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Programmable Nanocarbon-Based Architectures

for Flexible Supercapacitors

Zhigiang Niu, Lili Liu, Li Zhang, Weiya Zhou,* Xiaodong Chen,* and Sishen Xie

Supercapacitors (SCs), also called electrochemical capacitors, often show
high power density, excellent charge/discharge rates, and long cycle life.

The recent development of flexible and wearable electronic devices requires
that their power sources be sufficiently compact and flexible to match these
electronic components. Therefore, flexible SCs have attracted much attention
to power current advanced electronics that can be flexible and wearable. In
the past several years, many different strategies have been developed to pro-
grammably construct different nanocarbon materials into bendable electrode
architectures. Furthermore, flexible SC devices with simplified configurations
have also been designed based on these nanocarbon-based architectures.
Here, recent developments in the programmable assembly of bendable
architectures based on nanocarbon materials are presented. Additionally, the
design of flexible nanocarbon-based SC devices with various configurations
is highlighted. The progress made recently paves the way for further devel-
opment of nanocarbon architectures and corresponding flexible SC devices.
Future development and prospects in this area are also analyzed.

1. Introduction

Supercapacitors (SCs) are one of important energy storage
devices due to their higher power density and charge/dis-
charge rates as well as long cycle life.l "% In general, a con-
ventional SC is made up of four main components: current
collector, electrode material, separator, and electrolyte, as
depicted in Figure 1a. The recent development of portable, flex-
ible, and wearable electronic devices require SCs to be flexible,
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simplified, thin, integrated, and high-
performance.’”'  As such, developing
flexible SCs with high power and energy
densities has attracted significant atten-
tion. For a flexible SC, all components,
including the electrode material, current
collector, separator, electrolyte, and shell,
have to have flexibility, even if they are
packaged together, as shown in Figure 1b
and Table 1. In traditional SC devices, the
liquid and solid electrolytes and the sepa-
rators, such as porous polymer film and
cellulose fiber paper, are in general flex-
ible. However, conventional carbon-based
electrodes are often fabricated by mixing
carbon materials with conductive binders
and coating these composites onto cur-
rent collectors. The carbon-based elec-
trodes prepared using this conventional
method have poor mechanical proper-
ties and cannot endure high strain."”! In
addition, the use of metallic current col-
lectors degrades the gravimetric capacitance of the SC devices
and leads to heavy, bulky, or inflexible SC configurations. As
a result, conventional SC electrode materials and configura-
tions are not able to meet the requirement of flexible electronic
devices.

The two kinds of typical nanocarbon materials, carbon nano-
tubes (CNTs) and graphene, have fundamental 1D and 2D
structures, respectively. They can be used as building blocks
for programmable assembly of macroscopic nanocarbon-based
structures to directly serve as SC electrodes.l'®?% For a pro-
grammable assembly, building blocks should be controllably
constructed on the nano-, micro- and macroscale in a time-
dependent process, controlling the orientation of components
to program the features of nanocarbon-based architectures
at different scale levels. As a result, these nanocarbon-based
architectures have programmable and tunable features with
multiple functions to meet different requirements as flexible
SC electrodes, such as good mechanical properties, high elec-
trical conductivity, and controlled porous structure. They are
different from the nanocarbon-based architectures with disor-
dered porous structures and degraded performance. The excel-
lent mechanical properties ensure that these programmable
nanocarbon architectures can endure the strain and remain
original microstructure to great extent during the bending pro-
cess. Because of the high electrical conductivity, programmable
nanocarbon architectures can serve as both electrodes and cur-
rent collectors, simplifying the SC configuration. Rationally
designed porous structures make programmable nanocarbon
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architectures act as ideal scaffold to support pseudocapacitive
materials, including conductive polymer and transition metal
oxides, for further enhancing the overall capacitance of nano-
carbon-based electrodes. Furthermore, the morphology, distri-
bution, and orientation of pseudocapacitive materials on the
surface of nanocarbon materials are also programmable. There-
fore, it is clear that programmable assembly of nanocarbon-
based architectures is a promising approach to achieve flexible
SC electrodes.

In addition to the fabrication of flexible SC electrodes,
the configurations of flexible SC devices should be updated
to enhance the flexibility of whole SC device. For instance,
unlike liquid electrolyte, gel electrolytes have high mechanical
flexibility and integrity as well as desirable electrochemical
properties.[26-321 Recent work shows that integrated SC con-
figurations can be achieved using gel electrolyte as both the
electrolyte and thinner separator.?%27:29:3334 Compared to
conventional SC configurations, the novel and simplified SC
designs significantly improve the flexibility of SC devices. The
salient features of various nanocarbon-based materials and
SC devices based on then are summarized in Table 2, 3, 4,
and 5.

Recently, significant efforts have been made in the pro-
grammable assembly of various flexible electrodes based on
nanocarbon materials, including CNTs, graphene, and their
composites.’>3% Furthermore, flexible SC devices based on
these electrode materials are rationally designed.®3¢-*1 Here,
we present the recent developments in the programmable
assembly of flexible nanocarbon-based architectures and the
fabrication of composite electrodes based on nanocarbon
materials, conductive polymer, and transition metal oxides.
We also describe the diverse design of flexible SCs using these
nanocarbon-based architectures as electrodes. The trend to
further developments and prospects in this exciting are also
analyzed.

2. Pure Nanocarbon-Based Architectures

2.1. CNT-Based Architectures

The classical 1D nanoscale structure of CNTs has attracted
much attention for the utilization of CNTs as building blocks
to construct different macroscopic structures, such as 2D films
and 3D arrays.'21l These macroscopic CNT structures can be
freestanding or transfer to flexible substrates readily. In addi-
tion, they have high specific surface area, excellent conductivity,
and good mechanical properties, which are the prerequisites
for flexible SC electrodes with high performance. Therefore,
because of the successful fabrication of CNT films and 3D
arrays, CNT electrodes with high flexibility were significantly
more viable. The salient features of pure CNTs-based flexible
SC electrodes prepared by various methods are summarized in
Table 2.

Vacuum filtration can separate the solid product from a
liquid mixture. After vacuum filtrating CNT solution, CNTs
can be trapped by the membrane, forming interconnected
and entangled CNT films with porous structure.*?~* If the
thickness of CNT films is thick enough, the CNT films can
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Figure 1. Schematic diagrams of a) conventional and b) flexible SCs.

be peeled off from membrane as freestanding films.*] CNT
film electrodes obtained by vacuum filtration possess uniform
thicknesses as well as high mechanical strength. Thus they can
serve as a flexible SC electrode. However, their area is difficult
to scale up.

Recently, freestanding single-walled CNT (SWCNT) films
that have a continuous reticulate architecture (Figure 2a) were
obtained using a floating catalyst chemical vapor deposition
(FCCVD) technique.">?%4¢l Because of the continuous reticu-
late structure, these directly synthesized SWCNT films display
higher electrical conductivity (about 2000 S cm™) and mechan-
ical properties than the case of post-deposited SWCNT films.
Such SWCNT films are able to be spread out onto the separa-
tors (Figure 2b) to serve as both electrodes and current collec-
tors for a SC device in compact design (Figure 2c).'! Further-
more, the thickness and transparency of directly grown SWCNT
films can be improved by a “repeated halving” approach,
obtaining ultrathin, transparent, and conductive films.*’]
SWCNT films can endure large strain and remain stable con-
ductivity because of several possible current pathways even
when some links are disconnected.”*#%] However, when large
strain (>10%) is applied to the SWCNT films, the electrical con-
ductivity of films will be decreased seriously. To enhance their
stretchability, SWCNT films with buckled structures were fab-
ricated.P% Based on buckled SWCNT films on PDMS, stretch-
able SCs were assembled and the stretchability of these SCs can
reach about 30%.5% Continuous reticulate structure results in
higher strain tolerance of directly synthesized SWCNT films in
comparison with the case of post-deposited SWCNT films. By
combining directly grown SWCNT films with the prestrained

Table 1. Comparison of conventional and flexible SCs.

www.advenergymat.de

polydimethylsiloxane ~ (PDMS),  buckled
SWCNT films with 140% stretchability can
be fabricated (Figure 2d).PY Utilizing such
buckled SWCNT films as electrodes, highly
stretchable integrated SWCNT film SCs were
obtained based on polyvinyl alcohol (PVA)/
H,SO, gel electrolyte, as shown in Figure 2e.
The resulting integrated SCs were able to be
stretched as an integrated unit, which over-
came the limitation of conventional stretch-
able SCs wherein both electrodes in gen-
eral move relative to separator during the stretching process.
The performance of as-prepared stretchable SCs is nearly
unchanged at 120% strain and even in the stretching process.
Although the directly grown SWCNT films possess high con-
ductivity and mechanical properties, their thickness is thin and
limited (in general <1 pm). Furthermore, they have high sur-
face energy, leading to strong self-adhesion. As a result, it is dif-
ficult to directly use or spread out them onto various substrates
to serve as SC electrodes.

