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Powering the future: application of
cellulose-based materials for supercapacitors

Maria M. Pérez-Madrigal,*a,b Miquel G. Edoa,b and Carlos Alemán*a,b

In recent years, significant research has aimed at developing environmentally friendly supercapacitors by

introducing biopolymeric materials, such as polysaccharides or proteins. In addition to the sustainability

and recyclability of such novel energy storage devices, these polymers also provide flexibility, lightweight

nature and stable cycling performance, which are of tremendous importance for applications related to

wearable electronics. Among the different sustainable natural polymers, cellulose deserves special con-

sideration since it is the most abundant and is extensively recycled. Consequently, research on electrically

active cellulose-based supercapacitors has noticeably increased since 2012, which makes this review on

the field timely. Specifically, recent advances in preparing high performance cellulose supercapacitors are

summarized. Moreover, the key roles of cellulose in improving the specific capacitance and cycling stabi-

lity of cellulose-based devices are compiled to offer important fundamental guidelines for designing the

next generation of all-cellulose energy storage devices that are to come. Finally, challenges and perspec-

tives in this exciting area of study are also discussed.

Introduction

In the last decade, energy and environment related topics have
been recognized as major challenges for human beings. The
rapid development of consumer electronic devices with very
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different and varied functionalities (e.g. roll-up displays, smart
mobile devices, and implantable biosensors) has motivated a
huge amount of research to improve the performance, flexi-
bility, and/or environmental friendliness of energy storage
devices.1–6 These devices are classified into capacitors, electro-
chemical capacitors (ECs), batteries, and fuel cells depending
on their power and energy densities.

Supercapacitors (also termed electrochemical double-layer
ECs) are high capacity ECs with the ability to be charged and
discharged very quickly with little degradation after an increas-
ing number of charge–discharge cycles. Because of these pro-
perties, supercapacitors bridge the gap between conventional
ECs and rechargeable batteries. Each supercapacitor cell con-
sists of two electrodes, a separator, and an electrolyte. The two
electrodes are often electrically connected to their terminals
via a metallic collector.

Recently, polymeric materials for supercapacitor appli-
cations have received much attention because of their bene-
ficial properties, such as flexibility, lightweight nature, and
stable cycling performance.7 Additionally, replacement of
heavy metals by redox active polymers in battery electrodes is
highly attractive with regard to recyclability and sustainability.8

Although a large number of polymers have been employed as
redox active materials in energy storage devices,9–12 electro-
active conducting polymers (ECPs) render promising electro-
des in supercapacitors due to their cost-effectiveness, light-
weight nature, flexibility, and high charge/discharge rate.13–15

Powering the future, the employment of organic polymeric
materials for the fabrication of energy storage devices has
been extended to biopolymers. The properties of these
materials offer challenging opportunities in the development
of renewable, sustainable, cheap and scalable charge storage
devices. For example, chitin and chitosan, which are linear

polysaccharides abundant in the biosphere, have been used in
the fabrication of solid state proton-conducting polymer bat-
teries.16 Other naturally occurring polysaccharides, such as
alginate and pectin, have been used for the development of
new bioelectrodes,17,18 while sodium alginate, κ-carrageenan
and chitosan hydrogels have recently been employed as sup-
porting electrolyte in semi-solid organic batteries.19 Moreover,
DNA20 and proteins, for example, gelatin21 and lysozyme,22

have been used to fabricate supercapacitors.
Among biopolymers, natural polysaccharides are being

developed as alternatives to synthetic materials for electro-
chemical devices. Indeed, the most abundant and sustainable
natural polymer is cellulose. This linear polysaccharide, which
was discovered by Anselme Payen in 1838, is an important
structural component of the primary cell wall of green plants.
Cellulose, which is odourless, biodegradable, hydrophilic, and
water insoluble, derives from the condensation of D-glucose
units through β(1→4) glycosidic bonds (Scheme 1) and is orga-
nized in fibrous arrangements. Cellulose fibres exhibit high
aspect ratios, high surface area, high porosity, excellent mech-
anical properties, excellent flexibility, and the ability to bind to
other conductive materials, enabling extensive application in
flexible energy-storage devices.23,24

Although the interest in designing electrically active cellu-
lose-based devices for energy storage applications started with
the new century, as a review by Nyholm et al.25 evidenced in
2011, research in the field has noticeably increased since 2012.
This is reflected in Fig. 1a, which displays the number of
papers published from 2000 to 2016 that defined “cellulose”
and “supercapacitor” as keywords. Even though there was a
progressive increase from 2007 to 2014, the number of papers
published in this field has grown considerably during the last
three years (2014–2016). The number of citations of such pub-
lished papers reveals similar features (Fig. 1b), thus evidencing
the fast expansion of this exciting research area.

Accordingly, in this review, we discuss very recent and
important advances regarding the use of cellulose in super-
capacitors with promising high performance. This discussion
has been divided into four sections according to the roles
played by cellulose in the fabricated devices. More specifically,
cellulose has been employed as: (i) a lightweight mechanical
substrate that imparts flexibility and strength to electrochemi-
cally and electrically active materials, for example, carbon
nanotubes (CNTs), graphene, and ECPs; (ii) a natural template
to be coated with other electrochemically active electrode
materials or to be transformed into other carbon species
through pyrolytic processes; (iii) a separator membrane
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between supercapacitor electrodes; and (iv) a material that
facilitates the absorption of electrolytes acting as an electrolyte
reservoir or even as a part of the electrolyte itself. Besides,
special emphasis has been placed on relating the fabrication
of cellulose-based supercapacitors to green chemistry. Thus, in
spite of this biopolymer being extracted from renewable
natural sources, green chemical processes must fulfil some
important conditions, for example, preventing pollution at the
molecular level using safe solvents and reactants, reducing the
negative impacts, on human health and the environment, of
chemical products and reactions, increasing energy efficiency
by avoiding high temperatures and pressures when possible,
and avoiding chemical derivatives that use additional reagents
and generate waste. All the studies cited in sections (i), (ii) and

(iv) have been summarized in three tables to facilitate their
comparison (Tables 1–3).

(i) Cellulose as a support for
mechanical reinforcement

Flexible display devices require lightweight, bendable and high
performance supercapacitor electrodes. To this end, cellulose-
based materials have been widely used as simple structural
scaffolds for depositing active conducting materials.26–28 This
case, which is the most frequent, is based on the fact that the
good mechanical properties of this polysaccharide confer
mechanical strength and/or flexibility to the electrode, even
though other interesting properties, such as transparency,
chemical stability, and lightweight, can also be indirectly
obtained. Table 1 summarizes the main characteristics of the
supercapacitors based on cellulose acting as a mechanical
reinforcement that are described below.

In a pioneering study, Cui and co-workers29 fabricated
supercapacitors and lithium ion batteries using simple com-
mercial paper sheets that were coated with aqueous CNT ink
with sodium dodecylbenzenesulfonate (SDBS) as a surfactant.
Because paper absorbs water easily and binds to CNTs, the fab-
rication process was based on a simple Meyer rod coating
process (i.e. the ink is deposited onto the paper as it passes
over the bath roller), enhancing the main principles of green
chemistry (i.e. avoid or at least reduce the consumption of
organic solvents and use low-energy consumption processes
avoiding high temperature and/or pressure). The resulting con-
ductive paper exhibited not only flexibility but also excellent
mechanical strength. Interestingly, supercapacitors based on
CNT-conductive paper showed a specific capacitance of 200
F g−1 and stable cycling life over 40 000 cycles.29 Later, the
same group coated single-walled CNTs (SWCNTs) onto cotton
fibres (fabrics) to obtain a highly electrically conductive inter-
connecting network.30 Supercapacitors composed of such elec-
trodes (SWCNTs-coated cotton as the active material and the
current collector, and Li2SO4 as the electrolyte) had excellent
cycling performance (good capacity retention after 35 000
cycles) and a specific capacitance of 70–80 F g−1.30 Due to
these properties, the integration of cotton/SWCNT electrodes
into wearable electronics was proposed.

Indeed, everyday textiles, which are flexible and porous, rep-
resent an interesting option to prepare flexible electrodes. In
general, the fabrication processes here described, which
resemble those used in the textile industry, stand out
because of their simplicity, scalability and frequent use of
green chemistry tools. For instance, by an extremely easy
“dipping and drying” process, where the cellulose textile is
coated with aqueous SWCNTs ink followed by drying in an
oven at 120 °C for 10 min, the resulting conductive electrodes
have outstanding flexibility and stretchability, excellent con-
ductivity (125 S cm−1), and high areal capacitance when
assembled into supercapacitors (0.48 F cm−2).31 Besides, after
electrodepositing MnO2 onto the SWCNT coated textile fibers,

Fig. 1 Evolution of (a) the number of papers published every year in the
field of cellulose-based supercapacitors and (b) the number of citations
of such papers. The search was carried out using the Web of Science
(Thompson Reuters) combining cellulose and supercapacitors as
keywords.
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Table 1 Summary of the most important characteristics (i.e. preparation method, properties provided by cellulose, gravimetric and areal – if avail-
able – SC) of supercapacitors in which cellulose is used as a support for mechanical reinforcement

Cellulose-based system Preparation method
Properties provided by cellulose

Ref.Gravimetric SC; areal SC

CNT-conductive paper Coating of commercial paper with an aqueous CNT ink Low cost, flexibility and mechanical
strength

29

200 F g−1

SWCNT-conductive cotton A cotton sheet was dipped into a SWCNT ink, which
coated the textile immediately

Flexibility, wearable ability and
mechanical strength

30

70–80 F g−1

SWCNTs ink/cellulose textile Coating by “dipping and drying” followed by drying in
oven at 120 °C (10 min)

Flexibility, stretchability, and excellent
conductivity (125 S cm−1)

31

0.48 F cm−2

Cotton cloth/GNS composite “Brush-coating” and drying process using a cotton cloth
piece and a stable GO suspension as ink, followed by
annealing at 300 °C under an argon atmosphere

Flexibility, light-weight, mechanical
strength

32

82 F g−1

CNT-conductive paper Coating CNTs on office papers by a “drop-dry” method Flexibility 33
135 F g−1

GO/cellulose tissue Graphene sheets, which are produced by oxidizing a
graphene aerogel with hydrogen peroxide. The oxidized
graphene suspension is mixed with cellulose to render a
graphene–cellulose composite by vacuum filtration

Very open structure; high ion-transport
rates

34

54–80 mF cm−2

Cellulose graphene Drawn with a graphite rod on standard printing paper Flexibility, lightweight nature, and
porosity

35

12–23 F g−1; 2.3 mF cm−2

Cellulose/graphite/Ni/MnO2 Graphite drawn on a cellulose paper and subsequent
coating by electrodeposition of Ni and MnO2 layers

Flexibility and lightweight nature 36
680 F g−1; 175 mF cm−2

Paper/CNT/MnO2 Paper coated with CNTs dispersed in water and a MnO2
layer electrochemically deposited on the top

Flexibility, robustness and low-cost 40
540 F g−1

MFC/MWCNT Chemically modified MWCNTs mixed with a water
dispersion of MFCs

Mechanical strength and flexibility 41
155 mF cm−2

CNF/SWCNT non-woven
macrofiber mats

Controlled extrusion of a CNF/SWCNT dispersion and
drying under restricted conditions

Flexibility, mechanical strength,
porosity and hydrophilicity

42

3.3 mF cm−2

Oxidised carbon nanohybrids/
commercial cellulose membrane

Filtering a water dispersion of oxidised carbon
nanohybrids, which were derived from MWCNTs through
the cellulose membrane

Flexibility 43
75 mF cm−2

Electrically conductive paper
made of CFs coated with GNSs

Papermaking process consisting of dispersing chemically
synthesized GNS into a cellulose pulp, followed by
infiltration

Flexibility, mechanical tough and
resistance against mechanical
scratching

44

252 F g−1

CF-GNS paper 3D interwoven structure of GNSs and CFs obtained
through a dispersion

Flexibility 45
120 F g−1; 81 mF cm−2

Cross-linked Ni(OH)2–CFs com-
posite covered with graphene

One-pot hydrothermal synthesis of the composite one
graphene coated CFs

3D substrate for graphene coating 46
2276 F g−1

CNF/RGO/MWCNT Freeze-drying of an aqueous dispersion of CNFs, GONSs
and MWCNT, followed by subsequent thermal reduction
of GONSs in situ

Flexibility, porosity and electrolyte
absorption properties

47

252 F g−1; 216 mF cm−2

CNF aerogel with Ag particles
coated with PAni nanoparticles

In situ deposition of Ag particles on CNF aerogel and
subsequent electrochemical coating of Ag particles with
PAni

Flexibility and porosity 48
176 mF cm−2

BNC coated with CNTs An ink is fabricated by dispersing DWCNTs with sodium
dodecylbenzenesulfonate surfactant in deionized water.
Then, the ink is poured onto BNC paper

Flexibility, mechanical strength and
chemical stability

52

50 F g−1

Cellulose paper/RGO Successive application of papermaking and flash-
reduction processes to a single-layer GO and recycled
pulp mixture

Flexibility, recyclability and mass-
producibility

53

212 F g−1; 24 mF cm−2

Cellulose/PPy aerogel composite Surface modification of a cellulose scaffold using a
template-polymerization method

Flexibility and structured porosity 54
392–308 F g−1

Paper/PPy “Soaking” of common printing paper in a Py monomer
solution and subsequent immersion in a ferric chloride
solution containing hydrochloric acid to polymerize PPy
onto the paper substrate

Flexibility 55
370 F g−1; 42 mF cm−2

Cellulose/PPy In situ oxidative polymerization of Py in a cellulose–water
dispersion after adding oxidants

Flexibility and lightweight nature 56
∼120 F g−1

Cellulose/PPy In situ oxidative polymerization of Py in a cellulose–water
dispersion after adding oxidants

Mechanical strength ad high surface
area

58,
59

32 F g−1 or 38 F g−1 (210 mF cm−2)
depending on the charging process

NC/PPy Cellulose/PPy composite reinforced with 8 μm-thick
chopped carbon filaments

Mechanical strength 60
60–70 F g−1; 480 mF cm−2
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the areal capacitance of these devices experienced a 24-fold
increase. Similarly, flexible electrodes were prepared via a
“brush-coating and drying” process using everyday cotton
cloth as the platform and a stable graphene oxide (GO) suspen-
sion as the ink.32 Thus, after transforming the system into a
cotton cloth/graphene nanosheet (GNS) composite by anneal-

ing at 300 °C under an argon atmosphere, it exhibited good
electrical conductivity, outstanding flexibility, and strong
adhesion between GNSs and cotton fibres. Then, these cotton
cloth/GNS electrodes were easily assembled into a home-made
symmetric supercapacitor with cylindrical format (Fig. 2) that
showed a specific capacitance of 82 F g−1, varying only 6.2%

Table 1 (Contd.)

