. This high performance electroactive actuator

shows great potential in soft wearable electronics and

flexible bio-medical devices.

Combination with graphene

Produced in lab in 2003, graphene (GE) and graphene

oxide (GO) have emerged as novel versatile

electronic carbon materials brought into sharp focus,

which form unique two-dimensional structures with

unexpected physical properties including high con-

ductivity, accessible surface area, and high mechan-

ical strength [48–50]. Due to enough functional

groups including hydroxyl, carbonyl, and epoxy

groups on their basal planes and edges, they have

served as polymer matrixes reinforcement [51, 52].

To the authors’ best knowledge, just two system-

atic attempts to obtain the combination of GO with

BC have been reported so far (as shown Fig. 7) [53–

55]. For one thing, fabricated BC as flexible substrates

are covalently bonded with GO nanosheets via

mechanical mixing method [54]. Feng et al. [32] pre-

pared free-standing disk-like BC/GO films. Com-

pared with pristine BC, the modulus, strength, and

electrical properties were obviously enhanced, but

the elongation at break was decreased due to the

brittle nature of the GO sheets. However, this method

has the drawback that the conductivity is in pace

with the GO content while the higher conductive

composites could be extremely fragile. On the base of

this, Liu et al. [53] reported parallel-aligning GO

covalently reinforced with BC via one-pot

Figure 6 a, c SEM image of a cellulose microsphere (CM);

b high magnification SEM image of the surface; d, f SEM image

of the PANI/PA/CM; e a high magnification SEM image of the

surface; g electrochemical performance for a two-electrode device

with PANI/PA/CM films as the electrodes: normalized CV curves

under a sweep rate from 2 to 100 mV/s; h cycling stability and

coulombic efficiency for 12,000 cycles under 2 mA. Reproduced

from [42] with permission from Xu et al. (2015).
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esterification. They formed an excellent conductive

material with the electrical conductivity of 171 S/m,

which was increased by 4 orders of magnitude than

that in the literature [32]. What is more, compared

with the preparation by physical mixing (BC/GOPM)

without dicyclohexylcarbodiimide (DCC), as shown

in Fig. 8, we can see obviously greater aggregation of

GO sheets in Fig. 8a, b than those in 8c, d, e, f, so it

can be readily ascertained that DCC plays an

important role in strongly crosslinking carboxyl

groups of GO and hydroxyl groups of BC to form the

interconnected structure in esterification. Moreover,

the unique 3D composites exhibit outstanding

capacitance retention about 90.3 % after 2000 charge/

discharge cycles, shown in Fig. 8g, which have the

potential for robust supercapacitor application.

Luo et al. [54] added GE suspension into BC cul-

ture medium, the hybrid nanostructures can ensure

an even distribution of graphene nanosheets in the

BC matrix and retain the unique network structure of

BC in the meanwhile. After adding graphene, the

crystallinity of hybrid BC was decreased while the

structure of graphene sheets was still unchanged.

However, GO has been reported to have remarkable

antimicrobial property which may have great effect

on bacteria to produce cellulose in the fermentation

[56, 57]. Therefore, BC hybridized with antibacterial

agents has yet to be well resolved. The highest elec-

trical conductivity (1320 S/m) and the largest volu-

metric capacitance (278 F/cm3) ever shown by

intercalating graphene sheets with BC nanofibers

were reported by Liu et al. [58]. With wrapping PPy

onto chemically bonded BC/GO hybrid, well-defined

3D electrical conduction path was constructed and

the negative effect of oxygen-containing groups on

GO surface was eliminated. This PPy/BC/GO com-

posite also revealed high specific capacitance and

remarkable recyclability (95.2 % capacitive retention

for asymmetric after 5000 recycles), which was first

reported on such chemically bonded hybrid com-

posites as working electrodes for supercapacitors.

