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Energy conversion and storage are considered two of the most important technologies in today's green and

sustainable energy science. Conjugating energy harvest and storage to fabricate self-powered

electrochemical energy storage systems (SEESs) that harvest their operating energy from the environment

holds great promise to power future portable and wearable electronics. SEESs represent a new trend in

energy technologies. This review paper provides an overview of recent advances in SEESs powered by

different energy conversion technologies with an emphasis on state-of-art organic solar cells,

nanogenerators, and hybrid cells. Future challenges and perspectives of SEESs are also discussed.
1. Introduction

Global warming and the depletion of fossil fuels have imposed
serious threats to the sustainable development of human-
kind.1,2 To address these challenges, extensive research efforts
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have been devoted to the exploration and utilization of energy
from solar, wind, tidal, geo-thermal and other alternative and
renewable energy sources.3–5 Given the intermittent nature of
these energy resources, reliable energy storage systems are
necessary to store and deliver the harvested electricity in
a stable and controlled manner.6 Among the numerous energy
storage systems such as pumped hydro storage, compressed air
energy storage, and ywheel energy storage, electrochemical
energy storage (EES) systems are a key and dominating member
that has attracted increasing attention.7–10

Rechargeable batteries and supercapacitors (SCs, or elec-
trochemical capacitors) are two important technological
subclasses of EES system which have found a broad range of
applications. Currently, lithium-ion batteries (LIBs) are reigning
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over the rechargeable battery markets even though other types
of rechargeable batteries such as sodium-ion batteries,11,12

magnesium-ion batteries,13,14 and aluminum-ion batteries15,16

are emerging. Both LIBs and SCs rely on electrochemical
processes but follow different working principles, and therefore
exhibit distinct charge-storage properties.17 LIBs are based on
diffusion-controlled faradic reactions occurring in the bulk
electrodes, and thus can be slow (Fig. 1A).18 The bulk energy
storage mechanism provides LIBs with high energy densities (as
high as 180 W h kg�1 (ref. 19)) but at the same time LIBs have
limited power densities; their lifetime is also very short,
usually several hundred cycles. Differing from LIBs, SCs store
the electrical energy via either fast reversible adsorption at the
electrode/electrolyte interface (electrochemical double layer
capacitors, EDLCs, see Fig. 1B),19 or quick redox reactions
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at/near the surface (pseudocapacitors, see Fig. 1C).20–24

Therefore, SCs offer great advantages of higher power density
(>10 kW kg�1 (ref. 25)), exceptionally long cycling life (>105

cycles) and much greater reliability. Unfortunately, their
energy densities are much lower compared to those of LIBs,
usually less than 10 W h kg�1 for commercialized SCs.26

Research efforts have been directed toward improving the
performances of current LIBs and SCs17,27 or developing new
EES technologies, for example, lithium-ion hybrid super-
capacitors (LIHSs)28–30 to meet the increasingly stringent
requirements of future portable electronics.

Meanwhile, the development of sustainable self-powered or
self-sufficient systems that harvest their operating energy from
the environment holds great promise to power future portable
and wearable electronics.33–35 In particular, self-powered
Dr Ning Wang, currently a Full
Professor at the State Key Labo-
ratory of Marine Resource Utili-
zation in South China Sea,
Hainan University, China, ob-
tained a PhD degree in Materials
Science and Engineering from
Tsinghua University, China
(2007) and received two-years’
(2008–2010) postdoctoral
training in the Department of
Applied Chemistry at Nagoya
University, Japan. Dr Wang is

currently an executive deputy director of State Key Laboratory of
Marine Resource Utilization in South China Sea, Hainan Univer-
sity. His current research focuses on the fundamental science for
nanomaterials applied in energy-related materials and devices,
such as perovskite solar cells, dye-sensitized solar cells and ther-
moelectric materials.

Dr Zhanhu Guo, currently an
Associate Professor in the
Department of Chemical and
Biomolecular Engineering,
University of Tennessee, Knox-
ville, USA, obtained a PhD
degree in Chemical Engineering
from Louisiana State University
(2005) and received three-years’
(2005–2008) postdoctoral
training from the Mechanical
and Aerospace Engineering
Department at the University of

California Los Angeles. Dr Guo chaired the Composite Division of
the American Institute of Chemical Engineers (AIChE, 2010–2011)
and directs the Integrated Composites Laboratory. His current
research focuses on multifunctional nanocomposites for electronic
devices; energy storage, conversion and saving units; and envi-
ronmental remediation applications.