Cellulose-based system Preparation method
Properties provided by cellulose

Ref.Gravimetric SC; areal SC

CNCs/PPy nanocomposites Electrochemical co-deposition of chemically modified
CNCs and Py monomers

Mechanical strength and porosity 61,
63240 F g−1

CNCs/PPy nanocomposites Grafting of carboxylic acid groups on CNCs to enhance
the adsorption of Py monomers, followed by in situ
chemical polymerization of the latter

Mechanical strength and lightweight
nature

64

∼250 F g−1

CNCs/PVP/PPy Chemical polymerization of PPy on PVP coated CNCs Mechanical strength and lightweight
nature

65

339 F g−1

Cotton/MWCNT/PPy Cotton/MWCNT by the “dip and dry” method followed by
potentiostatic deposition of PPy

Flexibility and mechanical strength 66
535 F g−1

NC/PPy/GONS composite In situ polymerization of PPy on a NC/GONS composite Flexibility, mechanical properties and
interacting ability

67

244 F g−1

Cotton/activated carbon Activated carbon impregnated into cotton fabrics using
screen printing

Flexibility, porosity and mechanical
strength

68

85 F g−1; 430 mF cm−2

BC/PPy composite In situ chemical polymerization of PPy onto dispersed BC
nanofibers

Porosity 71
316 F g−1

3D network of BC/GO/PPy Chemically polymerized PPy onto a BC/GO composite
made by dispersing BC nanofibers on the surface of GO

Provide mechanical stability. Formation
of 3D conduction paths

72,
73

556 F g−1; 278 F cm−3

BC nanofibers/PPy PPy nanoparticles were homogeneously coated onto
TEMPO-oxidized BC nanofibers (TOBC) through chemical
polymerization

High porosity 74
153 F g−1

BC/PPy nanofibers/MWCNT Vacuum-filtering of a suspension of BC/PPy nanofibers,
which were prepared by in situ polymerization of Py
adsorbed onto BC, and functionalized MWCNTs

Flexibility and mechanical strength 75
590 mF cm−2

BC/PPy composite Immersion of BC membranes in a Py solution for
subsequent in situ polymerization of the monomer in the
swollen membrane

Flexibility 76
459 F g−1

Cotton fabrics/PPy composite Immersion of cotton fabrics in a Py aqueous solution
with lignosulfonate for subsequent in situ polymerization
of the monomer

Flexibility and wearability 77
and
78

304 F g−1

BC/PAni composite In situ chemical polymerization of PAni onto dispersed
BC nanofibers

Flexibility and porosity 79
273 F g−1

3D network of CNF/MWCNT/
PAni

Chemically polymerized PAni using an aerogel-like 3D
CNFs/MWCNTs substrate with aniline adsorbed at the
surface and inside

Improvement of the flexibility and
mechanical strength of the film
electrode. Formation of 3D conduction
paths

80

250 F g−1

Paper/Au/PAni composite PVA coating of a paper made of cellulose fibres and
subsequent deposition of a layer of evaporated gold. PAni
is electrodeposited on top

Flexibility, lightweight nature and
porosity

81

560 F g−1

Regenerated cellulose/PAni
composite

In situ chemical polymerization of PAni in native
cellulose (cotton linter pulp)

Mechanical strength and porosity 82
160 F g−1

PAni nanowires onto nylon-6/CA
thin film

Chemically polymerized PPy onto mats of electrospun
nylon-6 nanofibers infiltrated with CA

Reinforced nylon fibres 83
400 F g−1

SWCNTs and PAni nanoribbons
wrapped around interconnected
cellulose fibre

Dip-adsorption polymerization: coating of macroporous
cellulose fibres with SWCNTs, followed by infiltration
and in situ polymerization of aniline

Flexibility and mechanical integrity
upon repeated fold–unfold

84

533 F g−1; 33 mF cm−2

PAni/exfoliated graphite/
cellulose/silver nanoparticles

Aniline is in situ polymerized in the presence of exfoliated
graphite, cellulose and silver nitrate. The resulting
nanocomposite is vacuum-filtered to obtain a free-
standing thin film

Flexibility and consistency 85
240 F g−1; 3840 F cm−2

Conductive PEDOT paper Polymerization at the interface of two immiscible liquids
on a cellulose paper

Flexibility 89
115 F g−1; 115 mF cm−2

Integrated SWCNT-paper device SWCNT ink printed with Meyer rods coated onto single
sheets of commercial paper pre-treated with PVDF

Lightweight nature and mechanical
strength

124

33 F g−1
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Table 2 Summary of the most important characteristics (i.e. preparation method, properties provided by cellulose, gravimetric and areal – if avail-
able – SC) of supercapacitors in which cellulose is used as a mechanical inert template or a renewable carbon source

Cellulose-based system Preparation method
Properties provided by cellulose

Ref.Gravimetric SC; areal SC

CMC/PPy nanocomposite In situ chemical polymerization of PPy using CMC
nanospheres as a template

Protection of the backbone of the PPy
layer in charge–discharge processes

90

180 F g−1

Interconnected PPy and NC/
PPy fibres

Synthesis of PPy fibres and NC/PPy using NC fibres as
template followed by mixing and subsequent filtration

Mechanical integrity and high surface
area

93

36 F g−1 (154 mF cm−2)
Nitrogen-functionalized carbon
nanofibers

Electrospinning of acetate cellulose, deacetylation of
electrospun cellulose acetate nanofibers, and PPy
polymerization

Template to prepare a raw material with
3D structure

94

236 F g−1 (1045 F g−1 with Ni(OH)2)
Carbonaceous composite
derived from DWCNTs

Carbonization of cellulose fibers impregnated with
DWCNTs

Sustainable raw material as a precursor
of carbon nanofibers

95

163 F g−1

Carbonaceous composite
derived from MWCNTs

Carbonization of cellulose fibers impregnated with
MWCNTs

Sustainable raw material as a precursor
of carbon nanofibers

95

241 F g−1

Ultramicroporous
carbonaceous material

Cotton cellulose carbonised and activated using atomically
dispersed potassium and heating at 800 °C

Sustainable raw material as a precursor
of a carbonaceous amorphous material

96

130 F g−1

Carbon nanofibers activated
with MWCNTs

Electrospinning of CA/MWCNTs, deacetylation and
carbonization at 1000 °C

Precursor of carbon nanofibers 97
145 F g−1

Carbonized CA nanofibers Partially hydrolyzed CA electrospun nanofibers are
carbonized in N2 flow at 1000 °C and activated in CO2 at
850 °C

Precursor of inter-bonded carbon
nanofibers

98

241 F g−1

CNFs/AC paper-like films CNFs were mixed with traditional activated AC and heated
at 800 °C to produce paper-like films

Raw material 99
AC particles increase the maximum
power density values

Ramie-based ACHFs One-step activation of natural hollow ramie fibres under
ZnCl2 impregnation and pyrolysis at 650 °C. The resulting
samples were washed with HCl, rinsed in distilled water to
neutral, filtered and dried to obtain the ACHFs

Natural biomaterial 100
287 F g−1

Heteroatom-doped carbon
material

Hydrothermal treatment of Broussonetia papyrifera stem
bark in the presence of KOH followed by simultaneous
pyrolysis and KOH activation

Raw material for the fabrication of a
material with a porous and localized
graphitic structure

101

320 F g−1

Interconnected carbon
nanosheets

Hydrothermal treatment of hemp bast fibre followed by
KOH impregnation and carbonization

Raw material for the fabrication of
graphitic nanosheets

102

110–144 F g−1

Oxygen-rich activated carbon Acidification, pyrolization under nitrogen flow and
activation with KO of animal cellulose from crab shell
wastes

Raw material for the fabrication of
porous and oxygen-rich activated
structures

103

281 F g−1

Meso-microporous activated
carbon

Template-assisted synthetic method and chemical
activation using renewable cellulose and biowaste
lignosulphonate as the precursors

Raw material for the fabrication of
activated structures with micro- and
mesopores

105

286 F g−1

Nanoporous carbon
nanosheets

Soaking citrus peels in a 30 wt% KOH aqueous solution
(30 min) and drying at 80 °C (36 h) in presence of
potassium ions

Sustainable raw material as a carbon
precursor

106

110 F g−1

Carbonised cotton pulp Pre-treatment at 600 °C to eliminate volatile components
and graphitisation at 1000 °C

Abundant biomass raw material 107
107 F g−1

ACT/MnO2 Application of a traditional dipping, drying and curing
process to cotton T-shirt textiles and subsequent
electrochemical deposition of MnO2

Raw material for the fabrication of
porous supporting backbones with high
surface area

108

120 F g−1

Activated nanosized carbon Pyrolysis of BC at 950 °C and subsequent activation with
CO2

Raw material for the fabrication of
nanosized carbon

109

42 F g−1

Carbon nanofibers/Ni3S2
composite

BC transformed in carbon nanofibers using a pyrolytic
treatment under a flowing N2 atmosphere and subsequent
loading of Ni3S3 nanoparticles

Raw material for the fabrication of
porous 3D carbon nanofiber networks

110

69 F g−1

Carbon nanofibers-bridged
porous carbon nanosheets

Heat-treatment under a nitrogen atmosphere of a BC and
potassium citrate mixture

Raw material for the formation of
carbon nanofibers

111

261 F g−1

Nitrogen and phosphorous co-
doped carbon nanowires

Impregnation of NH4H2PO4 into BC pellicles and carboniz-
ation under a NH3 atmosphere at 800 °C

Renewable raw material as a precursor
of carbon nanowires

112

258 F g−1

Nitrogen-doped BC nanofibers PAni coated bacterial cellulose (BC) was carbonized in a
one-step process at 700 °C for 2 h under an Ar atmosphere

3D bio-template 113
1950 F g−1
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after 1500 consecutive redox cycles,32 which is in good agree-
ment with the values reported by Cui et al.30 using less energy.

Another simple strategy to obtain flexible supercapacitors
with cellulose as a mechanical reinforcement consists of
coating paper with conductive materials. Hence, Kang et al.

fabricated all-solid state flexible supercapacitors by coating
CNTs onto office papers – the “drop-dry” method – and using
ionic-liquid-based gel electrolytes (i.e. fumed silica nano-
powders were mixed with an ionic liquid, 1-ethyl-3-methyl-
imidazolium). Although the supercapacitor showed excellent
stability and flexibility, the specific capacitance of the elec-
trode being 135 F g−1,33 this approach represented a step back
in terms of green chemistry in which the use of ionic liquids is
highly controversial due to their unsafe synthesis.

Recently, graphene sheets, which were produced by oxidiz-
ing a graphene aerogel with hydrogen peroxide, a potentially
green and environmentally-friendly oxidant because it releases
only water as by-product, were deposited over a common
porous cellulose tissue to render free-standing and flexible
composites with enhanced robustness.34 The closely inter-
connected and porous 3D graphene architectures, which con-
sisted of two types of holey graphene units (i.e. wrinkled gra-
phene sheets and graphene nanoscrolls), produce a very open
structure that provides easy access to the electrolyte, thereby

Table 3 Summary of the most important characteristics (i.e. preparation method, properties provided by cellulose, gravimetric and areal – if avail-
able – SC) of supercapacitors in which cellulose plays a role as electrolyte

Cellulose-based
system Preparation method

Properties provided by cellulose
Ref.Gravimetric SC; areal SC

CF/CNT/MnO2/CNT Two dip-coating of CNTs separated by electrodeposition of MnO2 Porosity and electrolyte reservoir 128
327 F g−1

CNF/RGO aerogel Transformation of a CNF/RGO hydrogel, which was prepared by
acidifying an aqueous solution of CNFs, GONSs and VC-Na,
into an aerogel by supercritical CO2 drying

Electrolyte nanoreservoir and nanospacer,
hydrophilicity and flexibility

129

207 F g−1; 158 mF cm−2

CNF/MWCNT aerogel Supercritical CO2 drying of CNF/MWCNT aerogels derived
from the hydrogels resulting from a CNF/MWCNT suspension

Electrolyte nanoreservoir, dispersant
and nanospacer

130

178 F g−1

CF/PPy In situ polymerization of Py adsorbed onto CFs extracted
from waste paper

Electrolyte transfer medium, spacer
and mechanical strength

132

51 F g−1

CF/graphene/PPy In situ polymerization of Py adsorbed onto a CF/graphene
composite prepared using CFs extracted from waste paper

Electrolyte reservoir, electrolyte transfer
medium, spacer and mechanical strength

133

243 F g−1

MC ion gels Codissolution of PYR14TFSI and MC in N,N-dimethylformamide,
which after heating and subsequent cooling forms a gel

Strong and solid polymer electrolyte 133
A capacitance of 2 μF cm−2; high ambient
ionic conductivities (>1 × 10−3 S cm−1),

CAP Hydrolysis of cellulose using acetic acid and propionic acid Fabrication of a solid polymer electrolyte
combining CAP, H3PO4 and PEG

134

64 F g−1

Table 2 (Contd.)

Cellulose-based system Preparation method
Properties provided by cellulose

Ref.Gravimetric SC; areal SC

BC-based supercapacitor Activated pyrolysed BC as the electrode combined with a
BC/H3PO4 gel electrolyte

Eco-friendly and sustainable energy
storage device

114

242 F g−1 (289 mF cm−2)
Carbon aerogel Formation of cellulose aerogels after purification of

bagasse from sugarcane. Pyrolysis of cellulose aerogels at
800 °C under nitrogen flow and activation with KOH

Raw material of porous carbon 115
142 F g−1

Nitrogen-doped graphene onto
carbonized cellulose fibres

Mixing of cotton and urea and subsequent annealing to
form functional aerogels in controlled shape, followed by a
pyrolysis process

Raw material 116
108 F g−1

Hierarchical porous nitrogen-
doped carbon aerogel

After dissolving, gelling and freeze-drying the cellulose, a
carbonization process was applied under a NH3 atmo-
sphere at 800 °C

Renewable and low-cost raw material as
a precursor of carbon aerogels

117
and
118225 F g−1

Fig. 2 Schematic diagram (left) and photograph (right) of the cylindrical
symmetric supercapacitor obtained by assembling cotton cloth/GNS
pieces as electrodes and pure cotton cloth as a separator. CC refers to
cotton cloth. Adapted from ref. 32.
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guaranteeing high ion-transport rates and, consequently,
remarkable capacitive performance (54–80 mF cm−2).
Moreover, drawing graphite on cellulose paper also results in
flexible and lightweight supercapacitors.35 Although this
solvent-free deposition technique represents a low cost, eco-
friendly, highly scalable, and versatile fabrication method for
integrated paper-based energy devices, the resulting gravi-
metric capacitance was very low (i.e. 12–23 F g−1 depending on
the paper) in comparison with other cellulose-based devices.36

Specifically, multi-layered paper/graphite/Ni/MnO2 electrodes
were prepared by sequentially coating a graphite layer (drawn),
a Ni layer (electrodeposited), and a MnO2 nanosheet (electro-
deposited) onto ordinary cellulose paper.36 Besides, the capaci-
tance of this electrode (680 F g−1) was significantly higher
than those reported for hierarchical MnO2 structures
(315 F g−1),37 MnO2 nanotube/nanofibers (461 F g−1),38 and
MnO2–CNT sponges (240 F g−1).39 Accordingly, assembled
symmetric and green supercapacitors, which were prepared
using a filter paper as the separator and sodium carboxymethyl
cellulose (CMC) gel as the solid state electrolyte, exhibited
excellent flexibility and mechanical properties, thus allowing
bending to different angles and twisting, in addition to exhi-
biting good capacitive behaviour (specific capacitance of ∼10 F
g−1) and stability (i.e. less than 4% loss of the capacitance after
6000 cycles between 0.8 and 1.2 V).36

In another study, MnO2 was electrochemically deposited
onto papers which had previously been coated with CNT
through the “drop-by-drop” method.40 Flexible paper/CNT/
MnO2 supercapacitors, which were tested using Na2SO4 as the
electrolyte, showed a specific capacitance of 540 F g−1, even
though in this case the cycling stability was not tested.40

Cellulose fibres (CFs), either nano- or microfibrillated,
impart flexibility and mechanical strength to the electrode,
thus acting as an adequate skeleton material. Based on these
features, Deng and co-workers41 prepared electrode sheets
combining microfibrillated cellulose (MFC, water slurry) with
chemically modified MWCNTs (i.e. –COOH groups were intro-
duced through an oxidation reaction). The tensile strength and
modulus of the resulting MFC/MWCNT sheets, which con-
tained 48 wt% of MWCNTs, were 1 and 123 MPa, respectively,
evidencing that these electrodes behave as strong paper. In
addition, although the specific areal capacitance of symmetric
supercapacitors constructed using MFC/MWCNT electrodes
depended on the thickness of the sheets increasing from
31 mF cm−2 (0.19 mm) to 155 mF cm−2 (1.08 mm),41 the
capacitance remained almost constant under bending at
different curvatures.