Combination with carbon nanotubes

In recent years, carbon nanotubes(CNTs) have

inspired a great deal of interest for flexible electro-

chemical capacitor applications [59], owing to their

high specific surface area, high electrical conductiv-

ity, excellent electrochemical properties, and con-

trollable regular pore structure [60]. Meanwhile, BC

Figure 7 a Schematic illustration of BC/GO composites synthe-

sized through mechanical mixing strategy. Reproduced from [54]

with permission from Luo, et al. (2014). b Schematic illustration of

BC/GO composites synthesized through in situ fermentation

strategy. Reproduced from [55] with permission from Yun et al.

(2014).
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inherent characteristics as higher strength, good net-

work structure as well as high purity and crystallinity

attract more researchers to incorporate CNTs into BC

hydrogel as a smart material used in sensors, actua-

tors, and electrodes. This type of composites provides

numerous advantages such as the improvement of

elastic modulus, mechanical properties, and optic

transition. The combination methods are also mani-

fold which involves adding CNTs in the media cul-

ture, complexing CNTs with regenerated BC or

modified BC, compressing the composites by vacuum

filtration.

Since Park et al. confirmed that the biocompatibil-

ity of MWCNT to bacteria G.xylium [61], MWCNTs,

and BC composites could be produced simply by

adding acid-treated MWCNTs into a static culture

medium. The acid-treated MWCNTs with –OH

groups were dispersed uniformly in the medium, so

that BC ribbons with the MWCNTs were able to form

a 3D network [62, 63]. Furthermore, to obtain a

homogeneous MWCNTs solution, Yoon et al. intro-

duced cationic cetyltrimethyl ammonium bromide

(CTAB) as surfactant and found that the MWCNTs

were effectively embedded in cellulose pellicle,

which gave an electrical conductivity approximate to

0.14 S/cm. It indicated that the incorporation process

was a useful method not only for dispersing

MWCNTs in an ultrafine fibrous network structure

but also for enhancing the electrical conductivity of

the polymeric membranes [64]. The conductivity of

BC/MWCTs was much higher than BC/DWCNTs, in

the range from 0.12 to 1.6 S/cm instead of 0.034 to

0.39 S/cm. What is more, MWCNT-treated cellulose

showed higher sensitivity than that of DWCNT [65].

BC/CNTs composites were also gradually devel-

oped in the application of supercapacitors [66–68].

Kang et al. developed a flexible supercapacitor with

high physical flexibility, desirable electrochemical

properties, and excellent mechanical integrity

(Fig. 9), which was realized by rationally exploiting

unique properties of BC, carbon nanotubes, and ionic

liquid-based polymer gel electrolytes. The superca-

pacitors owned a specific capacitance, energy, and

power of 20.2 mF/cm2, 15.5 mWh/g, and 1.5 W/g,

Figure 8 a, b TEM images of BC/GOPM composites showing GO-

rich domains. c Top-view SEM image showing GO sheets

covalently functionalized with BC and the bonding of the parallel

GO sheets with the BC network; d corresponding TEM image for

(c). e Zoom-in SEM image showing the covalent bonding of

parallel-aligned GO sheets with the BC network; f corresponding

TEM image for (e). g Recycling performance of BC/GO at 0.4 A/g.

Reproduced from [55] with permission from Yun et al. (2014).
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respectively. Moreover, they showed excellent cyclic

stability with \0.5 % change in Csp over 5000

charge/discharge cycles. Owing to the excellent

interfacial quality between the three different layers,

the performance of the supercapacitors was well

retained over the bending cycles [69].

Vacuum filtration was usually used in the prepa-

ration of this compound, due to its simplicity and

preserving good properties [70]. Another BC/

MWCNTs composites prepared simply by vacuum

filtering were used as BC-CNT-GO composite elec-

trodes with immobilizing GO on the sample surface.

In this work, this electrode showed a pair of well-

defined redox peaks and indicated that BC-CNT

electrodes were efficient for direct electron transfer

by GO on the electrodes [71]. What is more, the

electrical conductivity seemed to be much lower

using regenerated bacterial cellulose and wet-spin-

ning technique compared with other methods, which

may result from the change of BC structure after

dissolution. However, there was still an approximate

300–430 % increase in the modulus of the regenerated

BC/MWCNTs composite fibers, and the thermal

stability was dramatically improved as well [72, 73].

