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The ever-increasing demand of electricity storage is a growing challenge among a broad range of

renewable energy sources. The development of high-energy storage devices has been one of the most

important research areas in modern days. In particular, rechargeable batteries and electrochemical

capacitors are recognized as the primary power sources for applications from portable electronic devices

to electric vehicles. In order to power the emerging flexible/stretchable electronics, power sources

themselves must be able to accommodate high levels of deformation and stretchability in addition to

high energy and power density, light weight, miniaturization in size, safety qualification, and other

significant characteristics. Utilizing carbon nanotubes (CNTs) for various energy storage applications such

as electrodes in lithium ion batteries and supercapacitors, are under close scrutiny because of the

promising electrochemical performance in addition to their extraordinary tensile strength and flexibility,

ultrahigh surface area, and excellent thermal and electrical conductivity. Recently, there has been

growing interest in investigating CNT macro-films with large-scale organized nanostructures of desired

shape and form and unique and enhanced properties: integrity and stability to realize the scaled-up

energy storage devices. In this perspective, research efforts in assembling 2-D CNT macro-films using a

chemical vapor deposition method and their applications for different energy storage devices including

stretchable supercapacitors, supercapacitors working under extreme conditions such as high

temperature and high pressure, and lithium–ion batteries are discussed. In details, this paper provides

an original overview involving the effect of compressive stress on the electrochemical behavior of

flexible supercapacitors assembled with CNT macro-film electrodes and electrolytes with different anions

and cations; the demonstration of the dynamic and galvanic stability of stretchable supercapacitor using

buckled CNT macro-films by an in situ dynamic electrochemical testing method; the understandings on

the self-discharge mechanisms of CNT macrofilm-based supercapacitors from both electrode and

electrolyte aspects; and the investigation of the electrochemical properties of the tandem structure of

active materials (e.g. thin porous silicon film and CuO) with CNT macro-films acting as a flexible and

adhesive layer between the active layers and current collectors for lithium–ion batteries. Future research

on CNT macro-films-based lithium–sulfur batteries and lithium–air batteries is also discussed.

Broader context

Energy storage devices (supercapacitors and Li–ion batteries) with high power and energy density, reliable robustness working in complex conditions such as

high temperature and compression as well as exibility/stretchability attracted more attention for the growing demanding of portable electronics, electric

vehicles and stationary electrical grids. Self-assembled carbon nanotube macro-lms with tailored electrical and mechanical properties can be congured into

2D or 3D (stacking multiple layers) structures, therefore have the potential to develop large-area planar or bulk porous electrodes with superior performance

than traditional materials for energy storage applications. Single-walled carbon nanotube (SWNT)macro-lm-based energy storage devices have been intensively

studied recently, and such research efforts are still growing. An in-depth review of these technologies is very signicant to related elds at present time. This

perspective article focuses on unique applications enabled by pure or hybrid SWNT lms including stretchable supercapacitors, pseudocapacitors, and Li–ion

batteries based on particularly designed SWNT with buckled structures or SWNT composites. In addition, key characteristics of SWNT macro-lms with respect

to practical applications in high temperature and stress conditions are discussed, and self-discharge mechanism is explored and analyzed. Finally, future

directions in Li–sulfur and Li–air batteries are outlined.

1. Introduction

As concern grows over fossil fuel usage and its ever-aggravating

impact on global warming, environments, and the crisis of
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natural resource depletion, research and development on

energy in the 21st century is focused on a broad range of

renewable energy sources (e.g. solar and wind). In addition to

the challenge of harnessing the renewable clean energy sources

to generate electricity, electricity storage, i.e. the administrable

ability to capture, store, and deliver the generated power based

on practical need, becomes a dominant science and technology

issue with the increasing productivity of electricity generation

and the demand of portable electronics, electric vehicles, and

stationary electrical grids.

Currently, the development of high-energy and high-power

energy storage devices focuses on two major types of power

sources: rechargeable lithium–ion batteries (LIBs) and electro-

chemical capacitors (also known as supercapacitors or ultra-

capacitors) because of their complementary advantageous

performance in energy density and power density aspects. From

the Ragone plot (Fig. 1)1 with specic energy versus specic

power of various energy storage devices, LIBs overmatch

supercapacitors in terms of the energy density (120–200 W h

kg�1),2,3 but have a lower power density in the range from 0.4 to

3 kW kg�1 and a shorter cycle life (<1000 cycles).4

In comparison with LIBs, typical supercapacitors, including

electric double layer capacitors (EDLCs) and pseudocapacitors,

have a lower energy density of about 5–8 W h kg�1 but a higher

power density (5 to 30 kW kg�1), owing to the ultrafast charge–

discharge capability for a single cycle. The supercapacitors also

have the advantage of a longer life, exhibiting an extremely high

cyclic stability of more than 100 000 cycles.1,5,6 Nevertheless,

supercapacitors suffer from rapid self-discharge (SDC) which

remains a signicant challenge to limit their energy retention.7,8

Thus, it is necessary to understand the SDC mechanisms

associated with specic electrodes and electrolytes in order to

realize the tunable energy retention of supercapacitors.

However, LIBs and supercapacitors are still insufficient for

the long term demand of transport and electricity storage

(electric vehicles and smart grids). It promotes new technolo-

gies for electrochemical cells with different working mecha-

nisms from LIBs. Lithium–sulfur (Li–S) and lithium–air (Li–air)

batteries are two promising battery systems with extremely high

theoretical specic energy of 2567 W h kg�1 and 3505 W h kg�1,

respectively9,10 for the future.

In addition to having a higher power density and higher

energy density, as well as long cyclic performance, the future

aim for electrochemical energy storage devices need to also

possess reliable robustness when working in various specic

and even extreme environments, e.g. with temperatures ranging

from�40 to 160 �C,11 under ultra-low and high pressure, and for

special use in exible/stretchable electronic devices when

stretching to high levels of deformation (>100%),12 to ensure the

low maintenance level for future consumer, industrial, military,

and space applications.

Carbon-based nanomaterials have structural diversity in

different forms such as activated carbons,13 templated

carbons,14 carbide-derived carbons,15 activated carbon fabrics,16

carbon bers,17 carbon aerogels,18 carbon nanotubes (CNTs),19,20

carbon nanohorns,21 carbon onions,22 and the emerging gra-

phene23–25 or graphene composite26–28 in recent research. They

have been widely used and extensively studied as electrode

materials, due to their high conductivity, high surface area (up

to 2000 m2 g�1),29 excellent anti-corrosion property, high

temperature stability, controllable porous structure, compati-

bility in composite materials, and relatively low cost.30 They are

currently incorporated into such energy storage devices as

electro-conductive additives,31 ideal substrate for active mate-

rials,32 electrocatalysts,33 and intercalation hosts.34 Compared

with other carbon nanostructured materials and regular CNTs

in a powder form, CNT macro-lms with controllable web-like

networks that are self-assembled by CNTs as building units

show unique and superior mechanical robustness, thermal

stability, and electrical conductivity (10 000–100 000 S cm�1) in

a more stable and exible integrity which is ideal for energy

storage device applications.35 In this article, we are primarily

concerned with CNT macro-lm-based energy storage devices

and summarize a series of works on supercapacitors and LIBs

based on single-walled carbon nanotube (SWNT) macro-lms

with the corresponding investigation of the unique character-

istics of the lms as electrodes in the following sections:

1 stretchable supercapacitors using the buckled SWNT

macro-lms

2 electrochemical behavior of SWNT macro-lm-based

supercapacitors under compressive stress

3 pseudocapacitors using SWNT/MnO2 hybrid macro-lms

4 effect of temperature on SWNT macro-lm-based

supercapacitors

5 self-discharge process of SWNT macro-lm-based

supercapacitors

6 lithium–ion batteries with the sandwiched structure of

SWNT/CuxOy/Cu composites as anode

7 lithium–ion batteries with the tandem structure of porous

Si–SWNT composites as anode
Fig. 1 Ragone plot for various electrochemical energy storage devices. Repro-

duced with permission from ref. 1 ª2008, Macmillan Publishers Limited.
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We also envision and provide perspectives towards the

SWNT macro-lms to be employed in future work on Li–S and

Li–air batteries.