Furthermore, CNF/SWCNT microfiber mats, which were
prepared by extruding a CNF/SWCNT suspension in an
ethanol coagulation bath and drying under restricted con-
ditions,42 showed a porous structure with SWCNTs preferen-
tially oriented along the extrusion direction, thus favouring
electron transport along the axial direction of the microfiber.
When used as electrode materials and charge collectors, sym-
metric supercapacitors show a capacitance of only
3.29 mF cm−2, one order of magnitude lower than that in the

previous study for the thinnest electrode.41 However, the
system retained 97% and 96% of that value after 5000 charge–
discharge cycles and 1500 bending cycles, respectively, demon-
strating not only long-term cycling stability but also excellent
flexibility without loss of electrochemical performance.42 In
contrast, functionalized MWCNTs were assembled with cellu-
lose membranes as free-standing flexible electrodes that ren-
dered solid state symmetric supercapacitors with higher areal
capacitance (75 mF cm−2) and excellent cycling stability.43

In another example, CFs were coated with GNSs by a simple
paper-making process (Fig. 3a) forming a continuous network
through a bridge of interconnected CFs at a relatively low GNS
concentration (3.2 wt%).44 The resulting flexible conductive
paper, which was also mechanically tough and resistant
against liquid attack and mechanical scratching (Fig. 3b),
exhibited a capacity of 252 F g−1. Likewise, a three-dimensional
interwoven structure of GNSs and CFs showed a gravimetric
capacitance of 120 F g−1, retaining >99% capacitance over
5000 charge–discharge cycles.45 The capacitance of the corres-
ponding supercapacitor was 68 F g−1 under highly flexible
conditions.45

Following a simple hydrothermal route, Zhang and co-
workers46 developed vertical cross-linked Ni(OH)2–graphene
composite networks using CFs that exclusively acted as the
support for the graphene coating. The composite presented an
extremely high mass capacitance (2276 F g−1), good rate capa-
bility, and excellent cycling stability.

In addition to the flexibility displayed by CFs, the extremely
high porosity and excellent electrolyte absorption properties
displayed by cellulose nanofiber (CNF)-based aerogels were
exploited to fabricate free-standing, lightweight, all-solid-state
flexible supercapacitors.47 Hence, extremely highly porous
CNF/reduced graphene oxide (RGO)/MWCNT electrodes
(Fig. 3c), which were obtained using the process described in
Fig. 3d, exhibited a specific capacitance of 252 F g−1 and an
excellent cyclic stability, with more than 99.5% specific capaci-
tance retained after 1000 charge–discharge cycles.47 Deng and
co-workers48 deposited Ag particles on CNF aerogels to provide
fast electron transportation channels, and polyaniline (PAni)
nanoparticles were deposited on the surface of Ag particles to
achieve high capacitive performance. The areal specific capaci-
tance of as-fabricated supercapacitors, which retain electro-
chemical properties when they are bent, reached 176 mF cm−2.

Moreover, due to its characteristic features, bacterial nano-
cellulose (BNC) represents an alternative to plant-derived cellu-
lose as the reinforcing element when preparing electrode
paper for supercapacitor applications.49 It is worth mentioning
that, despite its biosynthetic origin, production of BNC is
farther from main green chemistry principles than cellulose,
which is directly extracted from nature. BNC has high purity
and crystallinity, and therefore BNC-based papers have higher
mechanical strength and chemical stability than regular cellu-
lose papers (i.e. in general, BNC and regular CFs are
20–100 nm and ∼100 μm, respectively).50,51 Because of this,
Kim and co-workers52 prepared all-solid state flexible super-
capacitors combining BNC with double-walled CNTs
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(DWCNTs) and triblock copolymer ion gels as electrolytes.
These BNC-containing supercapacitors showed a specific
capacitance of 50 F g−1, as well as an excellent cyclability with
a reduction of only <0.5% of the specific capacitance after
5000 charge–discharge cycles.52

Although cellulose-based materials are environmentally
friendly, the chemical processes involved during their manu-
facture represent a threat towards the environment. Therefore,
designing green energy storage devices not only has included
the use of cellulose as a raw material, but also has tried to
minimize the impact of its production. In this regard, Koga
and co-workers53 successfully transformed recycled waste
pulp-fibres and single-layer GO sheets into a cellulose paper/
RGO composite using a combination of a scalable papermak-
ing process and flash reduction techniques (Fig. 4). The room-
temperature, additive-free, and millisecond-time scale
reduction of GO was achieved in situ in the composite by high-
intensity pulsed light irradiation. This RGO/cellulose paper

composite electrode, which exhibited a specific capacitance of
177 F g−1, was successfully applied for preparing an all-paper
based flexible supercapacitor that provided a capacitance of
212 F g−1.53

Even though nanostructured carbon materials (i.e. CNTs or
graphene) bind easily to cellulose to produce highly conductive
electrodes, ECPs have satisfactorily been used to increase the
specific capacitance of cellulose-based electrodes by Faradic
reactions. Within this context, flexible and porous structured
cellulose/polypyrrole (PPy) electrodes integrating the mechan-
ical merits of cellulose with the conductivity of PPy have been
prepared using several green technologies.54–67 For instance, a
template polymerization method was carried out to produce
cellulose/PPy flexible electrodes that, when assembled into a
supercapacitor, showed a specific capacitance of about
308–392 F g−1 and high stability during charge–discharge
cycles.54 On the other, PPy-coated paper was obtained by using
a simple and low-cost “soaking and polymerization” method.55

Fig. 3 (a) Scheme of the process for the fabrication of conductive paper using cellulose fibres and GNSs: dispersion of GNSs in water (i) and mixing
with cellulose pulp (ii) to form a homogeneous GNS and cellulose dispersion (iii), followed by infiltration to induce the deposition of GNSs onto
cellulose fibres (iv), resulting in the formation of GNS-coated interconnected cellulose composite paper (v). (b) Photographs of the GNS/cellulose
composite paper (black) and a pure cellulose paper (white) as a comparison (top); the bent composite paper, showing the flexibility of the paper
(bottom left); a flexible supercapacitor made with a composite paper adhered to a copper foil as the electrical conductor (bottom right). Taken from
ref. 44. (c) SEM images of the cryofractured surface of a CNF/RGO/MWCNT aerogel (top) and a compressed film of the same aerogel (bottom).
Taken from ref. 47. (d) Schematic diagram of the fabrication process of CNF/RGO/MWCNT electrodes. CNT refers to MWCNT.
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The resulting paper/PPy composite displayed high electrical
conductivity (15 S cm−1) and specific capacitance (370 F g−1)
values; exhibited high mechanical flexibility; and retained 76%
of its initial capacitance after 10 000 cycles.53

Interestingly, in 2014, Tammela et al.56 evaluated the influ-
ence of the electrode thickness on the performance of sym-
metric charge storage devices fabricated using cellulose/PPy.
These composites were prepared by mixing pyrrole (Py)
monomer and the rest of the reagents required for the in situ
polymerization in a water dispersion of Cladophora cellulose.
The specific capacitance of the cellulose/PPy electrodes was
∼120 F g−1, while the cell capacitance ranged from 39 to 43
F g−1 for the thinnest (800 μm) and thickest (1600 μm) electro-
des, respectively. Since the gravimetric capacitance was practi-
cally unaffected by the electrode thickness, the authors

assumed that the active material was utilized to the same
extent in all cases. This was further supported by the fact that
the charge capacity of thick electrode devices was two times
larger than that of devices containing thinner electrodes.
Consequently, devices with higher charge capacities and area
specific capacitances were obtained by increasing the thick-
ness of the composite electrodes.56 It is worth noting that,
almost a decade ago, a similar procedure was used by Nyström
et al.57 to fabricate ultra-fast all-polymer paper based batteries.
However, although the systems were limited in terms of deli-
vered cell potential with respect to Li-ion batteries, the capaci-
tance of the corresponding symmetric supercapacitors
(32 F g−1) only decreased 0.7% during 4000 galvanostatic
cycles.58 Besides, when charging was performed using the
potential step method rather than the conventional constant

Fig. 4 (a) Preparation of the composite derived from single layer GO and recycled cellulose pulp fibres by papermaking and successive flash-
reduction processes. Adapted from ref. 53. (b) Optical images of Japanese newspapers (left) and an aqueous suspension of their recycled waste
pulps (middle) used to prepare all paper-based flexible supercapacitors (right). Taken from ref. 53. (c) Specific capacitance versus current density for
the rGO/cellulose paper electrodes prepared using recycled waste pulps. Taken from ref. 53.
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current charging, the cell capacitance of this symmetric device
increased to 38 F g−1.59 Interestingly, symmetric super-
capacitors prepared using electrodes made of Cladophora
nanocellulose (NC) reinforced with 8 μm-thick chopped
carbon filaments reached cell capacitances of 60–70 F g−1, no
loss of capacitance being detected during charging–dischar-
ging over 1500 cycles.60 It should be noted that NC, which can
be extracted from various plant resources through mechanical
and chemical ways, with its nanoscale dimensions, highly crys-
talline nature and the ability to form hydrogen bonds resulting
in strong and stable networks, provides a very suitable material
for sustainable applications requiring mechanical integrity
and flexibility.

A completely different approach based on electrochemical
co-deposition was followed to prepare cellulose nanocrystals
(CNC) and PPy-containing nanocomposites.61 Interestingly,
CNCs were incorporated as the counterion during the electro-
deposition, resulting in highly porous nanocomposites.

Accordingly, the capacitance of CNC/PPy electrodes (336
F g−1), which was even higher than that of PPy doped with Cl−

(258 F g−1), was attributed to such a porosity.61 More recently,
the same authors observed similar features when applying this
technology to PAni and poly(3,4-ethylenedioxythiophene)
(PEDOT).62 Concretely, the specific capacitances of CNC/PAni
and PAni were 488 and 358 F g−1, respectively, while those of
CNC/PEDOT and PEDOT were 69 and 58 F g−1, respectively.
Under potential cycling, the durability of CNC/PAni and
PEDOT was slightly better than that of PAni and CNC/PEDOT,
respectively. Besides, symmetric supercapacitor using CNC/PPy
electrodes showed not only a high capacity (240 F g−1), but
also excellent stability (i.e. 47% of the initial capacitance was
retained after 50 000 charge–discharge cycles).63

Likewise, CNC/PPy electrodes with outstanding super-
capacitor behaviour (250 F g−1) were developed by following a
smart protocol (Fig. 5a).64 Specifically, carboxylic acid groups
were grafted onto CNCs via a 2,2,6,6-tetramethyl-1-piperidinyloxy

Fig. 5 (a) In situ chemical polymerization of CNCs/PPy nanostructures and colour change of the reacting solution during the polymerization
process. Adapted from ref. 64. (b) PPy polymerization in the presence of equal amounts of pristine CNCs and PVP/CNCs with a cartoon illustrating
the two drastically different morphologies of the end products. Taken from ref. 65.
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(TEMPO)-mediated oxidation providing strong hydrogen
bonding to enhance the adsorption of Py monomers. Later,
in situ chemical polymerization of Py was further performed
on a single high aspect ratio CNC. The high mechanical
strength and good dispersability of CNCs resulted in a nano-
template that controlled the deposition and growth of the poly-
meric layer, improving the electrochemical properties and pro-
cessibility of PPy. Unfortunately, this strategy did not prevent
the formation of PPy particles and irregular PPy coatings.
Hence, to overcome such a limitation, the surface of CNCs was
modified through physical adsorption of poly(N-vinylpyrroli-
done) (PVP).65 PVP altered the hydrophilic surface of CNCs to
promote the favourable growth of hydrophobic PPy and, in
addition, behaved as a steric stabilizer to prevent PPy-coated
hybrid nanoparticles from further aggregation (Fig. 5b). As a
result, the capacitance of CNCs/PVP/PPy increased to 339
F g−1,65 which represents an increment of ∼35% with respect
to the value displayed by composites prepared following the
previous strategy.64 Besides, the specific capacitance loss was
lower than 9% and 13% after 1000 and 2000 charge–discharge
cycles, respectively.

Flexible cellulose-based/PPy electrodes for high-perform-
ance supercapacitors have also been prepared by using either
cotton66 or NC67 as reinforcement material. Thus, MWCNT-
coated cotton electrodes with potentiostatically deposited PPy
exhibited a good electrochemical performance with a specific
capacitance of 535 F g−1.66 The latter value is significantly
higher than that of flexible textile electrodes previously fabri-
cated by Gogotsi and co-workers using nontoxic electrolytes,
common cotton textiles employed in the apparel industry, and
inexpensive but highly capacitive activated carbons (average
specific capacitance of 85 F g−1).68 On the other hand, after
combining NC with a small amount of graphene oxide
nanosheets (GONSs) as a reinforcing and structure directing
additive (5.8 wt%), PPy was polymerized in situ to render self-

standing, binder-free, dense, and flexible paper-based electro-
des.67 As reflected in Fig. 6, the success of this strategy relied
on the ability of NC fibres, which contain abundant functional
groups, to form inter- and intramolecular hydrogen bonds pro-
viding strong interaction between the components of the com-
posite. Moreover, NC also prevented the re-stacking of
GONSs.69,70 When used in an aqueous symmetric charge
storage device, the specific gravimetric capacitance of NC/PPy/
GONS electrodes was 244 F g−1, and their capacitance reten-
tion higher than 85% over 16 000 charge–discharge cycles.67

Besides, the impressive flexibility and mechanical robustness
of NC/PPy/GONS electrode are displayed in Fig. 6.

