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Paper-Based Electrodes for Flexible Energy Storage Devices

Bin Yao, Jing Zhang, Tianyi Kou, Yu Song, Tianyu Liu, and Yat Li*

Paper-based materials are emerging as a new category of advanced electrodes
for flexible energy storage devices, including supercapacitors, Li-ion batteries,
Li-S batteries, Li-oxygen batteries. This review summarizes recent advances in
the synthesis of paper-based electrodes, including paper-supported elec-
trodes and paper-like electrodes. Their structural features, electrochemical
performances and implementation as electrodes for flexible energy storage
devices including supercapacitors and batteries are highlighted and com-
pared. Finally, we also discuss the challenges and opportunity of paper-based

electrodes and energy storage devices.

1. Introduction

Flexible electronics have attracted extensive attention due to
their potential for future hand-held, potable consumer and
wearable electronics. Electronic or optoelectronic components
on flexible substrates enable novel applications, such as flex-
ible display, electronic textile, artificial electronic skin, distrib-
uted sensors, etc.!™ Whilst various flexible electronics are
commercially available nowadays, the development of flexible
energy and power sources for these devices is slow.'%!! Such a
“rate-limiting step” has greatly impeded the commercialization
of these electronics. In order to overcome this limiting factor,
extensive efforts have been devoted to make flexible and high
performance energy storage devices.['2~1]

Among all flexible energy storage devices, supercapacitors
and Li-based batteries (e.g., Li-ion, Li-S and Li-O, batteries)
stand out because of their ease of fabrication, compatibility
with other electronic devices and excellent electrochemical
performance.['7-2-24 They are typically composed of two elec-
trodes (cathode and anode), separator, current collector, elec-
trolyte and packing materials.?*2>-27] The two electrodes are
the essential parts that render high flexibility of the devices.
Traditionally, metal foils (e.g., Cu, Al and Ti foils)?43% and
certain plastics (e.g., polyethylene terephthalate)®!! are used
as substrates for making flexible electrodes. However, these

B. Yao, Dr. ). Zhang, T. Y. Kou, Y. Song, T. Y. Liu, Prof. Y. Li
Department of Chemistry and Biochemistry

University of California

Santa Cruz, California 95064, United States

E-mail: yatli@ucsc.edu

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. This is an open access article under the terms of the Creative

Commons Attribution License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited.
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.201700107.

DOI: 10.1002/advs.201700107

Adv. Sci. 2017, 4,1700107 1700107 (1 of 32)

substrates have obvious drawbacks. The
large mass densities of electrochemically
inactive metals considerably increase the
total device weight. Additionally, they
can be readily oxidized and cause sig-
nificant drop of electrical conductivity.
For the flexible plastic substrates, the
weak affinity between active materials
and plastic substrates often leads to the
detachment of active materials during
the electrode deformation induced by
cycling, which greatly limits their dura-
bility.2831 Therefore, development of
novel and reliable flexible electrodes is urgent and highly
desirable.[12-14:32.33]

Paper, as one of the most ancient flexible products invented
2000 years ago and is still used today for information recording
and packing, is one of the promising alternatives to con-
ventional flexible substrates.?% Since 1960s, paper has been
researched and employed as substrates for a diverse array of
electronics, namely paper electronics,?* including displays,?*°!
sensors,3¥ transistors,*¥  radiofrequency identification
devices,*! generators,“*#!l light-emitting diodes,*?! etc. Papers
are promising electrode materials because of their wide avail-
ability, low cost, light weight, environmental friendliness,
recyclability and bendability.'*3443-#6] Typical paper electrodes
are made by depositing or growing active materials onto tra-
ditional papers. But due to their poor electrical conductivities
(1011-10" Q sq!),** additional chemical modifications (e.g.,
coating conductive layers for example) are required to make
them electrically conductive.['%1447:48]

Alternatively, a variety of other electrically conductive mate-
rials have been assembled into paper-like film structures.**-1l
These materials, mainly including carbon-based materials
such as carbon nanotube, graphene, and carbon fibers, can be
directly fabricated into self-supporting paper-like electrodes.
Paper-like electrodes not only inherit the superior flexibility
from paper-supported electrodes, but also exhibit outstanding
electrochemical performances as the electrode materials are
electrochemically active. In light of the ultra-small electrical
resistance and volume, these paper-like electrodes are prom-
ising materials that could achieve ultra-high power density and
energy density simultaneously.

In this review, we will present the recent advances in syn-
thesis, characterization and applications of paper-based elec-
trodes, including both paper-supported electrodes and paper-
like electrodes. Specifically, we will begin with the introduction
on research progress of paper-supported electrodes (Section 2),
which are fabricated by applying active materials onto cel-
lulose papers. Then paper-like electrodes will be discussed in
Section 3, including graphene-based, carbon nanotubes-based,
carbon fiber-based and carbon-free paper-like electrodes, which
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are fabricated via the controlled assembly of active materials
into free-standing film structures. Section 4 will focus on the
applications of these paper-based electrodes for diverse energy
storage devices including supercapacitors, Li-ion batteries, Li-S
batteries and Li-O, batteries with an emphasis on the first two
devices. Conclusions, comments and outlooks will be given in
the last section (Section 5).

2. Paper-Supported Electrodes

Paper, which is made of randomly interconnected cellulose
fibers, is a product after a three-step treatment of wood cel-
lulose pulp suspension: dewatering, pressing and heating.
Mineral fillers, such as calcium carbonate, chalk and clay, are
usually mixed with the cellulose pulps to increase smoothness.
To enhance the brightness of paper, fluorescent whitening
agents (e.g. stilbenes) are added in the process of fabrica-
tion. The mechanical properties of paper can be readily tuned
by adjusting the length, diameter and physical and chemical
nature of cellulose fibers used for production. In general,
papers made of longer and wider fibers are more robust than
counterparts composed of shorter and thinner fibers.?* Var-
ious types of papers with different purposes (daily-use office
photocopying paper, weighting paper, filter paper, Kimwipes
paper etc.) are widely used in daily lives. Besides mechanical
properties, paper’s optical properties can also be changed. It
has been reported that by filling inter-fiber space using trans-
parent materials (e.g., wax) with reflective constant that is
closed to the cellulose (=1.5), it is able to fabricate transparent
papers.?¥ Reducing the diameter of cellulose fibers from
micro-meters (=20 um) to nanometers (=20 nm) will increase
paper transparency.’2-4

Each paper fiber possesses a hierarchical structure as shown
in Figure 1. The surface layer of each fiber, which has a thick-
ness of 1-8 um, is made of small fibrils bundled together. Each
fibril is composed of small microfibril bundles with a diameter
between 3 and 20 nm. Two regions exist in every microfibril:
the amorphous regions and the crystalline regions. Hemicel-
lulose and lignin fill in the amorphous regions. In the crystal-
line regions, there are thousands of 5 pm long cellulose chains.
Cellulose fibers interconnect and weave altogether to form the
paper. The typical thickness and areal mass density of a paper
substrate are =100 um and 80 g m™2, respectively.}4l Fibrils and
microfibrils are held together by hydrogen bonding rendered by
surface hydroxyl groups. These hydrogen bonds play a critical
role in fabricating paper-supported electrodes, by anchoring the
guest materials onto paper surface.[12:3047:55-58]

For making paper-supported electrodes, pre-treatments of
paper substrates to eliminate inactive additives and increase
porosity are needed. A typical procedure was reported by Yao
et al.l: immerse a piece of printing paper into an aqueous
solution containing 0.3 M hydrochloric acid (HCl) for about
10 min, then wash with deionized water thoroughly and let
it dry at room temperature. Pre-treatments usually lead to
reduction on both weight and thickness due to the removal of
mineral fillers and fluorescent whitening agents, and resulting
in a more porous open structure that is often beneficial for
paper-supported electrodes.
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2.1. Electrode Fabrication

Figure 2 summarizes four main protocols of making paper-
supported electrodes. (1) Pencil-drawing or printing method.
A thin layer of graphite or other conductive materials is first
deposited onto the paper surface, followed by electrodeposition
of other active materials (Figure 2a); (2) Soaking and polymeri-
zation method. Paper is coated with conducting polymers by in
situ polymerizations of monomers that are pre-soaking paper
substrates in monomer solutions (Figure 2b); (3) Vaporization
method. A thin layer of metal is first deposited to make paper
substrate more electrically conductive. Conducting polymers
or metal oxides are subsequently electro-deposited onto the
metal coated paper substrates (Figure 2¢); (4) Vacuum filtra-
tion method. Highly conductive and electrochemically active
materials can be directly deposited onto a piece of filter paper
through vacuum filtration. The guest materials can coat on cel-
lulose fibers and fill the inter-fiber voids (Figure 2d).

2.1.1. Pencil Drawing

Pencil leads, the most accessible graphite products in our daily
life, are composed of fine graphite particles held together by
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tunable areal conductivity. More specifically,
drawing with 9B pencil lead could achieve
highest conductive film, while using 9H
pencil lead would come out the most infe-
rior conductivity. These traces can be used to
create any arbitrary shape and patterns and
they are quite stable against chemicals, mois-
ture and UV irradiation.l®l This pencil-based
approach has been widely used in making
electrodes for flexible energy storage devices
recently,[1+48]

Pencil-drawing can also couple with other
methods to make composite electrodes.
Zheng et al. used a pure graphite rod to

Crystallites

Cellulose fibers (paper) _—
2-5 mm

Figure 1. Schematic illustration showing the hierarchical structure of cellulose fibers. Reproduced

with permission.34

clay binders. Based on its hardness, pencils are classified on a
scale from 9B to 9H.[ Their colors are different due to their
different fraction of graphite and clay. When pencil traces are
drawn on paper, the friction between pencil lead and paper
rubs off graphite particles which in turn adhere to the paper
fibers. Thus pencils can be viewed as a deployable form of
ultrafine graphite particles. Pencil traces can be considered as
conductive films made of percolated graphite particle network
on paper. Pencil leads with different hardness can result in
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draw on Xerox cellulose paper to get a sol-
vent-free drawing electrode (Figure 3a).*8] A
fairly low sheet resistance =233 Q sq! was
achieved by drawing in orthogonal direction
that can deposit graphite more uniformly on
the paper. An aqueous supercapacitor built via the assembly of
two pencil-drawing electrodes can deliver a high capacitance
of 1.13 mF cm™ and retain 90% its initial capacitance after
15000 cycles. Although the device shows stable performance, its
areal capacitance is still relatively small. Later Yao et al. used an
electrodeposition method to grow polyaniline (PANI) network
on the pencil-drawing graphite paper.') The scanning elec-
tron microscopy (SEM) images showed pencil-drawing process
formed a uniform layer of graphite sheets on the paper surface,
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Figure 2. Schematic illustrations of four protocols for making paper-supported electrodes. a) Graphite/polyaniline (PANI)-Paper fabricated by Pencil-
drawing method. Reproduced with permission.['l Copyright 2013, Elsevier. b) Polypyrrole(PPy)-coated paper fabricated by soaking and polymerization
method. Reproduced with permission.l'l Copyright 2013, Royal Society of Chemistry. c) PANI/Au/paper electrode fabricated by vaporization method.
Reproduced with permission.?3 d) graphene-cellulose paper (GCP) electrode fabricated by vacuum filtration method. Reproduced with permission.F!
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Figure 3. Microstructures of paper-based electrodes. a) Schematic diagram of drawing conductive electrode on cellulose paper using a graphite
pencil. Reproduced with permission.[*8l Copyright 2013, Royal Society of Chemistry. b—e) Scanning electron microscopy images of (b) blank A4 printing
paper, (c, d) graphite paper, (e) G/PANI-Paper with polyaniline deposition time of 120 min. Reproduced with permission.'l Copyright 2013, Elsevier.
f—g) Scanning electron microscopy images for paper coated by polypyrrole with different polymerization times of 0 and 180 minutes, respectively.
h) Cross-section scanning electron microscopy image of the 180 minutes polypyrrole/paper composite. The inset shows an enlarged polypyrrole-coated
cellulose fiber. i) Polypyrrole-coated paper passes the tape test shows that the strong mechanical property. Reproduced with permission.['2l Copyright 2013,
Royal Society of Chemistry. j,k) SEM images of the filter paper or GCP surfaces with different GNS loading amounts. j) 0 wt% (pristine filter paper), and
k) 7.5 wt%. ) SEM and m) TEM images of a cellulose fiber in a GCP membrane showing GNSs anchored on the fiber surface. Reproduced with permission.’>

while three dimensional PANI networks were further grown on
the graphite paper (Figure 3b—e). The PANI coated paper elec-
trode achieved a higher areal capacitance of 355.6 mF cm™2. The
flexible solid-state supercapacitor fabricated by sandwiching
polyvinyl alcohol (PVA)/H,SO, gel electrolyte film between two
PANI/graphite electrodes displayed light-weight characteristic,
with 219 pm in thickness and 30.8 mg in weight. Feng et al.
further improved the performance by using two asymmetric
paper electrodes.®'=%3 Graphite/Ni/Co,NiO, paper electrode
was fabricated by pencil drawing, followed by deposition of Ni
and Co,NiO, in sequence. Graphite/Ni/active carbon paper
electrode and Graphite/Ni/Co,NiO, paper were used as nega-
tive and positive electrode respectively to assemble an asym-
metric supercapacitor, which achieve a high working voltage
of 2V. It has an outstanding volumetric energy density of
2.48 mWh cm, which is much larger than the value obtained
from other paper-based symmetric devices.

2.1.2. Printing

Printing on paper is a facile, fast and highly scalable method
for making flexible paper electronics. A major challenge of
using paper for flexible electronics is its rough surface, which
generally needs planarization by surface treatment or surface
coating before printing.®¥ However, this rough surface of
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paper is not problematic but advantageous for energy storage
device such as supercapacitor and Li-ion batteries.*”) According
to the different equipment used, printing can be classified to
ink-jet printing,!®* Mayer rod printing,?¥ screen printing,®!
gravure printing, /! etc. Some untraditional methods like using
Chinese brush to deposit solution-based materials on paper
have also been demonstrated.%

Selecting and preparing the appropriate ink for printing is
the key step in making printing-based paper electrode. Hu et al.
employed Mayer rod to coat uniformly dispersed CNT ink and
Ag ink on ordinary office paper and successfully fabricate a
CNT conductive paper.2%#l This conductive paper reached
a low sheet resistance around 10 Q sq! for CNT coating and
1 Q sq7! for Ag nanowire coating. The CNT paper electrode
achieved a specific capacitance of 200 F g}, a specific energy
of 30-47 Wh kg1, a specific power of 200 kW kg~! and a stable
cycling life over 40000 cycles. This conductive CNT paper can
also be used as a current collector that has been integrated with
LiMn,0, (cathode) and Li,TisO;, (anode) to assemble a full
Li-ion battery. The LiMn,0, nanorod and Li,TisO;, hanopowder
electrodes achieved initial discharge capacities of 110 mAh g!
and 149 mAh g™!, and capacity retentions of 93% and 96% after
50 cycles, respectively.

To integrate anode, cathode and separator into a single sheet
of paper and fabricate an integrated device, Hu et al. further
demonstrated a high-speed ink-jet printing method to print

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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single-wall carbon nanotubes (SWCNT) on both sides of a pre-
treated polyvinylidene fluoride (PVDF) paper.® The PVDF
coating was employed to prevent CNT penetration through
the micron-sized pores in paper that can cause short circuit
as all the components are integrated onto a single sheet of
paper. A specific capacity of 33 F g! at a high specific power
of 250 kW kg™! was achieved in an organic electrolyte. Such a
lightweight paper-based supercapacitor is promising for pow-
ering paper electronics such as transistors or displays.

2.1.3. Soaking and Polymerization

Conducting polymers, which were discovered in 1976, are
one important type of electrode materials for energy storage
due to their large capacitance, good electrical conductivity,
ease of synthesis and low cost.?>3267-%91 Over the decades,
conducting polymers have received significant attention in
flexible energy storage devices. Among them, polypyrrole
(PPy), polyaniline (PANI), poly[3,4-ethtylenedioxythiophene]
(PEDOT) and their derivatives have been widely investigated
in supercapacitors due to their large specific capacitance,
e.g., 480 F g! for PPy, 1284 F g! for PANI, and 210 F g!
for PEDOT.FY As a 3D porous substrate, paper can be
easily coated with conducting polymers due to its hydrogen
bonding interaction with polymer monomers, which can
then be polymerized into conducting polymers and form a
3D conducting network.

Yuan et al. simply soaked the daily printing paper into PPy
monomer solution and then transferred into ferric chloride
solution with hydrochloric acid to polymerize PPy onto the
paper substrate. In this process, ferric chloride works as oxi-
dation agent and hydrochloric acid acts as doping agent. After
polymerization, the paper became black and conductive. The
roughness of the cellulose fibers increased and the connections
among fibers increased compared with the blank paper sub-
strate (Figure 3f and 3g). More importantly, both the exterior
and interior of cellulose fibers were coated with PPy uniformly
(Figure 3h). Mechanical adhesion test showed that no obvious
PPy could be observed on tape, demonstrating the good adhe-
sion of PPy on the paper (Figure 3i). PPy coated paper electrode
showed high gravimetric capacitance above 370 F g!. The flex-
ible solid-state supercapacitor fabricated via sandwiching PVA/
H;PO, membrane both as electrolyte and separator displayed
an areal capacitance of 0.42 F cm™2, a high energy density of
1 mWh cm™ at a power density of 0.27 W c¢m™ normalized to
the device volume.

2.1.4. Thermal Evaporation

Thermal evaporation is a commonly used method for thin
film deposition. It involves two basic processes: vaporization
of source material and condensation of vapor on a substrate.
This evaporation process takes place in vacuum and usually
it is directional. Paper is inherently not an ideal substrate for
depositing continuous film, since its surface is uneven and
rough. Besides, the interconnection between metal particles
and paper substrate is relatively weak. However, this problem
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can be solved by coating a thin layer of polymer materials, such
as PVA or parylene.?>71]

Yuan et al. prepared a PVA solution by mixing PVA powder
with deionized water. Then, a piece of printing paper was
immersed into the PVA solution until PVA fill the paper
thoroughly. The treated paper was then air dried. A thin gold
(Au) film (80 nm) was deposited on the PVA treated paper via
E-beam evaporation. This Au paper displayed a low sheet resist-
ance of 7 Q sq~!. PANI/Au paper electrodes were fabricated by
electrodeposition of PANI nanowires on Au paper. The paper
electrode showed a high specific capacitance of 560 F g%, an
areal capacitance of 0.8 F cm™ and a high volumetric capaci-
tance of 800 F cm™ (based on the mass and thickness of active
material).l32

Wang et al. reported the first flexible micro-supercapacitor
on paper.”!l They evaporated parylene onto a photographic
paper for waterproofing and insulation purposes. 200 nm gold
interdigital patterns were then directly thermally evaporated
onto the parylene passivated paper using hard masks. Coral-like
polyaniline-manganese oxide was then electrochemically depos-
ited onto the interdigital gold electrode. Employing the PVA/
H;PO, gel electrolyte, this flexible solid-state interdigital super-
capacitor displayed a high areal capacitance of 94.73 mF cm™
and a high areal energy density of 6.3 uWh cm2.

2.1.5. Vacuum Filtration

Vacuum filtration is one of the most popular methods in
making paper-supported electrodes because of its fast and
scalable characteristics. Owing to its intrinsic 3D porous struc-
ture, paper can be used as a “filter” to block the materials
with the size larger than its pore size and at the same time
coat the surface of fibers and fill its pores with these mate-
rials. Vacuum filtration method has been used to prepare
carbon based (e.g., graphene, graphite, CNT) paper-supported
electrodes.[585972-75]

Weng et al. fabricated the graphene paper by simply filtering
a graphene nanosheets (GNSs) suspension through a filter
paper.’? As seen from the SEM images in Figure 3j and 3k,
the cellulose fiber surfaces and voids of the filter paper were
covered and filled with GNSs. The strong binding between cel-
lulose fibers and GNSs was ascribed to the strong electrostatic
interaction between the functional groups on the fibers and the
negatively charged GNSs. The resistivity of this graphene paper
is 6 Q-cm and only decrease 6% after being bent 1000 times.
The graphene paper electrode displayed a gravimetric capaci-
tance of 120 F g™! (normalized to the mass of graphene) and
retains more than 99% of its initial capacitance over 5000 cycles.
Jabbour et al. manufacture flexible cellulose-graphite paper
electrode via direct infiltration of the hybrid slurry of graphite
particles and cellulose, which resulted in a flexible free-standing
cellulose-based graphite paper.’8! This graphite paper showed
excellent tensile properties with Young moduli ranging between
60 and 450 MPa. When the graphite paper was used as anode
in Li-ion batteries, it exhibited an excellent discharge capacity
up to 350 mAh g!, which is very close to the theoretical limit
for graphite electrodes (i.e. 372 mAh g!). The paper electrode
also has stable performance over 120 cycles.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2. Optimizing Electrical Property of
Paper Electrodes

Electrical conductivity is a critical factor that
can greatly affect the electrochemical perfor-
mance of paper electrodes. The resistance of
the electrodes should be as low as possible.
The total resistance includes the resistance of
the active materials, resistance of the current
collector, and interfacial resistance between
active materials and current collector. Nor-
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Some metrics can be used to evaluate the
electric properties of paper-based electrodes,
such as sheet resistance, conductivity, and
conductance stability under deformations,
etc.1214 Yuan et al. successfully fabricated
highly conductive PPy-coated paper elec-
trodes.'”l The electrical conductivity of the
PPy coated paper electrodes increased with
increasing polymerization time and mass
loading of PPy (Figure 4a). Its sheet resist-
ance can be as low as 4.5 Q sq~!. The high conductivity of the
PPy-coated paper (15 S cm™) assures that it can be used as a
flexible lead to connect all the device components. As shown
in Figure 4b, a homemade 2.7 V button battery light up a blue
light-emitting-diode (LED) (the lowest operating voltage is
2.5 V) by using the PPy-coated paper as a connecting lead. At
a fixed voltage of 0.5 V, the PPy-coated paper showed excellent
conductance stability at different bending states, even at 180°
(Figure 4c). Furthermore, the conductance of PPy-coated paper
remained almost constant after 100 cycles, indicating its high
stability and flexibility, which is promising for the application
in flexible electronics.