This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c6ta09726j


Fig. 1 Working mechanism of (A) a LIB (LiCoO2/Li
+ electrolyte/graphite),31 (B) an EDLC, and (C) a pseudocapacitor.32 Reprinted with permission

from ref. 31 and 32. Copyright (2013) American Chemical Society.

Fig. 2 Three modules of SEESs: the energy conversion and storage
units are (A) connected via external circuits, (B) connected via an
integration platform (another electrode), and (C) integrated into one
single unit.
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electrochemical energy storage systems (SEESs), in which EES
components are powered by energy conversion technologies,
are becoming highly desirable and represent a new trend in
energy technologies.36–43

Until now, versatile energy conversion technologies that
scavenge energy from individual or multiple sources have been
developed to provide a driving force for SEESs.44,45 Typical
examples include solar cells to harvest solar energy,46
Fig. 3 (A) Schematic structure65 and (B) energy diagram66 of a DSC. CB
ducting crystal, respectively. EF below the CB refers to the Fermi level o
LUMO and HOMO are short for the lowest unoccupied and highest occup
65. Reprinted from ref. 66 with permission. Copyright (2014) American C

This journal is © The Royal Society of Chemistry 2017
nanogenerators (NGs, a newly emerging eld of nano-energy
that involves the application of nanomaterials and nanotech-
nology to harness large- or small-scale mechanical/thermal
energy from the surroundings),47 and hybrid cells (HCs, multi-
mode energy harvesters that utilize power from multiple energy
sources).48

SEESs, dened by the connection module between the
energy storage system and the energy conversion system,
generally fall into three categories: (1) module I, where the
energy conversion and storage units are connected via an
external circuit, and a capacitor lter, transformer or current
converter (e.g. a rectier) may be included in the circuit for
optimum output performance (Fig. 2A); (2) module II, i.e. the
energy conversion and storage units are connected via an
integration platform (three-electrode module, see Fig. 2B); (3)
module III, that is, the energy conversion and storage units
are hybridized into one single device (two-electrode module,
see Fig. 2C). In the rst two modules, the energy conversion
and storage processes are independent, i.e. the scavenged
energy is converted into electricity and then transferred to
a SC or LIB for storage, whereas in the third module these
two processes are integrated into one step in which the energy is
directly converted and simultaneously stored as electrochemical
and VB represent the conduction and valence band of the semi-con-
f the semi-conducting crystal at a high degree of electronic doping.
ied molecular orbitals of the sensitizer, respectively. Redrawn from ref.
hemical Society.
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Fig. 4 (A) Schematic structure and (B) cross-sectional view of the coaxial energy fiber with energy conversion in the sheath and energy storage in
the core. Photocharging–discharging processes of the energy fiber under (C) bent and (D) stretched conditions. The photocharging was carried
out using a solar simulator at full-sun intensity (100 mW cm�2). The galvanostatic discharging was conducted at a current density of 0.1 A g�1

using an electrochemical station. Redrawn from ref. 88.

Fig. 5 Schematic illustration of two-electrode based SEES with inte-
grated photoelectric and storage functions. Redrawn from ref. 97.

Fig. 6 (A) Design and (B) working principle of the power pack based on
double-sided TiO2 NT arrays. Top-view at (C) lower and (D) higher
magnitude, and (E) side-view SEM images of vertically oriented
anodized TiO2 NT arrays fabricated on Ti foil at 50 V for 3 h. (F)
Photocharging–discharging curves of the power pack. The device was
discharged at a current of 100 mA and the light illumination was
100 mW cm�2. Reprinted with permission from ref. 102. Copyright
(2012) American Chemical Society.
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energy without any intermediate processes. An external circuit
is required for module I and therefore energy loss from elec-
trical resistance is expected. Yet the advantage of module I is
that it is applicable to all the energy conversion technologies,
and is the most common type for SEESs. Modules II and III are
two relatively new modules that require no external circuits,
and thus have received ever increasing attention recently.
Nevertheless, modules II and III may apply to only some
specic energy conversion technologies due to the unique
working principle of the energy conversion technology and/or
difficulty in integrating the energy conversion and storage
processes.