Furthermore, there are plenty of studies in the literature
that take advantage of the characteristics (i.e. 3D reticulate
structure, high chemical purity, porosity and specific surface
area, high hydrophilicity, and water-holding capability49) of
bacterial cellulose (BC) to produce BC/PPy nanocomposites
with high capacitance performance.71–76 BC is secreted by bac-
terial cells from the genus Acetobacter in the form of entangled
nanoribbons that are typically 70–150 μm wide and several
micrometres long. The 3D network of nanoribbons exhibits
high strength, elasticity and conformability, which show that
such a green biologically produced material provides mechan-
ical robustness. In 2013, Tang and co-workers71 prepared core-
sheath structured nanocomposites by wrapping a homo-
geneous layer of PPy around previously dispersed BC nano-
fibers via in situ polymerization of self-assembled Py. The
influence of the reaction parameters (i.e. mass and molar
ratios of the BC, Py and the different oxidant agents and sol-
vents) on the electrical conductivity of the BC/PPy nano-
composite was systematically investigated. The optimized elec-
trical conductivity of BC/PPy, 77 S cm−1, gave a sixty-fold
increase with respect to pure PPy (∼1.2 S cm−1), which was
attributed to the better doping and more porous structure of
the nanocomposite. Therefore, BC/PPy nanocomposites exhibi-

Fig. 6 Schematic illustration of the preparation and structure of NC/PPy/GONS electrodes. Digital photograph and strain–stress curve show the
flexibility and robustness of this electrode, respectively. Taken from ref. 67.
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ted specific capacitances of 316 F g−1 in a supercapacitor
assembly, revealing great potential for practical application.
Later, in 2015, the same group used the same synthetic strat-
egy for wrapping PPy onto a previously developed hybrid made
of BC nanofibers and GO.72,73 The coating of PPy on the BC/
GO skeleton removed the perverse influence of the oxygen con-
taining groups previously observed on GO.73 Indeed, the as
prepared BC/GO/PPy composites showed the highest electrical
conductivity (1320 S m−1) and the largest volumetric capaci-
tance (278 F cm−3) ever shown by carbon-based electrodes.
However, despite these remarkable advantages, the main roles
of BC were only the formation of 3D conduction paths and the
enhancement of the mechanical stability.72 In a more recent
study, PPy nanoparticles were homogeneously coated onto
TEMPO-oxidized BC nanofibers (TOBC) through chemical
polymerization to render films with high porosity (101 m2 g−1)
and electrical conductivity (6.63 S cm−1).74 When assembled as
electrodes in supercapacitor cells, the system showed a specific
cell capacitance of 153 F g−1 and an exceptionally good cyclic
stability (93% of retention after 1000 charge/discharge cycles).

Moreover, highly conductive paper electrodes of BC/PPy
nanofibers in combination with MWCNTs were fabricated
through a simple and environmentally friendly vacuum-filter-
ing method, avoiding the use of other reagents.75 Without the
assistance of binders, conductive additives or any additional
current collectors, the resulting BC/PPy nanofibers/MWCNT
hybrid films were easily assembled into symmetric super-
capacitors that offered large areal capacitances (590 mF cm−2)
and excellent cycling stability (94.5% retention after 5000
cycles),75 benefiting from the high conductivity and hierarchi-
cal porous structure of the electrode.

Finally, not only BC nanofibers, but also membranes have
been applied to reinforce the mechanical integrity of PPy.
Indeed, BC/PPy flexible electrodes with an electrical conduc-
tivity and a discharge capacity of 3.9 S cm−1 and 459 F g−1,
respectively, were prepared after the immersion of BC mem-
branes in a Py aqueous solution, and the subsequent in situ
oxidative polymerization by gently adding FeCl3·6H2O (oxidant
agent) to the swollen membranes.76 Nevertheless, the cycling
stability of such relatively simple composites was poor for prac-
tical applications: the discharge capacity decreased ∼30% after
50 cycles only. Following a similar strategy, the same group
prepared cotton fabrics coated with lignosulfonate-doped
PPy.77 In this case, the fabrics were previously immersed in an
aqueous solution containing Py and lignosulfonate, and FeCl3
initiated the in situ chemical polymerization.78 These aqueous-
mediated coated fabrics, which had high specific capacitance
(304 F g−1) and good cycling performance, can be used in flex-
ible and wearable supercapacitors.78

The strategy described above for preparing core-sheath
structured BC/PPy nanocomposites72 was also employed to
prepare BC/PAni.79 More specifically, dispersed aniline was
self-assembled onto BC with the assistance of dimethyl-
formamide, and subsequently polymerized in situ with
ammonium peroxide sulphate and HCl as doping agents.
However, the electrical conductivity and specific capacitance

exhibited by BC/PAni (5.1 S cm−1 and 273 F g−1, respectively)
were lower than the outstanding properties exhibited by BC/
PPy.71 Following another approach,80 foldable, flexible, light-
weight aerogel-like 3D electrodes were obtained by adsorption
and in situ chemical polymerization of aniline on the surface
and interior of a substrate where CNFs and multi-walled CNTs
(MWCNTs) intertwine with each other randomly (Fig. 7a).
Cyclic voltammograms and galvostatic charge–discharge
curves (Fig. 7b) proved that the very low pseudocapacitante of
the CNF/MWCNT substrate increased noticeably (i.e. from 50
to 250 F g−1) after polymerizing aniline.80

Other methodologies to obtain PAni-based flexible super-
capacitors have been proposed.81–85 Yuan et al.81 used paper as
substrates. Specifically, cellulose fibres contained in common
printing papers were coated with a thin layer of PVA, and then
an 80 nm thick gold film was evaporated onto the treated

Fig. 7 (a) SEM micrograph of CNF/MWCNT substrate and (b) compari-
son of the cyclic voltammograms recorded at 10 mV s−1 before and
after polymerizing the adsorbed aniline (CNFs/MWCNTs and CNsF/
MWCNTs/PAni, respectively). Taken from ref. 80.
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paper. The resulting conductive paper, which was lightweight
and highly flexible, preserved the porous structure, facilitating
the electrodeposition of fibrous PAni networks. The paper/Au/
PAni device exhibited a capacitance of 560 F g−1 and a very
high cyclability.81 More recently, conductive cellulose/PAni
films with excellent mechanical properties were prepared by
in situ polymerization of aniline monomers in regenerated
cellulose films derived from native cellulose (i.e. cotton linter
pulp).82 In the swollen state, these films had a porous struc-
ture, comprised of nanofibrils, that allowed the efficient pene-
tration of aniline monomers and initiator. Nevertheless, even
under the optimized reaction conditions, the electrical con-
ductivity (0.06 S cm−1) and specific capacitance (160 F g−1) of
the resulting cellulose/PAni composite were still lower than
those reached by other systems previously discussed.79–81

Finally, nylon nanofibers-reinforced cellulose acetate (CA)
films were used as substrate to build up PAni conductive layers
via in situ polymerization.83 These electrodes exhibited a
capacitance and a transmittance of up 400 F g−1 and 40%,
respectively.83 A similar strategy was followed by Ge et al.,84

who coated macroporous CFs with SWCNTs, followed by in-
filtration of aniline and in situ polymerization of PAni nano-
ribbons. The interpenetrating networks of CFs, SWCNTs, and
PAni nanoribbons were folded–unfolded repeatedly up to 1000
times without mechanical failure and maintaining electro-
chemical stability (i.e. the material conductivity remained con-
stant during repeated folding).84 In a very recent study, flexible
films of PAni, tissue wiper-cellulose, exfoliated graphite and
silver nanoparticles were used as electrodes in supercapacitors
for wearable electronics.85 Cellulose was the backbone and the
source of the flexibility and the consistency of the composite
film, which exhibited a SC of 240 F g−1 and excellent cyclic
stability after optimizing the weight ratios of different com-
ponents. It should be noted that, in general, the fabrication of
nanocomposites derived from cellulose derivatives, including
BC, and PAni, does not apply sustainable chemistry principles
in terms of solvents (as is the case for PPy). Thus, the prepa-
ration of PAni is frequently carried out using organic solvents,
while PPy-containing nanocomposites are obtained in aqueous
environments.76–78

Before concluding this section, a brief discussion is pre-
sented on PEDOT-based flexible electrodes for supercapacitor
applications. This CP is among the most successful ECPs due
to its excellent electrochemical and thermal properties, high
conductivity, good environmental stability in its doped state,
mechanical flexibility, relative ease of preparation, and fast
doping–undoping process.86–88 In a very recent study,
Kurungot and co-workers89 prepared highly conducting and
robust PEDOT-paper using an amazing synthetic approach:
surfactant-free interfacial polymerization at the interface of
two immiscible liquids (Fig. 8). This procedure resulted in flex-
ible PEDOT films with highly ordered polymer chains and
enhanced doping level. The specific capacitance of super-
capacitors prepared using such a PEDOT-paper and polyvinyl
alcohol–H2SO4 as the solid electrolyte was 115 F g−1.
Furthermore, these flexible devices were stable during charge–

discharge cycling under twisted and bending conditions over
more than 3800 cycles (Fig. 8).

In all applications described in this section, cellulose plays
the role of a passive component in the electrochemical super-
capacitor’s performance. However, it is worth nothing that, in
general, cellulose-based mechanical reinforcements do not
influence negatively the electrochemical properties of the elec-
trically active components, bringing closer smart energy
storage technologies and green chemistry. Thus, cellulose-
based electrodes can be easily fabricated using techniques
known from the paper industry (e.g. roll-to-roll), facilitating an
economical large-scale production. However, the most impor-
tant advantage is to encourage ecological companies aimed to
cellulose insulation against enterprises oriented towards the
production of chemicals. Within this context, it should be
emphasized that cellulose insulation has one of the highest
levels of recycled content in industry. Furthermore, cellulose

Fig. 8 Schematic representation of the synthetic strategy for PEDOT-
paper preparation (top) and profiles illustrating the cycling stability data
of PEDOT-paper (bottom). Adapted and taken from ref. 89.
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insulation, which frequently is locally produced, is not an
energy-consuming process.

(ii) Cellulose as a mechanically inert
template or a renewable carbon
source

As cellulose is the largest renewable natural carbon source on
earth, it has been employed not only as the precursor (raw
material) of activated carbon for supercapacitors, but also as
template for the synthesis of electrodes using template-assisted
polymerization processes. In both cases, the main objective of
these uses is to convert this low-value biomass and biowaste
into a high-value commercial product. It is worth noting that
many applications discussed in this sub-section are those in
which the mechanical properties of cellulose are ignored, the
use of this biopolymer being frequently motivated by its low-
cost, abundance and natural origin. Table 2 summarizes the
main characteristics of the supercapacitors described below.

In general, among the green chemical approaches in the
synthesis of nanostructured materials for energy storage appli-
cations, the use of natural materials as templates, green
solvent as primary solvents and the simplification of the syn-
thesis procedure deserves special mention. Within this
context, simple template-assisted polymerization processes
combined with cellulose nanostructures as green templates
have been used to fabricate supercapacitors. Xu and Zhang90

used sodium CMC, a polysaccharide bearing a number of
–CH2COO

− Na+ groups, for such a purpose. More specifically,
CMC nanospheres with a diameter of ∼100 nm were used to
adsorb Py, and subsequently obtain PPy by in situ chemical
polymerization (Fig. 9a). Although CMC nanospheres did not
provide any mechanical benefit in terms of strength and/or
flexibility, authors justified this choice by the good properties
of CMC as a stabilizer in preparing nanocomposites,91,92 the
low cost and green (i.e. non-toxic) character of this template
compared with others made of CNTs or transition metal
oxides, and the protection imparted to the backbone of the
PPy layer during charge–discharge processes. Indeed, CMC/
PPy electrodes showed a specific capacitance of 180 F g−1 and
adequate cycling stability (i.e. 80% of the capacitance after 200
charge–discharge cycles). In another example, instead of CMC
nanospheres, NC fibres were used as a template to obtain PPy
fibres.93 The most important advantages of this strategy,
which is illustrated in Fig. 9b, were: (i) no polymer binders or
carbon additives were required to ensure high electrical con-
ductivity and mechanical integrity of the electrodes; (ii) the
inclusion of the intertwined PPy nanofibres yielded electrodes
with higher weight fractions of PPy (i.e. up to 90%) compared
to composites containing only PPy coated NC; (iii) both PPy
nanofibres and PPy-coated NC fibres contributed to the charge
storage capacity (the cell capacitance was 36 F g−1); and (iv) the
intertwined PPy nanofibres may facilitate electron transport by
interconnecting PPy-coated NC fibres.93

Cellulose NFs have been used not only as template, but also
as the carbon precursor to obtain carbonized fibres mats that

Fig. 9 (a) Scheme illustrating the fabrication of CMC/PPy nanocomposites using CMC nanospheres as a polymerization template. A TEM image of
CMC/PPy, which has been taken from ref. 90, is also displayed. (b) Schematic representation of the preparation of free-standing binder free electro-
des in which PPy nanofibers are integrated into a matrix made of NC/PPy. NC fibres were used as the template for the chemical polymerization of
Py. Taken and adapted from ref. 93.
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act as the storing charge electrode through electric double-
layer capacitance. For example, carbonizing PPy-coated CNFs
rendered supercapacitor electrodes with a specific capacitance
of 236 F g−1, this value increasing to 1045 F g−1 when the car-
bonized material was combined with Ni(OH)2.

94 The super-
capacitor retained 84% of the specific capacitance after 5000
cycles of consecutive oxidation–reduction cycles.94 Similarly,
carbonization of fibrillar cellulose impregnated with CNTs
resulted in a composite electrode of carbon nanofibers (dia-
meter: 50–250 nm) with a specific capacitance of 163 F g−1

(ref. 95) that increased to 241 F g−1 when DWCNTs were
replaced with MWCNTs during the impregnation process.95

Thus, although attached CNTs increase the surface area in
both cases, the greater adsorption of MWCNTs provoked not
only higher surface area, but also enhanced electrical conduc-
tivity (i.e. 98.2 S cm−1 and 85.3 S cm−1 for MWCNTs and
DWCNTs, respectively). Ultraporous carbonized materials,
which display a large number of sub-nanometer pores, have
recently been obtained by a controlled in situ carbonization–
activation process of cotton cellulose with atomically dispersed
potassium.96 The resulting carbonized material exhibits an
amorphous carbon structure composed of several nanometre-
scale hexagonal carbon fragments, in which ultramicropores
able to store remarkably high charge are developed. The sym-
metric supercapacitors achieve a specific capacitance of 130
F g−1 and a capacitance retention value of ∼90% after
10 000 cycles.96

In another case, in addition to enhancing the electrical con-
ductivity of carbon nanofibers, MWCNTs reduced the acti-
vation energy of the oxidative stabilization of cellulose, thus
increasing the crystallite size and structural order.97

Specifically, MWCNT/cellulose composite nanofibers, which
were prepared by electrospinning a CA/MWCNT blend solution
followed by deacetylation to regenerate the CA into cellulose
(carbon activation took place by carbonizing the composite at
1000 °C), exhibited a cell capacitance of 145 F g−1 and a capaci-
tance loss of 6% after 1000 charge–discharge cycles when used
as the electrodes of symmetric supercapacitors.97 However,
although the addition of CNTs to the electrode material results
in an excellent supercapacitor performance, their high pro-
duction cost limits their application in the large scale.
Likewise, following a facile one-step strategy, inter-bonded
carbon nanofibers are obtained from partially hydrolysed CA
electrospun nanofibers (carbonized in N2 flow at 1000 °C and
activated in CO2 at 850 °C). The inter-fibre connection is
responsible for the considerable improvement in the electrode
electrochemical performance: a specific capacitance of 241.4
F g−1 while maintaining high cycling stability (negligible 0.1%
capacitance reduction after 10 000 cycles).