Although paper-supported electrodes have only been devel-
oped in recent years, they have attracted much attention in
the research community and shown great potential in flex-
ible energy storage applications. In addition to the abovemen-
tioned examples, we also summarized the materials, synthesis
method, and electrochemical performances of other paper-
supported electrodes and their applications in flexible energy
storage devices in Table 1.

Adv. Sci. 2017, 4, 1700107 1700107 (6 of 32)

Figure 4. Electrical performance of paper electrode. a) Mass loadings of polypyrrole (m), sheet
resistance (®) and conductivity (A) of the fabricated polypyrrole-coated paper with respect to
polymerization time of 5, 20, 60 and 180 minutes. b) Polypyrrole-coated paper as electrical
connections to light a blue LED by a homemade 2.7 V battery. c) Current-time curves of polypyr-
role-coated paper bent with different curvatures under a constant voltage. The upper insets
labeled I, II, I1l, IV and V reveal the five bending states. The lower left inset shows the current-
voltage curve of polypyrrole-coated paper without bending. The lower right inset records the
current-voltage curves of polypyrrole-coated paper after 20, 50, 80 and 100 cycles of bending.
Reproduced with permission.'2 Copyright 2013, Royal Society of Chemistry.

3. Paper-Like Electrodes

Most of the electrodes for energy storage devices are generally
made by mixing particulate active materials with polymeric
binders e.g., polyvinylidene fluoride (PVDF) and polytetrafluor-
oethylene (PTFE) and conducting agents (e.g. carbon black)
with the help of appropriate solvent. The binders are used
to glue the active materials and conducting agents as well as
the current collector, whereas the conductive agent network
helps to transfer electrons from active materials to current col-
lector. Although this process is widely adopted in industry, the
introduction of insulated binders increases both the contact
resistance between particles as well as the resistance of the
electrodes. Besides, the binders and additive conductive agents
make up about 20-40% of the total electrode mass, which are
seen as ‘dead mass’ because they do not contribute to charge
storage, but instead decrease the energy density of both the
electrodes and devices.['%%]

Flexible cellulose substrates can be used to support con-
ductive active materials to achieve high performance in many

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Electrodes Synthesis method Device Performance Ref.
Capacitance/Capacity Power Density ~ Energy Density Cycling Stability
PPy-paper Soaking and polymerization SC* 1.5 Fcm™ 0.46 W cm™ 1 mWh cm™ 75.6% after 10000 cycles  [12]
370F g
PPy-bacterial cellulose paper Vacuum filtration sC 243 Fcm™ - - 94.5% after 5000 cycles  [74]
PPy-cladophora cellulose paper Vacuum filtration sC 315Cg™! 2.7 kW kg™ 1.75 Wh kg™ No loss after 1500 cycles  [72]
PANI-paper Electrodeposition SC 160 F g7 - - 81% after 1000 cycles [55]
PANI-graphite-Paper Pencil-drawing Electrodeposition ~ SC 355.6 mF cm™ 0.054 Wcm™ 032 mWhcm™ 83% after 10000 cycles  [14]
PANI-nylon-cellulose Electrospinning sC 402 F g - - 61% after 1000 cycles [93]
acetate-paper Electrodeposition
PEDOT-paper In situ Polymerization SC 145 F cm™ TWem™ 1 mWh cm™ 91% after 2500 cycles [56]
MnsFg?
PEDOT-paper Spin coating Ne 994 pF cm=2* 64.70 W cm™  1.77mWh cm™  No loss after 12000 cycles  [94]
16.6 Fcm™"
CNT-paper Dip and dry Ne 11583 F g - 48.86 Wh kg™ - [57]
CNT-paper Mayer rod printing SC 200Fg* 200 kW kg™ 47 Wh kg™ 97% after 40000 cycles  [47]
CNT-PVDF-paper printing SC 33F g’ 250 kW kg™ - 96.9% after 2500 cycles  [64]
MnO,-CNT-paper Dip and dry sC 1162 F g 4 mW cm™ 4.2 uWh cm2 97.8% after 20000 cycles  [95]
Si-CNT-paper Vacuum filtration PECVD* LIB* 2100 mAh g™ - - 77% after 100 cycles [96]
PEDOT-CNT-paper Ink-jet printing sC 23.6 Fcm™ 89.1mWem=> 42 mWhcm™ 92% after 10000 cycles  [97]
h-MnO,-CNT-paper Printing sC 1035 F g 81 kW kg™ 25.3 Wh kg™! 98.9% after 10000 cycles  [98]
91.7 mF cm™
CNT-MnO,-CNT-paper Dip-and-dry electrodeposition SC 327F g’ - - 85% after 50000 cycles  [99]
LiMn,0,-CNT-paper Mayer rods printing Pressing LIB 110 mAh g™ - - 93% after 50 cycles [30]
LisTisOy,-CNT-paper LIB 149 mAh g™ - - 96% after 50 cycles
Graphene-paper Vacuum filtration SC 252F g 2.4 kW kg™ 237 Wh kg™ - [59]
LIB 540 mAh g™ - - 22.9% after 45 cycles [75]
Graphite-paper Pencil-drawing SC 2.3 mFcm™ 35 kW kg™ 1.46 Wh kg™ 90% after 15000 cycles  [48]
Graphite-paper Vacuum filtration LIB 350 mAh g™ - - 94.5% after 120 cycles [58]
MnO,-Ni-paper Electroless plating sC 1.9 Fcm™ 25mWem? 0.8 mWhcm™ 85.1% after 1000 cycles ~ [100]
Electrodeposition
MnO,-Ni-graphite-paper Pencil-drawing Electrodeposition ~ SC 175 mF cm™ 48 mW cm™ 106 mWh cm™ 96% after 6000 cycles [62]
60 kW kg™ 66.2 Wh kg™!
Mn3;0,-Ni-graphite-paper Pencil-drawing Electrodeposition ~ SC 432 mF cm™ 33mWem™> 035 mWhcm™ 83% after 12000 cycles  [63]
432F g7
Co,NiO,-Ni-graphite-paper  Pencil-drawing Electrodeposition ~ SC 734 mF cm™ 0.79Wcm™ 248 mWhem™  97.6% after 15000 cycles  [61]
25.6 kW kg™! 80 Wh kg'
PANI-Au-paper Evaporation and SC 560 F g™ 3Wem3 0.01 Wh em™3 103% after 10000 cycles  [32]
Electrodeposition
0.8 Fcm™
Si-CNTs-CNC film Vacuum filtration LIB 3200 mAh g~ - - 57.5% after 100 cycles  [101]

*Notes: Supercapacitor (SC), Lithium-ion batteries (LIB), Plasma-enhanced chemical vapor deposition (PECVD).

flexible energy storage systems. However, the addition of elec-
trochemically inactive cellulose paper substrate considerably
lower the energy density and power density of supercapacitor
device when they are normalized to the total electrode mass/
volume. Thus, to eliminate the inactive paper substrate and
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fabricate paper-like electrodes with active charge storage mate-
rials can substantially enhance the device specific capacity as
well as energy density and power density.

According to the materials involved, paper-like electrodes
can be divided into four categories: graphene-based paper-like
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electrodes, CNT-based paper-like electrodes, carbon-fiber paper-
like electrodes and carbon-free paper-like electrodes. Here we
summarize and discuss the fabrication methods for each type
of paper-like electrode.

3.1. Graphene-Based Paper-Like Electrodes

Since the first report using micromechanical cleavage method
to produce graphene sheet in 2004 by Geim and Novoselov, gra-
phene and graphene-based nanocomposites have received tre-
mendous attention both for the sake of fundamental research
as well as their great potential for applications in energy storage
and conversion systems.13] Compared with other materials,
graphene has unique 2D structure, high electronic mobility
(15000 cm? V-1 §71),103104 exceptional electric (10° S m™)[10%]
and thermal (5300 W m™ K™% conductivities, excel-
lent optical transmittance (97.7% in visible region),1%) good
mechanical strength (tensile strength 130 GPa and stiffness
1.5 x 10® psi)1%¥ and ultrahigh surface area (=2630 m? g!).'%%
Its extraordinarily high surface area enables its high electric
double-layer capacitance as high as 550 F g! if the entire sur-
face area can be fully utilized.[1%2]

Several physical and chemical methods can be utilized to
synthesize graphene including micromechanical cleavage,
chemical vapor deposition, liquid phase exfoliation, reduction
of graphene oxide (GO), thermal deposition of silicon carbide
(SiC), and un-zipping carbon nanotubes.!'% To realize the
commercial potential of graphene, it is essential to develop a
reliable, low-cost and facile process for large-scale fabrication
of high quality graphene materials. Solution processing offers
a simple yet effective approach for the fabrication of graphene
electrodes. To successfully using solution-processing approach
to fabricate graphene electrodes, there are three steps: first,
preparation of a completely exfoliated GO solution; homoge-
neous dispersion of high-quality graphene in a solvent; third,
fabrication of graphene film. In 1958, Hummers et al. invented
an effective oxidative method to produce GO solution, which is
later called ‘Hummers method’.l''!! In 2008, Li et al. reported a
facile method to make chemically converted graphene sheets to
form stable aqueous dispersions.['!Zl These studies pave a way
for fabricating graphene and graphene-based films. Graphene
dispersions or graphene-based hybrid materials suspension
can be well processed into electrodes using various techniques,
including dip coating,"® rod coating,''* spray coating,’!
inkjet printing,'*® spin coating,!'”! screen printing,''® gravure
printing,['** blade coating,'?% electrospinning,?!l electrodepo-
sition,?2 vacuum filtration,'?3! drop casting,l'*! interfacial
deposition,” Langmiur-Blodgett deposition['?! and layer-
by-layer assembly.'?%] Depends on the targeted properties and
size of the graphene electrode, different approaches should be
used.[192]

3.1.1. Graphene Paper-Like Electrodes
Since the first graphite oxide paper reported in 2007 by Ruoff et al.

using vacuum filtration method, free-standing paper-like gra-
phene-based materials have been extensively investigated.'?’]
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The high flexibility and ease of integration with other compo-
nents make them ideal candidates for flexible energy storage
devices (Figure 5a,b).P"

Free-standing flexible graphene paper electrodes were first
applied in Li-ion battery and supercapacitor in 2009.128129
When employed as an electrode in Li-ion battery, however,
an enormous irreversible capacity was observed.'?l The dis-
charge capacity dropped drastically from 680 mAh g! in the
first cycle to 84 mAh g! in the second cycle, only 12.4% of
the initial capacity was retained. It was believed to be due to the
irreversible reaction between the residual oxygen-containing
groups in the graphene paper and lithium. When graphene
paper was employed as supercapacitor electrode, it displayed a
gravimetrical capacitance of 147 F g~! and volumetric capaci-
tance of 64 F cm™3.['?] Considering the small surface area of
94 m? g~! for the graphene paper, this high specific capacitance
was attributed to the pseudocapacitance of oxygen functional
groups (14%) on graphene surface. However, most of other gra-
phene paper electrodes have capacitance typically smaller than
100 F g! because of severe restacking of graphene flakes and
the low concentration of surface oxygen-containing functional
groups.[123130.131]

Rational structural design of graphene paper electrode is crit-
ical for improving charge storage performance (Figure 5c-h).
Graphene films with open pores allow fast ion diffusion and
help to achieve both high capacitance and high rate capability.
However, when graphene films are packed, the strong 7-7 inter-
action between graphene sheets tend to restack to graphite-like
powders or films, which severely decrease the accessible sur-
face area and ion diffusion rate, and thus, limiting both gravi-
metric capacitances and charge/discharge rates.

Constructing 3D graphene films with hierarchical pores is
an effective way to enhance the energy storage performance.
El-Kady et al. fabricated a laser-scribing graphene film with
open porous structure, which can mitigate these challenges to
increase the accessible surface area and boost the gravimetric
capacitance up to 276 F g71.I3¢ Xu et al. reported a holey gra-
phene framework film with a high packing density, open
porous structure and efficient ion transport pathway to simul-
taneously with a high gravimetric capacitance (298 F g!) and a
high volumetric capacitance (212 F cm™).[1%7]

Heteroatom doping in graphene can also improve the elec-
trode performance. Doping graphene with oxygen (O), nitrogen
(N), sulfur (S) and boron (B) have been proved to be effective
in enhancing the performance of graphene paper for energy
storage.[110138-141] Ty et al. successfully fabricated N-doped gra-
phene papers.[3%l Due to improved electrical conductivity and
extra capacitance contributed from the pyridine-like N dopants,
the N-doped graphene paper displayed a high specific capaci-
tance of 280 F g7!, which is much higher than the un-doped
graphene paper with capacitance only 29 F g™l Akhter et al.
further demonstrated a N-, S- codoped graphene paper elec-
trode, which exhibited an excellent capacitive performance of
305 F gL.[140]

Although graphene paper can achieve high specific capaci-
tance over 200 F g! in supercapacitors, their low mass densi-
ties (0.05-0.75 g cm~3) make their volumetric capacitance rather
modest (=10-110 F cm™).12%] Yang et al. took the advantage
of capillary compression of adaptive graphene gel films in the
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Figure 5. Schematic diagrams of four approaches for making graphene paper electrodes. a) Simple structure, great potential. Shiny and flexible
graphene paper is formed by controlled restacking of graphene sheets. b) In graphene, carbon atoms (green dots) are bonded together through sp?
hybridization (orange lines). Reproduced with permission.’% Copyright 2008, American Association for the Advancement of Science. c,d) SEM images
of cross sections of the obtained liquid electrolyte-mediated chemically converted graphene films containing (c) 78.9 volume percent (vol. %) and (d)
27.2 vol. % of H,SO,, respectively, corresponding to p =0.42 g cm™ and p = 1.33 g cm>. Reproduced with permission.l23] Copyright 2013, American
Association for the Advancement of Science. e) Graphene paper was produced via the vacuum filtration of graphene dispersion. Reproduced with
permission.32 Copyright 2013, American Chemical Society. f) Schematic illustration showing the experimental steps of activated reduced graphene
oxide film. Reproduced with permission.l'*3l Copyright 2012, American Chemical Society. g) Illustration of the formation process of graphene paper.
Step 1, GO aqueous dispersion. Step 2) GO dispersion frozen at =50 °C. Step 3) GO aerogel obtained by freeze drying. Step 4) Under vacuum. Step 5)
Graphene aerogel obtained by treating Go aerogel at 200 °C in air. Step 6) Mechanical pressing of the graphene aerogel to form graphene paper. Repro-
duced with permission.'*¥l h) Schematic illustrations of the formation process of graphene—PANI paper. Reproduced with permission.l'3*] Copyright
2013, Royal Society of Chemistry.

presence of a nonvolatile liquid electrolyte and enabled sub-
nanometer scale integration of graphene sheets with electrolytes
to form highly packed graphene film electrode with a continuous
ion transport network.'?l This highly packed electrolyte-medi-
ated chemically converted graphene films (1.25-1.33 g cm™)
yielded a high volumetric capacitance of 255.5 F cm™ in aqueous
electrolyte and 261.3 F cm™ in organic electrolyte.

3.1.2. Graphene-Based Composite Paper-Like Electrodes
One of the most important approaches to manufacture high per-

formance graphene-based electrodes is to synthesize composite
structures of graphene and pseudo-capacitive materials such
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as conducting polymers and metal oxides. In this part, we will
mainly focus on the different methods in fabricating various
graphene-based composite paper-like electrodes.

Vacuum Filtration: Vacuum filtration is a high scalable, low cost
and easy process that has been widely used for making the free-
standing paper-like graphene-based films. Vacuum filtration
setup usually consists of Buchner funnel, filter membrane and
vacuum system. Different kinds of filter membrane such as
anodic aluminum oxide (AAO) filter membrane, PVDF mem-
brane, PTFE membrane and cellulose membrane have been
used in making graphene-based papers.['12142-14 Free-standing
graphene-based paper can be produced by peeling off from the
membrane after filtering and drying.
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Graphene composite electrodes can be fabricated by first
filtering a graphene paper and then deposit another pseudo-
capacitive material on graphene paper using other methods
such as electrodeposition or chemical vapor deposition. Alter-
natively, the solution suspension of graphene and pseudoca-
pacitive materials can be filtered simultaneously. These two
approaches allow easy tuning of the film property by control-
ling the ratio between components as well as the total mass of
active materials. The second approach is more popular recently,
since it enables better mixing of graphene and pseudocapaci-
tive materials.

Cheng et al. fabricated the graphene/PANI composite paper
by vacuum filtration of the graphene followed by anodic elec-
tropolymerization of PANI film. This paper displayed a favorable
tensile strength of 12.6 MPa and a stable electrochemical capaci-
tance of 233 F g! and 135 F cm™ (Figure 6a—c). Hu et al. dem-
onstrated a highly flexible Mn;O,/reduced graphene oxide
(rGO) nanohybrid paper with high conductivity via vacuum
filtration of MnO,/GO mixture and electrochemical reduction
process (Figure 6d-g). Asymmetric supercapacitor device based
on Mn3;04/rGO paper as the cathode and rGO paper as the
anode is assembled and showed a high volumetric capacitance
of 54.6 F cm™ and a high volumetric energy and power density
(5.5 mWh cm™ and 10.95 W cm ).l Wu et al. prepared the

3 H
' Graphene :
“Suspension :

B (GO sheet
Mn,0, fiber

www.advancedscience.com

graphene/PANI nanofiber composite flexible films by vacuum
filtration of the mixed dispersions of both the graphene and
PANI nanofibers (Figure 6h—j). The composite film has a layered
structure with PANI nanofibers sandwiched between graphene
layers. It showed a high conductivity of 550 S cm™, which is
10 times higher than the pure PANI nanofiber film. This com-
posite electrode showed both increased capacitance and enhanced
stability compared to bare graphene film and PANTI film.[14¢]

Laser Scribing: Laser scribing is a simple and scalable all-solid-
state approach that can convert GO into highly conductive gra-
phene.'*”] The scribing laser simultaneously reduce and exfo-
liate GO sheets to yield open porous network of graphene.!'3¢
Besides, this method can also precisely control the shape of final
products by designing different patterns, which can be widely
used in making microscale energy storage devices.[18-150
El-Kady et al. used the commercially available LightScribe
DVD to obtain high conductive graphene film.[!3% The graphene
film showed an excellent conductivity of 1738 S m™! and large
and accessible specific surface area of 1520 m? g~!. Besides,
this 3D porous structure prevents the agglomeration of gra-
phene sheets which has been the major barrier in realizing the
full potential of graphene-based supercapacitors. The flexible
device can work over a wide voltage window of 3 V in organic

Figure 6. Flexible graphene-based hybrid paper electrodes. a) Schematic diagram showing how MnO, nanofibers are embedded among rGO sheets.
b) Pictures of as filtered MnO,/GO nanohybrid paper rolled freely. ) SEM images of MnO,/GO nanohybrid paper: from cross-sectional view. d) TEM
images of MnOx nanofibers embedded in an rGO sheet, with part of the rGO sheet’s edge marked out. Reproduced with permission.'*l Copyright 2010,
American Chemical Society. e) Digital photograph of a flexible graphene/polyaniline nanofiber composite film (G-PNF). f,g) Cross-section SEM images
of G-PNF. Reproduced with permission.[*el Copyright 2010, American Chemical Society. h) Illustrative fabrication process toward graphene/polyaniline
composite paper (GPCP). i) Digital camera images of a flexible G-paper. j) SEM image of the GPCP. Reproduced with permission.['?l Copyright 2009,
American Chemical Society.
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electrolyte and offered a specific capacitance up to 265 F g\
This working window could be even expanded to 4 V under
ionic liquid electrolyte and exhibited as specific capacitance of
276 F g'. The supercapacitor device delivered a high energy
density up to 1.36 mWh cm™ and power density of 20 W cm=.