This review paper provides an overview of recent advance-
ments in SEESs where EESs (mainly LIBs and SCs) are inte-
grated with various energy conversion technologies with an
emphasis on state-of-art organic solar cells, NGs, and HCs.
SEESs for small-scale applications, e.g. portable & personal
1876 | J. Mater. Chem. A, 2017, 5, 1873–1894
electronics, are mainly discussed herein considering the
complexity and relatively high cost of the fabrication process of
the device at the moment. First, organic solar cells including
dye-sensitized solar cells (DSCs) & polymer solar cells (PSCs)
and their applications for SEESs are presented. Secondly, three
types of NGs, i.e. piezoelectric, triboelectric, and pyroelectric
NGs are introduced, followed by highlights in the development
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (A) Schematic illustration of the integrated wire-shaped device for photoelectric conversion and energy storage using Ti as the integration
platform, and (B) the corresponding photocharging–discharging curve (the discharging current is 0.1 mA);106 (C) structural schematic of the
integrated power fiber using PANi-SS as the integration platform and the sectional structure of the FDSC and the FSC, and (D) the corresponding
photocharging–discharging curve.107 The light illumination was 100 mW cm�2 for both devices. Redrawn from ref. 106.

Fig. 8 Schematic energy diagram and working principles of polymer–
fullerene-based PSCs. Redrawn from ref. 114.
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of NG-powered SEESs. Thirdly, advances in HCs and their cor-
responding SEESs are discussed. Finally, future challenges and
perspectives of SEESs are analyzed.
Fig. 9 (A) Schematic representation of and (B) photocharging–dischargin
illumination was 100 mW cm�2.115

This journal is © The Royal Society of Chemistry 2017
2. SEESs powered by different energy
conversion technologies
2.1 Solar cell technology

Sunlight is recognized as a green and fully renewable energy
source for the next-generation due to its abundance and negli-
gible environmental issues. The energy can be scavenged via
solar cell technologies, which directly convert sunlight into
electricity.49–54 High cost and complicated production processes
associated with traditional silicon-based solar cells greatly limit
their practical applications. In pursuit of low-cost solar cells
over the last three decades, organic solar cells such as DSCs55–59

and PSCs60,61 have become research hotspots, and have both
also been widely studied for SEES applications. No rectiers are
needed since only direct current (DC) signals are produced by
DSCs and PSCs.

2.1.1 Dye-sensitized solar cells (DSCs). DSCs have received
intense interest as a low-cost solar cell technology since their
g curve of a PSC fabricated using the layer-by-layer approach. The light

J. Mater. Chem. A, 2017, 5, 1873–1894 | 1877
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Fig. 10 (A) Schematic illustration of the structure of an all-solid-state, coaxial, and integrated fiber device (left: PSC; right: SC). (B) Photo-
charging–discharging curve at a discharging current of 0.1 mA. The light illumination was 100 mW cm�2. Redrawn from ref. 116.
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rst report in 1991.62 In terms of conversion efficiency
(hconversion, refers to the ratio of the output maximum power by
the solar cell to the input power, eqn (2.1)) and fabrication
procedures, DSCs are believed to be one of the most promising
alternatives to silicon solar cells.

hconversion ¼
FF� Voc � Jsc

Pin

(2.1)

where FF, Voc, Jsc, and Pin correspond to the ll factor, open-
circuit voltage, short-circuit current density, and incident light
power density, respectively. A typical DSC (Fig. 3A) consists of
a transparent photoanode (e.g. uorine-doped tin oxide, FTO,
with a sintered mesoporous oxide, typically an anatase-phase
TiO2 layer, sensitized with organometallic dye molecules), an
electrolyte containing a redox mediator (usually I�/I3

�) in an
organic solvent, and a platinum (Pt) cathode. Sometimes,
a compact lm made of semiconductive materials (e.g. TiO2)
between the interface of the FTO and the porous TiO2 is intro-
duced as a block layer to inhibit charge recombination between
the FTO substrate and the electrolyte, which otherwise causes
a loss of photocurrent and therefore reduces the photovoltaic
performance.63,64

A simplied energy diagram of how a DSC performs is pre-
sented in Fig. 3B. When exposed to sunlight, a photon is
absorbed by the dye, exciting an electron (I). Then the electron
is injected by the excited dye into the conduction band (CB) of
TiO2 (II) and diffuses to the current collector (III). The electron
performs work and then ows to the cathode via an external
circuit (IV). I3

� is reduced to I� in the electrolyte by receiving an
electron transferred from the Pt counter electrode (V). The
oxidized dye receives an electron from I� and is regenerated to
a neutral state (VI).