Furthermore, it is known that the large amount of surface
functionalities shown by CNFs is able to strongly interact with
activated carbon (AC), resulting in a network of carbonized
CNFs with markedly better electron transport efficiency than
AC particles.99 Considering this, mechanically delaminated
CNFs were mixed with traditional activated AC, most of which
is produced from renewable biowaste, such as dead trees,

bamboo, and coconut shells, and heated at 800 °C to produce
paper-like films with significantly higher capacitance than
bare activated carbon, especially at high current densities, and
excellent stability (over 92% capacitance retention after 10 000
cycles).99 Also, activated carbon hollow fibres (ACHFs) with
high specific surface area were prepared from hollow ramie
fibres by one-step activation at different ZnCl2 concen-
trations.100 The impregnated ramie fibres were pyrolyzed at
650 °C under nitrogen flow. Interestingly, the structural deve-
lopment of ACHFs was found to greatly depend on ZnCl2 con-
centrations, which not only can swell and dissolve cellulose
but also can serve as the skeleton of newborn pores. As the
supercapacitor electrode, the ACHFs exhibited a maximum
capacity of 287 F g−1 and a high stability with more than 93%
retention after 1000 cycles.100

Hence, the evolution towards a more sustainable energy
storage technology requires using biomass-derived carbon
materials as electrodes and cellulose is indeed an excellent
source of that. This line of actuation has attracted a lot of
attention in recent years. In 2015, Broussonetia papyrifera stem
bark was used as a raw material for the synthesis of nitrogen-
doped porous carbon species for supercapacitor electrodes.101

After hydrothermal treatment of the stem bark in a KOH solu-
tion, the resulting material was subjected to simultaneous
pyrolysis and KOH activation. The produced heteroatom-doped
carbon material exhibited a porous texture (average pore size
of 3.8 nm) with partial graphitic structure. These electrodes
exhibited a specific capacitance of 320 F g−1 together with
excellent cycling stability,101 which were attributed to the
synergistic effect of the heteroatom-doped species.
Considering the worldwide abundance and recyclability of
Broussonetia papyrifera, a very resistant flowering plant native
to Asia but introduced in parts of Europe, United States, and
Africa, these results suggest the potential application of this
strategy for the large-scale production of biomass-derived elec-
trodes. In another example, Wang et al.102 combined the
unique complex multi-layered structure of hemp bast fibre pre-
cursor with hydrothermal treatment, KOH activation, and car-
bonization at 700–800 °C to achieve carbon nanosheets with
micro- and mesoporosity, specific capacitance in the range of
110–144 F g−1, and excellent cycling stability (8% capacitance
reduction after 1000 cycles).102

Following these two approaches,101,102 Gao et al.103 pre-
pared oxygen-rich activated carbon using animal cellulose
from crab shell wastes as a raw material. This activated
carbon, which was achieved by combining different processes
that included carbonization and KOH activation,104 displayed
high surface area, large pore volume, and high surface oxygen
content (18.5%). Besides, the corresponding supercapacitor
electrodes exhibited a specific capacitance of 281 F g−1, even
though their stability against charge–discharge processes was
not tested.103 Furthermore, cellulose and biowaste ligno-
sulphonate led to meso-microporous activated carbon electro-
des that, when assembled in KOH aqueous electrolyte, showed
a specific capacitance of 286 F g−1.105 Specifically, increasing
the micropore volume improved the specific capacitance of the
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carbon electrode, whereas increasing the mesopore volume
enhanced the rate capability. Finally, Kim et al.106 simply
soaked citrus peels, which are mainly composed of cellulose,
hemicellulose, lignin and pectin (i.e. good carbon precursors),
in a 30 wt% KOH aqueous solution for 30 min, dried at 80 °C
for 36 h, and finally pyrolized at 800 °C for 2 h under a nitrogen
atmosphere. Heating in the presence of K+ transformed the
waste from citrus fruits into nanoporous carbon nanosheets
containing numerous redox-active heteroatoms (i.e. nitrogen
and oxygen). Hence, pseudocapacitors based on a symmetric
electrode configuration exhibited a specific capacitance of 110 F
g−1 and a capacitance retention of 64% after 100 000 cycles.106

Carbonized cotton pulp at 1000 °C showed a capacitance of
107 F g−1 and excellent stability for 2000 cycles.107 These good
properties were attributed to the low surface contamination
and high surface area of the resulting carbon fibre structure
achieved using a two-step carbonisation process: (i) pre-
carbonization of the cotton pulp at 600 °C; (ii) graphitisation
at 1000 °C. Although the pre-treatment and the graphitisation
steps apparently preserved the long fibres of unmodified
cotton pulp, carbonised cotton pulp fibres are slimmer and
have increased number density (Fig. 10). Moreover, cotton

T-shirt textiles were transformed into highly conductive and
flexible activated carbon textiles (ACTs) through a three-step
process:108 (i) traditional dipping with 1 M NaF solution; (ii)
drying at 120 °C for 3 h in a pre-heated oven; and (iii) curing
the dried textiles at 800–1000 °C. The electrochemical perform-
ance of the resulting porous ACTs was enhanced after electro-
chemical deposition of nanostructured pseudo-capacitive
MnO2, which adopted nanoflower architectures: the specific
capacitance of the asymmetric supercapacitor was 120 F g−1,
the loss of capacitance after 1000 cycles being only 2.5%.108

These good properties were attributed to: (1) the highly con-
ductive ACTs backbone with a high surface area that provided
an excellent interfacial contact between ACT microfibers and
MnO2; (2) the nanoflower architecture of MnO2 shortened the
diffusion paths of electrolyte ions during fast charge/discharge
processes; and (3) the high surface area of the ACT negative
electrode facilitated the electrolytic ion transport, enhancing
the energy and power density values.

A completely different approximation was applied by
Bismark and co-workers,109 who produced activated carbon
material with a graphitic structure by pyrolyzing BC in dense
paper form at 950 °C and activating the resulting carbon-
aceous material with CO2. The electric double layer capaci-
tance of the activated carbon was 42 F g−1 in K2SO4 electrolyte
solution, being proposed as a potential new active material for
supercapacitors.109 Besides, Ni3S2 nanoparticles grown on the
surface of carbon nanofibers derived from BC110 resulted in an
asymmetric supercapacitor with a similar electrochemical
response: a high specific capacitance (69 F g−1) and good
cyclic stability after 2500 cycles (97% of retention). The carbon-
ization of a mixture of BC and potassium citrate (K3C6H5O7)
produced a 3D-integrated porous carbon architecture with
high specific surface.111 Again, not only was the latter com-
pound used as a carbon precursor for the formation of porous
carbon nanosheets, but also provided potassium as a chemical
activating agent during heat-treatment under a flowing nitro-
gen atmosphere. As a consequence, this composite displayed a
specific capacitance of 261 F g−1 and an outstanding cycling
stability of 97.6% after 10 000 cycles.111 Nitrogen and phos-
phorus co-doped carbon nanowires, which were prepared by
impregnating NH4H2PO4 into BC pellicles followed by carbon-
ization in a NH3 atmosphere at 800 °C,112 showed a specific
capacitance of 258 F g−1 and an excellent cycling stability (i.e.
98% retention of specific capacitance after 30 000 cycles).112

Similarly, PAni coated bacterial cellulose (BC) was carbonized
(one-step process at 700 °C for 2 h under an Ar atmosphere) to
render nitrogen-doped BC nanofibers exhibiting excellent
capacitive performance (1949.5 F g−1) and cycling stability
(74.4% after 5000 cycles), as well as acting as a 3D bio-template
for depositing an ultrathin Ni–Co layered double hydroxide
nanosheet.113

In a very recent study, an all-biomaterial-originated film
supercapacitor was constructed using activated pyrolysed BC
as the electrode material and a biobased BC/H3PO4 gel electro-
lyte, which exhibits much higher ion mobility than the fossil
fuel based PVA/H3PO4 gel electrolyte.114 Although the all-

Fig. 10 SEM images of untreated cotton pulp (top), and treated at
600 °C (center) and 1000 °C (bottom). The scale for all these images is
the same (left). Taken from ref. 107.
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biomaterial supercapacitor displayed an excellent specific area
capacitance of 289 mF cm−2, the capacitance retention was
very low (66.7% after 100 cycles only). In spite of this limit-
ation, the concept of eco-friendly all-biomaterial super-
capacitors will be of great importance in the coming years
because of the increasingly serious environmental problems.

Finally, porous carbon aerogels derived from cellulose have
also been prepared as supercapacitor electrodes. Aerogels are
solid materials with very low densities and high thermal
specific surface areas. For that, bagasse, the waste product
from sugarcane that mainly contains cellulose derivatives, was
employed as a raw material (Fig. 11a).115 The activated carbon
aerogels, which exhibited hierarchical macro-, meso- and
micro-porous structures, were employed as electrodes in solid

state symmetric supercapacitors (KOH/PVA as the solid electro-
lyte) revealing a specific capacitance of 142 F g−1 and a capaci-
tance retention of 94% after 5000 charge–discharge cycles.
Similarly, raw cotton was converted into functional aerogels
containing a significant amount of nitrogen-doped graphene
sheets grafted on cellulose fibres.116 For this purpose, an
entanglement of cotton was immersed in an aqueous urea
solution, a porous structure being then obtained by freeze-
drying. Urea was used not only as a molecular template to
form graphene, but also as the nitrogen source for doping,
whereas cotton microfibers acted as the carbon source to grow
nitrogen-doped mushroom-like graphene sheets through a
thermal condensation method at high temperature. The
specific capacitance of symmetric supercapacitors constructed

Fig. 11 (a) Schematic of the fabrication of highly porous bagasse-derived carbon aerogels with hierarchical pore structure. Taken from ref. 115. (b)
Illustration of the preparation and SEM micrograph of the hierarchical porous nitrogen-doped carbon aerogel. Adapted from ref. 117.
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using such aerogel electrodes and KOH as electrolyte was 108
F g−1.116 After 10 000 charge–discharge cycles, the capacitance
retention was only 64%. This relatively reduced cycling stability
was attributed to the effects from doped heteroatoms.115

Nitrogen-doped carbon aerogels with hierarchical porosity (i.e.
with multi-scale pores) were prepared by a dissolving–gelling
process followed by carbonization in a NH3 atmosphere at
800 °C (Fig. 11b).117,118 In addition to a capacitance of 225
F g−1, these carbon aerogels displayed an excellent cycling life
(6% loss after 5000 cycles) as well as an exceptional CO2

adsorption capacity (4.99 mmol g−1). These combined abil-
ities, which were attributed to the formation of interconnected
macropores and micropores (Fig. 11b), revealed the system to
be a multifunctional material with great potential for appli-
cations in CO2 capture and energy storage.

Carbonaceous hydrogels and aerogels with a 3D porous
structure, which were prepared by simple one-pot hydro-
thermal reactions, have shown a tremendous potential as
scaffolds for the fabrication of 3D composite materials for
their application in energy storage. For example, Xu and co-
workers119 prepared electrodes by embedding Fe3O4 nano-
particles in a template made of carbonaceous nanofibers and
nanospheres that was prepared using watermelon as a carbon
source. On the other hand, nanofibrillated cellulose, a rapidly
emerging class of bio-friendly nanomaterials that offers tre-
mendous possibilities for the aqueous self-assembly of a range
of advanced micro- and nano-structures, has been used to fab-
ricate aerogels functionalized by rapid layer-by-layer assem-
bly.120 Although these aerogels exhibited high charge storage,
they have not been configured as supercapacitors yet.

On the other hand, from the perspective of green techno-
logies, carbonization and pyrolysis processes present serious
drawbacks because of the very high temperature requirements
(up to 1000 °C). However, in recent years, other, but less
exploited, approaches have been reported to reduce the energy
consumption. For example, Yushin and co-workers121 trans-
formed cellulose into porous carbon by hydrothermal carbon-
ization (HTC). As opposed to processes such as carbonization
or pyrolysis, HTC uses heated water (at temperatures around
200 °C and at an elevated pressure) to transform the biomass
employing more efficiently the energetic potential. This
process, also known as “wet pyrolysis”, offers a huge potential
for char production to a range of non-traditional renewable
and plentiful agriculture residues and municipal wastes.122,123

Furthermore, HTC can be completed to obtain activated
carbons via a chemical activation with KOH similar to that
described above.122 The capacitance of the hydrothermally car-
bonized cellulose electrodes was 236 F g−1,121 even though
they were not assembled in supercapacitors.

(iii) Cellulose as a separator

In supercapacitor devices, the separator has to fulfil two func-
tions: (i) it must provide electronic insulation between electro-
des of opposite polarization to avoid short circuits; and (ii) it

must favour high ionic conduction/mobility from the electro-
lyte towards the electrode surface. Although currently most of
the separators used in commercial supercapacitors are based
on polymers [e.g. polypropylene, polyethylene, Teflon®, poly-
vininylidene fluoride (PVDF) and polyvinyl chloride (PVC)],
glass, and cellulose derivatives, we have included in this
section those systems where cellulose is both employed to fab-
ricate the separator and the electrodes. Therefore, most of the
works cited have already been described in the previous sec-
tions, but now the focus is placed on the separator. In
addition, we have illustrated the use of cellulose as a separator
in supercapacitors made of textile nanostructures (i.e. poly-
ester), which are oriented towards wearable electronics.

Deng and co-worker41 combined MFC/MWCNT electrodes
with MFC separator sheets to fabricate symmetric super-
capacitors. Specifically, separator sheets were made with a
solid electrolyte of polyethylene oxide (PEO)/LiCl that was uni-
formly distributed among MFC networks forming a film
support. The addition of MFC networks greatly improved the
mechanical properties of PEO/LiCl; their porous structure pro-
vided enough passages for ion movement; and their insulating
nature prevented electric contact between the MFC/MWCNT
electrode sheets.