Carbonized as carbon nanofibers

Recently, carbon nanofibers (CNF) derived from BC

have been widely investigated in electrochemical

energy storage because of their outstanding multi-

functional properties [74–76]. These low-cost carbon

nanomaterials can be easily fabricated on a large scale

via a new simple way reported by Yu [77], CNF can

serve as a stable platform by polymerization not only

on the cellulose surface but also within the network

to afford supporting substrates. Besides, the electrical

conductivity of CNF aerogel is highly sensitive to the

compressive strain, thereby it could be used for

pressure sensors and other potential applications

including 3D electrode materials for lithium-ion bat-

teries and catalyst supports [78–80].

To date, some research works have been devoted to

using BC as a precursor material to explore the

development of applications in the different fields,

such as supercapacitors (shown in Table 1) [55],

adsorbing toxic organic dyes [81], and medical fields

[6]. Tong et al. reported a network structured CNF/

Ru composites, which derived from pyrolyzed BC for

flexible Li-O2 battery [82]. Our group [83] prepared a

Figure 9 a Cross-sectional view of a CNT/BNC paper. b Pho-

tograph of a light-emitting diode (LED) turned on by the flexible

supercapacitors. c CV curves measured before and after 200

bending cycles. d Capacitance retention over 5000 cycles of

charge/discharge at a current density of 10 A/g. Reproduced from

[69] with permission from Kang et al. (2012).
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CNF-Pt anode catalytic material, in which, Pt was

evenly dispersed on the surfaces of the CNF with

narrow size distribution. The volatile components

such as carbon monoxide, carbon dioxide, alcohols

provided more holes, and effectively shortened the

diffusion pathway for ion transport [84]. Based on

this 3D-interconnected nanostructure, we also suc-

cessfully fabricated a high sulfur loading (81 wt%)

CNF composite, the procedure is shown in Fig. 10.

During the production, the CNF interlayer could also

act as an additional collector for sulfur to alleviate the

over-aggregation of insulated sulfur on the cathode

surface [85]. What is more, Wang et al. [86] prepared

CNF with the SBET up to 670 m2/g, which made it

efficient in electrons or ions transportation and

offered more electrochemical active sites. Wan et al.

prepared a flexible nano-Fe3O4-anchored CNFs as

electrocatalyst for lithium-ion batteries, showing high

reversible capacity and excellent rate capability [87].

To obtain advanced performance, one widely rec-

ognized approach is to dope with heteroatoms, such

as nitrogen (N), phosphorus (P) to tailor the elec-

tronic structure of the matrix. These heteroatoms

could influence the valence orbital energy levels of

the adjacent C atoms in carbon fibers to induce a

synergistically enhanced reactivity [88, 89]. Accord-

ingly, N-doping carbonized bacterial cellulose has

attracted a great deal of research interest. The general

strategy for fabricating free-standing heteroatom-

doped carbon nanofibers is illustrated in Fig. 11.

Table 1 Comparison of capacitances of BC-based supercapacitors

Materials Electrolytes Capacitance Cycling capability Ref.

CNFs 2 M KOH 86.4 F/g at 50 mV/s 82 % retention after 1000 cycles [98]

Ni3S2/CNFs 2 M KOH 814 F/g at 4.0 A/g 83.5 % retention after 1000 cycle [98]

Ni3S2/CNFs//CNFs 2 M KOH 68.8 F/g at 5.0 mV/s 97 % retention after 2500 cycles [98]

N,P-CNF//N,P-CNF 2 MH2SO4 204.9 F/g at 1.0 A/g – [99]

p-BC@MnO2-2 h//p-BC/N-5 M 1 M Na2SO4 – 95.4 % retention after 2000 cycles [90]

A-p-BC–N-25 film 2 MH2SO4 195.44 F/g at 1.0 A/g 95.9 % retention after 5000 cycles [97]