Based on other solution-based methods, SWCNT films can
be deposited onto various flexible plastic substrates (Table 2).
The substrate-supported SWCNT films would be also prom-
ising candidates of flexible SC electrodes. For example, using
a spray coating technology, flexible SWCNT film electrodes
were prepared on polyethylene-therephthalate (PET) substrate
(Figure 2f).”1 The high conductivity and excellent mechanical
properties of the SWCNT networks assist the fabrication of flex-
ible SC devices (Figure 2g). To make the SCs more flexible and
printable, polymer gel was served as electrolyte and separator.
The SCs based on gel electrolyte have a specific capacitance of
about 110 F g7!, which is comparable to the case in aqueous
electrolyte.

Unlike plastic substrates, which have a flat surface, porous
paper and textiles exhibit a set of properties due to their flex-
ibility and inherent porosity. For instance, there are a large
number of functional groups on the surface of cellulose fiber
(CF) in the paper, which is helpful for binding additive func-
tional materials. In addition, the porous structure is able to
improve the fast mass and electron transport kinetics.P?-’]
Therefore, paper is a good scaffold to support other functional

Conventional SC

Flexible SC

Requirement for Electrode materials High SSA, conductive

Electrode materials
conductive polymer,

transition metal oxide
Coductive Binder PVDF,PTFE, etc.

Currrent collector

separator Porous polymeric films, woven glass fibers,
porous woven ceramic fibres
Electrolyte Aqueous electrolyte

Organic electrolyte

Seal materials

AC, CNT, graphene, GO derivatives,

Ni foil foam, stainless steel foil, etc.

Coil type, stainless steel, platic etc.

Thin, lightweight, flexible, High SSA, high conductive

Films or fibers based CNT or/and graphene (rGO),
Hybrid films or fibers using CNT or/and graphene (rGO) as
skeleton to deposit conductive polymer and transition metal oxide

None
None

Solid state or gel polymer and salt electrolyte,
filter paper, porous polymeric films

Solid state or gel polymer and salt electrolyte
Aqueous electrolyte
Organic electrolyte

None or plastic film
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Table 2. Summary of various flexible CNT electrodes.
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Electrode materials Method Substrate Electrolyte Specific capacitance Energy density ~ Power density Ref.
Fgl [W h kg™] [kWkg™]
MWCNT film Vacuum filtration Freestanding 38 wt% H,SO, 1049 - 8 [45]
MWCNT array CVvD Cellulose lonic liquid/Cellulose 22 13 1.5 [63]
MWCNT sponge CVvD Freestanding 1 M LiPFg 28.5P) - - [64]
DWCNT film? Vacuum filtration Freestanding 38 wt% H,SO, 66.99 - - [44]
Heat-treatment
SWCNT film Spray coating PET PVA/H3;PO, 1100 6 23 71
SWCNT film Meyer rod coating Paper 1M H,SO,4 1 M LiPFg 2000 30-47 200 [58]
SWCNT film Drop-dried Paper lonic-liquid-based gel 1350 41 164 [34]
SWCNT film Dipping an drying Textile 1 M LiPFg 0.48 F cm™2) 20 10 [59]
SWCNT film Dipping an drying Textile PVA/H;PO, 1152 49 - [60]
SWCNT film FCCVD Freestanding 1 M LiClO, PVA/H,SO, 35-55b) 43 (LiCIOy) 197(LiCIO,)  [15,50,51]
1 M CgH,oBF,N 32(PVA/H,S0,)
SWCNT film Repeated halving PET 1 M LiClO, 22.5% 12.5 13.9 [47]
SWCNT fiber Spray coating, Wrapping, ~ Rubber fiber, CF, PVA/H;PO, 10-20 - - [70-72]
Dipping an drying carbon fiber

APhosphorus-enriched carbon, Ptwo-electrode, Ithree-electrode.

materials to achieve lightweight and flexible composite paper
electrodes. SWCNT films can be coated onto CF paper by a
simple solution process. The sheet resistance of the SWCNTs-
coating composite paper is about 1 Q sq~1.°® The SCs based

Table 3. Summary of various flexible graphene-based electrodes.

on SWCNT-coating paper display excellent electrochemical
performance, as shown in Table 2. In order to enhance the
flexibility of SCs, all-solid-state SCs based on CNT/CF com-
posite paper can be designed by using an gel electrolyte.* The

Electrode Method Substrate Electrolyte Specific capacitance Energy density Power density Ref.
materials [Fg ] [Whkg™] [kWkg™]

rGO foam Leavening Freestanding 1M H,SO, 1109 - - [91]
rGO film Vacuum filtration Freestanding 1 M H,SO, 2159 - 414 [83]
rGO film Vacuum filtration PET 2 M Kcl 119 15.4 0.554 [86]
rGO film? Vacuum filtration Freestanding TEABF,/AN 1209 26 500 [84]
rGO film Vacuum filtration Paper PVA/H,SO, 7.6 mFcm=29 — — [105]
rGO film Vacuum filtration polyurethane 1M H,SO, 156°) — — [85]
rGO foam Vacuum filtration/ Freestanding 6 M KOH 58¢) 30-47 200 [88]

Template assemble
rGO film Laser irradiation GO paper H,O0 0.51 mFcm=29) 0.43 mWh cm™ 1.7Wcm™ [95]
rGO foam Laser irradiation Freestanding PVA/H;PO, 3.67 Fecm™29) 1.36 mWh cm™3 20 W cm™ [93]
rGO film®) LBL Freestanding 6M KOH 80 — — [90]
rGO film®) Electrophoresis PET 1 M LiClo4 659 36 49 [89]
rGO film9) Vacuum filtration Freestanding 6M KOH 1389) — — 187]
rGO film Brush coating and drying Cotton cloth 6M KOH 81.79 713 1.5 [107]
rGO film Paper-making,Hydrotherma  Cellulose paper 1 MLiPFg PVA/ 1919 464°) 153 2.4 [104,106]
1 dipping-drying H,SO,
rGO fiber Hydrothermal and Freestanding PVA/H,SO, 25-409 0.4-1.7x10* mWh cm™2  6-100x 10° cm™ M12]
electrlyzing

CNT/rGO film Vacuum filtration Freestanding/PET 1 M KC1, 6M KOH 150-400°) — — [117-119]
CNT/rGO fiber Hydrothermal Freestanding PVA/H;PO, 45 F cm™d 1-10 mWh cm™ 0.01-1 W cm™ [125]
CNT/rGO film LBL Flexible substrate 1M H,SO, 1209 — — [121]

?Activated by KOH, P)separated by Au NP, 9separated by CB NP, Jtwo-electrode, ®three-electrode.
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Table 4. Summary of various flexible nanocarbon and conductive polymer hybrid electrodes.

Electrode materials Method Substrate Electrolyte Specific capacitance  Energy density ~ Power density Ref.
[Fg] [Whkg'] kWhg]

SWCNT/PANI Eectro-deposition Freestanding 1 M LiClO, 2367 131 62.5 [152]
MWCNT /PANI Chemical Polymerization Freestanding 1M H,SO, 4249 - - [132]
MWCNT /PANI Polymerization Freestanding PVA/H,SO,4 3509 7. 2.189 [29]
SWCNT/PANI chemical polymerization Cloth 1M H,SO, 4109 26.6 7 [154]
SWCNT/PANI Painting PVA/H;PO, PVA/H;PO, 162 0.5 0.3 [148]
SWCNT /PANI Electrochemical polymerization PET 1M H,SO, 552 - - [136]
SWCNT/PEDOT Vacuum filtration Freestanding 1 M NaNO; 1042 7 0.825 [155]
rGO/PANI-NF Vacuum filtration Freestanding 1M H,SO, 210/3012 15-19 0.1-10 [147]
rGO/PANI LBL Flexible substrate 1M H,SO, 400" 30 1 [165]
rGO/PANI rGO/PPy Electro-polymerization Freestanding 1M H,SO, 233 [167]

LBL Flexible substrate 1 M NacCl 1652 [172]
rGO/PPy Pulse-Electro-polymerization Freestanding 1 MKCl 2379 33 1.18 [169]
CNT/RGO/PPy Vacuum filtration Freestanding 1 MKCl 2119 - - [174]

Atwo-electrode, Pthree-electrode.

resultant all-solid-state SC can be repeatedly bent and there is
no significant variation in their electrochemical properties. Like
SWCNT-coating papers, conductive textile can be prepared by

a simple “dipping and drying” process based on SWCNT ink,
as shown in Figure 2h,i.’%% Compared with directly grown
CNT films, the substrate-supported CNT films based on

Table 5. Summary of various flexible nanocarbon and transition metal oxide hybrid electrodes.