2. SWNT macro-films

2.1. Fabrication of SWNT macro-lms

Large-scale fabrication of SWNT lms with homogeneous and

controllable size and porous structure could be achieved by

various approaches including post-processing methods: LB

technique,36 vacuum ltration,37 drying drop,38 and direct

synthesis: arc-discharge39 and chemical vapor deposition

(CVD).40 Although the multi-step post-treatment methods are

usually capable of precisely controlling the desired orientation,

morphology, and pore sizes of the SWNT lms, the complicated

processing techniques and time-consuming shortcomings

extremely limit the large yield of the products in practical

applications. Therefore, a more direct, simple and cost-effective

way is needed and was successfully developed.41 The typical

synthesis process is to use the solid volatile mixture of ferro-

cene–sulfur powders (atomic ratio Fe : S ¼ 10 : 1) as precursors

by a modied oating CVD method. It has two separate phases:

deposition and growth. During the deposition, the ferrocene

with a relatively low sublimation point (�100 �C) is introduced

with the carrier gas ow of argon (200 mL min�1) into the

central reaction zone of the furnace from the inlet of a ceramic

tube. The ferrocene then starts pyrolysis at a high temperature

to generate a carbon source and iron catalyst. The growth was

carried out at 1150 �C with a mixed gas ow of argon (1500 mL

min�1) and hydrogen (150 mLmin�1). Sulfur acts as an additive

to promote SWNT growth as well as to enhance the growth

rate of SWNTs. It was widely recognized that sulfur is predom-

inant in controlling the wall number of CNTs. It is found that

large-area SWNT macro-lms with uniformity (randomly

homogeneous entanglement of SWNT bundles) and conform-

ability (distribution of the nanotube diameter ranges from 0.8

to 1.3 nm as shown in Fig. 2) could be collected from the entire

tube with a large diameter. This is the result of a reverse gas ow

generated from the central hot zone to the cold ends due to the

pressure difference between them. The thickness of the lms

can be adjusted by controlling the amount of the precursor

mixtures, substrate position in the tube, and reaction time.

This method to deposit SWNT macro-lms directly has three

advantages compared with other direct synthesis. First, the

precursor system only contains two solid state components and

no liquid or additional carbon source (e.g. methane,42 hexane,43

and xylene44) and catalysts are required. Second, it demon-

strates that the lms can be deposited on various exible

substrates from metallic foils (copper, stainless steel,

aluminum, nickel etc.) to polymer lms which could be placed

at both cold ends of the inner tube. Last but not the least, the as-

deposited SWNT macro-lm with up to 200 cm2 area is easily

peeled off from substrates without any damage and could also

be transferred to current collectors and further cut into any

desired shapes and sizes or maintained in a free-standing form

when used as electrodes for electrochemical cells (Fig. 3).

2.2. Unique properties of SWNT macro-lms

The as-synthesized SWNT macro-lms have a porous structure

with large surface area and contain impurities of iron catalysts

derived from the pyrolysis of ferrocene and amorphous carbon.

These characteristics make them a potential cathode catalyst for

Li–air batteries. Meanwhile, the lms also exhibit a hydro-

phobic property on the surface which enables the protection of

organic electrolyte and lithium metal as anodes from deterio-

ration by the water vapor in air and consequently will improve

the life of cells. Post purication such as heat treatment in air at

450 �C for 0.5–1 h or slight oxidation by immersion in 30%H2O2

solution for 72 h and rinsing with acid (37% HCl) can remove

the impurities and transform the initial hydrophobic surface to

hydrophilic by increasing hydroxyl, carboxyl, and other func-

tional groups without damaging the integrity of the lms. The

puried macro-lms still hold the porous structures. The

presence of oxygen-containing functional groups could enhance

the adhesion of the SWNT macro-lms with current collectors

and be coupled with other active electrode nanomaterials such
Fig. 2 Distribution of the nanotube diameter from SEM image (left) and BET

measurement (right).

Fig. 3 (a) SWNT macro-film on the metal substrates is cut to various shapes. (b)

Free-standing SWNT macro-films. (c and d) Disk electrodes punched by SWNT

macro-films on Cu foils.
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as MnO2,
45 V2O5,

46 Fe2O3,
47 LiNi0.4Mn0.4Co0.2O2,

48 LiFePO4,
49

and sulfur50 to form nanocomposites for pseudocapacitors,

LIBs, and Li–S batteries. Aer functionalization (oxidation), the

high electrical conductivity of the lms is little impacted. The

thinnest lm (<50 nm) obtained in our lab by using the similar

method with tunable growth rate of SWNT still has a sheet

resistance of�45U,�1 with an optical transparency of as high

as 80%. When the lms are disassembled into tiny pieces under

ultrasound, their intrinsic properties of sticky surface and web-

like morphology would maintain, making them a potential

binder additive with high conductivity. In addition, SWNT

macro-lms can be buckled in a periodic wavy form that

exhibits excellent stretchability up to 50% pre-strain, and it is

also notable that the electrical resistance experienced no

remarkable change even under 50% tensile strain. Combination

of these unique properties from high exibility and deform-

ability to superior electrical conductivity, adhesive surface, and

the hydrophobic–hydrophilic transformation, awards the

SWNT macro-lms to open a promising eld worth the inves-

tigation and research of their potential applications in electro-

chemistry, especially in energy storage.

3. SWNT macro-film-based electrodes for
supercapacitors

A typical supercapacitor consists of two electrodes (positive and

negative) immersed in electrolyte and a separator that electri-

cally isolates them. According to different operation mecha-

nisms, supercapacitors are classied into two major types:

electrical double layer capacitors (EDLCs) and pseudo- or redox-

capacitors. The EDLC is charged and discharged by the creation

and release of the electrical double layers through the accu-

mulation of electrolyte ions at the electrode/electrolyte inter-

face. In EDLCs, the capacitance is contributed by electrostatic

interactions of electron and dielectric materials on interfaces of

electrodes and electrolytes and the energy is stored in the

double layers (Fig. 4). The double layer capacitance, Cdl, at each

electrode interface is given by eqn (1) (ref. 51)

Cdl ¼
3A

4pt
(1)

where A is the surface area of the electrode, 3 the dielectric

constant of the charge space, and t is the thickness of the

double layer. It is the large surface-area (�2000 m2 g�1 for

carbon-based) and the extremely short distance between the

double layers that contribute to the high specic capacitance

(50 Fg�1).52 This is a non-Faradaic process which means there is

no charge transfer across the interface and no net ion exchange.

In contrast, the pseudocapacitor involves a Faradaic process in

which charge transfer takes place between free ions in electro-

lyte and the solid electrode materials through the reversible

redox reaction at the electrode/electrolyte interface. This

process is similar to the charge and discharge of batteries where

the passage of Faradaic current occurs. The supercapacitors

based on transitionmetal oxides (e.g. RuO2,
53MnO2 (ref. 54) and

NiO55) with redox sites and conductive polymers (e.g. polyani-

line56 and polypyrrole57) utilizing reversible electrochemical

doping–dedoping belong to this type.

Based on the types of electrolyte, the supercapacitors can be

mainly divided to aqueous, including acidic solutions such as

H2SO4,
58 neutral solutions (e.g. Na2SO4 (ref. 59)), and alkali

solutions (KOH60), and nonaqueous, including organic solu-

tions such as tetraethylammonium tetrauoroborate (TEABF4)

in polycarbonate (PC),16 and ionic liquids.52 The voltage window

of the supercapacitor is determined by the electrolyte. The

aqueous supercapacitors usually have a very narrow voltage

window as low as about 1.2 V while it can be extended beyond 3

V by switching to an organic electrolyte.

Specic capacitance Cs (Fg
�1) is usually considered in order

to evaluate and compare the electrode materials for super-

capacitors, which is calculated from eqn (2):

Cs ¼
Ci

W
; i ¼ p or n (2)

where Ci is the electrode capacitance (i ¼ p stands for positive

and i ¼ n stands for negative) and W is the mass of electrode

materials. Cyclic voltammetry (CV) and galvanostatic charge–

discharge (GCD) techniques are the two most common

approaches to measure the specic capacitance. For the two-

electrode cells, the average Cs (�Cs) is calculated according to eqn

(3) using CV:8

Cs ¼

2

ðV2

V1

iðVÞdV

mvDV
(3)

where V1 and V2 (in unit of V) are the lower limit and upper limit

of potential in a cyclic potential sweep, respectively;DV¼ V2� V1,

is the voltage window; v is the scan rate (V s�1); i(V) is the current

as the function of voltage, and m is the total mass of both elec-

trode materials. In the same system, the �Cs is worked out by GCD

measurement from eqn (4):61

Cs ¼
4Q

DV �m
(4)

where Q is the total capacity stored and released in a single cycle

of charge and discharge;DV is the voltage window pre-set for the

cycling test, and m is the overall mass of electrode materials.