So far, the highest hconversion reported for a DSC is 14.3%
using TiO2 in the liquid electrolyte.67 Photoanodes, i.e. semi-
conducting metal oxides like TiO2, SnO2, ZnO, NbO5 and
SrTiO3, are considered to play a critical role in determining the
performance of DSCs since they serve for both the collection
and transportation of photo-excited electrons from the dye to
the external electric circuit.68,69 Endeavors to improve the
hconversion have led to enormous research efforts to optimize the
band gap, morphology, composition and thickness of the pho-
toanode metal oxides.70 Meanwhile, solid state DSCs (s-DSCs)
have also been developed using hole-transport materials
(HTMs) including organic (small molecules71 or p-type con-
ducting polymers72) or inorganic p-type semiconductors,73
1878 | J. Mater. Chem. A, 2017, 5, 1873–1894
considering durability problems as well as electrode corrosion
and electrolyte leakage arising from the use of organic liquid
electrolytes. To date, the most commonly used HTM in s-DSCs
is 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9-spirobi-
uorene (spiro-OMeTAD),74 but the tedious synthesis proce-
dure and the high cost hinder its large scale application for
commercial photovoltaics. Besides, the cell efficiencies of s-
DSCs are usually much lower compared to those of their liquid
counterparts; the record high hconversion of s-DSCs is 7.7%
using spiro-OMeTAD doped with 1,1,2,2-tetrachloroethane,75

whereas liquid DSCs with hconversion values approaching 15%
are known. The general problem of HTMs in s-DSCs is believed
to be poor lling of the nanoporous TiO2 layer that interrupts
the hole-conducting path between HTMs and the dye mole-
cules adsorbed on TiO2, as well as the low electrical conduc-
tivity of HTMs. To overcome these problems occurring in the
s-DSCs, quasi-solid electrolytes or gel electrolytes prepared by
immobilizing the liquid electrolyte using a low-molecular-
mass organogelator (LMOG) have been developed.76 These gel
electrolytes exhibit higher ionic conductivity and better pore
lling and penetration of the TiO2 lm. The highest hconversion
achieved is 9.61% employing N,N0-1,5-pentanediylbis-dodeca-
namide as a LMOG in conjunction with a TiO2 photoanode.77

However, the stability of the quasi-solid electrolyte needs to be
improved because the gelation is thermally reversible and the
electrolyte returns back to a sol above the sol–gel transition
temperature.78

To apply DSCs for SEESs applications, the most straightfor-
ward way is to simply connect two units that work indepen-
dently in series via the external circuit (module I, see Fig. 2A).79

The advantage of this setup lies in its simplicity, easy fabrica-
tion process, and low cost. Unfortunately, this conguration is
usually space consuming due to the external connection system
and has limited practical applications. More compact, more
efficient and portable SEESs are therefore preferred. To this
end, the development of ber-shaped power packs, promoted
by advancements in ber-shaped energy conversion80–83 and
ber-shaped storage devices,84–86 has recently gained ever
increasing attention. Compared with traditional two-dimen-
sional energy devices, ber-shaped energy packs feature unique
one-dimensional wire structures with micro-scale diameters.
They can be woven by conventional textile technologies and are
expected to nd promising applications in wearable devices and
smart textiles.87 Robust elastic electrodes are the key to main-
taining the performance of ber-shaped SEESs during the
This journal is © The Royal Society of Chemistry 2017
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Table 1 Structure details and key parameters of SEESs powered by DSCs and PSCs in the published papersa

SEESs
module

Shape
of SEESs

Energy
conversion
unit

Energy
storage unit Voc (V)

Jsc
(mA
cm�2)

Vmax

(V)
Charging
time Cs E P hconversion hstorage hoverall Ref.