Gao et al. employed the non-toxic direct laser writing to fabri-
cate in-plane supercapacitors with three different geometries.!'*®!
All of the three structures are consist of the rGO-GO-rGO con-
figuration, where GO is served as a separator and rGO works as
active electrode materials. The concentric circular pattern gives
the highest capacitance density over the parallel column and hair
brush structures. This in-plane circular design showed an energy
density of 0.43 mWh cm™ and power density of 9.4 W cm = and
kept 70 % of its initial capacitance after 10000 cycles.

Mayer-Rod Coating: Mayer-rod coating is a well-known coating
technique widely used in the coating industry for making thin
films in a continuous and controlled manner. Mayer rod is a
metal bar with a wire wrapped around that used to draw a solu-
tion over a substrate surface. The diameter of the wire wound
around the bar determines the thickness of the graphene film.
This technique can be used to produce large-area graphene film
with tunable thickness.[114135151]

Liu et al. used Mayer-rod coating method to produce a
free-standing and highly flexible graphene-PEDOT/PSS
film with large size (30 cm x 7 cm) and high mass loading
(849 mg cm2).U The flexible film show high areal capaci-
tance of 448 mF cm™2. The assembled solid-state supercapacitor
device displayed stable performance over 10000 cycles both
under flat and 180° bending states.

Sacrificial template: Sacrificial template method has been widely
used in the colloid synthesis, which prepare materials on pre-
existing templates. Graphene can also be fabricated on various
templates, such as metal mesh, calcium carbonate (CaCOs),
silicon dioxide etc.261527155] After removing the template, free-
standing hierarchical graphene structure can be obtained. To
make graphene-based flexible films, sacrificial templates, such
as nanoporous copper foils and calcium carbonate particles,
have been used.'521%3]

Qin et al. reported the synthesis of a continuous hierar-
chical nanoporous graphene film by CVD growth of hydro-
genated graphite (HG) coating on nanoporous copper, rapid
catalytic pyrolysis of HG using nanoporous copper as catalyst
and followed by the removal of these catalysts.'? The as-
prepared flexible hierarchical graphene film owns a large sur-
face area (1160 m? g™1). The symmetric solid-state device shows
a high specific capacitance (38.2 F cm™), a high energy den-
sity (2.65 mWh cm™) and power density (20.8 W ¢cm™3) nor-
malized to volume of the entire device. Meng et al. employed
CaCOj; as sacrificial template to fabricate hierarchical porous
graphene film. PANI/graphene composite film was synthesized
via polymerization of aniline monomer. This flexible electrodes
achieved a high rate capability of 94% from 0.5 to10 A g=1.[152

In addition to these methods and examples, there are other
approaches for fabricating high-performance graphene-based
flexible electrode for energy storage systems, such as layer-by-
layer self-assembly, pulse-electropolymerization,*® and
screen printing,['*® which have been summarized in Table 2.
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3.2. CNT-Based Paper-Like Electrodes

Carbon nanotubes (CNTs) are well-ordered hollow graphite
nanomaterials consisted of cylinders of sp?-hybridized carbon
atoms. According to the number of layers of graphene sheets
‘rolled’ into tubes, CNTs can be classed as sing-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). Diameters of SWCNTs and MWCNTs are typi-
cally 0.8 to 2 nm and 2 to 100 nm, respectively. The length of
CNTs ranges from less than 100 nm to several centimeters.[18%

CNTs were first discovered by Iijima in 1991.11%011 Since
then, it has aroused the world-wide research interest due to its
high aspect ratio, high mechanical strength, large surface area,
excellent chemical and thermal stability, and rich electronic and
optical properties.[18192193] With their unique physical proper-
ties, such as high electrical conductivity (10*~10° S cm™) and
good chemical and mechanical stability, CNTs have proven to
be promising for electrochemical energy storage.!1:3049:194-19]
Both SWCNTs and MWCNTs have been explored as energy
storage electrode materials.

3.2.1. CNTs Paper-Like Electrodes

In 2004, Morris et al. demonstrated a free-standing SWCNTs
paper electrode and applied them into Li-ion battery for the
first time.l'”] The laboratory cell based on this film is able to
display a specific energy exceeding 600 Wh kg™ and power
density over 3 kW kgL. In 2005, a CNT ‘buckypaper’ was fab-
ricated via filtrating of double-walled CNTs.[%®! This paper-like
sheet is flexible and mechanically stable. Thereafter, numerous
reports on CNTs and CNTs-based paper electrodes have been
published.

Recently, a free-standing flexible SWCNTs film was prepared
by a floating chemical vapor deposition method.'*! The spe-
cific capacitance of supercapacitor based on these films is about
35 F g1 Its power density is 197.3 kW kg~!. Ultrathin MWCNT
film was also fabricated via layer-by-layer assembly process.["!
It achieved a high specific capacitance (159 F g!) and volu-
metric capacitance (132 F cm™).

Introducing pseudocapacitance into carbonaceous mate-
rials can greatly enhance their overall performance for charge
storage. Xiao et al. used vacuum filtration method to fabricate
flexible freestanding CNT films and then adopted an electro-
chemical method to add redox active functional groups onto
CNT films (Figure 7). Oxygen-containing groups, espe-
cially carboxylate (-COOH) group played an important role
in enhancing the supercapacitor performance. The func-
tional CNT film showed an excellent areal capacitance of
150 mF cm2, much larger than the bare CNT films with areal
capacitance only about 40 mF cm™. Likewise, the performance
of CNT film electrodes can be enhanced by integrating other
high electrochemically active materials.>38496.201]

3.2.2. CNT-Based Composite Paper-Like Electrodes

One of the most widely adopted strategy to make high-perfor-
mance electrodes for energy storage systems is incorporating
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Electrodes Synthesis methods Device Performance Ref.
Capacitance/Capacity ~ Power Density Energy Density Cycling Stability
Graphene paper Laser scribing Ne 276 F g 20W cm™ 1.36 mWh cm™  96.5% after 10000 cycles  [136]
Graphene paper Frozen and pressing sC 172F g’ - - 99% after 5000 cycles  [134]
LIB 864 mAh g - - 65.7% after 100 cycles
Mesoporous graphene paper Vacuum filtration Li-S* 1393 mAh g! - - 49.5% after 50 cycles [157]
Graphene hydrogel film Hydrothermal reduction Ne 187 F g 0.37 kW kg™ 0.61 Wh kg™ 91.6% after 10000 cycles  [158]
Pressing
Porous graphene film Freeze-casting sC 2842 F g’ 282 kW kg™ 9.9 Wh kg™ 97.6% after 10000 cycles  [159]
Holey graphene film Hydrothermal etching Ne 298 F g 7.46 kW kg™ 35.1 Wh kg™ 95% after 20000 cycles  [137]
212 Fcm™3 10.6 kw L 49.2 Wh L'
Nanoporous graphene film Sacrificial template sC 305 F g 20.8 W cm™ 2.65 mWh cm™ 94% after 10000 cycles  [153]
95.4 Fcm™
Porous activated rGO film Vacuum filtration Ne 120F g 500 kW kg™ 26 Wh kg™ 95% after 2000 cycles  [133]
rGO film Laser writing Ne 0.51 mF cm™2 1.7Wcm™ 0.43 mWhcm™  70% after 10000 cycles  [148]
rGO film Photo reduction Ne 275 F g - - 98% after 100 cycles [160]
N-doped graphene paper Vacuum filtration Ne 280 F g - - 99.4% after 40000 cycles  [139]
N/S-codoped graphene paper  Layer-by-layer Self-assembly SC 305F g™ 17.76 Wh kg™ 28.44 Wh kg™ 95.4% after 10000 cycles  [140]
188 Fcm™
PPy-graphene film Pulse-electropolymerization Ne 237F g’ 1.18 kW kg™ 33 Wh kg™! - [156]
PANI-graphene paper Vacuum filtration Ne 233F g - - 109% after 1500 cycles  [129]
Electrodeposition
135 Fcm™
PANI nanofiber-graphene Vacuum filtration Ne 210F g 3.3 kW kg™ 18.8 Wh kg™ 79% after 800 cycles [146]
paper
PANI-graphene paper Vacuum filtration Ne 489 F g - - 96% after 500 cycles [161]
Chemical polymerization
PANI-graphene film Screen printing SC 269 F g 454 kW kg™ 9.3 Wh kg™ 203% after 1000 cycles  [118]
Graphene-PANI-graphene film Vacuum filtration sC 390 F g 2.4 kW kg™ 10.4 Wh kg™ 82% after 5000 cycles  [162]
PANI-MnO,-graphene Vacuum filtration SC 636.5F g - - 85% after 10000 cycles  [131]
Electrodeposition polymerization
PANI-3D-graphene film Sacrificial template Ne 385 F g - - 90% after 5000 cycles  [152]
polymerization
PEDOT-graphene film Bar-coating SC 448 mF cm™ 3.59 kW kg™ 2.83 Wh kg™ 95% after 10000 cycles  [151]
81.9F g
Si-graphene paper Vacuum filtration LIB 3200 mAh g™ - - 83% after 150 cycles [163]
Co304-graphene paper Vacuum filtration LIB 1356 mAh g~! - - 61.9% after 40 cycles [164]
Fe,O3-graphene paper Vacuum filtration sC 1783 Fcm™ 6.21Wcm 56 mWh cm™3 83.1% after 10000 cycles  [165]
Fe;O,4-graphene paper Vacuum filtration LIB 1555 mAh g™ - - 85% after 50 cycles [166]
MnO,-graphene paper Vacuum filtration annealing sC 256 F g™ - - 74% after 1000 cycles  [167]
MnO,-graphene paper Vacuum filtration sC 897 mF cm™ 3.8 mW cm™? 35.1 uWh cm™ 78% after 3600 cycles  [168]
Mn;O4-graphene paper Vacuum filtration Ne 54.6 Fcm™ 10.95 W cm™ 5.5 mWh cm™ 95% after 6000 cycles  [145]
SnO,-graphene paper Vacuum filtration LB 526 mAh g™ - - 83.4% after 25 cycles [169]
SnO,-N-graphene paper Vacuum filtration LIB 918 mAh g - - 63% after 50 cycles [170]
MoOs-graphene film Vacuum filtration LIB 291 mAh g - - 59.1% after 100 cycles  [171]
Mo,N-graphene paper Vacuum filtration NH; annealing ~ SC 142 mF cm™ 0.035Wcm=  1.05mWhem™  85.7% after 4000 cycles  [172]
MoS,-graphene paper Vacuum filtration SIB 347 mAh g - - 90% after 15 cycles [173]
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Table 2. Continued.

Electrodes Synthesis methods Device Performance Ref.
Capacitance/Capacity ~ Power Density ~ Energy Density Cycling Stability
V,0s-graphene paper Hydrothermal reaction vacuum  SC 213Fg! 425 W kg™ 8.5 Wh kg™ 60% after 50 cycles [174]
filtration
V,0s-graphene paper Vacuum filtration sC 512 mF cm™ 625 W kg™ 13.3 Wh kg™ 90% after 8000 cycles  [175]
4.17 mW cm™? 89 uWh cm

V,0s5-H,0-graphene film Vacuum filtration sC 11.7 mF cm™ 10 uW cm= 1.13 uWh cm2 95% after 2000 cycles  [176]

VOPO,-graphene film Layer-by-layer Ne 8.36 mF cm™2 5.2 mW cm™? 1.7 mWh cm~2 96% after 2000 cycles  [177]

TiO,-graphene paper Vacuum filtration LIB* 236 mAh g™ - - 99% after 90 cycles 78]

Nb,Os-graphene paper Vacuum filtration LIC* 160 mAh g™ 32W kg™ 106 Wh kg™ 110.8% after 1000 cycles [179]

T-Nb,Os-graphene paper Hydrothermal reaction Ne 620.5 F g! 18 W kg™ 47 Wh kg™ 94.8% after 1700 cycles  [180]
Vacuum filtration 961.8 F cm™

CuO-graphene paper Vacuum filtration LIB 782.3 mAh g~ - - 94.2% after 50 cycles [181]

MnO,-PPy-graphene film Electrodeposition SC 600 F g 13 kW kg™ 28 Wh kg™ 92% after 5000 cycles  [182]

RuO,-graphene film Laser-scribing SC 1139 F g 81.4 kW kg™ 55.3 Wh kg™ 93% after 4000 cycles  [147]
158 Fcm™

Ni(OH),-grapheen paper Vacuum filtration sC 573 F g 17 kW kg™ 18 Wh kg™ 158% after 20000 cycles  [183]
655 Fcm™

B-Ni(OH),-graphene film Vacuum filtration sC 660.8 F cm™ - - 100% after 2000 cycles  [184]
3.3 mFcm™

Co(OH),-graphene film Vacuum filtration Ne 20Fg! - - 100% after 5000 cycles  [185]

LIB 520 mAh g™ - - 23.1% after 200 cycles

Li-rGO film Spark reaction LiB 3390 mAh g™ - - 90% after 100 cycles [186]

Carbon black-graphene paper Vacuum filtration SC 1M2Fg’! - - 94% after 3000 cycles [8&7]

3D CNT-graphene film CcvD Ne - 10.3 kW kg™ 22.8 Wh kg™ 90.2% after 10000 cycles  [188]

*Notes: Lithium-ion capacitor (LIC), Lithium-sulfur batteries (Li-S), Sodium-ion batteries (SIB).

(@)

OH

Figure 7. Freestanding functionalized carbon nanotubes (CNTs)-based film. a) Schematic of the fabrication procedure for functionalized freestanding
CNTs films. b) Cross-section SEM image of the functionalized freestanding CNTs film. c) Enlarged cross-section SEM image of the functionalized
freestanding CNTs films. The inset is digital image of a functionalized freestanding CNTs film. Reproduced with permission.!*’l Copyright 2014, Elsevier.
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high conductive and stable carbon materials with high specific
capacity/capacitance materials such as conducting polymers,
metal oxides, metal nitrides and metal carbides. These compos-
ites take the advantages of both the high conductivity of carbon
and high theoretical capacity/capacitance of those less conduc-
tive pseudocapacitive materials, which could achieve better per-
formance than each individual component.

The unique high aspect ratio and fast electron migration
along 1D direction of CNTs offer the paper-based 3D CNT con-
ductive network great potential in the applications for Li-ion
storage devices and supercapacitors. Various approaches can
be used to fabricate CNT-based free-standing flexible paper-like
electrodes, such as vacuum filtration, doctor blade, chemical
vapor deposition, and layer-by-layer assembly, etc.

Vacuum Filtration: Vacuum filtration is not only effective in pro-
ducing graphene-based paper-like electrodes with 2D graphene
nanosheets, but also useful in fabrication of paper-like elec-
trodes with 1D CNTs. By varying the components of the filtration
suspension, different composite films can be obtained. The high
aspect ratio property of CNTs guaranties the flexibility of the
film. The 3D conductive network consists of these CNTs allows
effective charge transport and function as a 3D current collector.
Besides, this conducing network can also enclose the other active
materials within this 3D conductive network and achieve a free-
standing flexible electrode without the need of insulated poly-
meric binders. By eliminating the conducting agents like carbon
black and binders, these flexible free-standing CNT-based films
are anticipate to have higher gravimetric and volumetric capac-
ity/capacitance than conventional charge storage devices.

Xiao et al. reported a free-standing mesoporous VN/CNT
hybrid electrode prepared by vacuum filtration of a solution

filtration

=

www.advancedscience.com

mixture of VN nanobelts and CNTs (Figure 8).2° Both VN and
CNT have excellent electrical conductivity that ensures its appli-
cation as electrode in solid-state supercapacitor without the
need of any current collector. This light-weight device (15 mg
including electrodes, separator and electrolyte) exhibited a high
volume capacitance of 7.9 F cm™ and energy density and power
density of 0.54 mWh cm™ and 0.4 W cm™.

The performance of the filtered free-standing CNTs-based
paper-like composite electrodes can also be engineered by
designing the sequence of adding different components. Zhao
et al. proposed a facile route for fabricating flexible and sand-
wiched MXene/CNT composite paper electrodes through alter-
nating filtration of MXene and CNT dispersions.?Z They found
that the sandwiched electrode structure exhibited significantly
enhanced electrochemical performance compared to pure
MXene and randomly mixed MXene/CNT papers (Figure 9).

Doctor Blade: Doctor blade, also known as knife coating, is a
well-established technique for fabricating large-area films over
rigid or flexible substrates. The method is widely used in the
laboratories to make CNT and graphene films for batteries and
supercapacitors. In a typical procedure, the active material slurry
is transferred to substrate by moving the blade over a flat base.
The variable thickness of the films is determined by the gap dis-
tance between the blade and substrate. Recently, this technique
was used for the preparation of flexible free-standing CNT and
graphene-based paper-like films.[102.147:203,204]

Wu et al. presented the fabrication of scalable V,05/CNT
freestanding films using a continuous doctor blade coating
process (Figure 10).%%] The process is facile and cost-effective
while the obtained V,05/CNT hybrid composite films have
a high packing density of about 2.5 g cm™ after pressing

Figure 8. Freestanding mesoporous VN/CNT hybrid film. a) Schematic fabrication procedure of the paper-like freestanding mesoporous VN nanow-
ires/CNT (MVNN/CNT) hybrid electrodes. b) Digital images of paper-like freestanding MVNN/CNT hybrid electrodes. c) Cross-section SEM image
of the freestanding MVNN/CNT hybrid electrode. d) Enlarged cross-section SEM image of freestanding MVNN/CNT hybrid electrode. Reproduced

with permission.[207]
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MXene sol.
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CNT sol.
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Sandwich-like MXene/CNT
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Alternating
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Figure 9. Flexible MXene/carbon nanotube composite paper. a) Schematic showing the preparation of the sandwich-like MXene/CNT papers used
herein. b,c) Digital photographs showing a flexible and free-standing sandwich-like MXene/CNT paper (b) and wrapping of latter around a 5-mm-
diameter glass rod (c). d,e) Cross-sectional SEM images of sandwich-like Ti;C,T,/SWCNT (d) and Ti;C,T,/MWCNT papers (e). Reproduced with

permission.l202

treatment. These films exhibited high volumetric capacitances
around 460 F cm™3 and the symmetric capacitor based on these
film electrodes showed a high volumetric energy density of
41 Wh L™! within a wide voltage window of 1.6 V.

Chemical Vapor Deposition: Chemical vapor deposition is most
commonly used approach for synthesizing CNTs, including
SWCNTs and MWCNTs. Normally, CNTs grow on the substrate

with metal catalyst nanoparticles and form 3D nanotube array
structures.y To produce paper-like free-standing CNT paper,
these CNTs should be first dispersed into solution with sur-
factants, followed by vacuum filtration, doctor blade or other
fabrication process. The presence of surfactants will consider-
ably lower the electrical conductivity of the integrated CNT film.
Floating catalyst chemical vapor deposition (FCCVD) is a fac-
ile method to directly produce CNT film. Compared with the

/(a)
! Blade Coating
Annealing

_—)
350°C

I

icm 2 3 =

2 I
8 9 10 1

=1

Figure 10. Scalable free-standing V,O5/CNT film. a) Schematic diagram illustrating the processes for preparing V,05/CNT free-standing film; b) Optical
image of V,05/CNT film with length over 13 cm; c) Optical image of highly dense V,05/CNT film cover the surface of a bottle, inset is the contact
angle of this film; d) SEM image of highly dense V,05/CNT film; e) EDX mapping images (carbon, oxygen, and vanadium mapping). Reproduced with

permission.*?]
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traditional CVD methods which fix catalysts on substrates, the
catalyst particles in FCCVD method are continuously formed
in the reactor and catalyst deactivation problem is avoided.
The catalysts are introduced into the hot reaction zone by three
methods: 1) a syringe process using catalyst dissolved in carbon
source, 2) sublimation of catalyst at elevated temperatures or 3) a
gaseous catalyst source such as ferrocene.?%] Recent research
showed that the CNTs film produced via FCCVD displays high
electrical conductivity and can be easily integrated with other
materials to fabricate hybrid electrodes for flexible energy stor-
age systems.[206:207]

Niu et al. demonstrated a ‘skeleton/skin’ SWCNTs/PANI
structure by electrochemical polymerization directly on
SWCNTs films prepared by FCCVD method. This unique con-
tinuous structure ensures these hybrid films have much higher
conductivity and better electrochemical performance compared
to SWCNTs/PANI composite films prepared by post-deposition
of PANI on SWCNTs films. The conductivity of these films
can reach about 1138 S cm™. Supercapacitors fabricated using
these films can achieve both high energy density (131 Wh kg™
and power density (62.5 kW kg™!).2%7] A recent research further
showed that the isotropically buckled CNT film synthesized via
FCCVD method can be applied to omnidirectionally stretchable
supercapacitors and displays high performance.2%%l

Except for the electrode materials and structures mentioned
above, lots of CNT-based and CNT-composite-based electrodes
have been prepared via various facile methods. A detailed sum-
mary of CNT-based paper-like electrodes and their flexible
energy storage devices is depicted in Table 3.