Electrode materials Method Substrate Electrolyte Specific capacitance  Energy density Power density Ref.
[Fg] [Whkg '] W k]
CNT/MnO, ED Freestanding 0.1 M Na,SO, <1250 49-135 1-17.4 [176]
SWCNT/MnO, Redox reaction Freestanding 1.0 M Na,SO, 529.8% 73.6 14.6 [105]
SWCNT/MnO, Redox reaction Cloth 2 M Li,SO,4 0.41 Fem™22) [59]
SWCNT/MnO, ED Textile 0.5 M Na,SO, 2.8 Fem™20) 5-20 13 [178]
SWCNT/MnO, ED Sponge 1 M Na,SO, 12302 31 63 [179]
SWCNT/MnO, ED Paper 0.1 M Na,SO, 540 20 1.5 [180]
CNT/MnO, ED Carbon fabric 1 M Na,SO, 7400) - - n77]
SWCNT/RuO, Dip-coating Flexible substrates/ PVA/H;PO, 138% 18.8 96 [182]
Cloth

SWCNT/In,0, Dip-coating PET 1 M Liclo, 642 1.29 7.48 N8
SWCNT/RuO,/ Dip-coating Freestanding 1 M Na,SO, 184°) 25.5 50.3 [183]
In,03
CNT/V,05 ALD Flexible substrate 8 M LicCl 600% - - [185]
CNT/TiO, Pulse-Electro-Polymerization Freestanding 1M H,SO, 36.8% - - [186]
rGO/MnO, ED Freestanding 1 M Na,SO, 3899 44 25 [1971]
rGO/MnO, Vacuum filtration Freestanding 0.1 M Na,SO, 256 - - [188]
rGO/MnO,/ ED Textile 0.5 M Na,SO, 3800 - - [194]
PEDOT:P SS

rGO/MnO, ED Textile 0.5 M Na,SO, 3159 12.5 110 [193]
rGO/Zn0O Chemical syntheses PET 1 M KCl 51.6% - - [198]
rGO/Co-Al LED LBL Flexible substrate 1 M KOH 1200 - - [212]
CNT/rGO/Co30, Hydrothermal method Freestanding 3M KOH 3780 - - [202]
CNT/rGO/MnO, Chemical coprecipitation Freestanding 1 M Na,SO, 3729 2.2 42 [228]

Atwo-electrode, Pthree-electrode, Yasymmetric SCs, ED: Electrodeposition.
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Figure 2. Optical images of a) the directly grown SWCNT film by FCCVD, b) the directly grown SWCNT films on the separator, and c) rolled two separa-
tors with SWNCT films. Reproduced with permission.['> Copyright 2011, Royal Society of Chemistry. (d) SEM image of buckled SWCNT film on PDMS
substrate. e) Optical image of a stretchable SC with integrated configuration using buckled SWCNT films as electrodes. Reproduced with permission.?"l
f) Scanning electron microscopy (SEM) image of SWCNT films obtained by spray coating. g) Optical image of SC device using sprayed SWCNT films on
PET and PVA/H;PO, as electrodes and electrolyte, respectively. Reproduced with permission.”l Copyright 2009, American Chemical Society. h) Conduc-
tive SWCNT-coating textiles are fabricated by a “dipping—drying” process. i) A conductive SWCNT-coating textiles with 10 cm x 10 cm size. Reproduced
with permission.®l Copyright 2010, American Chemical Society. j) Schematic and digital photo of a coaxial fiber SC. Reproduced with permission.l
k) SEM and ) cross-section SEM image of a fiber SC. m) Photograph of a fiber SC being wound on a substrate. Reproduced with permission.’2l

solution-based methods are easy to scale up. However, the use
of substrates would increase the weight of entire SC device.

In addition to CNT films, CNT arrays and sponges are also
the good candidates of flexible SC electrodes.["%*1 By com-
bining a CNT array and cellulose with ionic liquid, different
components of SC, including electrodes, separator, and electro-
lyte were integrated into one single integrated unit, which was
able to be used as a building block for flexible energy storage
devices with thin thicknesses.[®)l The SCs based on such a
composite show a specific capacitance of 22 F g~! and a power
density of 1.5 kW kg™!. CNT sponges with appropriate thick-
ness synthesized by CVD can also be compressed into thin
films by a mechanical instrument or hydraulic punching to act
as flexible SC electrodes. Because CNT arrays and sponges
often grow on the surface of inflexible substrates, they have
to be transferred to flexible substrate to serve as SC electrode.
Furthermore, as with directly grown CNT films, the prepara-
tion of CNT arrays and sponges is also difficult to scale up.

Because of the unique structure of CNTs, CNTs are able to be
constructed into fibers using single CNT or bundle as building
blocks.21:65-68] The CNT fibers can be used in composite mate-
rials due to their high strength.21364669 However, the CNT
fibers cannot directly act as high-performance fiber SC elec-
trodes because electrolyte ions cannot diffuse into the compact
structure of the CNT fibers deeply. To overcome this issue, the
CNTs are often coated onto the surface of fiber substrate, such
as rubber fiber, carbon microfibers and natural CF (Figure 2j)
to serve as fiberSC electrodes.”%72 For instance, the aligned

wileyonlinelibrary.com
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CNT sheets can sequentially wrap on an elastic fiber to use as
two electrodes, forming coaxial fiberSC (Figure 2k-m)."2l The
specific capacitance of fiber SCs still can be about 18 F g™! after
stretching 75% for 100 cycles.

2.2. Graphene-Based Architectures

The theoretical specific surface area and Young’s modulus of
graphene are 2630 m? g~ and ~1.0 TPa, respectively.’>74 In
addition, graphene displays good electrical conductivity.””!
Clearly, graphene is promising for an electrical double layer
capacitor (EDLC) electrodes and support for active pseudoca-
pacitive materials.?> Graphene sheets and its derivatives are
able be acted as basic building blocks to programmably con-
struct macroscopic graphene structures.?-2Y However, dif
ferent from CNTs, graphene sheets tend to restack during the
assembling process due to the strong 77 stacking and van der
Waals force between graphene sheets. As a result, the unique
ultrahigh surface area of graphene sheets would be lost. There-
fore, preventing the aggregation of graphene sheets in paper-
like films is key to constructing flexible graphene SC electrodes.
To avoid the self-aggregation of graphene sheets, various strate-
gies have been developed to fabricate graphene porous struc-
tures for flexible SC electrodes, as shown in Table 3.
Large-scale production of graphene sheets with controlled
layers, size, morphology, and chemical properties is the
first step to construct macroscopic programmable graphene

Adv. Energy Mater. 2015, 1500677



ADVANCED
ENERGY
MATERIALS

s
Mo
www.MaterialsViews.com

a . : c

T %
= !n“l

www.advenergymat.de

Evaporation and
layer-by-layer stacking

Activation, wash
and dry

Figure 3. a) Optical and b) SEM images of a self-stacked, solvated rGO film. Reproduced with permission.®l c) The experimental steps of activated
rGO film. Reproduced with permission.4 Copyright 2012, American Chemical Society. d) Optical and e) SEM images of rGO/AuNP composite film
on PET. Reproduced with permission.] f) Optical images of multilayered rGO film with different size rGO sheets. Reproduced with permission.®
Copyright 2010, American Chemical Society. g) Optical and h) cross-sectional SEM images of rGO foam achieved using a leavening process. Repro-
duced with permission.’l i) Optical image of rGO micro-SCs on PET. Reproduced with permission.®l (j) flexible in-plane micro-SC device based on
pristine graphene. Reproduced with permission.l'% Copyright 2011, American Chemical Society. k) rGO/paper composite film obtained using vacuum
filtration. Reproduced with permission.l'%l I) rGO/paper composite film obtained by combining “dipping and drying” and hydrothermal processes.

Reproduced with permission.[1¢]

films.[2276 Solution-phase exfoliation of graphite is a promising
technology to produce graphene and its derivatives, such as
graphene oxide (GO).?277-811 GO sheet is an electrical insulator
because of its disrupted sp? bonding networks, but its conduc-
tivity can be recovered by restoring the m-network.®% Therefore,
GO usually acts as the precursor of graphene to rationally con-
struct programmable graphene architectures.

The reduced graphene oxide (rGO) films formed by vacuum
filtration usually have a compact structure due to the shearing
field-assisted alignment of rGO sheets during vacuum filtration
process.B2 However, if the rGO films are not fully dried, the rGO
sheets will be largely separated by a solvated state (Figure 3a,b),
which leads to a highly porous structure. Such a porous struc-
ture allows the electrolyte ions to easily access the surface of
individual rGO sheets, resulting in ultrahigh power density and
high energy density.®3 Furthermore, rGO sheets can be acti-
vated by KOH, forming porous rGO sheets. By vacuum filtering
porous GO sheets decorated with KOH, highly conductive and
flexible porous rGO thin films can be obtained, followed by an
activation step, as shown in Figure 3c.® The thickness of such
rGO films is able to be controlled by the volume and the concen-
tration of the solution during the vacuum filtration process.!®’]
The rGO film with 25 nm thickness can be obtained by vacuum
filtering for flexible and transparent SC electrodes. !

Adding a “spacer” to the inner rGO film is another approach
to avoid the aggregation of rGO sheets in the films. By direct
vacuum filtrating the mixed solution of rGO and other nano-
materials, flexible paper electrodes with porous rGO-based
structure would form.®”:%8] The mediated pores in as-prepared
rGO films enhance the diffusion of electrolyte into the inner
of films, which is of significance for high rate SC electrodes.
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The addition of a spacer in the rGO films can also be realized
by other methods, such as electrophoretic alternate deposition
and LBL self-assembly, forming multilayered structures. Using
Au nanoparticles (NPs) as a spacer, alternately multilayered
rGO/Au NP films were fabricated by electrophoretic alternate
deposition, as shown in Figure 3d,e.’%) LBL self-assembly is
another way to prepare multilayered rGO-based films by alter-
nately assembling rGO sheets and other nanomaterials onto
different substrates. Freestanding and flexible multilayered
films with variable sized graphene sheets can be prepared by
LBL assembly based on capillary force driven (Figure 3f).°0
Although the addition of a spacer can effectively prevent the
aggregation of graphene sheets in rGO films, their process is
complicated and the addition of a spacer usually degrades the
conductivity of the resultant films.