While an all-paper symmetric supercapacitor was success-
fully prepared by using two cellulose paper/RGO electrodes
and one piece of paper as a separator53 (the main advantage of
this green supercapacitor was that both the electrodes and the
separator were based on recycled cellulose from newspapers),
pure cotton cloth was employed as a separator in the cylindrical
symmetric supercapacitor displayed in Fig. 2. Cotton cloth/GNS
pieces were used as positive and negative electrodes, and nickel
foam as a current collector.32 This rechargeable energy storage
device was designed to be light-weight, cheap, and portable.

As mentioned before, Tammela et al.56 used a varying
number of filter paper sheets (0.15 mm thick and pore size
12–15 μm) soaked in 1.0 M NaNO3 electrolyte as the separator
of cellulose/PPy electrodes in symmetric energy storage
devices. Thus, the separator thickness was controlled through
the number of paper sheets. Authors found that the cell resist-
ance was unaffected by the electrode thickness, whereas it
increased linearly with the thickness of the separator. This
dependence probably originates from the electrolyte resistance
in the pores of the separator sheets (i.e. the tortuosity of the
cellulose-based filter paper sheets). From these results it was
concluded that the electrode should be as thin as possible to
reduce the cell resistance.56

The all-biomaterial supercapacitor recently developed by
Zhi and co-workers114 combined 3D BC-derived electrodes
with a novel BC-based gel electrolyte. The BC/H3PO4 gel is
dielectric, flexible and semi-transparent. Interestingly, the
volume capacitance of such a supercapacitor decreased from
35.5 F cm−3 to 23.6 F cm−3 when the BC/H3PO4 separator was
replaced by PVA/H3PO4. In spite of this, the applicability of BC/
H3PO4 was limited by the evaporation of aqueous electrolyte,
which retarded the ion movement and increased the resistance
of the whole device.
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A fully integrated printed supercapacitor was prepared on a
commercial paper substrate using SWCNT ink.124 The paper
surface was pre-treated with PVDF to produce a thin layer
without large holes but this still allowed the transport of elec-
trolytes through the paper. After this, the SWCNT ink was
coated using the Meyer rod method on both sides of the PVDF-
treated paper. The most striking characteristic of this extre-
mely simple device is that the SWCNT coatings behave as both
the electrodes and the current collectors, whereas the paper
acted as both the substrate and the separator. The specific
capacitance of such a lightweight paper-based supercapacitor
was 33 F g−1 (Table 1), the loss of capacitance after 2500
charge–discharge cycles being very small.124

Although the use of filter paper as a simple separator in in-
organic supercapacitors is relatively frequent, some studies
deserve special mention because the applications of those
devices were intimately related to conventional applications of
cellulose-containing materials. For example, Cui and co-
workers125 reported a structure where MnO2 nanoflowers were
electrodeposited onto CNT-wrapped polyester fibres.
Supercapacitors prepared using this conductive textile, which
could be considered as an extension of a previously reported
conductive paper,29 were assembled using paper sheets as
separators. Thus, polyester fibres and paper low-cost materials
were essential to propose these elements as promising large-
scale wearable devices for energy storage.69,126

In summary, in the last few years there have been promising
reports on paper-/cellulose-based materials being applied to
fabricate both electrodes and separators for supercapacitors,
in which their rough and porous surface has proved a strong
advantage where both high surface area and electrolyte absorp-
tion are demanded. Recyclability and biodegradability are sig-
nificant benefits considering that the cost of waste manage-
ment and the impact on the environment could be consider-
ably low.

(iv) Cellulose’s role as an electrolyte

In addition to the two electrodes separated by an ion-per-
meable separator, supercapacitors also require an electrolyte
(i.e. a mixture of positive and negative ions dissolved in a
solvent, such as water) that connects them ionically. When the
supercapacitor is polarized, an electric double-layer emerges at
the interface between the electrode (electronic layer) and the
electrolyte (opposite polarity layer from dissolved ions).
Moreover, pseudocapacitance appears when the electrode
material is able to store electrical charge by reversible faradaic
redox reactions. In this specific case, electron charge-transfer
occurs between the electrolyte and the electrode, and intercala-
tion or electrosorption processes take place with ions permeat-
ing the double-layer and being adsorbed. Although the charge
storage ability depends primarily on the electrode conductivity,
porosity, size, and surface shape, capacitance is also affected
by the ion movement speed in the electrolyte towards the
double-layer. Furthermore, an excellent electrolyte perform-

ance is based on optimized working voltages, non-toxicity, low
corrosion, and safety.127 All these requirements are fulfilled by
cellulose, as discussed in the previous section, representing a
green alternative to conventional materials currently used to
fabricate supercapacitors. Table 3 summarizes the most rele-
vant trends of cellulose-containing supercapacitors discussed
in this section.

Gui et al.128 focused on the electrolyte absorption pro-
perties of CFs as a potential substrate in energy storage
devices. More specifically, these authors considered that
natural CFs behave like a cell wall that takes up the electrolyte
from bulk electrolyte baths. Electrolytes are then transported
via the pores through the CF matrix to the energy-active
material. In this way, the mesoporous channels inside the CFs
act as an extra ion diffusion pathway for charge–discharge pro-
cesses. On the basis of these assumptions, different hybrid
electrodes were prepared even though the best ion diffusion
and electrochemical properties were obtained for CF/CNT/
MnO2/CNT electrodes prepared by dip-coating (Fig. 12). This
system exhibited dual ion diffusion and electron transfer path-
ways demonstrating superior supercapacitive performance (i.e.
specific capacitance of 327 F g−1 and excellent cyclic stability,
retaining 85% of the capacitance up to 50 000 cycles). Hence,
these results highlight the merits of the mesoporous CFs as
substrate for supercapacitor electrodes: the water-swelling
effect of cellulose fibres induce absorption of the electrolyte,
whereas their mesoporous internal structure provides channels
for ions to diffuse towards the electrochemical energy storage
material.

Flexible CNFs were also selected as aqueous electrolyte
nanoreservoirs, nanospacers, and hierarchical nanostructure
makers of graphene-based electrode materials.129 Specifically,
CNF/RGO hydrogels, which were prepared by acidizing a
homogeneous solution of CNFs and GONSs with hydrochloric
acid vapour, were transformed into aerogels by supercritical
CO2 drying. Within this context, it should be emphasized that
the use of carbon dioxide is often promoted as a green solvent,
and its use in this role has permeated throughout the chemi-
cal and materials research communities. Specific green-
properties of supercritical CO2 are non-flammability, relatively
low toxicity and relatively low reactivity. In addition, unlike
water, the supercritical regime of CO2 is readily accessible,
given its critical temperature of only 304 K. The outstanding
properties of these novel CNF/RGO hybrid aerogels (i.e. capaci-
tance of 207 F g−1 and excellent cyclic stability) were ascribed
to (i) the excellent re-swell performance of the electrode in
aqueous electrolyte, which was induced by the hydrophilic
CNFs, and (ii) to the effective prevention of graphene
nanosheets aggregation.129 By following a similar approach,
the same group reported CNF/MWCNT hybrid aerogels where
hydrophilic 1D CNFs were used as environmentally friendly
aqueous electrolyte nanoreservoirs that effectively reduced the
electrolyte ion transport distance in the aerogel 3D porous
network.130 In addition, 1D CNFs acted as a steady dispersant
of MWCNTs and nanospacers. Hence, when CNF/MWCNT
hybrid aerogel films were assembled as the electrode material
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and charge collector, these all solid-state flexible super-
capacitors exhibited high specific capacitance (178 F g−1) and
excellent electrochemical stability under different bending
angles and even after withstanding 100 bending cycles, which
was attributed to the properties provided by CNFs.130 Thus,
CNFs exploited the full potential of MWCNTs by preventing
their aggregation, enhanced the re-wettability of the meso-
pores with aqueous electrolytes, and improved the utilization
efficiency of the mesopores.

Pushparaj et al.131 opened a new concept by integrating
into a single unit the multiple basic components of super-
capacitors (i.e. the electrode, the separator, and the electrolyte)
with the specific electrochemical and interfacial properties
required to build such energy storage devices. Therefore, they
concluded that nanoporous cellulose papers embedded with
aligned MWCNTs satisfy the requirements of such basic com-
ponents. Indeed, the porosity of cellulose combined with its

inherent flexibility provided the characteristics of an un-
precedented integrated design for a variety of compact devices.

The extraction of CFs from waste papers and their sub-
sequent application in supercapacitor electrode design was
presented as a cost effective route for developing energy
storage devices with improved performance.132 CF/PPy and CF/
graphene/PPy electrodes were prepared by in situ polymeriz-
ation of adsorbed Py (Fig. 13). The specific capacitance of CF/
PPy and CF/graphene/PPy (51 and 243 F g−1, respectively) was
found to be significantly higher than that of PPy and gra-
phene/PPy (16 and 89 F g−1, respectively).132 Hence, adding
CFs significantly enhanced the electrochemical properties of
the electrode materials, in addition to their mechanical stabi-
lity. Most importantly, the incorporation of CFs enhanced the
electrolyte accessibility in both composites: not only CFs sep-
arated graphene sheets, which acted as a barrier to the hydro-
gen bonding tendency of cellulose molecules, but also

Fig. 12 Schematic illustration of the synthetic process of CF/CNT/MnO2/CNT electrodes and graphics showing the dual electron charge transfer
and ion diffusion paths in this electrode configuration: (a) single CF; (b) CNT dip-coating; (c) electrodeposition of MnO2; (d) second CNT dip-
coating; (e) magnification of the square area highlighted in (iv) to illustrate the dual electron charge transfer and ion diffusion paths in the CF/CNT/
MnO2/CNT configuration. Taken from ref. 128.
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behaved as an electrolyte reservoir and a transfer medium in
CF/graphene/PPy electrodes. Besides, these CFs’ abilities were
also related to the excellent cyclic stability of the system (94%
retention of specific capacitance after 2000 charge–discharge
cycles).

From another perspective, strong and solid polymer electro-
lyte ion gels composed of methyl cellulose fibres, which were
prepared using low viscosity solvents, show high ambient ionic
conductivities (>10−3 S cm−1), high capacitance (2 μF cm−2), a
wide voltage stability window (5.6 V) and excellent mechanical
properties. Nevertheless, although their application in electro-
chemical supercapacitors was not tested, this line of actuation
that is being widely under consideration for ion gels (and ionic
liquids) can potentially provide high potential stability
windows and improve the electrochemical stability of
electrodes.133

Finally, a new approach and application of cellulose was
recently reported by Sudhakar et al.134 These authors prepared
an eco-friendly and transparent solid polymer electrolyte (SPE)
based on cellulose acetate propionate (CAP), H3PO4, and poly
(ethylene glycol) (PEG), which acted as a plasticizer. CAP is
obtained by hydrolysis of cellulose using acetic acid and pro-
pionic acid, and it is typically developed for coating appli-
cations. The performance of this cellulose-containing SPE was
evaluated by fabricating a thin and compact supercapacitor
that revealed a specific capacitance of 64 F g−1 and a stability
of 96% at 1000 cycles. The electrode material for such a super-
capacitor was prepared by mixing AC derived from areca fibres
with a binder to form a slurry. Then, this slurry was screen
print coated onto stainless steel electrodes.

Perspectives and conclusions

This review comprehensively explores recent advances in deve-
loping high performance energy storage devices based on cell-
ulose. Specifically, its main objective is to present an overview

of the fabrication approaches followed to incorporate cellulose
as a component in supercapacitors. Regarding the charge
storage response, comparison between the described systems
is established in terms of the displayed specific capacitance as
well as cycling stability. Hence, an important effort is made to
understand the role played by this polysaccharide and its
related properties on such parameters.

But, why has the interest in cellulose for designing future
supercapacitors grown so strongly during the last years?
Within the context of energy storage devices, electrochemical
supercapacitors have emerged as a promising option that is
able to display high energy density values, thus improving the
reported values for conventional capacitors, fast charging–dis-
charging times, and long-lasting cycling stability. In addition
to these properties, our daily routine, which relies on consum-
able electronics with advanced functionalities, has led
research towards novel and bendable electrodes. Furthermore,
the growing concern about sustainable development demands
implementing greener energy technologies. If all these con-
ditions are combined, the next generation of supercapacitors
is being conceptualized to fulfill the following aspects: excel-
lent functionality, flexibility, environmental friendliness and,
if possible, affordability. Hence, as it has been highlighted in
this review, cellulose materials (e.g. commercial paper pro-
ducts, cellulose fibres, cotton, bacterial cellulose and biomass-
derived cellulose) have properties that result in final devices
perfectly matching the abovementioned requirements, which
explains the large amount of recent studies devoted to this
exciting field of study. Above all, the abundancy and low cost
of cellulose allows for simple and scalable preparation pro-
cesses that reduce the final economic cost of the prototype.

Besides, cellulose stands out for its versatility and
adapting nature when introduced in the supercapacitor
system. For example, most of the methodological strategies
that apply cellulose as a flexible mechanical reinforcement
element in supercapacitor electrodes are straightforward and
cheap. Basically, they rely on combining commercial sources

Fig. 13 Schematic representation of the (a) CF/PPy and (b) CF/graphene/PPy electrodes formation using CFs extracted from waste paper.
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of cellulose or derivatives with electroactive materials by
approaches that resemble those already in use in the textile
industry (e.g. brushing, coating, pouring, soaking, immersing,
dipping, drawing, screen printing and filtering). Thus, during
the preparation of the electrode, carbon-derived materials (i.e.
CNTs, graphite, GNS, GO) end up being introduced into the
cellulose system, whereas CPs (i.e. PPy, PAni or PEDOT) are
generally polymerized in situ or electrochemically deposited.
As a result, specific capacitance values range between ∼20 and
∼700 F g−1, 2276 F g−1 being the highest value reported in this
review. In fact, an enhanced performance is obtained for the
combined system in comparison with the electroactive
material alone.

From a practical point of view, the mechanical stability
imparted by cellulose not only results in flexible and bendable
electrodes for advanced applications, but also increases the
ability of such electrodes to withstand the structural changes
(expansion and contraction movements) taking place during
consecutive charging–discharging, thus enhancing the cycling
stability of the device and, consequently, its long-term use.
However, there is still some space for improvement in this
area. For example, one of the aspects to be explored is related
to the overoxidation process that affects CPs at high positive
potentials, which is related to poor cycling stability perform-
ances. Despite this, the performance of cellulose-based
supercapacitors portrays them as potentially competitive
products in comparison with non-sustainable energy storage
devices.

The concept of cellulose as the largest renewable carbon
source for preparing activated carbon electrodes has also
attracted a lot of attention. Thus, research on preparing
biomass-derived carbon materials has included a wide range
of varied sources: cellulose fibres, acetate cellulose, animal
cellulose (from crab shells), BC (fibres and pellicles), stem
bark, hemp bast fibres, renewable cellulose and biowaste
lignosulphonate, cotton products (T-shirt pieces, pulp, or a
mixture of cotton and urea), citrus peels, bagasse from sugar-
cane, and ramie fibres. In this case, preparation methods,
which are based on pyrolytic treatments where cellulose is
thermochemically decomposed at high temperatures (from
650 °C up to 1000 °C) under a N2 or NH3 atmosphere, require
more steps (after cellulose carbonization, an activation process
is applied, either using CO2 or KOH) and are more demanding
energetically. However, despite these drawbacks, cellulose
becomes an attractive renewable carbon source to prepare
supercapacitor electrodes that display high specific capaci-
tance values (42–320 F g−1) and excellent cycling stability.