3.3. Carbon-Fiber Paper-Like Electrodes

Carbon-fiber network consisted of interconnected carbon
fibers with diameters ranging from tens of nanometers to sev-
eral micrometers is another important kind of carbon-based
paper-like electrodes. These carbon fiber network has high spe-
cific surface area, high electrical conductivity and highly scal-
able.l??”] Several approaches can be used to produce these 3D
cross-linked carbon structures, such as electrospinning, carbide
derivation, CVD, etc.?8228-234 Among these methods, electro-
spinning seems to provide the simplest approach in making
nanofibers and microfibers with both solid and hollow inte-
riors that are exceptionally long in length, uniform in diameter
and diversified in composition.??”] Normally, the electronspun
carbon fiber systems are rigid and non-flexible. However, by
tuning synthetic conditions, flexible carbon-fiber based paper-
like films can be obtained.

Mechanically flexible films consisting of electronspun carbon
fibers were prepared by first electrospinning aqueous mixtures
of natural alkali lignin with polyvinyl alcohol (PVA) followed by
stabilization in air and carbonization in inert atmosphere.[?3*
This flexible electrode yielded specific capacitance of 64 F g
and retained 90% of its initial capacitance after 6000 cycles.

Cross linking of electrospun carbon fibers can help to fur-
ther increase its electrical conductivity.?*>23¢] Heteroatom
doping can also contribute to the increased conductivity and the
added pseudocapacitance for electric double-layer capacitance
carbon.?%”] Cheng et al. successfully fabricated flexible, porous,
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N-doped carbon nanofibers network with strong cross-linked
structure between fibers via carbonization of electrospun poly-
acrylonitrile  (PAN)/polyvinylpyrrolidone (PVP)/terephthalic
acid (TPA) hybrid composite fibers (Figure 11).228] Compared
to non-cross-linked carbon nanofiber network, the cross-linked
N-doped carbon nanofiber network owns a reduced resistance
and enhanced capacitance (223.8 F g™!). In a more recent study,
Cheng et al. reported that TPA can be used as pore forming
agent in fabrication of flexible, porous carbon nanofibers
network.??l This porous carbon fiber network exhibited
increased specific capacitance (257.6 F g!) and rate capability
(64.4% from 0.5 A g to 700 A g!) compared to non-porous
carbon fiber network.

Carbide derivation is also an effective approach to develop
carbon nanofiber network.231232 Presser et al. fabricated
carbide-derived carbon (CDC) via electrospinning of titanium
carbide (TiC) and the following chlorination to remove Ti at
elevated temperatures.?!l The as-prepared TiC-CDC films show
an average pore size of =1 nm and high specific surface area
of 1390 m? g~1. Besides, these mechanically flexible films can
display a high gravimetric capacitance of 110 F g! in aqueous
electrolyte and 65 F g! in organic electrolyte when directly
used as electrode material for supercapacitor application.

Carbon-fiber network films are good candidates to deposit
other high capacity/capacitance active materials due to its open
porous structure, high electrical conductivity and high mechan-
ical stability. Yan et al. used electrospun carbon nanofiber
(CNF) paper as substrate to polymerize polyaniline on its
surface and successfully fabricated free-standing flexible CNF/
PANI composite paper.?3¥ This paper electrode demonstrated a
high specific capacitance of 638 F g™! for CNF/PANI composite
paper electrode, two times higher than the bare CNF paper
electrode (317 F g™!). Miao et al. obtained a flexible porous
carbon nanofiber (PCNF)/MoS, core-shell fiber film through a
combination of electrospinning of carbon fiber networks and
solvothermal coating of MoS, nanosheet arrays.[*”) When the
highly flexible PCNF/MoS, composite film is used as a binder-
free anode in lithium-ion battery, it exhibits a high specific
capacity of 954 mAh g! and good cycling stability with almost
100% retention after 50 cycles.

The detailed compositions, synthesis methods of carbon
fiber-based paper-like electrodes and their performances in flex-
ible energy storage devices are summarized in Table 4.

3.4. Carbon-Free Paper-Like Electrodes

Carbon allotropes including amorphous carbon,?*! graphite, 6l
fullerene,?*2481 carbon mnanotubes,*”) and graphenell?32%]
have been widely studied as electrode materials for energy
storage. Different structures such as carbon film,"®?°% carbon
foam,>*%11 carbon aerogel,**?%?l carbon hydrogel 253254
carbon paper,?>>%¢ and carbon cloth,®%!l have been devel-
oped. Various morphologies like nanodots,*>”] nanotubes,*’!
nanoribbon,?>8 nanofiber,?28! nanosheets,'% have also been
explored to improve their performances. However, the theo-
retical capacitance/capacity of carbon materials is relatively low.
For example, the theoretical capacitance of graphene for super-
capacitor is 550 F g! and the theoretical capacity of graphite for

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. CNT-based paper-like electrodes and their flexible energy storage devices.
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Electrodes Synthesis methods Device Performance Ref.
Capacitance/Capacity ~ Power Density Energy Density Cycling Stability
SWCNT film FCCVD* SC 35Fg! 197.3 kW kg™ 43.7 Wh kg™ - [199]
MWCNT film Layer-by-layer assembly Ne 159 F g™ - - - [200]
132 Fcm™
Functionalized CNT film Vacuum filtration Ne 150 mF cm™ 42Wcm™3 1.5 mWh cm™ 90% after 10000 cycles  [49]
PPy-CNT film CVD sC 494 F g7 - - 65.6% after 10000 cycles  [208]
Electrodeposition 59.3 mF cm™
PPy-CNT film Vacuum filtration Ne 0.28 Fcm™ - - 95% after 10000 cycles ~ [209]
Electrodeposition
PPy-MnO,-CNT film cvD sC 351 Fg! 10 kW kg™ 39.7 Wh kg™ 94.4% after 10000 cycles  [210]
In situ polymerization
PANI-CNT paper Vacuum filtration sC 350 F g 2.19 kW kg™ 7.1 Wh kg™ 91.9% after 1000 cycles  [211]
Electrodeposition
PANI-SWCNT film Electrodeposition sC 236 F g 62.5 kW kg™! 131 Wh kg™ 85% after 1000 cycles  [207]
PEDOT-SWCNT film Vacuum filtration SC 133F g 825 W kg™ 7 Wh kg™ 90% after 1000 cycles  [212]
Si-PEDOT-CNT film Vacuum filtration LiB 2180 mAh g™ - - 90% after 100 cycles [213]
Si-SWCNT paper Vacuum filtration LB 3000 mAh g™ - - 60% after 50 cycles [214]
PLD*
AC-CNT paper Vacuum filtration sC 2676 Fg! 7.3 kW kg™ 22.5 Wh kg™ 97.5% after 5000 cycles  [215]
MnO,-CNT film Water-assisted CVD Ne 540 F g 1.5 kW kg™! 20 Wh kg™! - [216]
Vacuum filtration
Ti3C,-CNT paper Vacuum filtration Ne 390 Fcm™ - - 114.1% after 10000 cycles [202]
Ti3C,-CNT paper Vacuum filtration SIB 421 mAh g - - 109% after 500 cycles  [217]
Porous Ti;C,-CNT paper Vacuum filtration LB 1250 mAh g - - 63.3% after 100 cycles  [218]
Nb,C-CNT paper Vacuum filtration LIB 780 mAh g™ - - 116% after 100 cycles  [219]
MoO;_,/CNT paper Vacuum filtration SC 420F g - - 90% after 5000 cycles [86]
420 F cm™
HMoO;_,/CNT paper Vacuum filtration sC 350 Fcm™ 6.8 Wcm™ 1.1 mWh cm™ 93.3% after 4000 cycles  [84]
K,MoO;_,/CNT paper Vacuum filtration SC 374 Fcm™ 6.5Wcm™ 0.91 mWhcm™  89% after 10000 cycles  [220]
V-MnO,-CNT-paper Vacuum filtration SC 439F g 1.6 W cm™ 4.98 mWh cm™ 92% after 10000 cycles  [38]
V,05-CNT film Doctor-blade sC 460 F cm™ 25 kw L 41 Wh LT 79.8% after 5000 cycles  [33]
V,05-CNT film Vacuum filtration SIC* 35Fg! 45 kW kg™ 38 Wh kg™ 80% after 900 cycles  [221]
V,05-CNT film Hydrothermal reaction vacuum  LIB 340 mAh g™ - - 76.5% after 50 cycles [222]
filtration
VN-CNT film Vacuum filtration sC 7.9 Fcm™ 0.4Wcm3 0.54 mWh cm™  82% after 10000 cycles ~ [201]
In,03-CNT film Vacuum filtration Ne 64 Fg! 7.48 kW kg™! 1.29 Wh kg™ 82.8% after 500 cycles  [223]
rNb,O5-rGO-CNT film Vacuum filtration sC 726.2Cg! - - 87% after 3000 cycles  [224]
WO;-CNT film Vacuum filtration Evaporation SC 26Fcm™ 30.6 mWcecm™  0.59 mWhcecm™  75.8% after 50000 cycles  [225]
Ni(OH),-CNT paper Vacuum filtration Chemical bath ~ SC 1144 F g - - 98% after 1000 cycles  [203]
deposition
PMTA/SWCNT-SWCNT film Filtration LIB 163 mAh g™ - - 86.6% after 200 cycles [204]
Rolling
Graphene-PPy-CNT film Vacuum filtration Ne 21 Fg! - - 95% after 5000 cycles  [226]
122 Fem™

*Notes: Floating catalyst chemical vapor deposition (FCCVD), Pulsed laser deposition (PLD), Sodium-ion capacitor (SIC).
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Figure 11. Flexible and cross-linked N-doped carbon nanofiber network film. a) Schematic of the preparation of cross-linked carbon nanofibers.
b) Photo image of the CLCF before and under folding; c) SEM and d) HRTEM images of the CLCF. Reproduced with permission.[28l Copyright 2015, Elsevier.

Li-ion battery is 372 mAh g 1.119225] These values are consider-
ably lower than the theoretical values of most pseudocapacitive
materials (>1000 F g7!).'37%87] Thus, to develop free-standing
carbon-free paper-like electrodes for energy storage is attrac-
tive. Several methods have been reported in making such kind
of electrodes, including vacuum filtration, rolling, electrospin-
ning, anodization, electrodeposition, and sacrificial template
methods, etc.

High conductive nanomaterials could be used to fabri-
cate high-performance flexible free-standing paper without
the need of carbon materials as mechanical support or cur-
rent collector. Acerce et al. successfully synthesized 1T phase

MoS, nanosheets and used vacuum filtration method to get
a free-standing pure MoS, paper.’®) These paper-like elec-
trodes achieved high volumetric capacitances ranging from
400 to 700 F cm™ in a variety of aqueous electrolytes. These
MoS, paper electrodes achieved an even higher energy density
(0.11 W cm~3) and power density (51 W ¢m~) in organic elec-
trolyte with operating working window up to 3.5 V (Figure 12).

MXenes (of the fomula M, ;X T,, where M is a transition
metal, X is C and/or N, and T, denotes surface functionaliza-
tion) are a relatively young family of two-dimensional (2D)
materials.’»# MXenes are of high conductivity and can be
fabricated into free-standing films, which can be directly used

Table 4. Carbon fiber-based paper-like electrodes and their flexible energy storage devices.

Electrodes Synthesis methods Device Performance Ref.
Capacitance/Capacity ~Power Density ~ Energy Density Cycling Stability
N-carbon fiber paper Electrospinning sC 175F g 1.2 kW kg™ 5.9 Wh kg™ 106% after 20000 cycles  [228]
Porous carbon nanofiber film Electrospinning sC 104.5F g 600 W kg~! 3.22 Wh kg™ 94% after 2000 cycles  [240]
Porous cross-linked carbon Electrospinning sC 2576 F g 56 kW kg™ 10.2 Wh kg™ 95% after 20000 cycles  [229]
fiber paper
Porous carbon nanofiber- ultra- CVD Ne 120F g 23 W em™ 2.4 mWh cm™ 96% after 5000 cycles [28]
thin graphite film
Carbon fiber-graphene paper Electrospinning Vacuum sC 197 F g - - 83.8% after 1500 cycles  [241]
filtration
Carbon nanofiber-graphene Electrospinning SC 183 F g’ - - 92% after 4500 cycles  [242]
paper
PAN -carbon fiber paper Electrospinning Polymerization ~ SC 638 F g - - 90% after 1000 cycles  [238]
Olivine-carbon nanofiber Electrospinning LIB 152 mAh g™ - - 98.2% after 100 cycles  [243]
V,0s-carbon fiber paper Electrospinning SC 214 F g 156 W kg™ 45 Wh kg™ 80% after 1000 cycles [244]
Electrodeposition
MoS,-carbon fiber membrane Electrospinning LIB 954 mAh g - - 100% after 50 cycles [239]
NiS-carbon nanofiber Electrospinning LIB 1149 mAh g7! - - 84.3% after 100 cycles  [245]

membrane

Adv. Sci. 2017, 4, 1700107

1700107 (18 of 32)

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED ADY e

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

€ 2 oo g g h e
< + - 0 3
& T o0~ & — 1T Mo§, 5/2
z g 888 ¢
- R Bulk 2HMoS,
€ T l | l b=
30 60 90 £
e
~ o
- z
= £
£
@
5 As-exfol. 1T MoS,
1nm | > - - . . T v T o T
30 60 % 235 230 225
20 (deg) Binding energy (eV)

Figure 12. Chemically exfoliated 1T MoS; electrodes. a,b) Photographs of electrodes consisting of a thick film of chemically exfoliated 1T MoS, prepared
by vacuum filtration and transferred onto rigid glass (a) and a flexible polyimide substrate (b). c) Side view of the electrode observed by scanning
electron microscopy (SEM) showing the layered nature of the film made by restacking exfoliated MoS, nanosheets. d) High-magnification image of
restacked MoS, nanosheets. e) SEM image of as-exfoliated monolayer 1T phase MoS; nanosheets. f) High-angle annular dark-field scanning transmis-
sion electron microscope image of monolayer 1T phase MoS,. Inset: Atomic structure of 1T phase MoS, (Mo and S atoms are displayed in blue and
yellow, respectively). g) XRD of bulk MoS, compared with as-exfoliated restacked MoS,. h) High-resolution X-ray photoelectron spectrum from the Mo
3d region of as-exfoliated 1T MoS, (black). Contributions from 1T and 2H phase components in the Mo 3d spectrum are indicated by blue and red
curves, respectively. Reproduced with permission.?®9l Copyright 2015, Nature Publishing Group.

as electrodes in Li-ion batteries and supercapacitors. Ghidiu  films (Figure 13).°! The thickness of these films can be tuned.
et al. synthesized highly conductive two-dimensional titanium  Their densities are in the range of 2.2-3.8 g cm~3. By employing
carbide ‘clay’ and rolled them into free-standing flexible Ti;C,T,  these films as electrodes in supercapacitor, they showed a high

a Etching Washing RoIIing Shaping
T3AIC Electrode

Figure 13. Free-standing titanium carbide ‘clay’ film. a) Schematic of MXene clay synthesis and electrode preparation. MAX phase is etched in a solu-
tion of acid and fluoride salt (step 1), then washed with water to remove reaction products and raise the pH towards neutral (step 2). The resulting
sediment behaves like a clay; it can be rolled to produce flexible, freestanding films (step 3), moulded and dried to yield conducting objects of desired
shape (step 4), or diluted and painted onto a substrate to yield a conductive coating (step 5). b) When dried samples (left, showing cross-section and
top view) are hydrated (right) they swell; upon drying, they shrink. c) Image of a rolled film. d) ‘Clay’ shaped into the letter M (=1 cm) and dried, yielding
a conductive solid (labelled with the experimental conductivity of ‘clay’ rolled to 5 mm thickness). The etched material is referred to as Ti;C,T,, where
the T denotes surface terminations, such as OH, O and F. Reproduced with permission.’"] Copyright 2014, Nature Publishing Group.
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volumetric capacitance over 900 F ¢cm™ and gravimetrical

capacitance of 245 F g~1. The electrodes also demonstrated no
measurable capacitance losses even after 10000 cycles.

In addition to these highly conductive materials, materials
that are less conductive can also be employed as free-standing
paper electrode. Yao et al. reported an ultrathin, transparent,
molybdenum trioxide (MoOj3) nanopaper electrode via vacuum
filtration.['3] The ultrathin film with only two or three nanobelts
in thickness allows not only efficient ion diffusion but also
effective electron transport even MoOj is not very conductive
(Figure 14). This nanopaper electrode delivers an excellent spe-
cific capacitance of 1198 F g and long-term cycling stability
over 20000 cycles.

Nanoporous metal paper is emerging as a new class of mate-
rial for energy storage.?°!l They can be used as a highly con-
ductive substrate for deposition of metal oxide or conducting
polymers (Figure 15).2622631 Alternatively, they can also be
transformed into metal oxide, metal nitride, metal carbide or
metal fluoride and are directly employed as electrodes for flex-
ible energy storage systems.[?*l The multifunctional properties
of nanoporous metal papers make them particularly attractive
for carbon-free electrodes.

The research on carbon-free paper-like electrodes is just in
its infancy, further research on both material selection and
electrode architecture is essential. More carbon-free paper-
like electrodes and their applications in flexible energy storage
devices are summarized in Table 5.

_ pen Access,
www.advancedscience.com

4. Applications

The heavy demand of flexible electronics push the develop-
ment of various flexible energy storage devices. Different types
of energy storage devices have different scopes of application,
depending on their electrochemical properties and working
mechanism. For example, supercapacitors are suitable for elec-
tronics that required fast charging and discharging and long
cycling stability, while lithium-oxygen batteries fit the applica-
tions that require continuously and high energy supply. In this
section, four different kinds of flexible paper-based energy stor-
ages devices, including supercapacitors, Li-ion batteries, Li-S
batteries and Li-O, batteries, will be introduced and discussed.

4.1. Flexible Supercapacitors

Supercapacitors, also known as ultracapacitors or electrochem-
ical capacitors, have gained much research interest during the
past decade. However, the concept of capacitor is not new. In
1879, Helmbholtz first discovered the phenomenon of double-
layer capacitance.””’l The first patent on double-layer capacitor
was filed by Becker in 1957.127% The first generation of commer-
cial capacitors were manufactured by Panasonic/Matsushita in
1978 and NEC in 1980.27 Since then, enormous efforts have
been devoted to the research on this ultrafast charging and
discharging devices.

100.&/
SOT——/

60 4
40 —0.076 mg/cm? — 0.152 mg/cm?
——0.305 mg/cm? —— 0.61 mg/cm?
204 1.22 mg/lcm? ——2.44 mg/cm?

Transmitance (%)

500 600 700
Wavelength (nm)

800

Figure 14. Ultrathin transparent MoO3 nanobelts nanopaper. a) SEM image of ultrathin transparent MoOs nanobelts nanopaper. b) Side view of trans-
parent MoOj3; nanopaper. ¢) Transmittance spectra of MoO; nanopapers with different mass loading. d) Optical images of transparent MoOs nanopaper
under different times of folding: Original, one folding, two folding, three folding, four folding, and full recovery. Reproduced with permission.'?l
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Figure 15. Flexible conducting polymer-nanoporous metal film electrode. a) Schematic illustration of the fabrication process of the ultrathin flexible
solid state supercapacitor. b,c) SEM images of nanoporous gold (NPG) and NPG-PPys,. d) SEM side view of NPG-PPys,. e,f) Digital pictures of mac-
roscopic NPG and NPG-PPy thin membranes. g) SEM cross sectional image of the as-designed symmetric supercapacitor device. Reproduced with

permission. 23l

According to the different working mechanism, superca-
pacitors can be classified into electric double layer capacitors
(EDLC) and pseudocapacitors.?®)) EDLCs store energy mainly
by ion absorption at the interface between electrodes and
electrolyte. Pseudocapacitors rely on the fast redox reactions
at the electrode surface to collect and release charges. Carbo-
naceous materials are widely explored for EDLCs, while the
conducting polymers and metal oxides are mainly used for
pseudocapacitors. Because of their different charge-storage
mechanisms, EDLCs typically have excellent cycling stability
(>200, 000 cycles) and power density, but relatively low in spe-
cific capacitance and energy density. Pseudocapacitors, on the
other hand, are great in terms of energy density, but inferior
in stability and power density. Due to chemical reactions are
involved in pseudocapacitors, irreversible components will
accumulate during cycling, leading to device deterioration.l?"!
Recently, a new concept of Li-ion capacitor by integrating EDLC
electrode as cathode and pseudocapacitors electrode as anode
has been proposed. It is anticipated that this kind of capacitors
can achieve higher capacitance than EDLCs and better cycling
stability than pseudocapacitors. Thus the energy density is
improved without sacrificing the power density.8!]