Leavening is a process of transferring compact dough to
porous structures during baking or steaming. Inspired by this,
the paper-like rtGO foams with continuous porous cross-linked
structures were fabricated by a similar leavening process (Figure
3g).°l The resultant rGO foams effectively avoid the re-stacking
between rGO sheets. Furthermore, there are better conductive
contacts between the sheets in the foam due to the continuous
cross-linked structure (Figure 3h), leading to low resistance of
foams (less than 100 Q sq!). Additionally, 3D rGO foams can be
transfered to films with porous structures by physical methods to
serve as flexible SC electrodes. Laser irradiation of the GO film
can induce the reduction of GO into rGO to improve electrical
conductivity and obtain porous structures. Based on the direct
laser reduction of GO films, flexible rGO films with an open net-
work and microscale rGO electrodes were prepared.>%l The as-
prepared porous rGO films show excellent mechanical properties,
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high electrical conductivity of 1738 S m™!, and a specific surface
area of 1520 m?® g~1.%% The rGO films achieved by leavening and
laser irradiation exhibit larger pore size than the case produced
by vacuum filtering, leading to better diffusion of the electrolyte
in their pores. The rGO films obtained by vacuum filtering pos-
sess high power density due to their high conductivity.

Miniaturizing SC devices onto a chip can remove intricate
interconnections in bulk-sized SC devices to effectively increase
the density of SC devices and reduce their design complexity
on one chip. Furthermore, microscale SC units are of great sig-
nificance for integrating SC devices with other electronic cir-
cuits to design a self-powered device system. In order to fabri-
cate a micro-SC, a microelectrode structure has to be designed
on a substrate. Graphene nanosheets are significantly suited to
assemble micro-SC electrode pattern because of their unique
structure and excellent properties. Lateral rGO interdigitated
microelectrodes with thin thickness can be fabricated by com-
bining photolithography with selective electrophoretic buildup
or selective wetting.”>%l Based on these micro-electrodes, all-
solid-state micro-SCs with high flexibility were fabricated by
coating PVA/H;PO, gel electrolyte onto these microelectrodes,
as shown in Figure 3i.°®) Combining photolithography with
inkjet printing or spin coating, graphene-based in-plane micro-
SCs can also fabricated.”*1%2l Unfortunately, these micro-SC
devices were designed on inflexible substrates. If the inflexible
substrates are replaced by bendable substitute, the flexibility of
the micro-SC devices will be improved significantly. In addition
to rGO film obtained from GO, pristine graphene can serve as
the electrodes of in-plane ultrathin micro-SCs (Figure 3j).[1%%]
Although high gravimetric energy and power densities are
often achieved for micro-SCs with thin thickness, their areal
energy density is limited since the mass of the active electrode
materials is often a small fraction of the total
mass of the SC device.

Graphene sheets coated CF composite
papers are able to be prepared by a simple
paper-making process.'% However, in such
composite paper, the graphene sheets are
only coated on the CF surface and the pores
of paper cannot effectively used. Although
rGO nanosheets can directly fill into the
pores of filtering paper by vacuum filtration
(Figure 3k),'% they are randomly oriented
and seriously aggregated. In order to fully
utilize the CF surface and the pores in paper,
a thin GO layer was first coated onto the CF
surface in the paper by a simple “dipping and
drying” strategy and then microscale porous
rGO architectures were assembled into the
pores of paper using a hydrothermal process,
forming nanostructured rGO/CF composite
paper (Figure 31).'% The nanostructured
architectures in rGO composite paper effec-
tively overcome the aggregation of rGO sheets
to improve the penetration of liquid ions and
are beneficial for transporting the electrons
throughout the CF network. Furthermore,
rGO/CF composite paper can be used as a
scaffold to support polyaniline (PANI). After
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depositing PANI, their tensile strength and Young’s modulus are
enhanced. In addition to CF paper, cotton cloth has been used
to support rGO to fabricate flexible rGO electrode by a “brush
coating-drying-annealing” method.['"’]

Because of the irregular size and shape of graphene sheets,
it is a challenge to construct graphene sheets into fiber struc-
tures. Currently, a variety of strategies have been developed
to assemble graphene-based fibers.'%-11¢ For instance, rGO
fibers that have a density of 0.23 g cm™ can be obtained by a
dimensionally confined hydrothermal strategy.'%®! Such rGO
fibers were able to serve as a substrate to support a layer of
porous graphene network, which can be used as the electrodes
of flexible all-solid-state fiber SC.''2l The resulting fiber SC
shows excellent flexibility that is similar to the single rGO fiber.
Therefore, all-solid-state fiber SCs are able to be woven into a
textile to match the wearable electronics.

2.3. CNTs-Graphene Composite Architectures

As mentioned in Section 2.1 and 2.2, the SC electrodes based
on CNTs often provide high power density because of the high
conductivity of CNTs. The rGO-based SC electrodes usually
show high specific capacitance that is ascribed to the high spe-
cific surface area of rGO sheets. If CNTs and rGO sheets are
combined together, it will be a compromise between the excel-
lent conductivity from CNTs and the large specific surface area
from rGO. Flexible MWCNT/rGO hybrid films that possess an
interconnected network as well as a double-layer structure are
able to be fabricated by vacuum-filtration, followed by transfer-
ring to flexible substrate and reducing GO to rGO, as shown in
Figure 4a.''"”] The MWCNT/rGO hybrid films are transparent

Figure 4. a) MWCNT/rGO hybrid electrode on a PET sheet. Reproduced with permission.['”]
Copyright 2012, American Chemical Society. b,c) SEM images of the freestanding rGO/CNT
hybrid film. Reproduced with permission.'?%l d) SEM image of the [poly(ethyleneimine)-GN/
MWNT-COOH], film after nine deposition cycles. Reproduced with permission.l'?l Copyright
2010, American Chemical Society.
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and highly conductive. If the thickness of rtGO/CNT composite
films was increased, freestanding rGO/CNT films can be fab-
ricated (Figure 4b,c).'18120] Stable CNT aqueous solution can
be obtained by charge stabilization from acid oxidation that
can result in negative charges on the surface of the CNTs.
Positively charged polymer-modified GO dispersions are able
to be achieved by in situ reduction of GO sheets in the pres-
ence of cationic poly(ethyleneimine).'2!l The positively charged
poly(ethyleneimine)-modified rGO sheets and negatively
charged acid-oxidized MWCNTs were co-assembled into multi-
layered rGO/CNT hybrid films, which possess interconnected
carbon structures with well-defined nanoscale pores(Figure 4d).

The performance of graphene-based SC materials is often
limited due to the aggregation and restacking of graphene,
and the actual accessible surface area of the graphene-based
electrodes is much lower in comparison with the theoretical
surface area. The addition of spacers and the in-plane design
of SC micro-electrodes can be used to avoid this problem. If
these two methods are used together, high-performance micro-
SCs will be obtained. Based on this mechanism, interdigital
electrodes of rGO and CNT composites can also be fabricated
by combining photolithography and electrostatic spray deposi-
tion or CVD.[122123] However, these micro-SC based rGO/CNT
composite is inflexible due to the limit of substrate. To obtain
flexible rGO/CNT micro-SCs, the interdigital electrodes of rGO
and CNT composites were achieved on the flexible plastic sub-
strate by laser irradiation of GO and CNT composite film.[1?4l In
the presence of CNTs with a smaller diameter, the laser-scribed
rGO/CNT micro-SC was found to yield the better energy
storage performance.

Because neat rGO fibers often have compact structure, they
cannot be directly used as fiber SC electrodes. To overcome this
issue, hierarchically nanostructured carbon microfibers that are
made of a SWCNTs/nitrogen-doped rGO sheet interconnected
network architecture were fabricated using a scalable hydro-
thermal synthesis. The resultant hybrid fibers exhibit excellent
electrical conductivity and large accessible surface area, indi-
cating they are good candidate of fiber SC and self-powered
nanosystem electrodes.[12>12¢]

Pure CNTs- and/or rGO-based SCs are EDLCs and this
depends on their specific surface area and electrical conduc-
tivity. For flexible CNTs- and/or rGO-based SC electrodes, good
mechanical properties, namely, the ability to endure the strain
originated from bending, is another important factor that has
to be considered. Flexible CNTs- and/or rGO-based SC elec-
trodes can be divided into two categories: freestanding and
substrate supported films. Freestanding films provide us with
the opportunity to tailor them into desired shapes for electrode
material to match the requirements for flexible SC devices.
Good strength and toughness allow the freestanding films to
maintain its structure and integrity in bending, even rolling
processes. As mentioned above, freestanding CNT films were
often prepared by CVD and vacuum filtration. Therefore it is
difficult to scale up their area. Compared to post-deposited CNT
films obtained by vacuum filtration, the SWCNT films directly
grown by CVD have better electrical conductivity and mechan-
ical properties. As a result, they can serve as stretchable SC
electrodes. However, the directly grown SWCNT films display
strong self-adhesion because of their high surface energy and
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large surface-to-volume ratio, thus it is difficult to handle them.
Different from CNTs, the strong m—n stacking and van der
Waals force between graphene sheets tend to lead to the self-
agglomeration of graphene sheets during the process of pre-
paring graphene films. As a result, the unique ultrahigh surface
area of the graphene sheets was lost. Post-treatment or addition
of a spacer is often used to overcome this problem, resulting in
a complicated process.