(Except when specically denoted, all of the specic capacitanceFig. 4 The scheme of electrical double layer capacitors (EDLCs).
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results in the following sections for the SWNT macrolm-based

supercapacitor are obtained by CV and GCD.)

From eqn (2), the specic capacitance of the cell is domi-

nated by the smaller one between the specic capacitance of two

electrodes. In addition, the electrochemical performance of the

supercapacitors is also evaluated in terms of energy density (E)

and power density (P) expressed in eqn (5) and (6):8,61

E ¼
1

2
CV 2 (5)

P ¼
1

4Rs

V 2 (6)

where the C denotes the capacitance, V is the operation voltage,

and Rs is the equivalent series resistance (ESR). It can be clearly

deduced from eqn (5) and (6) that increasing V and C while

reducing Rs will boost the E and P concurrently as well as effi-

ciently. Thus, tremendous efforts have been taken in developing

new materials with high specic capacitance and low ESR for

the non-aqueous supercapacitors that have a large stable

voltage window. Reducing the ESR will improve the power

density of the supercapacitors.58 On the other hand, as

mentioned above, the capacitance in double layer is dominated

by the electrode surface area and layer thickness that depends

on the pore sizes. Therefore, it is believed that forming free

standing SWNT macro-lms with high electric conductivity,

large specic surface area, and tunable porous structure will

enable the fabrication of supercapacitors without any binder

and current collector. It will increase the specic capacitance

and reduce the internal resistance greatly, improving both the

energy and power density. It has also been demonstrated that

the pseudocapacitors will increase both the working voltage and

the specic capacitance of the supercapacitors but suffer from

relatively low power density due to the slow kinetics of the

Faradaic process. This motivates the study of nanocomposites

by combining SWNT macro-lms with active electrode mate-

rials as electrodes for pseudocapacitors.

3.1. Stretchable supercapacitors based on buckled SWNT

macro-lms

Stretchable electronics that could offer excellent stretchability

responding to large deformation ([1%)62,63 have attracted

considerable attention in very recent years with the emergence of

many realistic applications that traditional rigid electronics

cannot achieve, such as the wearable photovoltaics,64 sensors,65–67

organic light emitting diode (OLED),68 the electronic imaging

‘eyeball’,69 and etc. To accommodate the need for bending,

stretching, compressing, and twisting of these exible and

stretchable electronics, energy storage devices, as critical as the

engine to the vehicle and the heart to the human, should also be

integrated with similar physical properties, i.e. exibility and

stretchability, to power these electronics. However, there is a

competitive relation between the high mechanical stretchability

and areal capacity because the stretch-induced large distances

between the active regions in these stretchable power sources

would reduce the large area of these regions that the high capacity

requires. One strategy is to rely on elastomeric substrates on

which the rigid active material (e.g., Si, GaAs) thin lms are

fabricated and buckled as described in previous reports by J. A.

Rogers et al.70,71 The wavy lms aer buckling will enhance the

interaction with electrolyte and inhibit the decrease of coverage of

their active regions effectively. On this basis, the intrinsically

deformable SWNT macro-lms are buckled to a periodically

sinusoidal pattern shown in scanning electron microscopy (SEM)

images (Fig. 5a and b) for the stretchable supercapacitor.72 The

design of this supercapacitor is exploiting two sheets of low

modulus (2 MPa) polydimethylsiloxane (PDMS) with the buckled

SWNTmacro-lms as electrodes, 1 M TEABF4 in PC as electrolyte,

and the non-elastomeric lter paper as separator. In details, the

PDMS substrates were stretched to a desired strain level and then

were treated by 185 nm UV light to chemically activate surface.

The puried SWNT macrolm with extensive –OH groups was

then laminated and aligned against the prestrained, UV-treated

PDMS substrates along the direction of the prestrain to form

covalent –C–O–Si– bonds through condensation reactions.72 The

periodically buckled structure is formed spontaneously aer

releasing the prestrain in the PDMS due to the mechanical

competition between the compliant PDMS and relatively stiff

SWNT lm. The sinusoidal pattern's parameters with a wave-

length of 2 mm and an amplitude of 0.4 mm predicted by

nonlinear mechanic analysis agree remarkably well with the SEM

images. It exhibits an excellent reversible stretchability in the

range of prestrain (up to 40%) showing no apparent dissociation

or debonding between the buckled SWNT macrolm and PDMS

for a large prestrain (>30%). The good interface between them is

attributed to the strong interfacial bonding between the hydro-

philic surface (terminated with –OnSi(OH)4�n functionality) of

UV-treated PDMS and the puried SWNT macrolm with

hydroxyl (–OH) groups through condensation reactions, and also

plays a signicant role in dominating the mechanical stability of

the supercapacitor under stretching states.

The electrochemical properties of the supercapacitors with

and without 30% uniaxial tensile strain remain unchanged as

shown in Fig. 5c and d. The specic capacitance maintains at

50 Fg�1 and presents a high stability up to 1000 cycles at the high

constant current density of 1 Ag�1. The electrical resistance is also

remained while being stretched because the buckled SWNT

macro-lms are able to accommodate the applied tensile strains

by self-adjusting the wavy pattern's parameters (increasing the

wavelength and decreasing the amplitude). It demonstrates the

feasibility of the buckled SWNT macro-lms with attractive

features in stretchable supercapacitors for the rst time.72

Aerwards, a variety of stretchable supercapacitors have

been developed. L. Hu et al.73 reported that the supercapacitors

with SWNT-soaked conductive brous textile electrodes and

stretchable fabric as separator have an areal capacitance up to

0.48 F cm�2, the highest result comparable to the commercial

values for SWNT. The specic capacitance retains at 62 Fg�1

with and without the strain up to 120% for 100 times, showing a

good cycling stability up to 8000 cycles with the retention of

capacitance as high as 94% at the constant current density of 1

mA cm�2. Additionally, stretchable graphene,74 SWNT/conduc-

tive polymer composites,75 and other innovative wearable

supercapacitors with high stretchability (>100% strain) came
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into the scope of people. However, few of them involves in situ

monitoring and investigating the electrochemical behavior of

supercapacitors under dynamic cycling stretch, but the ex situ

electrochemical measurement under a static strain (SS) state.

Following the pioneer work on the buckled SWNT macrolm-

based supercapacitors,69 a fully stretchable supercapacitor con-

structed with the same components as the previous work except

the elastomeric polyurethane (PU) instead of the non-elastomeric

lter paper as stretchable separator has been successfully devel-

oped.76 The in situ electrochemical performance under dynamic

stretching/releasing (DSR) cycles with different stretching strain

rates has been examined and evaluated.

It has revealed that the specic capacitances calculated by

the CV method at scanning rates from 50 mV s�1 to 2 V s�1 for

both the DSR mode and the SS mode are higher when at the

maximum strain (31.5%) than at 0% strain. The CV curves

(Fig. 6a) at the DSR mode shi between that at 0% SS mode and

at 31.5% SS mode. The trend of the shi frequency increase is

consistent as the dynamic strain is raised. Under the GCD test

(Fig. 6b) at 10 Ag�1, the supercapacitor at the DSR mode also

exhibits a higher areal capacitance of 3.47 mF cm�2 at 31.5%

strain than 2.64 mF cm�2 when 0% strain is applied. The

improved capacitance when stretched is attributed to the

increased area of the electrolyte/electrode interface and

the facilitated ion diffusion kinetics induced by the applied

strain. This is reected on the results of the electrochemical

impedance spectroscopy (EIS) measurement shown in Fig. 6c,

where both the charge transfer resistance and Warburg diffu-

sion resistance (WoR) are observed to be signicantly decreased.

The capacitive behavior is highly reversible and stable within

only 2% uctuation at the DSR mode and the different

stretching/releasing rates (1.11%, 2.22% and 4.46% strain per s)

could result in slight deviation of electrochemical performance.