Supercapacitors can be assembled as sandwich-like devices
and planar interdigital devices. On the basis of different types
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of electrolyte used, supercapacitors can also be classified into
aqueous supercapacitors and solid-state supercapacitors. As for
the flexible solid-state supercapacitors, gel-based electrolytes
are widely adopted, including PVA/H;PO,, PVA/H,SO,, and
PVA/KOH, PVA/LIiCl, etc.[12:1480.282]

For paper-based and paper-like electrodes, most of them are
assembled into sandwich-like supercapacitor configuration.
Yuan et al. assembled the solid-state supercapacitors by sand-
wiching a PVA/H;PO, film between two identical PANI-Au
paper electrodes (Figure 16a,b).32 PVA/H;PO, film worked as
both the electrolyte and the separator. This devices displayed
good stability under different bending state. Likewise, Yao
et al. fabricated the solid-state supercapacitors via sandwiching
a PVA/H,SO, gel film between two symmetric PANI/graphite
paper electrodes (Figure 16¢,d)." The cyclic voltammetry
curves of the as-fabricated devices almost did not change under
different bending states, showing its excellent flexibility.

Paper-based planar interdigital supercapacitors hold many
advantages compared with traditional sandwiched structure,
such as the improved ion diffusion and easy integration with
other planar flexible electronics devices. Yuan et al. success-
fully fabricated two planar interdigital supercapacitors on one
piece of PPy-coated paper (Figure 17a-b).'2 The two superca-
pacitors (denoted as Devices A and Devices B) showed a planar
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Table 5. Carbon-free paper-like electrodes and their flexible energy storage devices.

Electrodes Synthesis methods  Device Performance Ref.
Capacitance/Capacity Power Density Energy Density Cycling Stability
Si nanowire paper RFCVD* LIB 2699 mAh g™ - - 38.4% after 100 cycles [265]
MoO3 nanopaper Vacuum filtration SC 1198 F g 10.1 kW kg™ 22.89 Wh kg™ 96.5% after 20000 cycles [13]
h-MoO; film Vacuum filtration SC 996 C g™ 21.3Wcem™ 0.3 Whcm™ 92% after 6000 cycles [266]
1100 Cecm™
MoOs_, nanopaper Vacuum filtration SC 652 F cm™3 1.45 kW kg™ 8.3 Wh kg™ 85.7% after 25000 cycles  [267]
MoS; nanopaper Vacuum filtration sC 650 Fcm™3 51Wcem™ 0.11 Wh em™ 93% after 10000 cycles [260]
o-MnO, paper Vacuum filtration Ne 118 F g’ - - 95.3% after 1000 cycles [268]
TiO, paper Vacuum filtration LiB 339 mAh g™ - - 100% after 400 cycles [269]
TiO,N, paper Vacuum filtration SC 1209 F g! - - 88% after 300 cycles [270]
Ti;C, paper Vacuum filtration Ne 900 F cm™3 - - 100% after 10000 cycles [57]
245F g
Ti;C,/PVA paper Vacuum filtration Ne 528 Fcm™ - - 85.9% after 10000 cycles  [271]
VN@C film Vacuum filtration SC 282 mF cm™ 2.72W cm™ 0.97 mWh cm™  91.8% after 12000 cycles  [272]
NiO-Ni nanofiber paper Electrospinning LIB 1054 mAh g™ - - 92.8% after 1500 cycles [273]
NiF, film Anodization Ne 66 mF cm™ 112 kW kg™ 384 Wh kg™ 150% after 10000 cycles  [264]
733 Fem™
358 F g
PPy film Sacrificial template Ne 3162 F g - - 30.9% after 500 cycles [274]
PEDOT film Vacuum filtration sC 120F g’ 16.2 W cm™ 6.8 mWh cm™ 80% after 8000 cycles [275]
NiMn nanoporous metal paper Dealloying sC 4.4 F cm™ - - 85% after 2000 cycles [267]
887 Fcm™
MnO,-nanoporous gold paper Electrodeposition SC 1145 F g 16 kW kg™ 57 Wh kg™! 85% after 1000 cycles [262]
MnO,-nanoporous Au-MnO, paper  Electrodeposition Ne 916 F g™ - - 97.1% after 3000 cycles [276]

Note: *RFCVD: Radio frequency chemical vapor deposition.

structure, both with 2 pairs of interdigital-shaped electrodes
and coated with solid-state PVA/H;PO, electrolyte. By changing
the linking between four terminals of A;, A,, B; and B,, Devices
A and Devices B exhibited a series or parallel relationship.
Comparing the experimental capacitance and the calculated
capacitance, it was found that these devices roughly obeyed the
basic rule of series and parallel connections. Furthermore, Yao
et al. proposed a novel method to fabricate paper-based planar
interdigital supercapacitors (Figure 17c¢—d).'*l First, pencil was
used to draw the as-designed patterns on paper, forming a con-
ductive interdigital graphite planar supercapacitor. Then PANI
networks were electrodeposited on the interdigital electrodes
of each side. The interdigital solid-state planar supercapacitor
device was fabricated by coating solid-state PVA/H,SO, electro-
lyte on the surface of the interdigital electrodes and the gaps
in between. The symmetrical curves of charging and discharge
parts displayed its good capacitive behavior.

4.2. Flexible Li-lon Batteries

Since 1991, the first commercial product released by Sony,
Li-ion batteries have attracted great interest due to their high
energy density, high operation voltage, low self-discharging
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rate, and relatively good long-term stability.'] Recent increasing
demand in flexible electronics and wearable electronics further
drive the development of light-weight, thin, and flexible Li-ion
batteries. However, currently most of the Li-ion batteries are
still adopting the conventional rigid, heavy and bulky configura-
tion.[283284] Here we will review the recent progress in making
flexible paper-based or paper-like anodes and cathodes that are
the key components for Li-ion batteries.

Generally, anode and cathode will be fabricated by mixing
powder of active materials with conducting agents such as
carbon black and polymeric binders such as PTFE or PVDF to
form slurry and then coated onto Cu foil and Al foil, respec-
tively. The main drawback for this electrode configuration is
that the active materials are likely to detach from the smooth
conductive substrates under the bending states.!2l To solve
this problem, developing new electrodes with robust mechan-
ical flexibility is necessary. Graphene and CNTs are two of the
most important carbonaceous materials with excellent electrical
conductivity. Paper-like assembly with 3D porous structure of
graphene flakelets or CNT wires with rough surface have been
widely investigated in recent years. Yet, pure graphene and
CNTs paper often suffer from large irreversible capacity, fast
capacity fade, low capacities and safety issue due to Li dendrite
formation between electrode and separator, resulting in short
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interest. Nanostructured active materials are
4. (b) uniformly distributed in these 3D conduc-
tive networks and could effectively reduce
A I % the polarization and pulverization associated
REES % 0. with large volume change during lithiation
S and delithiation process.[163:164.294]
SC working area E -2 — 0 Zhou et al. reported a Fe,O3/SWCNTs
\ e 4] —45° paper with a ultrahigh Fe,O; loading of
—90° 88 wt% prepared by oxidizing a floating cata-
lon o0 02 0d 06 os  lyst chemical vapor deposition-assembled Fe/
Potential (V) SWCNT paper.?*! This flexible paper showed
- a high reversible capacity of 1243 mAh g
°"E % (d) 5mvs™ at a current density of 50 mA g! and a good
: 0.4+ cyclic stability over 90 cycles. CNTs can also
E 02 be used to fabricate MXene/CNT paper
2 00l via vacuum filtration method. The porous
% ’ Ti;C,T,/CNT paper electrode displayed a
2 02 :33: high capacity of about 1250 mAh gt at 0.1 C
5-0.4 —a5° and good rate performance of 330 mA g
E ol - ::g: at 10 C. This excellent performance was
o o ") v = = attributed to the highly conductive 3D CNT

Figure 16. Flexible paper-based solid-state supercapacitors. a) The fabricated solid-state SCs
(upper) and photographs of the SC (down). b) CV scans of the all-solid-state SC at different cur-
vature. Reproduced with permission.? c) The left part is the optical picture of three solid-state
supercapacitors with 120 minutes PANI depositing graphite/polyaniline-paper (G/PANI-Paper)
electrodes in series to light a red LED. The inset is the enlarged optical picture of the alight LED.
The right part is optical pictures of the flexible solid-state supercapacitors with 120 minutes
PANI depositing G/PANI-Paper electrodes at five bending states with bending angle of 0°, 30°,
45°, 60° and 90°, respectively. b) Cyclic voltammetry of the supercapacitors at the five bending

states. Reproduced with permission." Copyright 2013, Elsevier.

circuit."?#197] Recent studies showed that hybridizing active
electrode materials with graphene or CNTs to fabricate flexible
and free-standing graphene- or CN'Ts-based electrodes are effec-
tive in addressing the problem.

Hu et al. employed a doctor blade method to coat CNT ink
on stainless steel substrate to form a conducting layer, followed
by the further blade-coating of Li,TisO;, (LTO) and LiCoO,
(LCO) separately (Figure 18).'”l The ITO/CNT and LCO/CNT
films were then easily delaminated from the substrates by
simply immersing them into DI water and peeling off. After
that, the LTO/CNT and LCO/CNT films were rolled to the paper
via coating a thin layer of PVDF in between, which the PVDF
functions as a glue to stick the double layer films on paper. This
is the first demonstration using commercial paper in Li-ion bat-
teries, where paper is used as both separator and mechanical
support. This Li-ion paper battery is thin, about 300 um in total,
and yielded a discharging capacity of 120 mAh g!. Besides,
this device showed excellent self-discharge performance that
only 0.54 mV voltage drop was observed for this full cell after
350 hours.

Incorporation of materials with high theoretical capacity,
such as Si (4200 mAh g)Pl Ge (1600 mAh g),?0l
Sn (992 mAh g)® Fe,0; (1005 mAh g!),288
Co30, (890 mAh g1)?#1 MoO, (838 mAh g)%
SnO, (781 mAh g)»1 CuO (674 mAh g),?% V,0;4
(294 mAh g1),2222%] with graphene or CNTs to make free-
standing paper-like electrodes have attracted considerable
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Potential (V vs. Ag/AgCl)

network as well as the porous characteristic
of 2D MXene nanoplate.”'¥! Graphene can
also be used in vacuum filtration to assemble
flexible free-standing paper-like electrodes.
Zhao et al. used acid-sonication treatment to
create graphene with carbon vacancies fol-
lowed by filtration of these porous graphene
with Si nanoparticle to make free-standing
Si/graphene paper. These paper electrodes
achieved an outstanding reversible capacity
of 3200 mAh g at 1 A g! and a good rate
capacity of 1100 mAh g~! at 8 A g! as well as good cycling stability
which repeated up to 99.9% between cycles for over 150 cycles.[163]

4.3. Flexible Li-S Batteries

Lithium-ion batteries have achieved a great success in the past
three decades and have been applied for many flexible elec-
tronics devices. However, the state-of-the-art Li-ion batteries
are still not able to completely satisfy the increasing demand
for applications such as electric vehicles and grid-level energy
storage that require extremely high energy density for the
emerging applications.[*°]

Lithium-sulfur (Li-S) batteries are promising candidates for
the next generation rechargeable batteries due to their higher
theoretical specific capacity (1673 mAh g™!) and energy density
(2500 Wh kg™!) compared with Li-ion batteries.?22%] The key
difference between these two batteries is the charge storage
mechanism. Li-ion batteries store charges through the inter-
calation of lithium ion into layered active materials, such as
graphite or layered metal oxides. Because the lithium ions can
only be intercalated topotactically into some specific sites, their
theoretical capacity and energy density are typically limited to
370 mAh g! and 420 Wh kg 1.22 In contrary, Li-S batteries
store charges through a multi-electron electrochemical redox
reaction (16Li + Sg — 8Li,S) involving the metal plating and
stripping on the lithium anode (Li* + ¢~ — Li) and a conversion
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Nb,O5,2171 and metal hydroxides including
Ni(OH),B and Co(OH),.21320 Among these
host materials, graphene, CNTs and carbon
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fibers are proved to be very efficient in fab-
ricating flexible Li-S electrodes.[18:157:298:302]
Huang et al. prepared mesoporous gra-
phene-sulfur paper by filtration and sulfur
vapor treatment approach (Figure 19).1%7)
Amorphous sulfur was homogeneously distrib-
uted and immobilized in the mesoporous archi-
tectures of porous graphene paper. The free-
standing, binder-free as-prepared mesoporous

a.0.1mA
b.0.2 mA
c.0.5mA
d. 1mA

200 400

Figure 17. Flexible paper-based interdigital solid-state supercapacitors. a) Optical photograph
of the as-fabricated planar structured solid-state supercapacitor with polypyrrole-coated paper
electrodes (polymerization time of 180 minutes). The corresponding schematic diagram is
plotted below. Reproduced with permission.' Copyright 2013, Royal Society of Chemistry.
b) Galvanostatic charge—discharge curves for the as-fabricated planar supercapacitor with
different device configuration at a fixed current of 1 mA. c) Optical picture of using a pencil to
draw a conductive graphite layer on the as-printed interdigital patterns to obtain an interdigital
substrate. The insert shows the flexible planar interdigital electrodes deposited polyaniline on
the interdigital graphite substrate. d) Charge and discharge curves of the planar interdigital
supercapacitor with G/PANI-Paper electrodes at different currents. Reproduced with permis-

sion.""] Copyright 2013, Elsevier.

reaction on the sulfur cathode (Sg + 16Li* + 16¢~ = 8Li,S). These
reactions are non-topotactic and therefore lithium anodes and
sulfur cathodes have excellent theoretical specific capacities of
3860 and 1673 mAh g7}, respectively.??l Besides, the average of
the lithium-sulfur cell voltage of 2.15 V, they can achieve a theo-
retical energy density of 2500 Wh kg™'.

Li-S batteries have been first reported in 1962.2° After dec-
ades of intensive research, such batteries are still plagued with
low discharge capacity and fast capacity decay during cycling.
In 2009, Nazar et al. reported a highly ordered nanostructured
carbon-sulfur cathode for Li-S battery by encapsulating sulfur
within the mesopores of mesoporous carbon CMK-3, and
demonstrated its high discharge capacity of 1320 mAh g! and
stable cycling performance over 20 cycles.' Since then, signifi-
cant progress has been made in the field of Li-S batteries.

The main problems impeding the application of Li-S
batteries include the low electrical conductivity of sulfur
(5 x 1073° S cm™), the dissolution of intermediate lithium
polysulfides, and the large volume expansion (80%) of sulfur
during lithiation.?2l To overcome these challenges, various
materials are employed to immobilize S for enhancing the
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600
Time (s)

800 1000 graphene-sulfur papers can be directly used
as electrodes in lithium-sulfur batteries, which
yielded a high specific discharge capacity of
1393 mAh g and retain 689 mAh g! after
50 cycles. Li et al. demonstrated a foldable
lithium-sulfur battery by depositing sulfur on
the checkerboard patterned super elastic CNT
film.?% This folded lithium-sulfur battery
could be folded along two mutually ortho-
gonal directions and showed <12% loss in spe-
cific capacity over 100 continuous folding and
unfolding cycles. Such flexible and foldable
lithium-sulfur batteries show their potential
in powering the flexible and foldable devices
including laptops, cell phones, tablet computers, surgical tools and
implantable biomedical devices in the future.

4.4. Flexible Li-O, Batteries

Lithium-oxygen (Li-O,) batteries are also one of the most prom-
ising energy storage systems and have attracted worldwide
attention owing to its super-large theoretical energy density.l'”]
When an oxygen cathode is coupled with a lithium anode,
according to the reaction 2Li + O, — Li,O,, which includes
a cathodic reaction of 2Li* + O, + 2¢- — Li,O, and an anodic
reaction of 2Li — 2¢- — 2Li*, which could achieve an energy
density of 3600 Wh kg™! [(capacity of 1200 Ah kg™!) x (operating
voltage of 3.0 V)], which is nearly one order of magnitude larger
than the conventional lithium-ion batteries (420 Wh kg™!). The
first Li-O, battery, with a structure of Li/organic electrolyte/
air, was assembled and investigated in 1996.521 However, this
type of device did not receive much attention until Bruce et al.
demonstrated its rechargeable ability recently.3?2 Since the
research on rechargeable Li-O, batteries is still in its infancy,

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
SCIENCE

Open Access,

SCIENCE NEWS

www.advancedsciencenews.com

a

®
8

&

d 1.8 T T
1.54
E 1.24 —1,C
w1, Dis
3o —h.
-} 06' —30;).0
g 0.3 ~———1300, Dis
0.0 r .
40 80 1
Capacity (mA

Capacity (mAhIg!

LTO/CNT

! 1

20

80

n v 1 d 1
100 200 300
Cycle Number

B 5883
1143 21qWoIN0Y

Kouaio

www.advancedscience.com

Figure 18. Flexible secondary Li-ion paper batteries. a) Schematic of the lamination process: the freestanding film is laminated on paper with a
rod and a thin layer of wet PVDF on paper. b) Schematic of the final paper Li-ion battery device structure, with both LCO/CNT and LTO/CNT laminated
on both sides of the paper substrate. The paper is used as both the separator and the substrate. c) SEM image of the cross section for the laminated
paper Li-ion battery. The layers thicknesses are CNT =2 um, LTO =30 um, paper =100 um, LCO =30 um, and CNT =2 um. d) Galvanostatic charging/
discharging curves of the LTO anode (1.3-1.7 V) half cells with conductive paper current collectors. The mass of the LTO electrode is 1.8 mg. The current
rate is C/5. e) Cycling performance of LTO nanopowder (C/5, 0.063 mA) half cells. f) Flexible Li-ion paper batteries light an LED device. Reproduced

with permission.['® Copyright 2010, American Chemical Society.

mesoporous graphene paper (MGP)

(a)

(b)

sulfur vapor
treatment

lithiation/
delithiation

MGP-LixS

Figure 19. Flexible paper-based Li-S battery. a) A schematic illustration for the preparation of
mesoporous graphene paper—sulfur electrodes and application as cathode in lithium—sulfur
batteries. b,c) Digital photographs of the MGP paper, exhibiting an intact paper-like mor-
phology (b) and flexible property (c). Reproduced with permission.[>”l Copyright 2013, Royal

Society of Chemistry.
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it remains very challenging to fabricate a
high performance Li-O, battery, so flexible
or foldable Li-O, batteries have rarely been
demonstrated. However, several groups have
attempted to assemble flexible Li-O, batteries
in the laboratory and some prototypes have
been successfully developed.[!323]

Liu et al. adopted an ancient Chinese
brush painting method to deposit the com-
mercial carbon ink on commonly used paper
(Figure 20).1% This flexible low-cost paper-
ink (PI) cathode can be directly applied in
Li-O, batteries by combining with lithium
belt anode, glass fiber separator and non-
aqueous electrolyte (IM lithium triflate in
tretraethylene glycol dimethyl ether). The
Li-O, battery showed a high capacity of
about 6500 mAh g' at a current density
of 200 mA g and reached about 50 cycles
with the capacity restricted to 1000 mAh g™
at a current density of 200 mA g'. The PI
cathode after bending 1000 cycles did not
show obvious deterioration in performance.
Besides, the electrochemical performance of
the Li-O, battery can be further improved via
coating Ru nanoparticles on the PI cathode.

5. Conclusions and Outlook

The rapid development of flexible electrodes
has open up new opportunities for flexible
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Figure 20. Flexible paper-based Li-O, battery. a) Schematic representations for the design and preparation of the Pl cathode. b) SEM image of pristine
paper. c) Photograph of the obtained flexible Pl cathode. d) Enlarged image of (c). €) XRD pattern and f) Raman spectrum of the obtained PI cathode.

Reproduced with permission.['”]

energy storage systems and wearable electronics. Among them,
paper-based electrodes as a new class of electrode configuration
have attracted a lot attention. In this review, we have summa-
rized the recent advances in this area, with a particular focus
on the methodology of fabricating these novel functional elec-
trodes, including paper-supported electrodes and paper-like
electrodes. Finally, in this section, we will discuss some key
challenges and opportunities in this fast growing field. First,
paper-based electrodes have been widely used in flexible energy
storage devices such as supercapacitors and Li-ion batteries.
However, their application in Li-S and Li-O, batteries, as well as
some new types of energy storage system like Na-ion batteries,
Mg-ion batteries has been rarely investigated. In exploring the
potential use of paper-based electrodes in these areas, some
issues should be considered. For example, to use paper-based
electrodes for Li-S batteries, the electrode is required to have
not only good electrical conductivity and flexibility, but also
strong affinity with sulfur. When they are used in Na-ion
batteries and Mg-ion batteries, a critical problem would be
whether these paper-based electrodes is mechanically/structur-
ally robust that can accommodate large volume change during
Na-ion and Mg-ion insertion and desertion, since these ions are
much larger than Li-ions.