Different from freestanding film electrodes, the production
of substrate supported CNT or graphene films can be done
on a large scale. Substrate supported CNT or graphene films
can be achieved by assembling CNTs or graphene onto various
substrates, such as plastic, CF paper, and cloth. The uniform
assembly of CNT or graphene onto the substrate surface is the
key step of obtaining substrate supported CNT or graphene
films with high performance. For the plastic substrate with flat
surface, they often serve as both the support of CNT films and
shell of devices. However, the flexibility of the plastic substrate
is not good enough, limiting the flexibility of whole SC device.
Because of the self-agglomeration between rGO, the pure rGO
films on plastic substrates show low performance in general.
To improve their performance, a “spacer” has to be added to
the films or the films are patterned into interdigitated micro-
electrodes. Compared to plastic substrates, paper and cloth
have better flexibility. Furthermore, they possess porous struc-
ture and large specific surface area, leading to high CNT or gra-
phene loading and good accessibility of electrolyte.

The high electrical conductivity of pure CNTs and graphene
electrodes endow them with high power density. However, pure
CNTs- and/or rGO-based electrodes often suffer from a major
problem that not all their Brunauer-Emmett-Teller (BET) sur-
face area is electrochemically accessible in actual SC applica-
tion.['?”] Therefore, their energy densities are relatively low, as
shown in Table 2 and 3. The enhancement of their energy den-
sity should be considered.

3. Nanocarbon/Conductive Polymer Composite
Architectures

The pseudo-capacitance that is ascribed to the faradic or redox
reactions of electroactive materials often shows high energy
density. Therefore, pseudo-capacitance is often combined with
the EDLC to improve the overall capacitance of SC electrode
materials. Conductive polymer and transition metal oxides are
the main electrochemical materials with pseudo-capacitance
and they have been widely studied in SCs. To enhance the
energy density of pure CNTs and graphene electrode materials,
much effort has gone by combining the pseudo-capacitance
from conductive polymer and transition metal oxides with the
EDLC of CNTs and graphene to enhance the energy density of
the flexible electrodes, as shown in Table 4 and 5.

3.1. CNTs/Conductive Polymer Composite Architectures
Because of their good electrical conductivity, pure SWCNTs-

based electrodes are usually considered to be an electrode mate-
rial that can provide a high power density.”1>128] However, their
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Figure 5. a) All-solid-state SC device using PANI coating CNT networks as electrodes at normal (top) and twisting (bottom) states. b—d) Cross-sectional
SEM images of the ultrathin all-solid-state SC device based on PANI/CNT networks at different magnifications. Reproduced with permission.?l Copy-
right 2010, American Chemical Society. e) Optical image of SWCNT/PANI composite film fabricated by in situ electrochemically polymerizing PANI
in the directly grown SWCNT films. f) SEM image of SWCNT/PANI bundles with continuous network structure. g) TEM and h) SEM images of the
SWCNT/PANI composite films. Reproduced with permission.[>2 Copyright 2012, Royal Society of Chemistry. i) SEM images of buckled SWCNT/PANI
film on PDMS substrate. j) The cross-section SEM image of the integrated SC based on buckled SWCNT/PANI film. k) CV curves of stretchable SC
based on buckled SWCNT/PANI film at no and 120% strains. |) The variations of specific capacitance and coulomb efficiency of stretchable SC based
on buckled SWCNT/PANI films at different strains. Reproduced with permission.[>3 Copyright 2014, Springer.

specific surface area is, in general, low because SWCNTs often
exist in the form of bundles. They therefore show a low energy
density.'121 The porous structures and high conductivity of
CNT films make them promising templates to load pseudo-
capacitive materials. The specific capacitances of composite
electrodes would be significantly enhanced by the synergetic
effects of CNTs and conductive polymer.[26:130-141]

PANI is one of the most promising pseudo-capacitive mate-
rials due to its relatively high conductivity and low cost.}!~
148] Using freestanding CNT films as templates, nanostruc-
tured PANT was deposited on the surface of CNTs to achieve
CNT/PANI composite films.[132136149-151] For example, free-
standing thin CNT/PANI composite films can be prepared by
chemical polymerization of PANI on CNT networks. Using
such CNT/PANI composite films as electrodes, ultrathin all-
solid-state SC devices were developed by embedding two
slightly separated CNT/PANI electrodes in the PVA/H,SO,
gel electrolyte (Figure 5a—d).?%) The thickness of such all-solid-
state SC device is comparable to the case of a piece of A4-sized
paper. In addition, free-standing SWCNT/PANI composite
films were fabricated using an in situ process of electrochemi-
cally polymerizing PANI in the directly grown SWCNT films
fabricated by FCCVD (Figure 5e).®2 Such SWCNT/PANI
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hybrid films show a “skeleton/skin” structure, in which the
continuous SWCNT reticulate architecture and PANI layers
acts as the skeleton and skin (Figure 5f-h), respectively. This
unique continuous “skeleton/skin” structure provides com-
posite films higher conductivity compared to the CNT/PANI
hybrid films prepared by other methods. After spreading out
SWCNT/PANI hybrid film onto the prestrained PDMS and
releasing, the buckled SWCNT/PANI film was achieved on
the PDMS substrate (Figure 5i). Using buckled SWCNT/PANI
hybrid films and PVA/H;PO, as electrodes and electrolyte,
respectively, highly stretchable pseudo-SCs were fabricated
(Figure 5j).'3 The resultant pseudo-SCs shows a stable per-
formance at a 120% stretching strain, even after 1000 times
repeated stretching. (Figure 5k)l). Apart from freestanding
CNT films, the capacitances of substrate-supported CNT films
can also be improved by depositing nanostructured PANT on
the surface of CNTs.[1°4

In addition to PANI, other conductive polymers, such as
PPy and poly (3,4-ethylenedioxythiophene) (PEDOT) can also
be used to enhance the energy density of CNT-based elec-
trodes by the synergistic effects between CNTs and conduc-
tive polymer.>115>-157] For example, free-standing PEDOT/
poly(styrene sulfonate) (PSS)/SWCNT composite films that
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Figure 6. a) Optical and b) cross-section SEM images of rGO/PANI nanofiber film obtained by vacuum filtration. c) Charge/discharge curves of
PANI, rGO and rGO/PANI films. Reproduced with permission.'*”] Copyright 2010, American Chemical Society. d) Optical and e) SEM images of rGO
hydrogel-PANI/graphene paper. f) Electrochemical performance of the SC device based on rGO hydrogel-PANI/graphene paper. Reproduced with
permission.'® Copyright 2014, American Chemical Society. g) Optical images of rGO/PANI composite paper fabricated by in situ electrochemical
polymerization (bottom) and pure rGO paper (top). h) SEM image of rGO/PANI composite paper. i) CV curves of SC devices based on rGO/PANI
composite paper at different scan rates. Reproduced with permission.'®”] Copyright 2009, American Chemical Society.

can control the compositions of PEDOT/PSS were prepared by
vacuum filtration.'>> SWCNTs dispersed in the polymer matrix
increases the capacitance by 65% and displays excellent capacity
retention after 1000 cycles.