BNC/CNT/ion gel 1 M H2SO4 50.5 F/g at 1 A/g 99.5 % retention after 5000 cycles [69]

PPy/BC membrane 1 M NaCl 459.5 F/g at 0.16 A/g – [26]

PPy-coatedpaper electrodes 1 M HCl 370 F/g at 1 mA/cm2 75.6 % retention after 10000 cycles [31]

BC-MWCNTs-PANI paper 1 M H2SO4 656 F/g at 1 A/g 99.8 % retention after 1000 cycles [100]

Figure 10 On the left The procedure for preparing S/CBC

cathode and CBC interlayer, and their specific location in the

Li–S battery configuration. On the right SEM images of a CBC

and b S/CBC composites. Reproduced from [85] with permission

from Huang et al. (2015).
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Chen et al. [90] reported a 3D N-doped activated

CNF derived from pyrolyzed BC. The as-prepared

pyrolyzed BC (p-BC)/N could offer more electro-

chemically active sites for improving the capacitive

properties of the materials(173.32 F/g), which was

much higher than that of p-BC (only 77.70 F/g) [25].

Previous studies have demonstrated that doping-N

with ammonia gas for hours exhibited higher elec-

trochemical stability when compared with undoped

sample [91]. Similarly, Liang et al. [92] developed a

highly active N-CNF aerogel catalyst, which pos-

sessed high N-doping contents about 5.8 at.% and

superb porous performance (SBET, 916 m2/g; pore

volume, 0.71 cm3/g). That is to say, NH3 treatment is

an efficient manner, which can increase the porosity

significantly for N-CNF aerogels. However, post-

treatment of N-doped CNF like treating with NH3

[93–95] or pyrolyzing of N-enriched precursor [96]

always involves awkward working conditions or

time-consuming synthetic procedures [97]. Hence,

Chen et al., examined N-modified activated

pyrolyzed bacterial cellulose (A-p-BC–N) as the

electrode material via employing an ammonia solu-

tion during hydrothermal synthesis which can over-

come these drawbacks [90]. The as-obtained A-p-BC–

N manifested good supercapacitive performance of

up to 390.53 kW/kg power density and a superior

cycling durability with 95.9 % specific capacitance

retained after 5000 continuous cycles. More strik-

ingly, highly mechanical flexible and recoverable

properties prevent the supercapacitor from defor-

mation under extreme bending conditions.

Conclusions and future perspectives

In this review, we showed a natural and biocompat-

ible material, bacterial cellulose, which has dramati-

cally gained attention in various application fields

especially in fabricating electroconductive compos-

ites. It can not only act as a matrix to represent the

unique 3D nanostructure, significant water-holding

Figure 11 a Schematic illustration of the process to fabricate the

free-standing heteroatom-doped carbon nanofibers. b Specific

capacitor values of different N,P-CNF-based supercapacitors at

the current density of 1.0 A/g, where N,P-CNF-1, N,P-CNF-2,

N,P-CNF, and N,P-CNF-3 were prepared with a NH4H2PO4

aqueous solution molarity of 0.02, 0.05, 0.1, and 0.2 mol/L,

respectively. c Specific capacitor values of different carbon

nanofiber-based supercapacitors at the current density of 1.0 A/g.

Reproduced from [97] with permission from Chen et al. (2013).
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capacity as well as purity, the carbon nanofibers

carbonized from it also grant the pursuit of applica-

tions in conducting applications, which can be

ascribed to its innate excellent tensile strength and

Young’s modulus. The low thermal expansion of BC

combined with high conducting material or inorganic

nanoparticles make them a potential material for fuel

cells, flexible supercapacitors, and electronic papers.

Even though the challenges like poor durability in

most environments are still the obstacle to overcome

for further industrial scale production, and the

application in energy-storage device remains to be

profoundly explored, and these natural polymers

open up the important and rapidly expanding fields

of personal care, medicine, and life sciences.
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