Second, we believe that performance standards should be
established for paper-based electrodes devices. For instance,
in order to better evaluate the practicality of supercapacitor
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electrode, the capacitance/capacity of the paper-based elec-
trodes should be calculated based on the total mass/volume of
the electrodes, including both electrochemically active materials
and inactive cellulose paper substrates, instead of the mass or
volume of the active materials. For paper-like or film electrode,
it is also critical to provide the areal capacitance/capacity of the
electrode. Likewise, the energy density and power density of
paper-based supercapacitors should be normalized to the mass,
areal or volume of the entire device, including electrodes, elec-
trolyte, separator and packaging materials.

Third, paper-based electrodes with high-mass loading of
active materials (e.g., larger than 10 mg cm™?) should be
explored for practical application. Currently, the mass loading
of active materials for paper-based electrodes are still in the
range of several [ug to several mg. This relatively low loading
is difficult to meet the increasing demand for high energy
density device for powering flexible electronics. Higher areal
capacitance/capacity of paper-based electrode can be realized
by simply increasing the film thickness. The challenge is to
retain efficient ion diffusion in a thick paper-based electrode,
and thus, achieving high areal capacitance at fast charging/dis-
charging rate.

Fourth, electrochemical property and stability of paper-based
flexible energy storage devices under extreme conditions should
be investigated as they are of great importance for some prac-
tical applications. Previous studies have primarily focused on
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the performance of paper-based flexible energy storage devices
under dry and ambient environment. Their performance under
harsh environments, such as extremely humid conditions and
high/low temperatures, is rarely reported.

Fifth, new materials and fabrication techniques should be
explored for making novel paper-based electrodes. For example,
optically transparent paper-based electrodes and flexible energy
storage devices can be implemented into all-transparent elec-
tronic devices. Self-healing paper-based electrodes can repair
the damage within the electrodes and extend their lifespan,
which can be critical for certain energy storage devices. Investi-
gation on new materials as well as fabrication processes could
open up new opportunities for flexible paper-based energy
storage devices.

Sixth, new electrolytes should be explored for flexible paper-
based energy storage devices. Electrolytes can significantly
affect the specific capacitance/capacity, energy density, power
density and the cycling stability of flexible energy storage
devices. An ideal electrolyte used in flexible paper-based energy
storage devices should be highly flexible, non-flammable, envi-
ronmentally friendly and has a unique combination of proper-
ties such as high voltage window, high ionic conductivity, low
self-discharging rate and good affinity with electrode materials.
The flexible electrolyte which can simultaneously satisfy these
requires has rarely been reported.

Seventh, the mechanical flexibility and stability for flex-
ible paper-based energy storage devices need to be thoroughly
investigated and quantified. To date, many paper-based devices
are claimed to be flexible, however, the meaning of “flexibility”
in different flexible devices can be considerably different.
The electrochemical performances of a flexible paper-based
device under different bending states (e.g., bending angle)
should be provided. Additionally, the device stability as a func-
tion of bending cycles would be another important data for
comparison.

Eighth, it is critical that paper-based flexible energy storage
devices can couple with other flexible devices. For example,
paper-based energy conversion and storage devices can be
integrated to form a self-powered paper-based system that can
be used in smart flexible electronic applications. Due to their
unique low-cost and environmental friendly nature, this kind of
integral multifunctional paper-based electronic devices can be
used to make disposable paper devices.

Last, a better understanding on the interfacial interactions
between paper-based electrodes and electrolyte under mechan-
ical deformation is critical for developing high performance
flexible devices. Current research on flexible paper-based
energy storage devices is still under the stage of reporting
the experimental observations, rather than investigating their
mechanisms. Advanced computational techniques can be used
to simulate the paper-based electrode surface behavior under
physical distortion and predict its effect on the electrical con-
ductivity and electrochemical properties.

Acknowledgements

B.Y. acknowleges the financial support from the Non-resident
Tuition Fellowship awarded by Univeristy of California, Santa Cruz.

Adv. Sci. 2017, 4,1700107 1700107 (27 of 32)

www.advancedscience.com

T.L. acknowleges the financial support from the Chancellor’s Dissertation
Year Fellowship awarded by Univeristy of California, Santa Cruz.
Y.S. acknowledges the financial support from China Scholarship Council.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

batteries, electrodes, flexible, paper, supercapacitors

Received: March 2, 2017
Revised: March 31, 2017
Published online: May 29, 2017

[1] G. H. Gelinck, H. E. A. Huitema, E. van Veenendaal, E. Cantatore,
L. Schrijnemakers, J. B. P. H. van der Putten, T. C. T. Geuns,
M. Beenhakkers, J. B. Giesbers, B.-H. Huisman, E. |. Meijer,
E. M. Benito, F. J. Touwslager, A. W. Marsman, B. J. E. van Rens,
D. M. de Leeuw, Nat. Mater. 2004, 3, 106.

[2] T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida,
K. Hata, T. Someya, Nat. Mater. 2009, 8, 494.

[3] R. F. Service, Science 2003, 307, 909.

[4] B. C. K. Tee, C. Wang, R. Allen, Z. Bao, Nat. Nanotechnol. 2012, 7,
825.

[5] D. J. Lipomi, M. Vosgueritchian, B. C. K. Tee, S. L. Hellstrom,
J. A. Lee, C. H. Fox, Z. Bao, Nat. Nanotechnol. 2011, 6, 788.

[6] Z. Fan, H. Razavi, ).-w. Do, A. Moriwaki, O. Ergen, Y.-L. Chueh,
P. W. Leu, ). C. Ho, T. Takahashi, L. A. Reichertz, S. Neale, K. Yu,
M. Wu, J. W. Ager, A. Javey, Nat. Mater. 2009, 8, 648.

[7] M. C. McAlpine, H. Ahmad, D. Wang, . R. Heath, Nat. Mater.
2007, 6, 379.

[8] L.-B. Huang, G. Bai, M.-C. Wong, Z. Yang, W. Xu, ]. Hao,
Adv. Mater. 2016, 28, 2744.
[9] W. Xu, L.-B. Huang, M.-C. Wong, L. Chen, G. Bai, J. Hao,

Adv. Energy Mater. 2017, 7, 1601529.

[10] L. Li, Z. Wu, S. Yuan, X.-B. Zhang, Energy Environ. Sci. 2014, 7,
2101.

[11] X. Wang, X. Lu, B. Liu, D. Chen, Y. Tong, G. Shen, Adv. Mater.
2014, 26, 4763.

[12] L. Y. Yuan, B. Yao, B. Hu, K. F. Huo, W. Chen, . Zhou, Energy
Environ. Sci. 2013, 6, 470.

[13] B. Yao, L. Huang, J. Zhang, X. Gao, J. Wu, Y. Cheng, X. Xiao,
B. Wang, Y. Li, J. Zhou, Adv. Mater. 2016, 28, 6353.

[14] B. Yao, L. Y. Yuan, X. Xiao, ). Zhang, Y. Y. Qi, . Zhou, J. Zhou,
B. Hu, W. Chen, Nano Energy 2013, 2, 1071.

[15] L. Hu, H. Wu, F. La Mantia, Y. Yang, Y. Cui, ACS Nano 2010, 4,
5843.

[16] X. i, K. T. Lee, L. F. Nazar, Nat. Mater. 2009, 8, 500.

[17] P. G. Bruce, S. A. Freunberger, L. ). Hardwick, ).-M. Tarascon, Nat.
Mater. 2012, 11, 19.

[18] G. Zhou, L. Li, D.-W. Wang, X.-y. Shan, S. Pei, F. Li, H.-M. Cheng,
Adv. Mater. 2015, 27, 641.

[19] Q.-C. Liu, L. Li, J.-J. Xu, Z.-W. Chang, D. Xu, Y.-B. Yin, X.-Y. Yang,
T. Liu, Y.-S. Jiang, J.-M. Yan, X.-B. Zhang, Adv. Mater. 2015, 27,
8095.

[20] X. Lu, M. Yu, G. Wang, Y. Tong, Y. Li, Energy Environ. Sci. 2014, 7,
2160.

[21] G. Zhou, F. Li, H.-M. Cheng, Energy Environ. Sci. 2014, 7, 1307.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[22] Z. W. Seh, Y. Sun, Q. Zhang, Y. Cui, Chem. Soc. Rev. 2016, 45, 5605.

[23] J. Zhu, S. Tang, ). Wu, X. Shi, B. Zhu, X. Meng, Adv. Energy Mater.
2017, 7, 1601234.

[24] Y. Song, T. Y. Liu, B. Yao, T. Y. Kou, D. Y. Feng, X. X. Liu, Y. Li, Small
2017, 13, 1700067.

[25] Y. Song, T.-Y. Liu, X.-X. Xu, D.-Y. Feng, Y. Li, X.-X. Liu, Adv. Funct.
Mater. 2015, 25, 4626.

[26] C. Zhu, T. Liu, F. Qian, T. Y.-J. Han, E. B. Duoss, ). D. Kuntz,
C. M. Spadaccini, M. A. Worsley, Y. Li, Nano Lett. 2016, 16, 3448.

[27] P. Yang, W. Mai, Nano Energy 2014, 8, 274.

[28] K. Qin, ). Kang, J. Li, C. Shi, Y. Li, Z. Qiao, N. Zhao, ACS Nano
2015, 9, 481.

[29] X. Lu, D. Zheng, T. Zhai, Z. Liu, Y. Huang, S. Xie, Y. Tong, Energy
Environ. Sci. 2011, 4, 2915.

[30] L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. La Mantia, L. F. Cui, Y. Cui,
Proc. Natl. Acad. Sci. USA 2009, 106, 21490.

[31] M. Kaempgen, C. K. Chan, ). Ma, Y. Cui, G. Gruner, Nano Lett.
2009, 9, 1872.

[32] L. Yuan, X. Xiao, T. Ding, J. Zhong, X. Zhang, Y. Shen, B. Hu,
Y. Huang, J. Zhou, Z. L. Wang, Angew. Chem. Int. Ed. 2012, 57,
4934,

[33] J. B. Wu, X. Gao, H. M. Yu, T. P. Ding, Y. X. Yan, B. Yao, X. Yao,
D. C. Chen, M. L. Liu, L. Huang, Adv. Funct. Mater. 2016, 26, 6114.

[34] D. Tobjérk, R. Osterbacka, Adv. Mater. 2011, 23, 1935.

[35] B. Comiskey, J. D. Albert, H. Yoshizawa, |. Jacobson, Nature 1998,
394, 253.

[36] A. W. Martinez, S. T. Phillips, G. M. Whitesides, Proc. Natl. Acad.
Sci. USA 2008, 105, 19606.

[37] Q. Zhong, J. Zhong, X. Cheng, X. Yao, B. Wang, W. Li, N. Wu,
K. Liu, B. Hu, ). Zhou, Adv. Mater. 2015, 27, 7130.

[38] D.-H. Kim, Y.-S. Kim, J. Wu, Z. Liu, J. Song, H.-S. Kim, Y. Y. Huang,
K.-C. Hwang, . A. Rogers, Adv. Mater. 2009, 21, 3703.

[39] V. Subramanian, J. M. ). Frechet, P. C. Chang, D. C. Huang, . B. Lee,
S. E. Molesa, A. R. Murphy, D. R. Redinger, S. K. Volkman, Proc.
IEEE 2005, 93, 1330.

[40] Q. Zhong, J. Zhong, B. Hu, Q. Hu, ). Zhou, Z. L. Wang, Energy
Environ. Sci. 2013, 6, 1779.

[41] J. Zhong, H. Zhu, Q. Zhong, ). Dai, W. Li, S. H. Jang, Y. Yao,
D. Henderson, Q. Hu, L. Hu, J. Zhou, ACS Nano 2015, 9, 7399.

[42] Y. Zhang, L. Ge, M. Li, M. Yan, S. Ge, J. Yu, X. Song, B. Cao, Chem.
Commun. 2014, 50, 1417.

[43] G. Zheng, Y. Cui, E. Karabulut, L. Wagberg, H. Zhu, L. Hu, MRS
Bull. 2013, 38, 320.

[44] Y.-Z. Zhang, Y. Wang, T. Cheng, W.-Y. Lai, H. Pang, W. Huang,
Chem. Soc. Rev. 2015, 44, 5181.

[45] Y. Lin, D. Gritsenko, Q. Liu, X. Lu, ). Xu, ACS Appl. Mater. Interfaces
2016, 8, 20501.

[46] M. M. Perez-Madrigal, M. G. Edo, C. Aleman, Green Chem. 2016,
18, 5930.

[47] L. B. Hu, Y. Cui, Energy Environ. Sci. 2012, 5, 6423.

[48] G. Y. Zheng, L. B. Hu, H. Wu, X. Xie, Y. Cui, Energy Environ. Sci.
2011, 4, 3368.

[49] X. Xiao, T. Q. Li, Z. H. Peng, H. Y. Jin, Q. Z. Zhong, Q. Y. Hu,
B. Yao, Q. P. Luo, C. F. Zhang, L. Gong, ). Chen, Y. Gogotsi,
J. Zhou, Nano Energy 2014, 6, 1.

[50] D. Li, R. B. Kaner, Science 2008, 320, 1170.

[51] M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao,
M. W. Barsoum, Nature 2014, 516, 78.

[52] M. Nogi, S. lwamoto, A. N. Nakagaito, H. Yano, Adv. Mater. 2009,
21, 1595.

[53] H. Zhu, Z. Fang, C. Preston, Y. Li, L. Hu, Energy Environ. Sci. 2014,
7, 269.

[54] H. Zhu, W. Luo, P. N. Ciesielski, Z. Fang, J. Y. Zhu, G. Henriksson,
M. E. Himmel, L. Hu, Chem. Rev. 2016, 116, 9305.

[55] S. Liu, T. Yu, Y. Wu, W. Li, B. Li, RSC Adv. 2014, 4, 34134.

Y. Gogotsi,

Adv. Sci. 2017, 4, 1700107 1700107 (28 of 32)

www.advancedscience.com

[56] B. Anothumakkool, R. Soni, S. N. Bhange, S. Kurungot, Energy
Environ. Sci. 2015, 8, 1339.

[57] S. Hu, R. Rajamani, X. Yu, Appl Phys Lett 2012, 100, 104103.

[58] L. Jabbour, M. Destro, C. Gerbaldi, D. Chaussy, N. Penazzi,
D. Beneventi, J. Mater. Chem. 2012, 22, 3227.

[59] Z. Weng, Y. Su, D. W. Wang, F. Li, J. H. Du, H. M. Cheng,
Adv. Energy Mater. 2011, 1, 917.

[60] C.-W. Lin, Z. Zhao, ). Kim, J. Huang, Sci. Rep. 2014, 4, 3812.

[61] J. X. Feng, S. H. Ye, A. L. Wang, X. F. Lu, Y. X. Tong, G. R. Li, Adv.
Funct. Mater. 2014, 24, 7093.

[62] J. X. Feng, Q. Li, X. F. Lu, Y. X. Tong, G. R. Li, J. Mater. Chem. A
2014, 2, 2985.

[63] J.-X. Feng, S.-H. Ye, X.-F. Lu, Y.-X. Tong, G.-R. Li, ACS Appl. Mater.
Interfaces 2015, 7, 11444.

[64] L. B. Hu, H. Wu, Y. Cui, Appl. Phys. Lett. 2010, 96, 183502.

[65] F. C. Krebs, M. Jorgensen, K. Norrman, O. Hagemann, ). Alstrup,
T. D. Nielsen, ). Fyenbo, K. Larsen, ). Kristensen, Sol. Energy Mater.
Sol. Cells 2009, 93, 422.

[66] B. D. Gates, Q. Xu, M. Stewart, D. Ryan, C. G. Willson,
G. M. Whitesides, Chem. Rev. 2005, 105, 1171.

[67] T. Y. Liu, L. Finn, M. H. Yu, H. Y. Wang, T. Zhai, X. H. Lu,
Y. X. Tong, Y. Li, Nano Lett. 2014, 14, 2522.

[68] G. Nystréom, A. Razaq, M. Stramme, L. Nyholm, A. Mihranyan,
Nano Lett. 2009, 9, 3635.

[69] L. Nyholm, G. Nystrém, A. Mihranyan, M. Stramme, Adv. Mater.
2011, 23, 3751.

[70] K. Wang, H. Wu, Y. Meng, Z. Wei, Small 2014, 10, 14.

[71] X. Wang, A. Sumboja, W. L. Foo, C. Y. Yan, K. Tsukagoshi, P. S. Lee,
RSC Adv. 2013, 3, 15827.

[72] A. Razaq, L. Nyholm, M. Sjédin, M. Stremme, A. Mihranyan,
Adv. Energy Mater. 2012, 2, 445.

[73] H. Olsson, G. Nystrém, M. Streamme, M. Sjédin, L. Nyholm,
Electrochem. Commun. 2011, 13, 869.

[74] S. Li, D. Huang, J. Yang, B. Zhang, X. Zhang, G. Yang, M. Wang,
Y. Shen, Nano Energy 2014, 9, 309.

[75] Y. R. Kang, Y. L. Li, F. Hou, Y. Y. Wen, D. Su, Nanoscale 2012, 4,
3248.

[76] Y. Song, T. Y. Liu, G. L. Xu, D. Y. Feng, B. Yao, T. Y. Kou, X. X. Liu,
Y. Li, J. Mater. Chem. A 2016, 4, 7683.

[77] H. Tang, Y. Zeng, X. Gao, B. Yao, D. Liu, J. Wu, D. Qu, K. Liu,
Z. Xie, H. Zhang, M. Pan, L. Huang, S. P. Jiang, Electrochimica
Acta 2016, 194, 143.

[78] Q.-P. Luo, L. Huang, X. Gao, Y. Cheng, B. Yao, Z. Hu, J. Wan,
X. Xiao, . Zhou, Nanotechnology 2015, 26, 304004.

[79] J. Li, K. Liu, X. Gao, B. Yao, K. Huo, Y. Cheng, X. Cheng, D. Chen,
B. Wang, D. Ding, M. Liu, L. Huang, ACS Appl. Mater. Interfaces
2015, 7, 24622.

[80] X. Lu, G. Wang, T. Zhai, M. Yu, S. Xie, Y. Ling, C. Liang, Y. Tong,
Y. Li, Nano Lett. 2012, 12, 5376.

[81] X. Lu, T. Liu, T. Zhai, G. Wang, M. Yu, S. Xie, Y. Ling, C. Liang,
Y. Tong, Y. Li, Adv. Energy Mater. 2014, 4, 1300994.

[82] X. Lu, M. Yu, T. Zhai, G. Wang, S. Xie, T. Liu, C. Liang, Y. Tong,
Y. Li, Nano Lett. 2013, 13, 2628.

[83] M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall'Agnese, P. Rozier,
P. L. Taberna, M. Naguib, P. Simon, M. W. Barsoum, Y. Gogotsi,
Science 2013, 347, 1502.

[84] L. Huang, X. Gao, Q. Dong, Z. Hu, X. Xiao, T. Li, Y. Cheng, B. Yao,
J. Wan, D. Ding, Z. Ling, ). Qiu, ). Zhou, J. Mater. Chem. A 2015,
3,17217.

[85] X. Xiao, Z. Peng, C. Chen, C. Zhang, M. Beidaghi, Z. Yang, N. Wu,
Y. Huang, L. Miao, Y. Gogotsi, ). Zhou, Nano Energy 2014, 9, 355.

[86] T. Q. Li, M. Beidaghi, X. Xiao, L. Huang, Z. M. Hu, W. M. Sun,
X. Chen, Y. Gogotsi, ). Zhou, Nano Energy 2016, 26, 100.

[87] Z. Hu, X. Xiao, C. Chen, T. Li, L. Huang, C. Zhang, . Su, L. Miao,
J. Jiang, Y. Zhang, |. Zhou, Nano Energy 2015, 11, 226.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[88] Z. Hu, X. Xiao, L. Huang, C. Chen, T. Li, T. Su, X. Cheng, L. Miao,
Y. Zhang, J. Zhou, Nanoscale 2015, 7, 16094.

[89] X. Lu, G. Wang, T. Zhai, M. Yu, J. Gan, Y. Tong, Y. Li, Nano Lett.
2012, 12, 1690.

[90] X. Lu, M. Yu, G. Wang, T. Zhai, S. Xie, Y. Ling, Y. Tong, Y. Li,
Adv. Mater. 2012, 25, 267.