It is noted that the average normalized specic capacitance of

the supercapacitor at 1.11% strain per s is slightly lower (�1%)

than that at 2.22 strain per s and 4.46% strain per s. It is found

Fig. 5 (a and b) SEM images of buckled SWNT macro-films. (c) The comparison of specific capacitance for the supercapacitors based on buckled SWNT macro-films

under 30% strain, buckled SWNT macro-films without pre-strain and pristine SWNT macro-films.
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that increasing the dynamic strain rate would lead to the

decreasing of WoR from EIS analysis. This is in agreement with

the self-discharge process which becomes slower as the strain

rate is lowered. The cyclic stability has also been evaluated by

studying the capacitance retention for 1000 cycles at 10 Ag�1

following a long-time of DSR cycles at different dynamic strain

rates in advance. It shows both the high capacitance retention

of 98.5% aer DSR cycling at 1.11% strain per s and of 94.6%

aer deep DSR cycling at 4.46% in Fig. 6d. The microscale

schematic illustrated in Fig. 7 explains how the ion diffusion

process varies dynamically at the electrode/electrolyte interface

when a strain is applied. Under the DSR mode, the moving of

electrolyte inside the cell during stretching/releasing will favor

the increase of diffusion ions. It is believed that such in situ

electrochemical measurements under the DSR mode are more

realistic and practical to evaluate and reveal the true perfor-

mance of not only the stretchable supercapacitors but also all

the stretchable devices.

In summary, it has been demonstrated success in assem-

bling and operating the reversibly stretchable supercapacitors

using the buckled SWNT macro-lms as electrodes, which have

controllable wavy geometries and extremely high mechanical

stretchability with the utility of PDMS as elastomeric substrates.

The stretchable supercapacitors exhibit an excellent electro-

chemical performance and high cycling stability under both in

situ dynamic and ex situ static stretching.

3.2. Electrochemical behavior of SWNT macrolm-based

supercapacitors under compression

The exible supercapacitors in thin geometrical forms (e.g. thin

lm) are rapidly developed and embedded in the emerging

exible electronic products in the market, such as the OLED

panel display, electronic paper/books, etc. to provide power. In

all cases, products with the key characteristic of deformability

have to accommodate the deformation in terms of various types

of mechanics including compression, bending, and stretching

in operation. As the most common force, when a pressure is

applied to the exible devices, the embedded supercapacitor

will also experience a signicant compressive stress/strain. It is

necessary to understand the fundamental characteristics of

pressure effects on the supercapacitors to ensure their safety

and reliable functionality. Hence, the effect of compression on

the electrochemical performance of exible supercapacitors

consisting of SWNT macro-lm electrodes and 1 M aqueous

electrolytes with different anions and cations were thoroughly

investigated. The dependence of pressure on the ion size and the

interfacial wettability of different electrolytes with the SWNT

macro-lm electrode are preliminarily discussed.77 The super-

capacitor is assembled in a pouch cell (Fig. 8a) on which the

initial pressure is considered as zero. The uniaxial stress is

applied vertical to the surface of the SWNTmacro-lm electrodes

by a hydraulic press. As manifested in the SEM image in Fig. 8b,

the SWNT lm presents a combination of mesoporous and

macroporous structure, which allows ions in electrolyte to fully

access almost the whole effective surface area of the lm to

establish the double layer capacitance as schematically illustrated

in Fig. 8c. As a result, the counterions are expected to quickly

reside at the electrolyte/electrode interfaces and accumulate in

the double layer by electrostatic force at the distance of the outer

Helmholtz plane. Such a supercapacitor is considered to be an

exohedral supercapacitor with a higher power density. Mean-

while, complete ionization to generate free-moving ions in the

aqueous electrolyte is another prerequisite condition that is

crucial for the following pressure experiments and analysis.

Two groups of aqueous electrolytes have been employed: one

group is alkaline solutions containing LiOH, NaOH, and KOH,

denoted as group A; the other is solutions of neutral salts

including LiCl, NaCl, KCl, and KNO3 as group B. The specic

capacitances of the electrolytes in group A exhibit an increasing

Fig. 6 (a) The CV curves for the fully stretchable supercapacitors in three modes:

static 31.5% strain; DSR; and static 0% strain at a scan rate of 100 mV s�1. (b)

Comparison of the normalized capacitance (normalized by the initial capacitance

under static 31.5% strain) with different strain rates. (c) Nyquist plots of the

supercapacitors under different strain rates. (d) Capacitance retention at DSR

1.11% and 4.46% rates after long cycling. Reproduced with permission from ref.

73 ª2012, American Chemical Society.

Fig. 7 The microscale schematics of the electrode/electrolyte interface in the

fully stretchable supercapacitor without and with strains. Reproduced with

permission from ref. 73 ª2012, American Chemical Society.
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trend before reaching a stable saturated stage as the pressure

rises over 70 kPa up to a maximum value of 1724 kPa, while for

group B the capacitances of the electrolytes basically stay stable

with increasing pressure. It is also noted that with the same

cation (K+), the capacitance sequence NO3� > Cl� > OH� in

terms of different anions has a positive correlation with the

wettability sequence of corresponding anions NO3� > Cl� > OH�

under the same pressure. The trend of the capacitance for group

A is attributed to the increasing surface wettability induced by

the increasing applied pressure until reaching an utmost state.

This is also reected on the trend of CV curves in that the shape

becomes more rectangular under the pressure over 70 kPa as

shown in Fig. 8e, indicating an ideal capacitive behavior. At the

maximum pressure, the specic capacitances for both groups A

and B containing different cations show Li+ > Na+ > K+ because

the capacitive behavior of the exohedral supercapacitor is still

dependent on the hydrated cation sizes. The capacitance

increases with the decrease of the ion size (K+ > Na+ > Li+) since

smaller cations can access more electrode/electrolyte interfaces

and contribute to more charge storage.

The under-pressed resistive features of the supercapacitors

were also studied by means of EIS. It is found that the series

resistance, the charge transfer resistance, and the Warburg

diffusion resistance decrease under an increased pressure from

0 to 1724 kPa. Typically, the Nyquist plot of EIS is divided into

two regions by the “knee” frequency, where the high frequency

semi-circle is attributed to the charge transfer process occurring

at the electrode/electrolyte interface while the low-frequency

tails represent the Warburg nite-length diffusion stage.36 The

increasing “knee” frequency induced by the applied pressure

presents a highest frequency of 1172 Hz for all electrolytes

under the maximum pressure of 1724 kPa. It suggests that the

“threshold” frequency for charging the supercapacitor is

improved up to 1172 Hz, signicantly higher than reported

values (a few Hz to 300 Hz),13,78,79 indicating an excellent high-

power capability.

This work not only provides fundamental insight of pressure

effects on the electrochemical behavior of supercapacitors, but

also gives an important guideline for the packaging process and

predicting the durability of exible supercapacitors.

Fig. 8 (a) Schematic of supercapacitor assembly with SWNT electrodes. (b) SEM image of the SWNT film electrode (c) Schematic representation of the cations/anions

(Li+/Cl�) in aqueous electrolyte/SWNT electrode interface under pressure (d) EIS results with “knee” frequency of the SWNT supercapacitors under increasingly applied

pressures. (e) Specific capacitance increase trend under pressure for LiCl electrolytes. (Inset: CV curves with increasing pressure level at 50 mV s�1 scan rate.) (f) EIS results

under large pressure applied, where the pressure effect reaches relatively stable phase, in terms of charge transfer resistance. The knee frequency reaches 1172 Hz at

1723.96 kPa. Reproduced with permission from ref. 74 ª2010, American Chemical Society.
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3.3. Pseudocapacitors based on SWNT/MnO2 hybrid macro-

lms

Pseudocapacitors can deliver a capacitance 10–100 times that of

EDLCs because they not only store charges in the double layer

but also take advantage of the charge transfer through the fast

and reversible Faradaic reactions.80 It requires that electrode

materials have electrochemically redox activity with the elec-

trolytes. In general, conductive polymers and the electroactive

metal oxides constitute this type of supercapacitors. Despite the

high conductivity and highly reversible storage capacity the

conductive polymers possess, it would unfortunately suffer

swelling and shrinking during the redox process (ionic inter-

calation/deintercalation), resulting in the mechanical degrada-

tion of the polymer electrode and fading of electrochemical

performance during cycling of less than 1000 cycles.81,82 In

contrast, metal oxides have a better stability while undergoing

more than 10 000 cycles but worse conductivity, which

compromises the fast electrochemical Faradaic reactions.83

RuO2,
84–87 MnO2,

88–90 Co3O4,
91 NiO,92 and V2O5,

93 which have

redox couples of transition metal ions and allow the facile ion

interconversion of O2� + R+
4 OR�, have been extensively

investigated. To overcome the drawbacks of low conductivity

and low power density, the concept of nanocomposite

combining metal oxides with carbon nanomaterials, in partic-

ular CNTs, has been proposed and intensively studied. The

CNTs have many signicant effects in nanocomposites as

follows:52

� The inherent superior conductivity of CNTs could improve

the electrical conductivity of nanocomposites greatly.