In Section 2.1, we mentioned that the pure CNT fibers
could not be directly used as fiber SC electrodes due to their
compact structure. Although the performance of CNT fiber
can be improved by inducing functional groups on the CNTs
using a gamma irradiation treatment in the presence of air,
the CNT fiber often serve as the substrate to deposit other
active SC electrode materials with pseudo-capacitance.!'>8-163]
For example, after depositing PANI nanowires on the surface
of CNT fiber, two CNT/PANI composite fibers as parallel elec-
trodes were twisted to produce wire-shaped micro-SCs based
on gel electrolyte.l'®! Similar to the addition of spacer into
the compact graphene film to separate the aggregation of gra-
phene sheets, if the the conductive polymer is added into the
inner of the CNT fiber to form porous structure, the electro-
chemical performance of the CNT fiber would be enhanced.
Therefore, PEDOT was first deposited on the surface of the
aligned CNT sheets and then the biscrolled yarns were pre-
pared by twisting PEDOT-coated MWNT sheets.'6!] The gra-
dient biscrolling in the yarns provides fast ion-transport yarn,
where hundreds of layers of conducting-polymer-infiltrated
CNT sheets are scrolled into an approximately 20 mm dia-
meter yarn.
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3.2. Graphene/Conductive Polymer Composite Architectures

The addition of a spacer, such as Au or carbon black NPs,
can effectively prevent the restacking of rGO sheets in the
films. Different from Au and carbon black NPs, the conduc-
tive polymer nanostructures not only prevent the restacking
between rGO sheets in the films, but also enhance the energy
density of rGO-based films due to the pseudo-capacitance from
conductive polymer. For example, rGO/PANI-nanofiber films
can be achieved using a vacuum filtration method, as shown
Figure 6a,b.'"”] The rGO/PANI-nanofiber film possess a con-
ductivity of 5.5 x 10> S m™!, which is much higher than the
case of pure PANI-nanofiber film. The rGO/PANI-nanofiber
film displays high performance in comparison with pure PANI
and rGO films (Figure 6¢). Combining electrostatic adsorption
and vacuum filtration, highly ordered, layered poly(sodium
4-styrenesulfonate)-rGO/PANI composite papers can also be
prepared by vacuum filtering of the as-prepared poly(sodium
4-styrenesulfonate), rGO, and PANI nanofibers mixed suspen-
sion, in which positively charged PANI nanofibers absorbed
onto the negatively charged poly(sodium 4-styrenesulfonate)
mediated rGO sheets.l'®" In addition, flexible multilayered
rGO/PANI composite films were fabricated by alternate layer-
by-layer (LBL) deposition of positively charged PANI and
negatively charged GO nanosheets on a substrate, followed by
chemically reducing GO to rGO.I'] Based on a well-controlled
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full inkjet printing method, a 3D rGO-PANI composite hydrogel
can be fabricated on rGO paper, as shown in Figure 6d,e.[¢!
In such composite electrodes, 3D porous rGO hydrogel scaf-
fold with nanostructured PANT significantly improves the elec-
trical conductivity and energy density of the composite hydrogel
(Figure 6f) and rGO paper endows composite electrode with
excellent mechanical properties and high conductivity.

Porous rGO films can be directly used as template to deposit
the conductive polymer nanomaterials by a variety of methods,
such as electrochemical and chemical polymerization, because
of their high surface area and high accessibility for the solution
that was used to form conductive polymer nanomaterials.[167-171]
For example, flexible rtGO/PANI composite papers were fab-
ricated by in situ electrochemical polymerization of PANI on
rGO paper (Figure 6gh).'*”] These composite films show a
good specific capacitance of 233 F g™! (Figure 6i) and have a
58% enhancement compared to the rGO paper (147 F g™!). The
composite electrodes show an enhanced electronic conduc-
tivity due to the good contact between rGO sheets and excellent
chemical stability during the charge/discharge process.

In addition to PANI, PPy can also be incorporated into gra-
phene architectures to fabricate composite electrodes with high
energy density. For instance, multilayered architectures con-
sisting of rGO sheets and PPy nanowires have been success-
fully achieved by using liquid-air interface assembly and LBL
assembly based on capillary force.'? In such multilayered
films, the PPy fibrous network leads to high ionic accessibility
and aligned rGO sheets with high conductivity can act as cur-
rent collectors.

3.3. Graphene/CNTs/Conductive Polymer Composite
Architectures

During doping/dedoping processes of conductive polymers, the
differential strain of polymer chains can be released by the syn-
ergistic effects from the flexibility of rGO sheets and the rigid
properties of CNT5, resulting in excellent cyclic stability.!'3+173]
PPy/CNT composites can be well distributed between rGO
sheets through flow-assembly to fabricate flexible hybrid
films.'74 In such a multilayered architecture, the coaxial PPy/
CNT nanocables are able to separate the rGO sheets and provide
pseudo-capacitance to improve the energy density of electrodes.
Because the intrinsic differential strain in PPy chains could be
effective released by the synergistic effect from the flexible rGO
sheet layer and the rigid CNT core, the specific capacitance of
the rGO/PPy/CNT electrode only lost 5% of original capacity
after 5000 cycles. Apart from PPy, PANI has also been success-
fully added into the graphene nanoribbon-CNT hybrid films,
achieving a PANI-graphene nanoribbon-CNT composite film by
in situ polymerization of aniline monomers on the surface of a
graphene nanoribbon-CNT hybrid film.['7]

Nanocarbon-based materials often show good stability, but
their capacitance is relatively low since not all their BET surface
area can be electrochemically accessible. Accordingly, various
conductive polymer nanostructure materials such as PANI,
PPy, and PEDOT have been assembled into the nanocarbon
architectures, forming flexible composite materials. They have
high capacitance due to the synergetic effects of nanocarbon
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material and conductive polymer. However, in general, their
power density is usually degraded compared to the pure nano-
carbon-based electrodes, which is ascribed to the poor electrical
conductivity of conductive polymer. Furthermore, the swelling
and shrinkage of conductive polymers as SC electrodes will
often degrade the cycling stability of carbon-based composite
electrode materials. Therefore, two of the most critical aspects
in fabricating nanocarbon/conductive polymer composite elec-
trodes are to enhance their energy density without degrading
their high power density and remain good cycling stability
since these parameters is of great significance in the actual
application of SCs. In addition, the intrinsic rigidity of conduc-
tive polymer often leads to poor flexibility, resulting in degraded
flexibility of composite electrodes. Compared with CNT films,
porous graphene architectures in general have larger surface
area. Therefore, the loading of conductive polymers in porous
graphene architectures is higher than the case of CNT films.
However, the power density of CNT/conductive polymer com-
posite films is higher in comparison to that of graphene/con-
ductive polymer composite architectures due to the better con-
ductivity of CNTs, as shown in Table 4.

4. Nanocarbon/Transition Metal Oxide Composite
Architectures

Transition metal oxides are one of the best candidates for
pseudo-capacitive SC electrode materials because they have
high specific capacitance and very low resistance. Previous
work shows that the energy density of SC electrodes can be
effectively enhanced by using nanostructured transition metal
oxides, such as MnO, and RuO,, to provide pseudo-capacitance.
The high surface area of rGO sheets and CNTs is able to serve
as a promising support to deposit nanostructured transition
metal oxides. Furthermore, because of the excellent conduc-
tivity of rGO and CNTs, the electrons in the reversible redox
reaction of transition metal oxides can be easily transported
through the rGO or CNT network, which result in improved
power density of nanocarbon/transition metal oxide composite
electrodes. In addition, the excellent mechanical properties of
CNTs and rGO ensure that nanocarbon/transition metal oxide
composite electrodes possess good flexibility.

4.1. CNT/Transition Metal Oxide Composite Architectures

Among transition metal oxides, hydrous manganese oxide had
attracted most attention as a candidate for pseudo-SCs since
the raw material is low-cost and manganese oxide is more
environmentally friendly than other transition metal oxides.
Using CNT films (Figure 7a,b) that pulled directly from a
MWCNT array as the scaffold, MnO, nanomaterials could be
electrodeposited onto the surface of CNTs, obtaining flexible
CNT/MnO, composite films.'’®! The morphology and micro-
structure of the CNT/MnO,, hybrid films can be well controlled
by tuning electrodeposition time (Figure 7c—e). The specific
capacitance and rate capability of such CNT/MnO, composite
electrodes depend on the size of MnO, NPs on the CNT sur-
face. The resultant CNT/MnO,, hybrid films show high specific

Adv. Energy Mater. 2015, 1500677



ADVANCED
ENERGY
MATERIALS

MekiS

www.MaterialsViews.com

www.advenergymat.de

L™
e

Bran ratn i)

Figure 7. a) The CNT film pulled directly from CNT forest. SEM images of the MnO, composites deposited for b) 0, c) 5, d)15, and e) 30 s. Reproduced
with permission.['7¢l Copyright 2011, American Chemical Society. f) Optical and g) SEM images of MnO,-coated SWNT/cotton composite. Reproduced
with permission.P Copyright 2010, American Chemical Society. h) Optical and i,j) SEM images of a MnO,-CNT-sponge composite. k) The specific capaci-
tance of MnO,-CNT-sponge composites with respect to the mass of MnO,. Reproduced with permission.l'78 Copyright 2011, American Chemical Society.

capacitance (1250 F g!), excellent charge/discharge rate capa-
bility, and good cyclic stability, which are ascribed to the syn-
ergistic effect between the MnO, NPs and CNT films. Using
other CNT structure as template, CNT/MnO, hybrid electrodes
with flexibility can also be fabricated.'%>177]

As it is mentioned in Section 2.1, CNT can be coated onto
the surface of textiles and paper to obtain SC electrodes with
high flexibility. The porous structure of these CNT-coating tex-
tiles, sponges, and paper endow them with the ability to sup-
port transition metal oxide nanostructures to improve their per-
formance.>178-180 For instance, highly conductive SWCNTs-
coating cloth was achieved using a dipping and drying process
based on a SWCNT suspension.’”) To enhance the specific
capacitance of the SWCNT-coating cloth, MnO, was elec-
trodeposited on the surface of SWCNTs, as shown in Figure 7f
and gl Although the mass loading of MnO, is remarkably
increased in MnO,/SWCNTs/cloth composite electrodes,
SWCNTs still maintain good contact and provide pathway
of transporting electrons. In addition, MnO, nanostructures
can also be electrodeposited onto CNT-coating textile fibers
or sponges to enhance the specific capacitance of electrodes
(Figure 7h-k).[17817]