[97] T. Zhai, X. Lu, Y. Ling, M. Yu, G. Wang, T. Liu, C. Liang, Y. Tong,
Y. Li, Adv. Mater. 2014, 26, 5869.

[92] T. Zhai, F. Wang, M. Yu, S. Xie, C. Liang, C. Li, F. Xiao, R. Tang,
Q. Wu, X. Lu, Y. Tong, Nanoscale 2013, 5, 6790.

[93] K. Devarayan, D. Lei, H.-Y. Kim, B.-S. Kim, Chem. Eng. J. 2015, 273,
603.

[94] M. Zhang, Q. Zhovu, J. Chen, X. Yu, L. Huang, Y. Li, C. Li, G. Shi,
Energy Environ. Sci. 2016, 9, 2005.

[95] L. Dong, C. Xu, Y. Li, Z. Pan, G. Liang, E. Zhou, F. Kang,
Q. H. Yang, Adv. Mater. 2016, 28, 9313.

[96] L. B. Hu, N. Liu, M. Eskilsson, G. Y. Zheng, |.
L. Wagberg, Y. Cui, Nano Energy 2013, 2, 138.

[97] W. W. Liu, C. X. Lu, H. L. Li, R. Y. Tay, L. M. Sun, X. H. Wang,
W. L. Chow, X. L. Wang, B. K. Tay, Z. W. Chen, J. Yan, K. Feng,
G. Lui, R. Tjandra, L. Rasenthiram, G. Chiu, A. P. Yu, J. Mater.
Chem. A 2016, 4, 3754.

[98] J. Qian, H. Jin, B. Chen, M. Lin, W. Lu, W. M. Tang, W. Xiong,
L. W. Chan, S. P. Lau, J. Yuan, Angew. Chem. Int. Ed. 2015, 54,
6800.

[99] Z. Gui, H. Zhu, E. Gillette, X. Han, G. W. Rubloff, L. Hu, S. B. Lee,
ACS Nano 2013, 7, 6037.

[100] L. Zhang, P. Zhu, F. Zhou, W. Zeng, H. Su, G. Li, J. Gao, R. Sun,
C. P. Wong, ACS Nano 2016, 10, 1273.

[101] Z. H. Wang, C. Xu, P. Tammela, |. X. Huo, M. Stromme,
K. Edstrom, T. Gustafsson, L. Nyholm, J. Mater. Chem. A 2015, 3,
14109.

[102] M. F. El-Kady, Y. Shao, R. B. Kaner, Nat. Rev. Mater. 2016, 1, 16033.

[103] K. S. Novoselov, A. K. Geim, S. V. Morozoy, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666.

[104] K.S.Novoselov, A.K.Geim, S.V. Morozoy, D. Jiang, M. |. Katsnelson,
I. V. Grigorieva, S. V. Dubonos, A. A. Firsov, Nature 2005, 438, 197.

[105] J.-H. Chen, C. Jang, S. Xiao, M. Ishigami, M. S. Fuhrer, Nat.
Nanotechnol. 2008, 3, 206.

[106] A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan,
F. Miao, C. N. Lau, Nano Lett. 2008, 8, 902.

[107] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoseloy, T. J. Booth,
T. Stauber, N. M. R. Peres, A. K. Geim, Science 2008, 320, 1308.

[108] C. Lee, X. Wei, J. W. Kysar, ). Hone, Science 2008, 321, 385.

[109] Y. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, W. Cai, P. |. Ferreira,
A. Pirkle, R. M. Wallace, K. A. Cychosz, M. Thommes, D. Su,
E. A. Stach, R. S. Ruoff, Science 2011, 332, 1537.

[170] L. Ji, P. Meduri, V. Agubra, X. Xiao, M. Alcoutlabi, Adv. Energy
Mater. 2016, 6, 1502159.

[111] W. S. Hummers, R. E. Offeman, J. Am. Chem. Soc. 1958, 80,
13309.

[112] D. Li, M. B. Muller, S. Gilje, R. B. Kaner, G. G. Wallace, Nat. Nano-
technol. 2008, 3, 101.

[113] G. Yu, L Hu, M. Vosgueritchian, H. Wang, X. Xie,
J. R. McDonough, X. Cui, Y. Cui, Z. Bao, Nano Lett. 2011, 11, 2905.

[114] ). Wang, M. Liang, Y. Fang, T. Qiu, J. Zhang, L. Zhi, Adv. Mater.
2012, 24, 2874.

[115] S. Gilje, S. Han, M. Wang, K. L. Wang, R. B. Kaner, Naro Lett.
2007, 7, 3394.

[176] L. T. Le, M. H. Ervin, H. Qiu, B. E. Fuchs, W. Y. Lee, Electrochem.
Commun. 2011, 13, 355.

[117] V. C. Tung, M. J. Allen, Y. Yang, R. B. Kaner, Nat. Nanotechnol.
20009, 4, 25.

[118] Y. F. Xu, M. G. Schwab, A. J. Strudwick, I. Hennig, X. L. Feng,
Z.S. Wu, K. Mullen, Adv. Energy Mater. 2013, 3, 1035.

McDonough,

Adv. Sci. 2017, 4,1700107 1700107 (29 of 32)

www.advancedscience.com

[119] E. B. Secor, S. Lim, H. Zhang, C. D. Frisbie, L. F. Francis,
M. C. Hersam, Adv. Mater. 2014, 26, 4533.

[120] J. W. Lee, S. Y. Lim, H. M. Jeong, T. H. Hwang, ). K. Kang,
J. W. Choi, Energy Environ. Sci. 2012, 5, 9889.
[121] X. Zhang, P. Suresh Kumar, V. Aravindan, H. H. Liu,

J. Sundaramurthy, S. G. Mhaisalkar, H. M. Duong, S. Ramakrishna,
S. Madhavi, J. Phys. Chem. C 2012, 116, 14780.

[122] K. Sheng, Y. Sun, C. Li, W. Yuan, G. Shi, Sci. Rep. 2012, 2, 247.

[123] X. Yang, C. Cheng, Y. Wang, L. Qiu, D. Li, Science 2013, 341, 534.

[124] Y. Liang, D. Wu, X. Feng, K. Miillen, Adv. Mater. 2009, 21, 1679.

[125] X. Li, G. Zhang, X. Bai, X. Sun, X. Wang, E. Wang, H. Dai, Nat.
Nanotechnol. 2008, 3, 538.

[126] D. Yu, L. Dai, J. Phys. Chem. Lett. 2010, 1, 467.

[127] D.A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. Dommett,
G. Evmenenko, S. T. Nguyen, R. S. Ruoff, Nature 2007, 448, 457.

[128] C. Wang, D. Li, C. O. Too, G. G. Wallace, Chem. Mater. 2009, 21,
2604,

[129] D. W. Wang, F. Li, ). Zhao, W. Ren, Z. G. Chen, J. Tan, Z. S. Wu,
I. Gentle, G. Q. Lu, H. M. Cheng, ACS Nano 2009, 3, 1745.

[130] Z. Li, Y. An, Z.-A. Hu, N. An, Y.-d. Zhang, B. Guo, Z. Zhang,
Y.-Y. Yang, h. Wu, J. Mater. Chem. A 2016, 4, 10618.

[131] H. Li, Y. He, V. Pavlinek, Q. Cheng, P. Saha, C. Li, J. Mater. Chem. A
2015, 3, 17165.

[132] H. Bi, K. Yin, X. Xie, Y. Zhou, S. Wan, F. Banhart, L. Sun, Nanoscale
2013, 5, 9123.

[133] L. L. Zhang, X. Zhao, M. D. Stoller, Y. Zhu, H. Ji, S. Murali, Y. Wu,
S. Perales, B. Clevenger, R. S. Ruoff, Naro Lett. 2012, 12, 1806.

[134] F. Liu, S. Song, D. Xue, H. Zhang, Adv. Mater. 2012, 24, 1089.

[135] H.-P. Cong, X.-C. Ren, P. Wang, S.-H. Yu, Energy Environ. Sci. 2013,
6, 1185.

[136] M. F. El-Kady, V. Strong, S. Dubin, R. B. Kaner, Science 2012, 335,
1326.

[137] Y. Xu, Z. Lin, X. Zhong, X. Huang, N. O. Weiss, Y. Huang, X. Duan,
Nat. Commun. 2014, 5, 4554.

[138] K. Zhang, L. Mao, L. L. Zhang, H. S. On Chan, X. S. Zhao, . Wu,
J. Mater. Chem. 2011, 21, 7302.

[139] C. Li, Y. Hu, M. Yu, Z. Wang, W. Zhao, P. Liu, Y. Tong, X. Lu,
RSC Adv. 2014, 4, 51878.

[140] T. Akhter, M. M. Islam, S. N. Faisal, E. Haque, A. |. Minett,
H. K. Liu, K. Konstantinov, S. X. Dou, ACS Appl. Mater. Interfaces
2016, 8, 2078.

[141] Z.-S. Wu, A. Winter, L. Chen, Y. Sun, A. Turchanin, X. Feng,
K. Miillen, Adv. Mater. 2012, 24, 5130.

[142] H. Feng, R. Cheng, X. Zhao, X. Duan, . Li, Nat. Commun. 2013, 4,

1539.

[143] C.-N. Yeh, K. Raidongia, ). Shao, Q.-H. Yang, ). Huang, Nat. Chem.
2015, 7, 166.

[144] N. D. Luong, N. Pahimanolis, U. Hippi, ). T. Korhonen,

J. Ruokolainen, L.-S. Johansson, J.-D. Nam, J. Seppala, J. Mater.
Chem. 2011, 217, 13991.

[145] Y. T. Hu, C. Guan, G. X. Feng, Q. Q. Ke, X. L. Huang, ). Wang,
Adv. Funct. Mater. 2015, 25, 7291.

[146] Q. Wu, Y. Xu, Z. Yao, A. Liu, G. Shi, ACS Nano 2010, 4, 1963.

[147] J. Y. Hwang, M. F. El-Kady, Y. Wang, L. S. Wang, Y. L. Shao,
K. Marsh, J. M. Ko, R. B. Kaner, Nano Energy 2015, 18, 57.

[148] W. Gao, N. Singh, L. Song, Z. Liu, A. L. M. Reddy, L. Ci, R. Vajtai,
Q. Zhang, B. Wei, P. M. Ajayan, Nat. Nanotechnol. 2011, 6, 496.

[149] Y. Zhang, L. Guo, S. Wei, Y. He, H. Xia, Q. Chen, H.-B. Sun,
F.-S. Xiao, Nano Today 2010, 5, 15.

[150] Z. Wei, D. Wang, S. Kim, S.-Y. Kim, Y. Hu, M. K. Yakes,
A. R. Laracuente, Z. Dai, S. R. Marder, C. Berger, W. P. King,
W. A. de Heer, P. E. Sheehan, E. Riedo, Science 2010, 328, 1373.

[151] Y. Liu, B. Weng, J. M. Razal, Q. Xu, C. Zhao, Y. Hou, S. Seyedin,
R. Jalili, G. G. Wallace, J. Chen, Sci. Rep. 2015, 5, 17045.

[152] Y. Meng, K. Wang, Y. Zhang, Z. Wei, Adv. Mater. 2013, 25, 6985.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[153] K. Q. Qin, J. L. Kang, J. J. Li, E. Z. Liu, C. S. Shi, Z. J. Zhang,
X. X. Zhang, N. Q. Zhao, Nano Energy 2016, 24, 158.

[154] T. Zhai, X. Lu, H. Wang, G. Wang, T. Mathis, T. Liu, C. Li, Y. Tong,
Y. Li, Nano Lett. 2015, 15, 3189.

[155] H. Y. Wang, G. M. Wang, Y. C. Ling, F. Qian, Y. Song, X. H. Lu,
S. W. Chen, Y. X. Tong, Y. Li, Nanoscale 2013, 5, 10283.

[156] A. Davies, P. Audette, B. Farrow, F. Hassan, Z. W. Chen, ). Y. Choi,
A. P. Yu, J. Phys. Chem. C 2011, 115, 17612.

[157] X. D. Huang, B. Sun, K. F. Li, S. Q. Chen, G. X. Wang, J. Mater.
Chem. A 2013, 1, 13484.

[158] Y. Xu, Z. Lin, X. Huang, Y. Liu, Y. Huang, X. Duan, ACS Nano 2013,
7, 4042.

[159] Y. Shao, M. F. El-Kady, C. W. Lin, G. Zhu, K. L. Marsh, J. Y. Hwang,
Q. Zhang, Y. Li, H. Wang, R. B. Kaner, Adv. Mater. 2016, 28, 6719.

[160] Y. Shao, H. Wang, Q. Zhang, Y. Li, NPG Asia Mater. 2014, 6,
ell9.

[161] X. Yan, ). Chen, J. Yang, Q. Xue, P. Miele, ACS Appl. Mater.
Interfaces 2010, 2, 2521.

[162] H. Choi, K. J. Ahn, Y. Lee, S. Noh, H. Yoon, Adv. Mater. Interfaces
2015, 2, 1500117.

[163] X. Zhao, C. M. Hayner, M. C. Kung, H. H. Kung, Adv. Energy Mater.
2011, 7, 1079.

[164] X. Yang, K. Fan, Y. Zhu, ). Shen, X. Jiang, P. Zhao, S. Luan, C. Li,
ACS Appl. Mater. Interfaces 2013, 5, 997.

[165] Y. Hu, C. Guan, Q. Ke, Z. F. Yow, C. Cheng, |. Wang, Chem. Mater.
2016, 28, 7296.

[166] R. Wang, C. Xu, J. Sun, L. Gao, C. Lin, J. Mater. Chem. A 2013, 1,
1794.

[167] Z. P. Li, Y. J. Mi, X. H. Liu, S. Liu, S. R. Yang, |. Q. Wang, J. Mater.
Chem. 2011, 21, 14706.

[168] A. Sumboja, C. Y. Foo, X. Wang, P. S. Lee, Adv. Mater. 2013, 25,
2809.

[169] ). Liang, Y. Zhao, L. Guo, L. Li, ACS Appl. Mater. Interfaces 2012, 4,
5742.

[170] X. Wang, X. Q. Cao, L. Bourgeois, H. Guan, S. M. Chen,
Y. T. Zhong, D. M. Tang, H. Q. Li, T. Y. Zhai, L. Li, Y. Bando,
D. Golberg, Adv. Funct. Mater. 2012, 22, 2682.

[177] L. Noerochim, ).-Z. Wang, D. Wexler, Z. Chao, H.-K. Liu, J. Power
Sources 2013, 228, 198.

[172] G. Q. Ma, Z. Wang, B. Gao, T. P. Ding, Q. Z. Zhong, X. Peng, . Su,
B. Hu, L. Y. Yuan, P. K. Chu, J. Zhou, K. F. Huo, J. Mater. Chem. A
2015, 3, 14617.

[173] L. David, R. Bhandavat, G. Singh, ACS Narno 2014, 8, 1759.

[174] S. D. Perera, M. Rudolph, R. G. Mariano, N. Nijem, J. P. Ferraris,
Y. ). Chabal, K. J. Balkus, Nano Energy 2013, 2, 966.

[175] C. Y. Foo, A. Sumboja, D. ). H. Tan, J. X. Wang, P. S. Lee, Adv.
Energy Mater. 2014, 4, 1400236.

[176] ). Bao, X. Zhang, L. Bai, W. Bai, M. Zhou, J. Xie, M. Guan, J. Zhou,
Y. Xie, J. Mater. Chem. A 2014, 2, 10876.

[177] C. Wu, X. Lu, L. Peng, K. Xu, X. Peng, |. Huang, G. Yu, Y. Xie, Nat.
Commun. 2013, 4, 2431.

[178] T. Hu, X. Sun, H. Sun, M. Yu, F. Lu, C. Liu, J. Lian, Carbon 2013,
51, 322.

[179] H. Song, J. Fu, K. Ding, C. Huang, K. Wu, X. Zhang, B. Gao,
K. Huo, X. Peng, P. K. Chu, J. Power Sources 2016, 328, 599.

[180] L. Kong, C. Zhang, ). Wang, W. Qiao, L. Ling, D. Long, ACS Nano
2015, 9, 11200.

[181] Y. Liu, W. Wang, L. Gu, Y. Wang, Y. Ying, Y. Mao, L. Sun, X. Peng,
ACS Appl. Mater. Interfaces 2013, 5, 9850.

[182] T. F. Qin, B. L. Liu, Y. X. Wen, Z. L. Wang, X. Y. Jiang, Z. Y. Wan,
S. L. Peng, G. Z. Cao, D. Y. He, J. Mater. Chem. A 2016, 4, 9196.

[183] M. Li, Z. Tang, M. Leng, ). M. Xue, Adv. Funct. Mater. 2014, 24,
7495.

[184] J. F. Xie, X. Sun, N. Zhang, K. Xu, M. Zhou, Y. Xie, Nano Energy
2013, 2, 65.

Adv. Sci. 2017, 4, 1700107 1700107 (30 of 32)

www.advancedscience.com

[185] K. Ma, W. Zhao, ). P. Cheng, F. Liu, X. Zhang, J. Colloid Interface
Sci. 2016, 468, 238.

[186] D. Lin, Y. Liu, Z. Liang, H.-W. Lee, ]. Sun, H. Wang, K. Yan, ). Xie,
Y. Cui, Nat. Nanotechnol. 2016, 11, 626.

[187] Y. M. Wang, ). C. Chen, . Y. Cao, Y. Liu, Y. Zhou, J. H. Ouyang,
D. C. Jia, J. Power Sources 2014, 271, 269.

[188] J. L. Liu, L. L. Zhang, H. B. Wu, J. Y. Lin, Z. X. Shen, X. W. Lou,
Energy Environ. Sci. 2014, 7, 3709.

[189] W. Yang, K. R. Ratinac, S. P. Ringer, P. Thordarson, . J. Gooding,
F. Braet, Angew. Chem. Int. Ed. 2010, 49, 2114.

[190] S. lijima, Nature 1991, 354, 56.

[191] S. lijima, T. Ichihashi, Nature 1993, 363, 603.

[192] M. F. L. De Volder, S. H. Tawfick, R. H. Baughman, A. . Hart,
Science 2013, 339, 535.

[193] P. M. Ajayan, Chem. Rev. 1999, 99, 1787.

[194] J. Chen, A. I. Minett, Y. Liu, C. Lynam, P. Sherrell, C. Wang,
G. G. Wallace, Adv. Mater. 2008, 20, 566.

[195] V. L. Pushparaj, M. M. Shaijumon, A. Kumar, S. Murugesan, L. Ci,
R. Vajtai, R. ). Linhardt, O. Nalamasu, P. M. Ajayan, Proc. Natl.
Acad. Sci. USA 2007, 104, 13574.

[196] L. Hu, M. Pasta, F. L. Mantia, L. Cui, S. Jeong, H. D. Deshazer,
J. W. Choi, S. M. Han, Y. Cui, Nano Lett. 2010, 10, 708.

[197] R. S. Morris, B. G. Dixon, T. Gennett, R. Raffaelle, M. ]. Heben,
J. Power Sources 2004, 138, 277.

[198] M. Endo, H. Muramatsu, T. Hayashi, Y. A. Kim, M. Terrones,
M. S. Dresselhaus, Nature 2005, 433, 476.

[199] Z. Q. Niu, W. Y. Zhou, J. Chen, G. X. Feng, H. Li, W. ). Ma, ). Z. Li,
H. B. Dong, Y. Ren, D. A. Zhao, S. S. Xie, Energy Environ. Sci. 2011,
4, 1440.

[200] S. W. Lee, B. S. Kim, S. Chen, Y. Shao-Horn, P. T. Hammond,
J. Am. Chem. Soc. 2009, 131, 671.

[201] X. Xiao, X. Peng, H. Jin, T. Li, C. Zhang, B. Gao, B. Hu, K. Huo,
J. Zhou, Adv. Mater. 2013, 25, 5091.

[202] M. Q. Zhao, C. E. Ren, Z. Ling, M. R. Lukatskaya, C. Zhang,
K. L. Van Aken, M. W. Barsoum, Y. Gogotsi, Adv. Mater. 2015, 27, 339.

[203] L. Wang, H. Chen, F. Cai, M. Chen, Mater. Lett. 2014, 115, 168.

[204] H. Wu, Q. Meng, Q. Yang, M. Zhang, K. Lu, Z. Wei, Adv. Mater.
2015, 27, 6504.

[205] M. S. Mohlala, N. ). Coville, J. Organomet. Chem. 2007, 692, 2965.

[206] ). Yu, W. Lu, S. Pei, K. Gong, L. Wang, L. Meng, Y. Huang,
J. P. Smith, K. S. Booksh, Q. Li, J. H. Byun, Y. Oh, Y. Yan,
T. W. Chou, ACS Nano 2016, 10, 5204.