� The large specic surface area of CNTs could favor the

dispersion of metal oxide nanoparticles.

� That CNTs induce more porosity to the nanocomposite

electrode facilitates the charge transfer by providing more

channels for electrolyte access and reducing the ion diffusion

distance.

� The functional groups on the surface of CNTs could enable

the transport of solvated ions to the electrolyte/electrode inter-

faces and increase the Faradaic reaction sites of metal oxides.

The electrochemical performance of various carbon–metal

oxide nanocomposites reported in the literature is summarized

in Table 1 as follows:

Although RuO2 has an ultrahigh specic capacitance over

1300 Fg�1 when reduced to nanoscale in various structures to

increase the surface area and paths of diffusion,81 MnO2 with

similar high theoretical capacities over 1100 Fg�1, in addition to

low cost, eco-friendliness, and natural abundance attracts more

attention and research efforts to reduce the use of or replace

precious metal eventually.82 Compared with a diversity of other

strategic routes to fabricate the MnO2/CNT nanocomposite

such as electrodeposition,94 hydrothermal method,95 mechan-

ical mixing,96 etc., in situ deposition of MnO2 nanoparticles on

SWNT macro-lms at room temperature (RM) to form SWNT/

MnO2 hybrid lm is more facile and effective. A modied

method is developed based on the simple precipitation to

synthesize the nanostructured MnO2 through direct reduction

of KMnO4 by ethanol.97 The electrode with the puried SWNT

macro-lm is simply immersed in ethanol and in situ deposition

occurs between the absorbed ethanol molecules on the surface

of SWNT macro-lms and the dropwise added KMnO4, as

illustrated in Fig. 9. Within 0–30 min of reaction, the SWNT

bundles are deposited by a layer of MnO2 nanoparticles with

controllable mass as shown in the SEM images (Fig. 9b and c).

The resulting SWNT/MnO2 electrodes aer being rinsed in

deionized water and dried naturally at RM without any other

post-treatment are then assembled into a symmetric two-elec-

trode cell in 1 M TEABF4/PC electrolyte. The SWNT/MnO2

hybrid macro-lms have a maximum capacitance of 151 Fg�1

based on the total mass of the SWNT/MnO2 hybrid macro-lm

and 595 Fg�1 based on themass of MnO2 only at 2 mV s�1 in the

CVmeasurements. The CV curves at an extremely high scan rate

of 2 V s�1 also present a typical rectangular shape, analogous to

non-faradaic processes such as EDLCs. This indicates a highly

reversible Faradaic reaction of MnO2 due to the improved

conductivity by SWNT. For the GCD test at a small current

density of 0.1 Ag�1, the energy density could reach 70 W h kg�1

while keeping a high power density of 79 kW kg�1. At 2 Ag�1, the

Table 1 Electrochemical performance of various carbon–metal oxide nanocomposites reported in the literature

Metal oxides–carbon
nanocomposites

Amount of metal

oxides loading
(%)

Specic capacitance

based on composite electrodes
(F g�1)

Specic capacitance

based on metal oxides alone
(F g�1) Electrolyte References

RuO2/carbon black 27 221 854 1 M H2SO4 85
RuO2/carbon black 40 407 863 1 M H2SO4 85

RuO2/CNT 17 — 1192 0.5 M H2SO4 86

RuO2/graphene 38.3 — 570 1 M H2SO4 87

MnO2/CNT/PEDOT-PSS 60 — 129 1 M Na2SO4 88
MnO2/carbon 70 218 — 1 M Na2SO4 89

MnO2/carbon 83 166 — 1 M Na2SO4 89

MnO2/graphene oxide 90.7 197.2 211.2 1 M Na2SO4 90

Co3O4/graphene 24.4 — 243.2 6 M KOH 91
NiO/CNT 50 523.37 1037.74 6 M KOH 92

NiO/CNT 80 326.2 405.5 6 M KOH 92

V2O5/CNT 80 288 — 1 M LiClO4 93
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specic capacitance remains stable for 1000 cycles in the range

from 118 Fg�1 to 121 Fg�1, which is three times that for the

pristine SWNT macro-lm electrodes (�40 Fg�1). The hybrid

macro-lms also exhibit an excellent cycling stability up to

15 000 cycles with a high capacitance retention of 98.5% at a

current density as high as 50 Ag�1. Four major advantages of the

SWNT/MnO2 hybrid macro-lms are inherited from the SWNT

lms: binder free, robustness, high conductivity, and excellent

ion paths owing to the porous structure of the SWNT macro-

lms. This facile synthesis demonstrates a cost-efficient and

large-scale production of psedocapacitors in industry.

3.4. Effect of temperature on the capacitance of SWNT

macrolm-based supercapacitors

Supercapacitors that could offer high energy and power densi-

ties and at the same time withstand a variety of rigorous

temperature conditions such as repeated heating and cooling,

continuous heating, etc. have become extremely desirable for

military and space applications. Particularly in hybrid electric

vehicles, supercapacitors can be coupled with fuel cells or

batteries to deliver the high power and withstand the long

heating–cooling cycles during vehicle start-up/acceleration and

braking to recover the energy. Based on the free-standing SWNT

macro-lms and 1M TEABF4 in PC with a higher decomposition

temperature than aqueous electrolytes, we have successfully

developed an organic supercapacitor that can be operated stably

in a wide temperature range from 25 to 100 �C within a large

voltage window (�1.5 V to 1.5 V).98 The electrochemical

performance of supercapacitors as a function of temperature at

25, 50, 75 and 100 �C was studied. Within such a wide

temperature window of 25–100 �C, the supercapacitors behave

as ideal rectangular shapes in CV curves with a specic capaci-

tance range between 30 and 40 Fg�1 (at 50 mV s�1). The pseu-

docapacitive peaks in CV became increasingly distinct with the

temperature increases, corresponding to the occurrence of the

reversible Faradaic reactions which resulted from the phys-

isorbtion of electrolyte ions on the modied surface of SWNTs by

electrolyte vapor evaporated at a high temperature.99,100 EIS

analysis by tting the Nyquist results using a modied Randles

equivalent circuit indicates that higher temperature operation

could improve the diffusivity of ionic charges and hence the

electrochemical performance of the supercapacitors. The long

cycle GCD measurements also conrm the enhancement of the

supercapacitor performance when returning to room tempera-

ture aer repeated heating and cooling cycles and the stability

Fig. 9 (a) Schematic illustration of the synthesis of MnO2/SWNT hybrid macro-films and the corresponding snapshots of the reaction process. (b) SEM image of pure

SWNTmacro-films. (c) SEM image of MnO2/SWNT hybrid macro-films after MnO2 deposition. (d) CV curves of MnO2/SWNTelectrodes measured at different scan rates.

(e) Comparison of specific capacitances between MnO2/SWNT electrodes based on total mass of hybrid macro-films and mass of MnO2 and pure SWNT electrodes at

different scan rates. (f) Ragone plots of MnO2/SWNTelectrodes and SWNTelectrodes compared with Ni–MH and Li–ion batteries. Reproduced with permission ª2012,

Elsevier Ltd.

Fig. 10 (a) The capacitance of SWNT macro-film supercapacitors under 25 and

100 �C at different current densities of 20 Ag�1, 50 Ag�1 and 100 Ag�1 with

cycles. (b) Capacitance retention under 25 and 100 �C at the current density of 20

Ag�1. Reproduced with permission from ref. 98 ª2009, American Chemical

Society.
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under such rigorous condition. The supercapacitor is capable of

withstanding high current densities at 20, 50 and 100 Ag�1,

yielding a specic power density value of 55 kW kg�1. An ultra-

long GCD cycling over 200 000 cycles at 25 �C and 100 �C under

the constant current density of 20 Ag�1 reveals the excellent

stability with high capacitance retention of 82% and 84%,

respectively (Fig. 10). The thorough evaluation of the temperature

effect on electrochemical behavior as well as the kinetics and the

diffusion mechanism in the SWNT macrolm-based super-

capacitors in 1M organic electrolyte prove their potential usage as

power sources that can operate at high temperatures.