I Fiber Liquid DSC,
photoanode:
TiO2 NTs on
Ti ber;
cathode:
aligned CNT
sheet

Symmetric
solid SC
based on
aligned CNT
sheet

0.68 14.31 0.65 Less than
1 s

6.47% 1.83% 88

II (via Pt
sheet)

Planar Liquid DSC,
photoanode:
TiO2

nanoparticles
on FTO glass;
cathode: Pt
sheet

Symmetric
liquid SC
based on
PProDOT-Et2

0.75 0.39 F
cm�2

22 mW h
cm�2

0.6 mW
cm�2

0.6% 89

II (via Pt
sheet)

Planar Liquid DSC,
photoanode:
TiO2 particles
on ITO coated
with
poly(ethylene
naphthalate);
cathode: Pt
sheet

Symmetric
liquid SC
based on
PEDOT

0.74 8.38 0.69 0.52 F
cm�2

4.37% 90

II (via Ag
foil)

Planar Solid state
DSC,
photoanode:
TiO2 on FTO
deposited
with
a blocking
layer of TiO2;
cathode: Ag
layer

Symmetric
liquid SC
based on
RuOx(OH)y
on carbon
paper

�0.9 5 0.884 800 s 3.26 F
cm�2

0.17 mW h
cm�2

0.34 mW
cm�2

3% 0.8% 98

II (via
silicon
wafer)

Planar Liquid DSC,
photoanode:
mesoporous
TiO2

nanoparticles
on FTO glass;
cathode:
carbonized
porous silicon
wafer

Symmetric
solid SC
based on
carbonized
porous
silicon wafer

0.68 11.5 0.6 1.2 0.17 mW h
cm�2 (when
Vmax is 0.64
V)

22 mW
cm�2

(when
Vmax is
0.64 V)

4.8% 2.1% 100

II (via Ni
foil)

Planar Liquid DSC,
photoanode:
TiO2 particles
on FTO;
cathode:
PEDOT coated
Ni foil

Asymmetric
liquid SC,
anode: active
carbon;
cathode:
Ni(Co)Ox on
Ni foil

0.8 8.5 0.8 500 s 32 F
g�1

2.3 W h
kg�1

31 W kg�1 4.9% 0.6% 101

II (via Ti
sheet)

Planar Liquid DSC,
photoanode:
TiO2 NTs
arrays on Ti;
cathode: Pt

Liquid LIB,
anode: TiO2

NT arrays;
cathode:
LiCoO2

3.39
(tandem
DSCs)

1.01 2.996 Less in 8
min

41% 0.82% 102

II (via Ti
sheet)

Planar Liquid DSC,
photoanode:
TiO2 NTs
arrays on Ti;
cathode: Pt

Symmetric
liquid SC
based on
TiO2 NTs
arrays
treated with

0.63 9.03 0.61 1 s 1.289
mF
cm�2

0.67 mW h
cm�2

3.17% 51.60% 1.64% 103

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 1873–1894 | 1879
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Table 1 (Contd. )

SEESs
module

Shape
of SEESs

Energy
conversion
unit

Energy
storage unit Voc (V)

Jsc
(mA
cm�2)

Vmax

(V)
Charging
time Cs E P hconversion hstorage hoverall Ref.

hydrogen
plasma

II (via Ti
wire)

Twisted
ber

Liquid DSC,
photoanode:
aligned TiO2

NTs on Ti
wire; cathode:
CNTs ber

Asymmetric
solid SC,
anode: CNTs
ber;
cathode:
aligned TiO2

NTs

0.68 8.60 0.6 0.6
mF
cm�2

0.15 mW h
cm�2

2.2% 68.4% 1.5% 106

II (via
a shared
electrode)

Fiber Liquid DSC,
photoanode:
TiO2

nanoparticles
on Ti wire;
cathode: PANI
coated
stainless steel

Symmetric
liquid SC
based on
PANI coated
stainless
steel

0.622 9.89 0.566 4.56% 46% 2.1% 107

II (via
CNT)

Fiber PSC,
photoanode:
P3HT:PCBM
coated
PEDOT/PSS-
modied ITO
glass;
cathode: Al

Asymmetric
solid SC,
anode: free-
standing
CNTs
network;
cathode:
drop-cast
CNT network

0.6 28 F
g�1

3.39% 115

II (via Ti
wire)