Transition metal oxide nanowires have unique properties,
such as high aspect ratio and short diffusion path length for
ions, leading to large surface area and fast charge/discharge.
Based on a solution of transition metal oxide nanowires, such
as RuO,, In,03, and MnO,, the transition metal oxide nano-
wires with a reasonable density can be coated onto the surface
of SWCNT film that was fabricated by various methods.[!81-183]
For instance, thin SWCNT films can be printed on different
flexible substrates and cloth fabrics by an off-the-shelf inkjet
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printer using SWCNT ink. The pattern geometry, location,
thickness, and electrical conductivity can be well controlled by
this method."® RuO, nanowires can then be coated on the
surface of above the SWCNT films. Because of the addition of
RuO,, the SC based on SWCNT/RuO, composite film shows
remarkably improved performance: specific capacitance of
138 F g%, power density of 96 kW kg!, and energy density of
18.8 Wh kg™!. In this work, not all RuO, nanowires can contact
SWCNTs, which is different from the case of CNT/MnO, com-
posite films mentioned above. Therefore, the synergic effect
of SWCNTs and RuO, nanowires may not work well. To fur-
ther enhance the energy density of SC devices based on metal
oxides, asymmetric SCs are often be designed.'®! The opera-
tion voltage of asymmetric SCs can be significantly increased
by using two electrodes with different potential windows.
Asymmetric SCs can be prepared using SWCNT/MnO, and
SWCNT/In,0; hybrid films as electrodes.!'® In the asymmetric
SC, a MnO, nanowire/SWCNT composite film served as the
positive electrode, while a In,03; nanowire/SWCNT composite
film acted as the negative electrode.

In addition to MnO, and In,03, other transition metal oxides
were also developed to enhance the energy density of the nano-
carbon-based electrodes.'8>18% In general, vanadium oxides
can provide high pseudo-capacitance but limited specific sur-
face area and electrical conductivity. To overcome this problem,
nanostructured vanadium oxide was deposited onto the surface
of porous CNT electrodes via atomic layer deposition and the
thicknesses of vanadium oxide layer can be well controlled.®"]
The resultant composite films have controlled porosity,
enhanced electrical conductivity, and cycle stability. In addition,
freestanding mesoporous vanadium nitride nanowires/CNT
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composite films were prepared using a simple vacuum filtering
method. Such composite films effectively utilize the synergistic
effects of the high electrochemical performance of vanadium
nitride nanowires and the excellent conductivity and mechan-
ical properties of the CNTs.[18”] All-solid-state flexible SCs with
high performance can be assembled based on such vanadium
nitride nanowire/CNTs composite films and PVA/H3;PO, gel
electrolyte.

4.2. Graphene/Transition Metal Oxide Composite Architectures

Because a variety of negatively charged oxygen containing func-
tional groups are on the basal plane and the edge of GO sheet,
GO sheets can be well dispersed in water or some organic
solvents due to the repulsive interaction between oxygen con-
taining functional groups.®¥ This is different from the case of
CNTs, especially SWCNTs, in which various surfactants usually
disperse CNTs. As a result, GO sheet can directly act as a sub-
strate to deposit transition metal oxide nanostructures. Subse-
quently, GO sheets with transition metal oxide nanostructures
can be assembled into freestanding film. For example, GO/
MnO, dispersion can be prepared by preparing MnO, NPs on
the GO surfaces. By vacuum filtrating the GO/MnO, disper-
sion, flexible GO/MnO, hybrid papers would be successfully
fabricated. After thermal reduction, the GO sheets in the com-
posite film can be reduced to rGO, obtaining rGO/MnO, hybrid
paper.l'8189 These rGO/MnO, hybrid papers can directly serve
as flexible SC electrodes (Figure 8a).

Porous graphene films can be obtained by various methods,
as mentioned in Section 2.2. Becasue of the appropriate
porous structure (Figure 8b) and high mechanical properties,
transition metal oxide nanomaterials can be directly fabri-
cated on the surface of rGO in the films, achieving composite
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architectures.'®1%1 For instance, porous rGO films are able
to be achieved using a replicating and embossing technique
in which polystyrene colloidal particles were used as sacrifi-
cial templates.'] To improve the specific capacitance of such
porous rGO films, nanostructured MnO, was deposited onto
the surface of rGO sheets in the films, as shown in Figure 8c.
The macroporous composite structure provides a large surface
area and enhances the ionic transport in the electrode. Further-
more, asymmetric SC devices can be fabricated using pure rGO
macroporous film and rGO/MnO, composite film as both elec-
trodes of SCs. The resultant asymmetric SCs show an energy
density of 44 Wh kg™, power density of 25 kW kg™! (Figure 8d),
and excellent cycle life. In addition, rGO foam obtained by
assembling rGO onto the surface of Ni foam can also be used
as support to deposit MnO, nanoparticles (Figure 8¢).1%? After
removing the Ni foam, flexible rGO/MnO, foam electrodes
were achieved.

rGO nanosheets can be coated on the fiber surface of porous
textiles by a solution-based coating technology. rGO-coating tex-
tiles are able to serve as a conductive scaffold to deposit MnO,
NPs (Figure 8f~h).1%%] Porous structure of textiles can increase
the loading of SWCNTs and MnO, NPs and facilitate the dif-
fusion of electrolytes into the composite textiles. Furthermore,
the power density and cycle stability of rGO/MnO,-coating
textile can be further improved using a conductive wrapping
method.l'*! Because of the conductive wrapping of CNTs or
conductive polymer on rGO/MnO, nanostructures, the spe-
cific capacitance of rGO/MnO, electrodes was significantly
improved. In addition, rGO sheets and nanostructured MnO,
can also be assembled onto the carbon fibers to form MnO,/
rGO/carbon fiber composite fiber electrodes. Using MnO,/
rGO/carbon fiber as the positive electrode and rGO/copper
wire as negative electrode, asymmetric SC devices with excel-
lent flexibility (Figure 8h) were prepared. The asymmetric
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Figure 8. a) Cross sectional SEM image of rtGO/MnO, paper. Reproduced with permission.[® SEM images of b) the embossed rGO film and c) rGO/
MnO, composite. d) The electrochemical performance of SCs based on the rtGO/MnO, composite. Reproduced with permission.l'!l Copyright 2012,
American Chemical Society. ) SEM image of MnO, nanoparticles on the rGO foam. Reproduced with permission.[%2 f) Optical and g) SEM images
of graphene-coated conductive textile sheet, scale bar: 2 ym. Reproduced with permission.l'* Copyright 2011, American Chemical Society. h) Capaci-
tance change of the asymmetric SC device based on rGO/MnO,/carbon fiber and rGO hydrogel/copper wire electrodes at different bending states.
Reproduced with permission.['’li) The SEM image of rGO/TiO, obtained by a hydrothermal process. Reproduced with permission.?%% Copyright 2013,

American Chemical Society.
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fiber SCs were able to cycle reversibly in a voltage window of
0-1.6 V, displaying high areal and volumetric energy densi-
ties.l'%] The asymmetric film SCs were also achieved based on
graphene/MnO, composite films and they exhibit high energy
density,189.192.196.197]

Apart from MnO,, other transition metal oxides also exhibit
the capacity of enhancing the specific capacitance of graphene-
based SC electrodes, as shown in Figure 8i.1%-2%1 For example,
ZnO with tailoring nanostructures can easily grow on various
substrates, especially on graphene films. The nanostructured
ZnO often show pseudo-capacitance behavior. 3D vertical
aligned ZnO nanorods that were sandwiched between rGO
films can be prepared to serve as flexible SC electrodes.'**! ZnO
nanorods in such composite electrodes are able to avoid the
aggregation of rGO sheets to obtain porous structures.