3.5. Self-discharge process of SWNT macrolm-based

supercapacitors

The self-discharge (SDC) is an intrinsic and undesirable

phenomenon to all the electrochemical energy storage devices,

which leads to fast fading of capacity stability and is detrimental

to the long life usage of the power sources. However, SDC,

generally thermodynamically driven by the higher state of

potential energy, for a supercapacitor is substantially higher

than those for LIBs.8 Thus, understanding the SDCmechanisms

of supercapacitors and associated dominant factors is crucial to

obtaining the supercapacitors with tunable energy retention. In

our previous work on the SDC of EDLCs in the assembly of active

carbon bers (ACF) in organic electrolytes,101 the corresponding

SDC processes were proposed under three major conditions of

different driving forces: potential eld V, ion concentration

gradient Vc, and their synergetic effect, assuming no chemical

reaction occurs during the charge and discharge. The variation

of the SDC processes is a result of the competition between the

strength of driving forces. We have systematically examined the

SDC processes of the supercapacitors with the free-standing

SWNT macro-lms as electrodes and 1 M TEABF4 in PC as

electrolyte102 under different temperatures from the charged

state. Compared with the ACF–TEABF4 system, the SDC curves

aer charging with different current densities Ic from 10 mA g�1

to 1 Ag�1 at 25 �C exhibit a much higher discharging rate and a

smaller initial voltage drop as Ic increases, indicating both the

excellent electrical and ionic conductivity of the SWNT macro-

lm electrodes. As the ACF–TEABF4 case implied, the potential

eld V would take control of the SDC for a supercapacitor with a

high initial voltage and a low specic capacitance.

Nevertheless, it is unusual that for the SWNT–TEABF4
supercapacitors, the SDC behavior could neither be explained

by the single potential driving (SPD) model

V ¼ Vie
�
t
s
;

(where Vi is the initial voltage; t is time and s is the time

constant) despite the higher initial voltage and lower specic

capacitance they possess; nor by the diffusion-control model (V

N t1/2). Instead, it is interestingly noted that the SDC could be

tted by a “divided potential driving” (DPD) model which

contains two split SDC processes following independent SPD

models with different discharging rates. In the DPD model, the

SDC behavior begins with a mixed mechanism linearly

combining two SPD phases together and develops to a SPD

process at a transition voltage VT as shown in Fig. 11. The DPD

model is expressed in eqn (7):

Fig. 11 Experimental SDC curves (black) and the fitting curves in DPD model (red) and SPD model (blue) marked with transition voltage VT. Reproduced with

permission from ref. 90 ª2011, The Royal Society of Chemistry.
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V ¼ V1e
�t/s1 + V2e

�t/s2 + V0, s1 > s2 (7)

The ratio V2/V1 represents the relative amounts of ions that

contribute to the faster (smaller s) and slower (larger s) SDC

processes corresponding to the two SPD components. In further

analysis, the division of V1e
�t/s1 and V2e

�t/s2 corresponds to the

co-existed strong bonding and weak bonding between electrolyte

ions and electrodes respectively, which acts as the barrier

impeding charges that are self-discharged out of the Helmholtz

double layer. The V2e
�t/s2 part of the equation vanishes quickly as

the faster SDC process is nished at the VT since where the DPD

model merges to become a SPD model. The variation of the

strong bonding and weak bonding derives from interference of

the functional groups on the surface of SWNTs: the small

amounts of functional groups may weaken the initial strong

bonding between SWNT and ions by electrostatic interaction.

This new “DPD/ SPD” SDC model is veried by expanding to a

large temperature range (�25 �C to 75 �C). Overall, the proposed

“DPD / SPD” SDC model will shed light on selecting an

optimum condition combination (e.g. charge current density and

SDC temperature) to tune the supercapacitors' energy retention.

4. SWNT macro-film-based electrodes for
LIBs

Compared with supercapacitor, lithium–ion battery with a high

voltage window beyond 3 V and much higher energy density

ranging from 100Wh kg�1 to 150Wh kg�1 is already widely used

in portable electronics (e.g. laptops and cell phones), especially

with the popularization of the smart phones.103 A typical structure

of a commercial LIB consists of a graphite anode, a cathode

formed by lithium metal oxide such as LiCoO2, and a separator

embedded in an organic electrolyte containing a lithium salt (e.g.

1 M LiPF6 in 1 : 1 of diethyl carbonate (DEC) and ethylene

carbonate (EC) by volume). The schematic in Fig. 12 illustrates

the working principle of LIBs involving the electrochemical

reactions at both electrodes in eqn (8) and (9):

LiCoO2 �������! �������

charge

discharge

Li1�xCoO2 þ xLi
þ þ xe� cathode (8)

6Cþ xLi
þ
�������! �������

charge

discharge

LixC6 anode (9)

The anode is the source of lithium ions and the cathode

serves as the sink for the lithium ions. The electrolyte promotes

the ionic transport which is separated from the electronic

transport that happens in the external circuit via electron ow

to supply power. Throughout the charging process, lithium

migrates from the cathode (LiCoO2 in this case) through the

electrolyte and is intercalated into the graphite anode (LixC6).

During discharge, the movement of lithium is in a reverse

process: Li ions are extracted from the anode and intercalated

into the cathode.

The reversible capacity of LIBs during charge and discharge

is determined by the reversible Li+ transport between electro-

lyte and electrode. The theoretical specic capacity of the

active electrode materials is the maximum Li+ which can be

stored in the matrix of the materials per unit mass calculated

by the maximum stoichiometry of the reversibly-lithiated

products (e.g. the LixC6, x # 1). GCD is the most common

method to evaluate the specic capacity, high-rate capability,

and cyclic stability of LIBs at various constant current densi-

ties. However, there is a tremendous amount of electrode

materials with a considerable difference in theoretical specic

capacity. Thus, in order to better implement the measure-

ments, it is convenient to dene the current density applied to

an arbitrary material with the theoretical specic capacity to

make it nish a one-time charge or discharge within 1 h to be

1 C. For example, the theoretical specic capacity for SnO2 is

781 mA h g�1,104 so 1 C for the GCD test is 781 mA g�1. This

method is widely adopted for both academic and industrial

use. In addition, CV and EIS are also relied on to evaluate the

electrochemical performance.

Currently, the electrochemical performance of LIBs is mainly

limited by the deterioration in the poor conductivity (partly due

to the deposition of insulating products), morphology and

microstructure change, volumetric expansion and contraction,

as well as the irreversible phase transformation associated with

the active electrode materials during the cycling of lithium ion

insertion and extraction.105 In order to ameliorate the challenge

to develop next-generation LIBs with a high power density and

long lifetime, nanomaterials with a diversity of structures or

architectures are intensively explored due to the unique

advantages as follows:105

� Large surface area increases the contact area between

electrolyte and electrode and the number of active sites for

electrode reactions.

� Shortened diffusion length for Li ions and electrons

transport into the solid state electrode materials with nano-

sized dimensions and meso- or macro-porous structure.

� Enhanced ionic and electronic conductivity by introducing

conductive additives or assembly of nanocomposite.

� Improved mechanical strength and structural integrity

which undergo long-term cycling.

The SWNT macro-lms perfectly possess all the four char-

acteristics above and hence hold the promise to combine with

other active materials to form novel nanostructured composites

as binder-free electrodes for high performance LIBs. The

followings are just two examples to illustrate different func-

tionality of the SWNT macro-lms for LIB anodes.Fig. 12 The schematic illustration of the working principle of Li–ion batteries.
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4.1. In situ formation of sandwiched structures of SWNT

macro-lm/CuxOy nanocomposites

The unique property of the SWNT macro-lms, that they can be

deposited on exible substrates, should be reiterated for the LIB

applications because it extremely simplies the processing of

electrode preparation by shortcutting the material-to-electrode

steps in production. The electrodes can be fabricated by direct

deposition of the SWNT macro-lms on current collectors (for

instance, copper foils as anodes) for LIBs. Both the structure

and the electrochemical property of the anodes assembled in

two-electrode test cells with Li metal as a reference and counter

electrode in a electrolyte of 1 M LiPF6 in EC:DEC have been

investigated.