Fiber PSC,
photoanode:
P3HT:PCBM
coated
PEDOT/PSS-
modied
MWNT
sheets;
cathode: TiO2

modied Ti
wire

Asymmetric
solid SC,
anode:
MWNT
sheets;
cathode:
TiO2

modied Ti
wire

�0.4 0.077
mF
cm�1

0.16 mW h
cm�2

65.6% 0.82% 116

a Note: the light illumination of the photocharging for the listed published papers is 100 mW cm�2; PProDOT-Et2 and PEDOT are short for poly(3,3-
diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine) and poly(3,4-ethylenedioxythiophene), respectively.
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bending and stretching process. Using aligned CNT sheets ob-
tained from chemical vapor deposition (CVD), Yang et al.88

designed an energy ber with a coaxial structure where solar
energy was converted into electric energy in the sheath and
stored by the SC in the core (Fig. 4A). A cross-sectional illus-
tration is provided to elucidate its structure (Fig. 4B). By
connecting the photoanode (#2, helical Ti ber with perpen-
dicularly grown TiO2 nanotubes) and the cathode (#3, aligned
CNT sheets) of the outer photoelectrical-conversion unit to
electrodes (#1 and #4, aligned CNT sheets with the same
thickness) of the inner energy storage unit, the electricity con-
verted from the DSC could be stored in the SC (photocharging
process). The maximum charging voltage (Vmax) and the current
density (or charging rate) during the photocharging process are
determined by the Voc and Jsc of the solar cells, respectively.89,90
1880 | J. Mater. Chem. A, 2017, 5, 1873–1894
The DSC herein exhibited a Voc of 0.68 V and a Jsc of 14.31 mA
cm�2, and was able to fully charge the SC to 0.65 V within 1 s;
then the fully charged SC could supply electrical energy for 41 s
at a current density of 0.1 A g�1 (discharging process, where
electrodes #1 and #4 are connected to electrodes #5 and #6,
respectively). To study the potential applications for wearable
electronics, the photocharging–discharging behavior of the
energy ber was investigated under bent and stretched condi-
tions (Fig. 4C and D). The performance remained largely unaf-
fected by bending at radii of curvature ranging from 5 to 0.5 cm;
severe degradation occurred when the ber was stretched
beyond 40%.

Key parameters to evaluate the performance of SCs including
specic capacitance (Cs), energy density (E) and power density
(P) based on mass, length, area, or volume are also applicable
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 (A) The working principle of a PiENG prototype to generate electricity by deforming a ZnONW using a conductive AFM tip.120 Schematics
of (B) VINGs and (C) LINGs and their output current and voltage, and the output (D) potential and (E) current density produced by three serially-
connected VINGs.124 Redrawn from ref. 120 and 124.
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for SEESs.91,92 These parameters can be obtained using eqn
(2.2)–(2.5) through galvanostatic discharging measurements
when SC is disconnected from the DSC at the fully charged state
and then connected to an electrochemical station.

C ¼ i

�dV=dt
(2.2)
Fig. 12 (A) Schematic structure, (B) working mechanism, and (C) charg
hybridizing a PiENG and a LIB sealed in a rigid stainless-steel 2016-coin
American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
Cs ¼ C

M
(2.3)

E ¼ 0.5 � Cs � V2 (2.4)

P ¼ E

td
(2.5)
ing–discharging process (at a discharge current of 1 mA) of the SEES
-type cell. Reprinted with permission from ref. 133. Copyright (2012)

J. Mater. Chem. A, 2017, 5, 1873–1894 | 1881
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Fig. 13 (A) Schematic diagramof the device integrating a PiENG and a SC, and corresponding SEM images of piezoelectric PVDF–ZnO andMnO2

used as SC electrode materials. (B) Working mechanism of the device. (C) Self-charging performance of SEES monitored using an electro-
chemical workstation under periodic compressive strain. Reprinted with permission from ref. 139. Copyright (2015) American Chemical Society.
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where C is the capacitance, i is the discharge current, dV/dt is
the slope of the discharge curve, Cs is the corresponding specic
capacitance normalized by mass, length, area, or volume (M), E
is the energy density, V is the operating voltage window (ob-
tained from the discharge curve excluding the voltage drop), P is
the power density, and td is the discharge time. Besides, the
storage efficiency (hstorage) and the overall efficiency of energy
conversion and storage (hoverall), dened by eqn (2.6) and (2.7),
respectively,88 are another two important parameters.

hstorage ¼
Eoutput

Einput

¼ 0:5� C � V 2

Pin � S � tc � hconversion

(2.6)

hoverall ¼ hconversion � hstorage (2.7)
Fig. 14 (A) Schematic illustration of the structure and (B) working mecha
output of the NEC as the NEC is repeatedly input mechanical energy (C)
mechanical pulses of 15 kPa. Redrawn from ref. 141.