Some general remarks on the synergy between the cellulose
morphology and the electroactive material should also be dis-
cussed. It is well known that the charge storage ability of
supercapacitors is directly affected by the electrode conduc-
tivity, porosity, size, and surface shape. As has been reflected
in this review, the porous network formed in cellulose fibres
contributes to improve SC values. Likewise, even though
designing aerogels increases the complexity of the process,
their extremely high porosity and conduction paths are respon-

sible for excellent SC values and adequate cycling response.
For example, in meso-microporous activated carbon electrodes,
the SC and rate capability increase with the micropore and
mesopore volumes, respectively. Moreover, properly dispersed
CNCs and CNFs effectively prevent CNTs or graphene
nanosheets from aggregating, which results in supercapacitors
with exceptional properties.

BC deserves a brief mention apart. Indeed, this cellulose
derivative embraces a long list of advantages, such as 3D reti-
culate structure, high chemical purity, ample porosity and
specific surface area, high hydrophilicity, and water-holding
capability; this makes most of the studies exploiting this cellu-
lose source outstanding (specific capacitance values as high as
556 F g−1).

Cellulose’s role in the remaining two parts of any super-
capacitor cell, namely the separator membrane and the electro-
lyte, is also worth noting. Regarding the former, designs as
plain and manageable as commercial paper, filter paper
sheets or cotton cloths, or slightly more complex, such as MFC
or BC gels, effectively accomplish the separating function and
even improve the mechanical properties of the device as well
as provide a porous structure favouring ion conduction. On
the other hand, the electrolyte absorption properties of cellu-
lose indicate its crucial contribution to promoting ion move-
ment and diffusion from the bulk electrolyte to the electrode
material by providing extra ion pathways, thus enhancing the
overall supercapacitive performance. Research on this specific
area (i.e. cellulose as electrolyte nanoreservoirs and nano-
spacers) is still scarce, but the results obtained so far encou-
rage additional efforts.

It should be noted that currently available commercial
supercapacitor cells based on organic electrolytes and carbon-
aceous electrodes exhibit specific capacitances lower than 200
F g−1, while the capacitance retention extends to several thou-
sands of cycles (i.e. from 2000 to 10 000).135,136 Similar, or even
higher, performances have been reported in the last few years
for some cellulose-based supercapacitors (Tables 1–3).
Accordingly, the environmental advantages associated with the
use of cellulose-based green materials are not affected by a
reduction in the performance of the resulting energy storage
device. Consequently, future perspectives for all-cellulose
based supercapacitor devices are exciting and technically chal-
lenging. Significant advances have been achieved by optimiz-
ing the fabrication processes towards more simple and
straightforward strategies, while the performances of the elec-
trodes have been improved by controlling their morphology
and composition. In the majority of investigations, attention is
focused on the specific capacitance and energy and power den-
sities, even though the performance of a supercapacitor device
should also be analysed by considering other determining
factors, such as maximum voltage, leakage current, equivalent
series resistance, or self-discharging response. Therefore, it is
mandatory to explore the feasibility of cellulose-containing
energy storage devices from all these points of view to fully
ensure their correct performance. Similarly, the potential
application of cellulose hydrogels as electrodes (if made con-
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ductive) or the electrolyte in all-solid supercapacitors awaits
further development.

Moreover, it seems of major importance to gain a better
understanding of events occurring at the electrode–electrolyte
interface. For such purposes, computer molecular dynamics
simulations represent a potent tool to clarify some of these
questions. For instance, the mechanisms of self-discharging or
overoxidation processes that affect CPs remain still unknown.
Another interesting consideration learnt from this review deals
with designing multifunctional energy storage devices to be
applied, for example, in motor vehicles where hybrid systems
(capacitor/battery/fuel) power the engine. Actually, even
though few studies exploit this facet, the introduction of cellu-
lose-based supercapacitors able to store charge in addition to
capture CO2 would represent a huge innovation in the field of
green energy technologies.

Finally, not only is cellulose the most abundant polymer,
but also the most extensively recycled. Indeed, sustainable
cellulose recycling shows a two-fold repercussion regarding
cellulose-based supercapacitors. On the one hand, as it has
been evidenced in some of the studies described above, high-
quality recycled cellulose pulp and fibres (from newspapers,
for instance) can be transformed into strong and flexible elec-
trodes with excellent capacitive performance, and therefore
this perspective also requires deep thought. On the other
hand, disposal of cellulose-containing parts from energy
storage devices is environmentally respectful when introduced
into the paper recycling infrastructure.

Within the context of this section, it should be noted that
paper-/cellulose-based composite materials have been used to
fabricate not only supercapacitors but also other kinds of
energy storage devices. In particular, the successful implemen-
tation of cellulose-based materials in Li-ion batteries137,138 and
fuel cells139,140 is particularly attractive since, together with
supercapacitors, these devices hold the promise of effective
solutions for a more sustainable future regarding energy
storage devices. In addition to this, similarly to what happens
with supercapacitors, intensive efforts are underway to develop
Li-ion batteries and fuel cells by using renewable resources
and water (as solvent) to reduce the environmental impact,
and to simplify the fabrication processes to lower costs.141–143

However, as the distinctive characteristics and electrochemical
performance of the materials used to fabricate Li-ion batteries
and fuel cells are frequently different from those of super-
capacitors, the former devices have not been explicitly
included in the present review.

In summary, to meet the global energy challenge that we
are facing, green and forward-thinking strategies are expected
to sustain research initiatives, and cellulose and its derivatives
will undoubtedly play a decisive role in this difficult task.

Acknowledgements

This work was supported by the MINECO-FEDER (MAT2015-
69367-R). Support for the research of C. A. was received

through the prize “ICREA Academia” for excellence in research
funded by the Generalitat de Catalunya.

References

1 Q.-C. Liu, J.-J. Xu, D. Xu and X.-B. Zhang, Nat. Commun.,
2015, 6, 7892.

2 L. Li, Z. Wu, S. Yuan and X.-B. Zhang, Energy Environ. Sci.,
2014, 7, 2101–2122.

3 Z. Liu, J. Xu, D. Chen and G. Shen, Chem. Soc. Rev., 2015,
44, 161–192.

4 O. Inganäs and S. Admassie, Adv. Mater., 2014, 26, 830–
848.

5 P. J. Hall, M. Mirzaeian, S. I. Fletcher, F. B. Sillars,
A. J. R. Rennie, G. O. Shitta-Bey, G. Wilson, A. Cruden and
R. Carter, Energy Environ. Sci., 2010, 3, 1238–1251.

6 J. Yan, Q. Wang, T. Wei and Z. Fan, Adv. Energy Mater.,
2014, 4, 1300816, DOI: 10.1002/aenm.201300816.

7 H. Nishide and K. Oyaizu, Science, 2008, 319, 737–738.
8 P. Poizot and F. Dolhem, Energy Environ. Sci., 2011, 4,

2003–2019.
9 T. Suga, H. Ohshiro, S. Sugita, K. Oyaizu and H. Nishide,

Adv. Mater., 2009, 21, 1627–1630.
10 K. Oyaizu, A. Hatemata, W. Choi and H. Nishide, J. Mater.

Chem., 2010, 20, 5404–5410.
11 Z. Song, H. Zhan and Y. Zhou, Chem. Commun., 2009,

448–450.
12 P. Nesvadba, L. Bugnon, P. Maire and P. Novák, Chem.

Mater., 2010, 22, 783–788.
13 J. F. Mike and J. L. Lutkenhaus, J. Polym. Sci., Part B:

Polym. Phys., 2013, 51, 468–480.
14 D. Aradilla, F. Estrany and C. Alemán, J. Phys. Chem. C,

2011, 115, 8430–8438.
15 H.-K. Song and G. T. R. Palmore, Adv. Mater., 2006, 18,

1764–1768.
16 W. Suginta, P. Khunkaewla and A. Schulte, Chem. Rev.,

2013, 113, 5458–5479.
17 C. Wang, H. Wu, Z. Chen, M. T. McDowell, Y. Cui and

Z. Bao, Nat. Chem., 2013, 5, 1042–1048.
18 M. Wahid, G. Parte, R. Fernandes, D. Kothari and

S. Ogale, RSC Adv., 2015, 5, 51382–51391.
19 M. M. Pérez-Madrigal, F. Estrany, E. Armelin, D. Díaz Díaz

and C. Alemán, J. Mater. Chem. A, 2016, 4, 1792–1805.
20 J. Hur, K. Im, S. Hwang, B. Choi, S. Kim, S. Hwang,

N. Park and K. Kim, Sci. Rep., 2013, 3, 1282.
21 N. A. Choudhury, S. Sampath and A. K. Shukla,

J. Electrochem. Soc., 2008, 155, A74–A81.
22 D. E. López-Pérez, D. Aradilla, L. J. del Valle and

C. Alemán, J. Phys. Chem. C, 2013, 117, 6607–6619.
23 M. Pääkkö, J. Vapaavuori, R. Silvennoinen, H. Kosonen,

M. Ankerfors, T. Lindström, L. A. Berglund and O. Ikkala,
Soft Matter, 2008, 4, 2492–2499.

24 L. Hu, G. Zheng, J. Yao, N. Liu, B. Weil, M. Eskilsson,
E. Karabulut, Z. Ruan, S. Fan, J. T. Bloking,

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2016 Green Chem., 2016, 18, 5930–5956 | 5953



M. D. McGehee, L. Wågberg and Y. Cui, Energy Environ.
Sci., 2013, 6, 513–518.

25 L. Nyholm, G. Nyström, A. Mihranyan and M. Strømme,
Adv. Mater., 2011, 23, 3751–3769.

26 L. Liu, Z. Niu, L. Zhang, W. Zhou, X. Chen and S. Xie, Adv.
Mater., 2014, 26, 4855–4862.

27 X. Lu, M. Yu, G. Wang, Y. Tong and Y. Li, Energy Environ.
Sci., 2014, 7, 2160–2181.

28 H. Fei, C. Yang, H. Bao and G. Wang, J. Power Sources,
2014, 266, 488–495.

29 L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. La Mantia,
F. L.-F. Cui and Y. Cui, Proc. Natl. Acad. Sci. U. S. A., 2009,
106, 21490–21494.

30 M. Pasta, F. La Mantia, L. Hu, H. D. Deshazer and Y. Cui,
Nano Res., 2010, 3, 452–458.

31 L. Hu, M. Pasta, F. La Mantia, L. Cui, S. Jeong,
H. D. Deshazer, J. W. Choi, S. M. Han and Y. Cui, Nano
Lett., 2010, 10, 708–714.

32 W.-W. Liu, X.-B. Yan, J.-W. Lang, C. Peng and Q.-J. Xue,
J. Mater. Chem., 2012, 22, 17245–17253.

33 Y. J. Kang, H. Chung, C.-H. Han and W. Kim,
Nanotechnology, 2012, 23, 065401.

34 M. Sevilla, G. A. Ferrero and A. B. Fuertes, Energy Storage
Mater., 2016, 5, 33–42.

35 G. Zheng, L. Hu, H. Wu, X. Xie and Y. Cui, Energy Environ.
Sci., 2011, 4, 3368–3373.

36 J.-X. Feng, Q. Li, X.-F. Lu, Y.-X. Tong and G.-R. Li, J. Mater.
Chem. A, 2014, 2, 2985–2992.

37 H. Zhu, X. Wang, X. Liu and X. Yang, Adv. Mater., 2012,
24, 6524–6529.

38 J. Zhu, W. Shi, N. Xiao, X. Rui, H. Tan, X. Lu, H. H. Hng,
J. Ma and Q. Yan, ACS Appl. Mater. Interfaces, 2012, 4,
2769–2774.

39 W. Chen, R. B. Rakhi and H. N. Alshareef, J. Mater. Chem.,
2012, 22, 14394–14402.

40 Y. J. Kang, B. Kim, H. Chung and W. Kim, Synth. Met.,
2010, 160, 2510–2514.

41 X. Zhang, Z. Lin, B. Chen, S. Sharma, C.-P. Wong, W. Zhang
and Y. Deng, J. Mater. Chem. A, 2013, 1, 5835–5839.

42 Q. Niu, K. Gao and Z. Shao, Nanoscale, 2014, 6, 4083–
4088.

43 H. Liu, Y. Tian, R. Amal and D.-W. Wang, Sci. Bull., 2016,
61, 368–377.

44 Y.-R. Kang, Y.-L. Li, F. Hou, Y.-Y. Weng and D. Su,
Nanoscale, 2012, 4, 3248–3253.

45 Z. Weng, Y. Su, D.-W. Wang, F. Li, J. Du and H.-M. Cheng,
Adv. Energy Mater., 2011, 1, 917–922.

46 L.-L. Zhang, H.-H. Li, C.-Y. Fan, K. Wang, X.-L. Wu,
H.-Z. Sun and J.-P. Zhang, J. Mater. Chem. A, 2015, 3,
19077–19084.

47 Q. Zheng, Z. Cai, Z. Ma and S. Gong, ACS Appl. Mater.
Interfaces, 2015, 7, 3263–3271.

48 X. Zhang, Z. Lin, B. Chen, W. Zhang, S. Sharma, W. Gu
and Y. Deng, J. Power Sources, 2014, 246, 283–289.

49 X. Chen, F. Yuan, H. Zhang, Y. Huang, J. Yang and D. Sun,
J. Mater. Sci., 2016, 51, 5573–5588.

50 D. Klemm, B. Heublein, H. P. Fink and A. Bohn, Angew.
Chem., Int. Ed., 2005, 44, 3358–3393.

51 D. Klemm, F. Kramer, S. Moritz, T. Lindström,
M. Ankerfors, D. Gray and A. Dorris, Angew. Chem., Int.
Ed., 2011, 50, 5438–5466.

52 Y. J. Kang, S.-J. Chun, S.-S. Lee, B.-Y. Kim, J. H. Kim,
H. Chung, S.-Y. Lee and W. Kim, ACS Nano, 2012, 6, 6400–
6406.