4.3. Graphene/CNT/Transition Metal Oxide Composite
Architectures

Because graphene has unique structural and electrical proper-
ties, it has been widely used as a scaffold for coating functional
materials with ultrathin thickness. Interconnected network in
CNT films can benefit electronic and ionic transport because of
its excellent conductivity and porosity. Although MnO, can pro-
vide high pseudo-capacitance, its low conductivity will degrade
the overall power density of SC devices. If the advantages of
graphene, CNTs, and MnO, can be fully utilized, the composite
electrodes based on them can achieve enhanced performance.
For instance, conductive, highly flexible rGO/MnO,/CNTs
composite film electrodes were achieved by vacuum filtering a
solution of CNT and rGO/MnO, composite. In such composite
films, rGO sheets offer high surface area to grow MnO, NPs and
CNTs enhance the electron conductance and mechanical rein-
forcement, thus allowing realization of the synergistic effects of
rGO and CNTs. The synergistic effects from rGO, CNTs, and
MnO, provide superior mechanical properties and outstanding
electrochemical performance, which cannot be obtained using
any of these components individually. The composite film can
be rolled to rods with 0.5 mm diameter to fabricate compact
high-performance SC devices, suggesting the significant poten-
tial as flexible SC electrodes. Based on LBL assembly, graphene
layers were alternatively inserted between MWCNT films that
were coated by V,0s layers with 3 nm thickness, forming V,05/
MWCNT/graphene hybrid films.[?! The insertion of graphene
can effectively avoid the agglomeration between the MWCNT
films and increase the specific capacitance by 67% (about
2590 F g!). In addition, free-standing Co;0,/rGO/CNTs com-
posite paper with high flexibility can be prepared by one-step
hydrothermal process and they show a specific capacitance of
378 F g! with excellent electrochemical stability.[20%

In addition to the transition metal oxides, transition metal
hydroxides and transition metal sulphides are also used
as pseudo-capacitive materials.'122%1 The transition metal
hydroxide, such as Ni(OH),, Co(OH), and Co-Al hydroxide can
be incorporated into the nanocarbon architectures for flexible
SC electrodes.?%*2121 The common transition metal sulfides
used as pseudocapacitive electrodes are MoS,, WS, VS, and
NiCo,S,.213-218 Furthermore, transition metal sulfides can also
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be added into nanocarbon architectures to serve as flexible SC
electrodes.[214219]

Because different transition metal oxides/ hydroxides have
been successfully prepared in the graphene/CNTs composite
architectures, asymmetric SCs can be obtained using these
composite architectures as electrodes.l?22%! For example, the
asymmetric SCs assembled by rGO/CNT/MnO, and rGO/
CNT/PPy hybrid films are able to provide an output voltage of
1.6 V, and deliver high energy/power density (22.8 W h kg! at
860 W kg! and 2.7 kW kgt at 6.2 W h kg™1).[223l

In general, nanocarbon/transition metal oxides architec-
tures often display higher energy density than conventional
carbon electrode materials and better electrochemical stability
than nanocarbon/conductive polymers. However, compared to
carbon materials and conductive polymers, the conductivity of
transition metal oxides is lower. Therefore, the power density
of the nanocarbon/transition metal oxide architectures is lower
than the case of nanocarbon/conductive polymer composites.
In addition, the frequently used liquid and gel electrolytes with
acids cannot be used in the devices based on nanocarbon/tran-
sition metal oxide composite electrodes, as shown in Table 5,
because acids in liquid and gel electrolytes will react with tran-
sition metal oxides. Therefore the solid state SC based on nano-
carbon/transition metal oxide composite electrodes was rarely
reported.

5. Summary and Perspectives

This article summarizes recent developments in the design
and programmable assembly of flexible nanocarbons and their
composite SC electrodes, including CNTs, graphene, CNT/
graphene, CNTs/conductive polymer, graphene/conductive
polymer, CNTs/graphene/conductive polymer, CNTs/transi-
tion metal oxides, graphene/transition metal oxides, and CNTs/
graphene/transition metal oxides. Compared with conven-
tional supercapacitor electrodes based on carbon, conductive
polymers, and/or metal oxides, these flexible nanocarbon-based
electrodes are freestanding or substrate-supported, avoiding the
use of metal current collector, conductive additives or binders,
due to the high conductivity and good mechanical properties of
CNTs and graphene. Furthermore, they usually have program-
mable and tunable features, such as controllable porous struc-
ture and components. The high conductivity of pure CNTs and
graphene electrodes endows them with high power density, but
the aggregation of CNTs and graphene in the corresponding
film electrodes leads to low energy density. To enhance their
energy density, two types of active electrochemical materials,
namely conductive polymer and transition metal oxides, were
introduced into the nanocarbon architectures. The resulting
composite architectures have improved energy density and
retain their good flexibility by combining the high pseudoca-
pacitance of conductive polymer and transition metal oxides
with high conductivity and good mechanical properties of CNTs
and graphene, as shown in Table 6. Additionally, we have high-
lighted the assembly of flexible SC devices based on these nano-
carbon-based architectures and compare their performance.
Currently, a great amount of progress has been made in the
fabrication of flexible nanocarbon-based electrodes and the
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Table 6. Comparison between flexible SC electrodes based on CNTs and graphene.

Flexiblility Electrolyte Energy density [Wh kg™] Power density [kWkg™] Cycle life

CNT high aqueous - 8 high
organic 47 200 high

solid state 6-49 23-32 high

CNT-conductive polymer mediun acid or neutral 15-33 0.1-10 low
organic 131 62.5 low

solid state 0.5-7.1 0.3-2 low

CNT-transition metal oxide mediun neutral 5-135 1-96 low
Graphene mediun aqueous 15-50 1-414 high
organic 26-153 2.4-500 high

solid state 1-10 mWh cm™ 0.01-20 W cm™ high

Graphene-conductive polymer mediun acid or neutral 15-33 1-10 low
solid state 24-36 <1 low

Graphene —transition metal oxide mediun neutral 2-44 25-110 low

design of flexible SC devices, however, much work remains to
be done. For instance, various flexible CNTs- and graphene-
based SC electrodes have been achieved using different
methods, such as solution-based coating, vacuum filtration, and
printing techniques, however, fully utilizing the specific sur-
face area, conductivity, and mechanical properties of graphene
and CNTs in flexible nanocarbon electrodes is still a challenge.
The properties of flexible nanocarbon architecture electrodes
greatly depend on their orientation and connection of CNTs or
graphene. Thus further efforts are needed for the design of the
ordered and controllable microstructures and programmable
assembly. In addition, the BET surface area of reported gra-
phene films with porous structures is much lower than the case
of single graphene sheets because of the aggregation of gra-
phene sheets. Controlling the assembly of graphene sheets into
macroscopic porous films can effectively avoid the restacking of
graphene sheets to make the surface of graphene sheets fully
accessible. Furthermore, the overall capacitance of flexible SC
devices based on nanocarbon-based electrodes is too small to
meet the demand of practical applications because of the lim-
ited mass and area of flexible SC electrodes. Flexible SC devices
with both high flexibility and capacitance should be considered
for practical applications.

In addition to single phase flexible nanocarbon electrodes that
only consist of CNTs or graphene, nanocarbon-based composite
electrodes including pseudocapacitive materials can significantly
extend the scope of flexible nanocarbon electrodes. However, the
power densities and cycling stability of reported composite elec-
trodes are often remarkably degraded due to the poor conduc-
tivity and the structure that is easily damaged during the redox
process of pseudocapacitive additives. For composite electrodes,
another problem is that their flexibility is decreased due to the
intrinsic rigidity of the pseudocapacitive additives. To overcome
these problems, new strategies that programmably control the
morphology, distribution, orientation, and mass loading of pseu-
docapacitive additives in composite architectures are desired to
realize the synergistic effect and the optimization between nano-
carbon materials and pseudocapacitive additives.
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The configuration of SC devices can also affect the perfor-
mance and flexibility of SCs. The flexible SC devices are fre-
quently fabricated by arranging two electrodes and a separator
in a sandwich form, followed by filling electrolyte and sealed
with two plastic slices. Liquid electrolytes are often used in this
kind of devices, however, their flexibility is medium because
the sealing position is easily cracked under the bending state
and the intrinsic flexibility of plastic is limited. Solid SCs can
be achieved based on gel electrolytes. These solid SCs are
highly flexible, and even foldable and stretchable, and avoid
the leakage of electrolyte. However, the electrochemical perfor-
mance of solid SCs is lower compared with their counterpart
based on liquid electrolyte due to the slow ionic conductivity of
gel electrolytes (Table 6). Thus high-performance gel electro-
Iytes should be explored. Because a variety of flexible electronic
devices with different functions have been fabricated, flex-
ible SC devices with various configurations have to be further
designed to match and power these electronic devices, and even
integrate the flexible SCs with these electronic devices into fully
flexible devices.!22¢]

Although various nanocarbon-based architectures have been
prepared and different types of flexible SCs were designed
and assembled using these nanocarbon-based architectures as
electrodes, the measurement methods for the electrochemical
performance and flexibility of nanocarbon-based electrodes
and flexible SCs are not well standardized.*?”] Therefore, it is
difficult to accurately evaluate and compare the true perfor-
mance of nanocarbon-based architectures and corresponding
devices reported in the literature because they were tested in
different systems. For example, the specific capacitances of the
electrode materials for a three-electrode system are in general
double those of the two-electrode system. In addition, the per-
formance of the SC devices depends on the electrolyte, sepa-
rator, and device configuration, which are different in different
systems. Furthermore, the size and thickness of nanocarbon-
based architectures vary widely in different devices, which also
influences the measured results. Various techniques and con-
figurations will yield remarkably varying results. Therefore,
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reliable measurements for SC devices should be developed.
For flexible SCs, it is required that the performance of the SC
devices be evaluated under different bending states. Therefore,
in the future, unified testing methods for flexible SCs at dif-
ferent states should be considered.

At different bending states, the physical and electrochemical
properties of carbon-based electrodes and the distribution of
electrolyte in electrodes may be varied in comparison with the
case at no bending state. However, using current in situ tech-
nology, it is is difficult to detect the electrode and electrolyte
under bending conditions. Thus, it is urgent to simplify the
configuration of the supercapacitor and develop in situ tech-
nology to realize the direct detection of the electrode and elec-
trolyte in different states.
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