As discussed in previous sections, the SWNTmacro-lms are

composed of entangled SWNT bundles in perfect structural

uniformity, which has formed good adhesion with the Cu-foil

substrate.106 It is worthy to note that a thin layer of copper oxide,

which has been conrmed by XPS measurements, was formed

at the interface between the SWNT macro-lm on the top and

the Cu substrate at the bottom during the direct deposition

process. A typical schematic of such a sandwiched structure

with SWNT macro-lm/CuxOy/Cu in a half cell conguration is

shown as the inset of Fig. 13a. The differential capacity plot and

cyclic voltammetry show the reversible peaks at around 1.8 V

corresponding to CuxOy, conrming the formation of the

copper oxide layer. The sandwiched system exhibits an excellent

capacity of 220 mA h g�1, even at an ultrahigh current density of

50 C. The high rate capability of the SWNT/CuxOy/Cu sand-

wiched system is attributed to the following reasons:

(1) Li insertion reaction into the copper oxide would lead to

the formation of Cu nanoparticles (CuO + 2Li+ + 2e� / Li2O +

Cu), as shown in Fig. 13b. The presence of the resulting Cu

nanoparticles at the electrolyte/electrode interface from

migrating into the SWNT bundles with the ooding of electrolyte

could improve the electronic conductivity remarkably and play a

catalytic role in facilitating the Li ion transfer rate across the

interface. The decrease in the resistivity and the activation energy

favors the Li ion diffusion even at a high charge–discharge rate.

Also, the highly conductive SWNT macro-lm over the copper

oxide layer will further enhance the electron exchange reactions.

Fig. 13 (a) Comparison of the charge–discharge performance of the batteries with the Cu/CuxOy/SWNT sandwiched structure as electrode and the Cu/SWNT film

electrode. Inset: schematic illustration of the sandwiched structured SWNT/CuxOy/Cu anode. (b) Photographs of heated Cu foil and the copper foil after the first

discharge cycle. From the color on the surface of the coils, it is clear that the copper oxide is converting into copper during the Li insertion (discharge) process.

Reproduced with permission from ref. 95 ª2009, American Chemical Society.
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(2) In the reverse reactions by removal of Li ions, there is a

formation of Cu2O nanoparticles by the decomposition of

Li2O.
107 During this disproportion reaction, there is always an

oxygen evolution reaction and the evolved oxygen is expected to

be physiadsorbed by the SWNT macro-lm. The adsorption of

oxygen by SWNT would increase the electrical conductivity by at

least two orders of magnitude.108 The improved electronic

properties during the electrochemical insertion of Li ions

contributed to the high rate performance (50 C) of the sand-

wiched composite electrodes.

The above mentioned inferences and analysis have been

further conrmed by EIS measurements. It is found that elec-

trical impedance of the cell with the sandwiched structure

(SWNT/CuxOy/Cu) is much lower than that of the cell without

the intermediate copper oxide layer (SWNT/Cu). Therefore, the

improvement in electrochemical performance involving a

sandwiched composite architecture could be extended to

provide guidance to SWNT macro-lm/other metal oxides

systems for LIB electrodes.

4.2. Tandem structures of porous silicon/SWNT macro-lm

Silicon (Si) is one of the attractive anode materials for LIBs

because of a low discharge potential (�0.3 V versus Li+/Li) and the

highest known theoretical charge capacity of 4200 mA h g�1 (one

mole of Si is able to accommodate 4.4 moles of Li leading to

formation of an Li22Si5 alloy).
109However, the severe drawbacks of

pulverization and early capacity fading due to the large volu-

metric change (400%) upon insertion and extraction of lithium

limit the development of an Si-anode.110 One common strategy is

to explore the Si in nano-sized structures to improve the elec-

trochemical properties. Among various successfully-synthesized

Si nanostructures such as nanoparticles,111 nanowires,112 and

nanotubes,113 Si lm in nano-dimension is preferred in compat-

ibility with semiconductor techniques for scale-up production

without any binder; however, the good adherence and contact

between the Si lm and a current collector withmodied surfaces

by complicated chemical etching, electroplating, and other

treatments is hard to maintain during cycling, which is detri-

mental to the cyclic stability and lifetime for LIBs.114,115

Fig. 14 Up-left: schematic representative (cross-section view) of structural evolution of silicon film upon charge–discharge cycling with the SWNT macrofilm as a

buffer layer between the deposited Si film and the copper current collector. Up-right: SEM images of as-prepared Si–SWNT–Cu sample with columnar grain feature and

the porous structure after 40 cycles as an electrode. Bottom: comparison of cycling performance of the batteries with Si–Cu, Si–SWNT–Cu and SWNT–Cu samples as

electrodes at constant current 0.02 C in the first cycle, and 0.1 C in the remaining 40 cycles. Reproduced with permission from ref. 105 ª2010, American Chemical

Society.
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The SWNT macro-lms are intrinsically exible and can be

deformed when a load applies. It is expected that they can act

as a buffer layer between the Si lms and the current collectors

to better accommodate stress induced by Li ion insertion.

Thus, we have successfully demonstrated a tandem structure

formation of a thin porous Si lm (�300 nm) on a SWNT

macro-lm via physical deposition as anodes for LIBs.116 The

reversible specic capacity of the Si–SWNT composite retains

2221 mA h g�1 with 82% retention aer 40 cycles of charge and

discharge at 0.1 C, compared with a faster degradation of

capacity and poor retention (42%) for the Si–Cu control

sample without the SWNT layer, indicating that the tandem

structure has a better stability than that of the pure Si lm

(Fig. 14 bottom). Structural evolution of such a tandem

structure during cycling have shown (Fig. 14 top-right) that the

initial convex morphology with caps of cone-shape “lattices”

of the Si lm is evolved to be a porous structure aer releasing

the internal stress by removing some small pieces of Si cones,

as illustrated in the schematic (Fig. 14 top-le). However, the

Si lm aer cycling still holds tightly onto the SWNT macro-

lm, exhibiting an excellent robustness towards volumetric

expansion due to Li-insertion and also the good adhesion of

the SWNT lm between Si and the copper substrate. EIS

measurements show that the charge transfer resistance of the

pure Si lms increases signicantly during cycling in

comparison with that of the tandem Si–SWNT samples. The

larger electrochemical reaction resistance for the pure Si

sample is caused by the electronic contact loss during the

lithiation/delithiation process. These results are in agreement

with SEM observations and cyclic performance.

In summary, the deformable SWNT macro-lms with a large

specic surface show success as a buffer layer to mitigate the

volumetric expansion and shrinkage of Si lms for LIBs.

The tandem structure offers an effective solution for a high-

performance LIB based on the Si thin lm as an anode.

5. Future directions for Li–S and Li–air
batteries based on SWNT macro-films

The rapid progress of electric vehicle technologies demands

innovation of new battery chemistry beyond Li–ion systems and

this signicant step change in energy storage is migrating to Li–

S and Li–air batteries with capacity over at least a factor of 5-fold

higher than that of LIBs.

Li–S battery

The battery conguration of Li–S is different from that of

conventional LIBs, so therefore is the working principle as

illustrated in Fig. 15. A typical Li–S battery is similar to the half

cell assembly for electrochemical characterization. It is

composed of lithium metal as anode, and sulfur, which is

usually embedded in the conductive supporting materials (e.g.

conductive polymer117 and carbon118) instead of the lithium

transition–metal oxide or phosphate in the LIBs, as cathode.

The rechargeability of Li–S is mainly relying on the redox

reactions:

S8 þ
16

n
Li 4

8

n
Li2Sn; 1# n# 8: (10)

Sulfur is reduced by lithium to a series of intermediate pol-

ysuldes Li2Sn (1 < n < 8). Although it has only 2/3 of the

potential of that for cathodes in LIBs such as LiCoO2, this is

offset by the super high theoretical capacity of 1675 mA h g�1

due to the light weight of sulfur and the large amounts of Li ion

transfer (up to 8 moles of Li ions for 1 mole of sulfur).119

However, sulfur is a highly electrically and ionically insulating

material and as a cathode it would suffer from active mass loss,

low Coulombic efficiency, and rapid capacity fading caused by

the “shuttle effect” that the soluble polysuldes Li2Sn (3 < n < 8)

transport between cathode and anode cyclically.120 During

cycling, the soluble polysuldes would react with lithium anode

directly to precipitate the insulating Li2S2 and Li2S on the

anode, decreasing the conductivity of lithium while the Li2S2
and Li2S can reduce the Li2Sn (n ¼ 8–10) to Li2Sn (3 < n < 8),

which will diffuse back to the cathode to be re-oxidized.120

To improve the electrochemical activity and cyclic stability of

Li–S batteries, the most common strategy is to incorporate

sulfur into a host matrix with mesoporous structures to hinder

the “shuttle effect”. Carbon nanomaterials with a high pore

volume show the promise to be employed as the host to form

carbon/sulfur composites as illustrated in Fig. 16. L. F. Nazar

et al.119 have reported that sulfur can be conned in the inter-

connected channels of the mesoporous carbon CMK-3, exhib-

iting a high reversible capacity up to 1320 mA hg�1 with an

improved cyclic stability. CNTs with the unique hollow tube

structures are also considered as an ideal framework to design

new architectures such as a homogenous highly-dispersed

sulfur/CNT nanocomposite121 and CNT–S in a core–shell struc-

ture122 to immobilize the sulfur molecules from dissolving into

electrolytes.