[207] Z. Q. Niu, P. S. Luan, Q. Shao, H. B. Dong, . Z. Li, J. Chen,
D. Zhao, L. Cai, W. Y. Zhou, X. D. Chen, S. S. Xie, Energy Environ.
Sci. 2012, 5, 8726.

[208] Y. Zhou, X. Hu, Y. Shang, C. Hua, P. Song, X. Li, Y. Zhang, A. Cao,
RSC Adv. 2016, 6, 62062.

[209] Y. Chen, L. Du, P. Yang, P. Sun, X. Yu, W. Mai, J. Power Sources

2015, 287, 68.

K. Liang, T. L. Gu, Z. Y. Cao, X. Z. Tang, W. C. Hu, B. Q. Wei, Nano

Energy 2014, 9, 245.

[211] C. Meng, C. Liu, L. Chen, C. Hu, S. Fan, Nano Lett. 2010, 10, 4025.

[212] D. Antiohos, G. Folkes, P. Sherrell, S. Ashraf, G. G. Wallace,
P. Aitchison, A. T. Harris, J. Chen, A. |. Minett, J. Mater. Chem.
2011, 217, 15987.

[213] Z. Chen, ). W. F. To, C. Wang, Z. D. Lu, N. Liu, A. Chortos, L. |. Pan,
F. Wei, Y. Cui, Z. N. Bao, Adv. Energy Mater. 2014, 4, 1400207.

[214] S.-L. Chou, Y. Zhao, J.-Z. Wang, Z.-X. Chen, H.-K. Liu, S.-X. Dou,
J. Phys. Chem. C 2010, 114, 15862.

[215] G. H. Xu, C. Zheng, Q. Zhang, J. Q. Huang, M. Q. Zhao, |. Q. Nie,
X. H. Wang, F. Wei, Nano Res. 2011, 4, 870.

[216] Y. ). Kang, B. Kim, H. Chung, W. Kim, Synth. Met. 2010, 160, 2510.

[217] X. Q. Xie, M. Q. Zhao, B. Anasori, K. Maleski, C. E. Ren, J. W. Li,
B. W. Byles, E. Pomerantseva, G. X. Wang, Y. Gogotsi, Nano Energy
2016, 26, 513.

[210]

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[218] C. E. Ren, M. Q. Zhao, T. Makaryan, J. Halim, M. Boota, S. Kota,
B. Anasori, M. W. Barsoum, Y. Gogotsi, ChemElectroChem 2016, 3,
689.

[219] O. Mashtalir, M. R. Lukatskaya, M.-Q. Zhao, M. W. Barsoum,
Y. Gogotsi, Adv. Mater. 2015, 27, 3501.

[220] X. Xiao, C. Zhang, S. Lin, L. Huang, Z. Hu, Y. Cheng, T. Li,
W. Qiao, D. Long, Y. Huang, L. Mai, Y. Gogotsi, J. Zhou, Energy
Storage Mater. 2015, 1, 1.

[221] Z. Chen, V. Augustyn, X. Jia, Q. Xiao, B. Dunn, Y. Lu, ACS Nano
2012, 6, 4319.

[222] X. L. Jia, Z. Chen, A. Suwarnasarn, L. Rice, X. L. Wang, H. Sohn,

Q. Zhang, B. M. Wu, F. Wei, Y. F. Lu, Energy Environ. Sci. 2012, 5,

6845.

P. C. Chen, G. Shen, S. Sukcharoenchoke, C. Zhou, Appl. Phys.

Lett. 2009, 94, 043113.

[224] ). Wan, X. Yao, X. Gao, X. Xiao, T. Li, J. Wu, W. Sun, Z. Hu, H. Yu,

L. Huang, M. Liu, ). Zhou, Adv. Funct. Mater. 2016, 26, 7263.

P. Sun, Z. W. Deng, P. H. Yang, X. Yu, Y. L. Chen, Z. M. Liang,

H. Meng, W. C. Xie, S. Z. Tan, W. J. Mai, J. Mater. Chem. A 2015,

3,12076.

[226] X. Lu, H. Dou, C. Yuan, S. Yang, L. Hao, F. Zhang, L. Shen,
L. Zhang, X. Zhang, J. Power Sources 2012, 197, 319.

[227) D. Li, Y. Xia, Adv. Mater. 2004, 16, 1151.

[228] Y. L. Cheng, L. Huang, X. Xiao, B. Yao, L. Y. Yuan, T. Q. Lij,
Z. M. Hu, B. Wang, |. Wan, |. Zhou, Nano Energy 2015, 15, 66.

[229] Y. L. Cheng, L. Huang, X. Xiao, B. Yao, Z. M. Hu, T. Q. Li, K. Liu,

J. Zhou, J. Power Sources 2016, 327, 488.

P. Huang, C. Lethien, S. Pinaud, K. Brousse, R. Laloo, V. Turq,

M. Respaud, A. Demortiére, B. Daffos, P. L. Taberna, B. Chaudret,

Y. Gogotsi, P. Simon, Science 2016, 351, 691.

[231] V. Presser, L. Zhang, . J. Niu, J. McDonough, C. Perez, H. Fong,
Y. Gogotsi, Adv. Energy Mater. 2011, 1, 423.

[232] Y. Gao, V. Presser, L. Zhang, ). ). Niu, J. K. McDonough,
C. R. Pérez, H. Lin, H. Fong, Y. Gogotsi, J. Power Sources 2012,
201, 368.

[233] Z. Tai, X. Yan, J. Lang, Q. Xue, J. Power Sources 2012, 199, 373.

[234] C. Lai, Z. Zhou, L. Zhang, X. Wang, Q. Zhou, Y. Zhao, Y. Wang,
X.-F. Wu, Z. Zhu, H. Fong, J. Power Sources 2014, 247, 134.

[235] Y. Liu, J. Zhou, E. Zhu, ). Tang, X. Liu, W. Tang, J. Mater. Chem. C
2015, 3, 1011.

[236] W. Cui, M. Li, J. Liu, B. Wang, C. Zhang, L. Jiang, Q. Cheng,
ACS Nano 2014, 8, 9511.

[237] T. Lin, I.-W. Chen, F. Liu, C. Yang, H. Bi, F. Xu, F. Huang, Science
2015, 350, 1508.

[238] X. Yan, Z. Tai, ). Chen, Q. Xue, Nanoscale 2011, 3, 212.

[239] Y. E. Miao, Y. Huang, L. Zhang, W. Fan, F. Lai, T. Liu, Nanoscale
2015, 7, 11093.

[240] Y. Liu, J. Zhou, L. Chen, P. Zhang, W. Fu, H. Zhao, Y. Ma, X. Pan,
Z. Zhang, W. Han, E. Xie, ACS Appl. Mater. Interfaces 2015, 7,
23515.

[241] Z. Tai, X. Yan, ]. Lang, Q. Xue, J. Power Sources 2012, 199, 373.

[242] Q. Dong, G. Wang, H. Hu, J. Yang, B. Q. Qian, Z. Ling, J. S. Qiu,
J. Power Sources 2013, 243, 350.

[243] D. T. Ma, P. X. Zhang, Y. L. Li, A. M. Abdelkader, D. P. Singh,
X. Z. Ren, L. B. Deng, Adv. Mater. Interfaces 2016, 3, 1600241.

[244] A. Ghosh, E. J. Ra, M. Jin, H. K. Jeong, T. H. Kim, C. Biswas,
Y. H. Lee, Adv. Funct. Mater. 2011, 21, 2541.

[245] L. Zhang, Y. Huang, Y. Zhang, H. Gu, W. Fan, T. Liu, Adv. Mater.
Interfaces 2016, 3, 1500467.

[246] V. Barranco, M. A. Lillo-Rodenas, A. Linares-Solano, A. Oya,
F. Pico, ). Ibafiez, F. Agullo-Rueda, J. M. Amarilla, . M. Rojo,
J. Phys. Chem. C 2010, 114, 10302.

[247] T. B. Schon, P. M. DiCarmine, D. S. Seferos, Adv. Energy Mater.
2014, 4, 1301509.

[248] S. Zheng, H. Ju, X. Lu, Adv. Energy Mater. 2015, 5, 1500871.

[223]

[225]

[230]

Adv. Sci. 2017, 4,1700107 1700107 (31 of 32)

www.advancedscience.com

[249] T. Liu, C. Zhu, T. Kou, M. A. Worsley, F. Qian, C. Condes,
E. B. Duoss, C. M. Spadaccini, Y. Li, ChemNanoMat 2016, 2, 635.

[250] Y. Song, D.-Y. Feng, T.-Y. Liu, Y. Li, X.-X. Liu, Nanoscale 2015, 7,
3581.

[251] F. Zhang, T. Liu, G. Hou, T. Kou, L. Yue, R. Guan, Y. Li, Nano Res.
2016, 9, 2875.

[252] X.-L. Wu, T. Wen, H.-L. Guo, S. Yang, X. Wang, A.-W. Xu, ACS Nano
2013, 7, 3589.

[253] ). Chen, K. Sheng, P. Luo, C. Li, G. Shi, Adv. Mater. 2012, 24,
4569.

[254] Y. Zhao, B. Liu, L. Pan, G. Yu, Energy Environ. Sci. 2013, 6, 2856.

[255] L. Yang, S. Cheng, Y. Ding, X. Zhu, Z. L. Wang, M. Liu, Nano Lett.
2012, 12, 321.

[256] L. Huang, D. Chen, Y. Ding, S. Feng, Z. L. Wang, M. Liu, Nano
Lett. 2013, 13, 3135.

[257] V. B. Kumar, A. Borenstein, B. Markovsky, D. Aurbach,
A. Gedanken, M. Talianker, Z. Porat, J. Phys. Chem. C 2016, 120,
13406.

[258] M. Liu, W. W. Tjiu, ). Pan, C. Zhang, W. Gao, T. Liu, Nanoscale
2014, 6, 4233.

[259] F. Zhang, L. Qi, Adv. Sci. 2016, 3, 1600049.

[260] M. Acerce, D. Voiry, M. Chhowalla, Nat. Nanotechnol. 2015, 10,
313.

[261] T. Fujita, Y. Kanoko, Y. Ito, L. Y. Chen, A. Hirata, H. Kashani,
O. Iwatsu, M. W. Chen, Adv. Sci. 2015, 2, 1500086.

[262] X. Lang, A. Hirata, T. Fujita, M. Chen, Nat. Nanotechnol. 2011, 6,
232.

[263] F. Meng, Y. Ding, Adv. Mater. 2011, 23, 4098.

[264] Y. Yang, G. Ruan, C. Xiang, G. Wang, ). M. Tour, J. Am. Chem. Soc.
2014, 136, 6187.

[265] C. Pang, H. Cui, G. Yang, C. Wang, Nano Lett. 2013, 13, 4708.

[266] X. Xiao, H. Song, S. Lin, Y. Zhou, X. Zhan, Z. Hu, Q. Zhang, |. Sun,
B. Yang, T. Li, L. Jiao, J. Zhou, . Tang, Y. Gogotsi, Nat. Commun.
2016, 7, 11296.

[267] L. Huang, B. Yao, ). Sun, X. Gao, ). Wu, ). Wan, T. Li, Z. Hu,
J. Zhou, J. Mater. Chem. A 2017, 5, 2897.

[268] W. Yao, ). Wang, H. Li, Y. Lu, J. Power Sources 2014, 247, 824.

[269] B. Zhao, Z. Shao, J. Phys. Chem. C 2012, 116, 17440.

[270] T. T. Chen, H. P. Liu, Y. J. Wei, I. C. Chang, M. H. Yang, Y. S. Lin,
K. L. Chan, H. T. Chiu, C. Y. Lee, Nanoscale 2014, 6, 5106.

[271] Z. Ling, C. E. Ren, M.-Q. Zhao, . Yang, |. M. Giammarco, J. Qiu,

M. W. Barsoum, Y. Gogotsi, Proc. Natl. Acad. Sci. USA 2014, 111,

16676.

B. Gao, X. X. Li, X. L. Guo, X. M. Zhang, X. Peng, L. Wang, |. J. Fu,

P. K. Chu, K. F. Huo, Adv. Mater. Interfaces 2015, 2, 1500211.

[273] ). Bell, R. Ye, K. Ahmed, C. Liu, M. Ozkan, C. S. Ozkan, Nano
Energy 2015, 18, 47.

[274] C. Wang, Y. Ding, Y. Yuan, A. Cao, X. He, Q. Peng, Y. Li, Small
2016, 12, 4070.

[275] Z. Li, G. Ma, R. Ge, F. Qin, X. Dong, W. Meng, T. Liu, ). Tong,
F. Jiang, Y. Zhou, K. Li, X. Min, K. Huo, Y. Zhou, Angew. Chem. Int.
Ed. 2016, 55, 979.

[276] ). L. Kang, L. Y. Chen, Y. Hou, C. Li, T. Fujita, X. Y. Lang, A. Hirata,
M. W. Chen, Adv. Energy Mater. 2013, 3, 857.

[277] A. G. Pandolfo, A. F. Hollenkamp, J. Power Sources 2006, 157, 11.

[278] H. I. Becker, US Patent 2800616, 1957.

[279] R. Kétz, M. Carlen, Electrochimica Acta 2000, 45, 2483.

[280] B. E. Conway, Electrochemical supercapacitors: scientific, fundamen-
tals and technological Applications, Plenum, New York, 1999.

[281] V. Aravindan, |. Gnanaraj, Y.-S. Lee, S. Madhavi, Chem. Rev. 2014,
114,11619.

[282] G. Wang, X. Lu, Y. Ling, T. Zhai, H. Wang, Y. Tong, Y. Li, ACS Nano
2012, 6, 10296.

[283] L. Mai, F. Dong, X. Xu, Y. Luo, Q. An, Y. Zhao, J. Pan, J. Yang,
Nano Lett. 2013, 13, 740.

[272]

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[284] X. Hu, W. Zhang, X. Liu, Y. Mei, Y. Huang, Chem. Soc. Rev. 2015,
44, 2376.

[285] H. Wu, G. Chan, J. W. Choi, I. Ryu, Y. Yao, M. T. McDowell,
S. W. Lee, A. Jackson, Y. Yang, L. B. Hu, Y. Cui, Nat. Nanotechnol.
2012, 7, 309.

[286] H. Tian, F. Xin, X. Wang, W. He, W. Han, J. Materiomics 2015, 1, 153.

[287] D. Deng, J. Y. Lee, Angew. Chem. Int. Ed. 2009, 48, 1660.

[288] X. Zhu, Y. Zhu, S. Murali, M. D. Stoller, R. S. Ruoff, ACS Nano
2011, 5, 3333.

[289] Z.-S. Wu, W. Ren, L. Wen, L. Gao, ). Zhao, Z. Chen, G. Zhou, F. Li,
H.-M. Cheng, ACS Nano 2010, 4, 3187.

[290] Y. Sun, X. Hu, W. Luo, Y. Huang, ACS Nano 2011, 5, 7100.

[291] P. Meduri, C. Pendyala, V. Kumar, G. U. Sumanasekera,
M. K. Sunkara, Nano Lett. 2009, 9, 612.

[292] S. Ko, ).-I. Lee, H. S. Yang, S. Park, U. Jeong, Adv. Mater. 2012, 24,
4451,

[293] H. Zeng, D. Liu, Y. Zhang, K. A. See, Y.-S. Jun, G. Wu, J. A. Gerbec,
X. Ji, G. D. Stucky, Chem. Mater. 2015, 27, 7331.

[294] G. Zhou, D.-W. Wang, P.-X. Hou, W. Li, N. Li, C. Liu, F. Li,
H.-M. Cheng, J. Mater. Chem. 2012, 22, 17942.

[295] X. Wang, G. Shi, Energy Environ. Sci. 2015, 8, 790.

[296] H. Danuta, U. Juliusz, US Patent 3043896, 1962.

[297] ). Guo, Y. Xu, C. Wang, Nano Lett. 2011, 17, 4288.

[298] L. Li, Z. P. Wu, H. Sun, D. Chen, ). Gao, S. Suresh, P. Chow,
C. V. Singh, N. Koratkar, ACS Nano 2015, 9, 11342.

[299] Z. Wang, Y. Dong, H. Li, Z. Zhao, H. Bin Wu, C. Hao, S. Liu,
J. Qiu, X. W. Lou, Nat. Commun. 2014, 5, 5002.

[300] H. Wang, Y. Yang, Y. Liang, J. T. Robinson, Y. Li, A. Jackson, Y. Cui,
H. Dai, Nano Lett. 2011, 11, 2644.

[301] G. Zheng, Q. Zhang, ). J. Cha, Y. Yang, W. Li, Z. W. Seh, Y. Cui,
Nano Lett. 2013, 13, 1265.

[302] L. Zeng, F. Pan, W. Li, Y. Jiang, X. Zhong, Y. Yu, Nanoscale 2014, 6,
9579.

[303] H. Ye, Y.-X. Yin, S. Xin, Y.-G. Guo, J. Mater. Chem. A 2013, 1, 6602.

[304] G. He, S. Evers, X. Liang, M. Cuisinier, A. Garsuch, L. F. Nazar,
ACS Nano 2013, 7, 10920.

[305] C. Zhang, H. B. Wu, C. Yuan, Z. Guo, X. W. Lou, Angew. Chem. Int.
Ed. 2012, 57, 9592.

Adv. Sci. 2017, 4, 1700107 1700107 (32 of 32)

www.advancedscience.com

[306] L. Xiao, Y. Cao, . Xiao, B. Schwenzer, M. H. Engelhard, L. V. Saraf,
Z. Nie, G. ). Exarhos, ). Liu, Adv. Mater. 2012, 24, 1176.

[307] Z. Dong, ). Zhang, X. Zhao, ). Tu, Q. Su, G. Du, RSC Adv. 2013, 3,
24914,

[308] Y. Yang, G. Yu, J. J. Cha, H. Wu, M. Vosgueritchian, Y. Yao, Z. Bao,
Y. Cui, ACS Nano 2011, 5, 9187.

[309] Z. Wei Seh, W. Li, J. ). Cha, G. Zheng, Y. Yang, M. T. McDowell,
P.-C. Hsu, Y. Cui, Nat. Commun. 2013, 4, 1331.

[310] X. Tao, ). Wang, Z. Ying, Q. Cai, G. Zheng, Y. Gan, H. Huang,
Y. Xia, C. Liang, W. Zhang, Y. Cui, Nano Lett. 2014, 14, 5288.

[311] X. Liang, C. Hart, Q. Pang, A. Garsuch, T. Weiss, L. F. Nazar, Nat.
Commun. 2015, 6, 5682.

[312] H. Yao, G. Zheng, P.-C. Hsu, D. Kong, . J. Cha, W. Li, Z. W. Seh,
M. T. McDowell, K. Yan, Z. Liang, V. K. Narasimhan, Y. Cui, Nat.
Commun. 2014, 5, 3943,

[313] W. Li, Z. Liang, Z. Lu, X. Tao, K. Liu, H. Yao, Y. Cui, Nano Lett.
2015, 15, 7394.

[314] F. Sun, ). Wang, D. Long, W. Qiao, L. Ling, C. Ly, R. Cai, J. Mater.
Chem. A 2013, 1, 13283.

[315] X. Liang, C. Y. Kwok, F. Lodi-Marzano, Q. Pang, M. Cuisinier,
H. Huang, C. ). Hart, D. Houtarde, K. Kaup, H. Sommer,
T. Brezesinski, J. Janek, L. F. Nazar, Adv. Energy Mater. 2016, 6,
1501636.

[316] Q. Zhang, Y. Wang, Z. W. Seh, Z. Fu, R. Zhang, Y. Cui, Nano Lett.
2015, 15, 3780.

[317] Y. Tao, Y. Wei, Y. Liu, ). Wang, W. Qiao, L. Ling, D. Long, Energy
Environ. Sci. 2016, 9, 3230.

[318] J. Jiang, ). Zhu, W. Ai, X. Wang, Y. Wang, C. Zou, W. Huang, T. Yu,
Nat. Commun. 2015, 6, 8622.

[319] J. Zhang, H. Hu, Z. Li, X. W. Lou, Angew. Chem. Int. Ed. 2016, 55,
3982.

[320] X. Q. Niu, X. L. Wang, D. H. Wang, Y. Li, Y. . Zhang, Y. D. Zhang,
T. Yang, T. Yu, ). P. Tu, J. Mater. Chem. A 2015, 3, 17106.

[321] K. M. Abraham, Z. Jiang, J. Electrochem. Soc. 1996, 143, 1.

[322] T. Ogasawara, A. Débart, M. Holzapfel, P. Novék, P. G. Bruce,
J- Am. Chem. Soc. 2006, 128, 1390.

[323] Q.-C. Liu, J.-J. Xu, D. Xu, X.-B. Zhang, Nat. Commun. 2015, 6,
7892.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