53 H. Koga, H. Tonomura, M. Nogi, K. Suganuma and
Y. Nishina, Green Chem., 2016, 18, 1117–1124.

54 S. Liu, K. He, X. Wu, X. Luo and B. Li, RSC Adv., 2015, 5,
87266–87276.

55 L. Yuan, B. Yao, B. Hu, K. Huo, W. Chen and J. Zhou,
Energy Environ. Sci., 2013, 6, 470–476.

56 P. Tammela, H. Olson, M. Strømme and L. Nyholm,
J. Power Sources, 2014, 272, 468–475.

57 G. Nyström, A. Razaq, M. Strømme, L. Nyholm and
A. Mihranyan, Nano Lett., 2009, 9, 3635–3639.

58 H. Olsson, G. Nyström, M. Strømme, M. Sjödin and
L. Nyholm, Electrochem. Commun., 2011, 13, 869–871.

59 G. Nyström, M. Strømme, M. Sjödin and L. Nyholm,
Electrochim. Acta, 2012, 70, 91–97.

60 A. Razaq, L. Nyholm, M. Sjödin, M. Strømme and
A. Mihranyan, Adv. Energy Mater., 2012, 2, 445–454.

61 S. Y. Liew, W. Thielemans and D. A. Walsh, J. Phys. Chem.
C, 2010, 114, 17926–17933.

62 S. Y. Liew, W. Thielemans and D. A. Walsh, J. Solid State
Electrochem., 2014, 18, 3307–3315.

63 S. Y. Liew, D. A. Walsh and W. Thielemans, RSC Adv.,
2013, 3, 9158–9162.

64 X. Wu, V. L. Chabot, B. K. Kim, A. Yu, R. M. Berry and
K. C. Tam, Electrochim. Acta, 2014, 138, 139–147.

65 X. Wu, J. Tang, Y. Duan, A. Yu, R. M. Berry and K. C. Tam,
J. Mater. Chem. A, 2014, 2, 19268–19274.

66 C. Liu, Z. Cai, Y. Zhao, H. Zhao and F. Ge, Cellulose, 2016,
23, 637–648.

67 Z. Wang, P. Tammela, M. Strømme and L. Nyholm,
Nanoscale, 2015, 7, 3418–3423.

68 K. Jost, C. R. Perez, J. K. McDonough, V. Presser, M. Heon,
G. Diona and Y. Gogotsi, Energy Environ. Sci., 2011, 4,
5060–5067.

69 J.-M. Malho, P. Laaksonen, A. Walther, O. Ikkala and
M. B. Linder, Biomacromolecules, 2012, 13, 1093–1099.

70 M. M. Hamedi, A. Hajian, A. B. Fall, K. Håkansson,
M. Salajkova, F. Lundell, L. Wågberg and L. A. Berglund,
ACS Nano, 2014, 8, 2467–2476.

71 H. Wang, L. Bian, P. Zhoy, J. Tang and W. Tang, J. Mater.
Chem. A, 2013, 1, 578–584.

72 Y. Liu, J. Zhou, J. Tang and W. Tang, Chem. Mater., 2015,
27, 7034–7041.

73 Y. Liu, J. Zhou, E. Zhu, J. Tang, X. Liu and W. Tang,
J. Mater. Chem. C, 2015, 3, 1011–1017.

74 F. Wang, H.-J. Kim, S. Park, C.-D. Kee, S.-J. Kim and
I.-K. Oh, Compos. Sci. Technol., 2016, 128, 33–40.

75 S. Li, D. Huang, J. Yang, B. Zhang, X. Zhang, G. Yang,
M. Wang and Y. Shen, Nano Energy, 2014, 9, 309–317.

Critical Review Green Chemistry

5954 | Green Chem., 2016, 18, 5930–5956 This journal is © The Royal Society of Chemistry 2016



76 J. Xu, L. Zhu, Z. Bai, G. Liang, L. Liu, D. Fang and W. Xu,
Org. Electron., 2013, 14, 3331–3338.

77 L. Zhu, L. Wu, Y. Sun, M. Li, J. Xu, Z. Bai, G. Liang, L. Liu,
D. Fang and W. Xu, RSC Adv., 2014, 4, 6261–6266.

78 G. Liang, L. Zhu, J. Xu, D. Fang, Z. Bai and W. Xu,
Electrochim. Acta, 2013, 103, 9–14.

79 H. Wang, E. Zhu, J. Yang, P. Zhou, D. Sun and W. Tang,
J. Phys. Chem. C, 2012, 116, 13013–13019.

80 C. Yang and D. Li, Mater. Lett., 2015, 155, 78–81.
81 L. Yuan, X. Xiao, T. Ding, J. Zhong, X. Zhang, Y. Shen,

B. Hu, Y. Huang, J. Zhou and Z. L. Wang, Angew. Chem.,
Int. Ed., 2012, 51, 4934–4938.

82 S. Liu, T. Yu, Y. Wu, W. Li and B. Li, RSC Adv., 2014, 4,
34134–34143.

83 K. Devarayan, D. Lei, H.-Y. Kim and B.-S. Kim, Chem. Eng.
J., 2015, 273, 603–609.

84 D. Ge, L. Yang, L. Fan, C. Zhang, X. Xiao, Y. Gogotsi and
S. Yang, Nano Energy, 2015, 11, 568–578.

85 A. Khosrozadeh, M. A. Darabi, M. Xing and Q. Wang, ACS
Appl. Mater. Interfaces, 2016, 8, 11379–11389.

86 L. Groenendaal, G. Zotti, P.-H. Aubert, S. M. Waybright
and J. R. Reynolds, Adv. Mater., 2003, 15, 855–879.

87 L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik and
J. R. Reynolds, Adv. Mater., 2000, 12, 481–494.

88 S. Kirchmeyer and K. Reuter, J. Mater. Chem., 2005, 15,
2077–2088.

89 B. Anothumakkool, R. Soni, S. N. Bhange and
S. Kurungot, Energy Environ. Sci., 2015, 8, 1339–1347.

90 Y. Xu and Y. Zhang, Mater. Lett., 2015, 139, 145–148.
91 S. Magdassi, A. Bassa, Y. Vinetsky and A. Kamyshny,

Chem. Mater., 2003, 15, 2208–2217.
92 J. Li, H. M. Dahn, L. J. Krause, D.-B. Le and J. R. Dahn,

J. Electrochem. Soc., 2008, 155, 812–816.
93 Z. Wang, P. Tammela, P. Zhang, M. Strømme and

L. Nyholm, J. Mater. Chem. A, 2014, 2, 7711–7716.
94 J. Cai, H. Niu, Z. Li, Y. Du, P. Cizek, Z. Xie, H. Xiong and

T. Lin, ACS Appl. Mater. Interfaces, 2015, 7, 14946–14953.
95 V. Kuzmenko, O. Naboka, M. Haque, H. Staaf,

G. Göransson, P. Gatenholm and P. Enoksson, Energy,
2015, 90, 1490–1496.

96 Y. S. Yun, S. Lee, N. R. Kim, M. Kang, C. Leal,
K.-Y. Park, K. Kang and H.-J. Jin, J. Power Sources, 2016,
313, 142–151.

97 L. Deng, R. J. Youg, I. A. Kinloch, A. M. Abdelkader,
S. M. Holmes, D. A. De Haro-Del Rio and S. J. Eichorn,
ACS Appl. Mater. Interfaces, 2013, 5, 9983–9990.

98 J. Cai, H. Niu, H. Wang, H. Shao, J. Fang, J. He, H. Xiong,
C. Ma and T. Lin, J. Power Sources, 2016, 324, 302–308.

99 Z. Li, J. Liu, K. Jiang and T. Thundat, Nano Energy, 2016,
25, 161–169.

100 X. Du, W. Zhao, S. Ma, M. Ma, T. Qi, Y. Wang and C. Hua,
Ionics, 2016, 22, 545–553.

101 T. Wei, X. Wei, Y. Gao and H. Li, Electrochim. Acta, 2015,
169, 186–194.

102 H. Wang, Z. Xu, A. Kohandehghan, Z. Li, K. Cui, X. Tan,
T. J. Stephenson, C. K. King’ondu, C. M. B. Holt,

B. C. Olsen, J. K. Tak, D. Harfield, A. O. Anyia and
D. Mitlin, ACS Nano, 2013, 7, 5131–5141.

103 Y. Gao, Q. Yue and B. Gao, RSC Adv., 2015, 5, 31375–
31383.

104 Y. Gao, W. Zhang, Q. Yue, B. Gao, Y. Sun, J. Kong and
P. Zhao, J. Power Sources, 2014, 270, 403–410.

105 Z. Zhao, S. Hao, P. Hao, Y. Sang, A. Manivannan,
N. Wu and H. Liu, J. Mater. Chem. A, 2015, 3, 15049–
15056.

106 N. R. Kim, Y. S. Yun, M. Y. Song, S. J. Hong, M. Kang,
C. Leal, Y. W. Park and H.-J. Jin, ACS Appl. Mater.
Interfaces, 2016, 8, 3175–3181.

107 L. Jiang, G. W. Nelson, S. O. Han, H. Kim, I. N. Sim and
J. S. Foord, Electrochim. Acta, 2016, 192, 251–258.

108 L. Bao and X. Li, Adv. Mater., 2012, 24, 3246–3252.
109 K.-Y. Lee, H. Qian, F. H. Tay, J. J. Blaker, S. G. Kazarian

and A. Bismark, J. Mater. Sci., 2013, 48, 367–376.
110 W. Yu, W. Lin, X. Shao, Z. Hu, R. Li and D. Yuan, J. Power

Sources, 2014, 272, 137–143.
111 Y. Jiang, J. Yan, X. Wu, D. Shan, Q. Zhou, L. Jiang, D. Yang

and Z. Fan, J. Power Sources, 2016, 307, 190–198.
112 Z. Hu, S. Li, P. Cheng, W. Yu, R. Li, X. Shao, W. Lin and

D. Yuan, J. Mater. Sci., 2016, 51, 2627–2633.
113 F. Lai, Y.-E. Miao, L. Zuo, H. Lu, Y. Huang and T. Liu,

Small, 2016, 12, 3235–3244.
114 X. Wang, D. Kong, Y. Zhang, B. Wang, X. Li, T. Qiu,

Q. Song, J. Ning, Y. Song and L. Zhi, Nanoscale, 2016, 8,
9146–9150.

115 P. Hao, Z. Zhao, J. Tian, H. Li, Y. Sang, G. Yu, H. Cai,
H. Liu, C. P. Wong and A. Umar, Nanoscale, 2014, 6,
12120–12129.

116 C. Wang, Y. Li, X. He, Y. Ding, Q. Peng, W. Zhao, E. Shi,
S. Wu and A. Cao, Nanoscale, 2015, 7, 7550–7558.

117 Y. Hu, X. Tong, H. Zhuo, L. Zhong, X. Peng, S. Wang and
R. Sun, RSC Adv., 2016, 6, 15788–15795.

118 H. Zhuo, Y. Hu, X. Tong, L. Zhong, X. Peng and R. Sun,
Ind. Crops Prod., 2016, 87, 229–235.

119 X.-L. Wu, T. Wen, H.-L. Guo, S. Yang, X. Wang and
A.-W. Xu, ACS Nano, 2013, 7, 3589–3597.

120 M. Hamedi, E. Karabulut, A. Marais, A. Herland,
G. Nyström and L. Wågberg, Angew. Chem., Int. Ed., 2013,
52, 12038–12042.

121 L. Wei, M. Sevilla, A. Fuertes, R. Mokaya and G. Yushin,
Adv. Funct. Mater., 2011, 1, 356–361.

122 J. A. Libra, K. S. Ro, C. Kammann, A. Funke, N. D. Berge,
Y. Neubauer, M.-M. Titirici, C. Fühner, O. Bens, J. Kern
and K.-H. Emmerich, Biofuels, 2011, 2, 71–106.

123 M. Sevilla, A. Fuertes and R. Mokaya, Energy Environ. Sci.,
2011, 4, 1400–1410.

124 L. Hu, H. Wu and Y. Cui, Appl. Phys. Lett., 2010, 96,
183502.

125 L. Hu, W. Chen, X. Xie, N. Liu, Y. Yang, H. Wu, Y. Yao,
M. Pasta, H. N. Alshareef and Y. Cui, ACS Nano, 2011, 5,
8904–8913.

126 P. Karthika, N. Rajalakshmi and K. S. Dhathathreyan,
ChemPhysChem, 2013, 14, 3822–3826.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2016 Green Chem., 2016, 18, 5930–5956 | 5955



127 A. Yu, V. Chabot and J. Zhang, Electrochemical
Supercapacitors for Energy Storage and Delivery:
Fundamentals and Applications (Electrochemical Energy
Storage and Conversion), CRC Press – Taylor & Francis
Group, Boca Raton, FL, USA, 2013.

128 Z. Gui, H. Zhu, E. Gillette, X. Han, G. W. Rubloff, L. Hu
and S. B. Lee, ACS Nano, 2013, 7, 6037–6046.

129 K. Gao, Z. Shao, J. Li, X. Wang, X. Peng, W. Wang and
F. Wang, J. Mater. Chem. A, 2013, 1, 63–67.

130 K. Gao, Z. Shao, X. Wang, Y. Zhang, W. Wang and
F. Wang, RSC Adv., 2013, 3, 15058–15064.

131 V. L. Pushparaj, M. M. Shaijumon, A. Kumar,
S. Murugesan, L. Ci, R. Vajtai, R. J. Linhardt, O. Nalamasu
and P. M. Ajayan, Proc. Natl. Acad. Sci. U. S. A., 2007, 104,
13574–13577.

132 A. D. Adhikari, R. Oraon, S. K. Tiwari, J. H. Lee and
G. C. Nayak, RSC Adv., 2015, 5, 27347–27355.

133 R. Mantravadi, P. R. Chinnam, D. A. Dikin and
S. L. Wunder, ACS Appl. Mater. Interfaces, 2016, 8, 13426–
13436.

134 Y. N. Sudhakar, D. K. Bhat and M. Selvakumar, Polym.
Eng. Sci., 2016, 56, 196–203.

135 V. V. N. Obreja, Supercapacitors based on carbon nano-
materials, in Carbon Nanomaterials for Advanced Energy
Systems: Advances in Materials, ed. W. Lu, J.-B. Baek and L.
Dai, Wiley, New Jersey, 2015, pp. 298–304.

136 V. V. N. Obreja, A. Dinescu and A. C. Obreja, Int. Rev.
Electron. Eng., 2010, 5, 272–282.

137 F. Sharifi, S. Ghobadian, F. R. Cavalcanti and N. Hashemi,
Renewable Sustainable Energy Rev., 2015, 52, 1453–1472.

138 L. Hu and Y. Cui, Energy Environ. Sci., 2012, 5, 6423–6435.
139 T. Bayer, B. V. Cunning, R. Selyanchyn, N. Nishihara,

S. Fujukawa, K. Sasaki and S. M. Lyth, Chem. Mater., 2016,
28, 4805–4814.

140 Y. Lu, A. A. Armentrout, J. C. Li, H. L. Tekinalp, J. Nanda
and S. Ozcan, J. Mater. Chem. A, 2015, 3, 13350–13356.

141 Y. Yao and F. Wu, Nano Energy, 2015, 17, 91–103.
142 M. Zackrisson, L. Avellán and J. Orlenius, J. Cleaner Prod.,

2010, 18, 1519–1529.
143 A. C. Simon Leijonmarck, Nano Energy, 2013, 2, 794–800.

Critical Review Green Chemistry

5956 | Green Chem., 2016, 18, 5930–5956 This journal is © The Royal Society of Chemistry 2016


	Button 1: 