However, there still exist limitations to extend the life of

battery beyond 100 cycles with high a Coulombic efficiency as

well as stable capacity retention by using simply physical con-

straining of sulfur in CNT and other carbon nanomaterials.

Therefore, it is expected that amore effective method for further

improvement is to create stronger interaction (e.g. chemical

bonding) between the sulfur molecules and carbon materials

and also to reduce the size of the octatomic S8 molecules to

smaller S6 or S2. Following this idea, Chen122 et al. reported a

hierarchical S/MWNT (multi-walled CNT) architecture that is

Fig. 15 The scheme of the working mechanism of Li–S batteries.
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synthesized by coating sulfur uniformly on the surface of

functionalized MWNT. C. Wang et al.123 also demonstrated the

improved cycling stability and Coulombic efficiency for the

sulfur impregnated in the disordered CNTs by the infusion of

smaller sulfur molecules at a high temperature. Recently, K.

Amine et al.124 and A. Manthiram et al.125 reported the nano-

composite of sulfur and mesoporous carbon and graphene,

respectively, which are formed via hydroxyl groups of carbon

nanostructured materials by a one-step deposition reaction.

It is envisioned that SWNT macro-lm/S nanocomposite

could be developed by the similar one-step deposition of sulfur.

The oxygen-containing functional groups of the SWNT macro-

lms aer purication could provide more sites to fasten

highly-dispersed sulfur at a higher percentage. The nano-

composite can be used directly as the cathode without binder

for Li–S batteries to enhance the electrochemical performance.

Li–air battery

Based on different electrolytes, Li–air batteries could be classied

into two groups: aqueous and nonaqueous. The nonaqueous Li–

air batteries have became the focus of research due to their most

promising quality of rechargeability. The nonaqueous Li–air

battery is typically composed of a metallic lithium anode, an

electrolyte comprising a lithium salt dissolved in a nonaqueous

organic solvent, and a porous O2-breathing cathode. The working

mechanism is schematically shown in Fig. 17a. During the

discharge of the cell, Li metal offers Li ions by oxidation at the

anode: Li / Li+ + e�. The electrons ow through an external

circuit to perform work in the load and reduce the oxygen at the

cathode with the lithium ions generated from the anode in a

reversible route: 2Li+ + O2 + 2e�4 Li2O2. The process is reversed

upon charging.126 In the nonaqueous Li–air batteries, porous

carbon materials with a high conductivity and large surface area

(e.g. super P active carbon black) are recognized and oen chosen

as the ideal architectures for the O2 breathing cathode to facilitate

the electrochemical reactions. Pore size is a key parameter to the

electrochemical performance of Li–air batteries. The optimum

pore size distribution is anticipated to be in the range of 10–

200 nm.120 If the pores are too large, the resulting low surface area

may compromise rate and rechargeability while if the pores are

too small, the solid insulating product Li2O2 may ll in the pores

and block the O2 access, slowing the rate as well as decreasing the

electrochemical activity of the electrode. It also requires that the

cathode has a good wettability with the electrolyte and could

prevent H2O and CO2 while only allowing O2 to penetrate.127

Thus, it is expected that the SWNT macro-lms with a tunable

micro-to-meso-porous structure and hydrophobic surface as

shown in Fig. 17b and c hold the potential to be a qualied

cathode material.41

The existence of a large overpotential gap between charge

and discharge voltages for Li–air batteries results in inefficiency

in energy storage. Various catalysts ranging from bifunctional

metal such as Pt–Au128 to transition metal oxide such as a-MnO2

(ref. 129) have been incorporated with porous carbon materials

in order to reduce the overpotential. In Section 3.2, the SWNT/

MnO2 hybrid macro-lm that has been demonstrated to possess

promising electrochemical properties in pseudocapacitors is

likely to be extended to Li–air batteries with good functionality.

6. Summary and perspectives

In this perspective, we have described the fabrication method

and unique properties of the SWNT macro-lms. We have also

investigated the applications of the SWNT macro-lms in

various energy storage devices. It is well-known that every

potential application benets from a combination of two or

more dominant properties of the SWNT macro-lms including

structures, electronics, electrochemistry, and so on. Thus,

instead of evaluating the functionality of the SWNTmacro-lms

encapsulated in discrete devices one by one, it is meaningful to

extract the common or related characteristics out of these

various energy storage devices based on the SWNT macro-lms

and to overlook them in a systematical view.

Pre-known properties of CNTs

The inherent superior conductivity, large specic surface area,

and porous structure will facilitate the charge transfer by

providing more channels for electrolyte access and reducing the

ion diffusion distance.

Stretchability

By buckling SWNT macro-lm in a wavy form, the stretchable

supercapacitor can be realized to withstand the large strain

Fig. 16 Carbon nanomaterials with high pore volume as the host to form

carbon/sulfur composite to immobilize sulfur. Reproduced with permission from

ref. 108 ª2009, Macmillan Publishers Limited.

Fig. 17 (a) The scheme of Li–O2 batteries. (b) The SEM image showing micro-to-

meso-porous structure of SWNT macro-films. (c) The photograph of the hydro-

phobic surface of the SWNT macro-films. (b) and (c) are reproduced with

permission from ref. 37 ª2007, The Royal Society of Chemistry.
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(>30%) generated from large stretching ([1%). The assembly

of a fully-stretchable supercapacitor with elastomeric separator

and the buckled SWNT macro-lm is achieved and tested by in

situ electrochemical measurements under dynamic stretching/

releasing cycles.

Thermo- and mechanical-stability

The supercapacitor is capable of working with a good cyclic

stability regardless of being under repeated heating and cooling

cycles between 25 �C and 100 �C or a high compressive stress up

to 1724 kPa.

Enhancement of electrochemical performance by external

factors applied

Both the static stretching and dynamic stretching/releasing

condition will favor the ionic diffusion to enhance the specic

capacitance compared with the pristine SWNTmacro-lms. The

increasing surface wettability induced by the increasing applied

pressure will contribute to the excellent high-power capability of

the SWNT macrolm-based aqueous supercapacitors. The

higher temperature can facilitate the diffusion of ionic charges

to improve the capacitance of the supercapacitors. The cyclic

stability of the LIB in Si–SWNT tandem-structure is enhanced

due to the fact that internal stress of Si lms induced by Li ion

insertion/extraction is alleviated extensively by the deformable

SWNT macro-lms with large specic surface as a buffer layer.

Signicant effects of functional groups

The presence of oxygen-containing functional groups on the

surface of the SWNT macro-lms aer purication can enhance

the adhesion of the SWNT lms with PDMS elastomer through a

strong interfacial bonding (covalent bonds –C–O–Si–) in the

stretchable supercapacitors; enable the transport of solvated ions

to the electrolyte/electrode interfaces and increase the Faradaic

reaction sites of MnO2 nanoparticles in the pseudocapacitor

based on the SWNT/MnO2 hybrid macro-lms; lead to the vari-

ation of the strong bonding and weak bonding by interference of

the initially strong electrostatic interaction and is responsible for

the “DPD/ SPD” SDCmodel; and enhance the adherence to the

current collector (e.g. Cu foil) and Si thin lm.

Property changes associated with the physisorption of gases

The pseudocapacitive behavior of the supercapacitor based on

the SWNT–TEABF4 system is becoming increasingly distinct

with the temperature increases because of the physisorption of

electrolyte ions on the modied surface of SWNTs by electrolyte

vapor evaporated at a high temperature. On charging the LIBs

with the sandwich-structured SWNT/CuxOy/Cu anodes, the

resistance is decreased owing to the physisorbed oxygen by an

oxygen evolution reaction from the disproportion reaction of

Li2O on the surface of the SWNT macro-lm.

In the end, taking the signicant effect of functional groups

and the common preliminary properties of CNTs into account,

we expect that the SWNT macro-lms hold the promise in

future applications in Li–S and Li–air batteries.
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