1882 | J. Mater. Chem. A, 2017, 5, 1873–1894
where Eoutput refers to themaximum output energy of the energy
storage union, and Einput, Pin, S and tc represent the maximum
input light energy by the energy conversion union, the incident
light power density, the area of the energy conversion union and
the photocharging time, respectively. Due to the stable aligned
CNT sheets and the coaxial structure, a maximum hoverall of
1.83% was accomplished in this energy ber with a photo-
charging time of 0.6 s.

As aforementioned, the connection between the energy
conversion and storage sections via the external circuit in
module I brings about higher electrical resistance and increases
the overall size of the SEES. To avoid these problems, three-
electrode modules consisting of a photoelectrode, an interme-
diate electrode (integration platform), and an external counter
electrode were designed (module II, see Fig. 2B).93–96 Interest-
ingly, the three-electrode module was actually developed from
nism of the NEC with NG and SC dual functions. Close circuit current
by an ultrasonicator with a working frequency of 42 kHz and (D) under

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Working principles of a TENG in (A) C-mode147 using polymer films of Kapton and PMMA attached to aluminum as the electrodes and (B)
S-mode using aluminum and PTFE-coated copper electrodes.149 The aluminum, PTFE and copper are yellow, green, and red in color,
respectively, in the S-mode TENG. Reprinted with permission from ref. 147 and 149. Copyright (2012) and (2013) American Chemical Society.
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the two-electrode module (module III, see Fig. 2C) which was
rstly proposed by Miyasaka et al.97 The two-electrode prototype
cell (Fig. 5) consisted of a light-absorbing electrode (photo-
electrode, dye-adsorbed semiconductive TiO2 nanoparticles
further coated with a porous layer of activated carbon (AC)) and
a counter electrode (a porous activated carbon layer). The
operating principle was that the counter electrode functioned to
collect electrons generated by the excited dye molecules, while
the photoelectrode served to collect the corresponding holes.
Due to the rather low energy conversion and charge storage
efficiencies, an integration platform was later added to form
a three-electrode module. DSC electrolyte regeneration occurs on
one side of the integration platform whereas energy storage takes
place on the other side. By comparison, the three-electrode
modules exhibit a higher maximum voltage and therefore larger
Fig. 16 (A) Scheme of a SEES integrating SC yarns as energy-storing fabr
(WE, e.g. button sensors). (B) The corresponding equivalent circuit of the
series that are charged up by the TENG cloth at a motion frequency of 5 a
160 and 161.

This journal is © The Royal Society of Chemistry 2017
energy and power, a shorter complete charging time, a smaller
voltage drop, and a higher hoverall.

In the three-electrode modules, the active electrode mate-
rials (e.g. conducting polymers or metal oxides) of the SCs are
usually deposited on the shared platform via facile physical or
chemical approaches. Pt or Ag was earlier employed to function
as the integration platform between the DSC and the energy
storage unit.89,90,98,99 However, Pt and Ag are expensive, making
the energy device costly. Metals (e.g. nickel, Ni) and semi-
conductors (e.g. silicon) which are much more abundant and
cost effective, provide alternatives to Pt.100,101 Guo et al.102

fabricated a power pack comprising of tandem DSCs on the top
and a LIB on the bottom sharing the Ti sheet substrate with
TiO2 nanotubes (NTs) grown on both sides (Fig. 6A). When
exposed to sunlight, the excited electrons from the dye
ics, TENG cloth as energy-harvesting fabrics, and wearable electronics
SEES. (C) The charge–discharge curves of three yarn SCs connected in
nd 10 Hz, respectively. The discharge current is 1 mA. Redrawn from ref.

J. Mater. Chem. A, 2017, 5, 1873–1894 | 1883
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Fig. 17 (A) The pyroelectric material used as the dielectric material in a capacitor. Working principle of the PENG at (B) room, (C) increased and
(D) reduced temperatures. Redrawn from ref. 169.

Fig. 18 (A) Schematic diagram and (B) photograph of a one-structure-
based HC comprising of a triboelectric layer (PVDF nanowires–PDMS
composite film) and piezoelectric–pyroelectric layers (a polarized
PVDF film). Redrawn from ref. 180.
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molecules would be injected into the CB of the TiO2 NTs and
transferred through the Ti foil to the anode of the LIB (TiO2); the
corresponding holes accumulated at the Pt electrode. The
electrons from the DSCs reacted with the lithium ions at the LIB
anode, inducing the chemical process TiO2 + xLi+ + xe� /

LixTiO2. Meanwhile, free electrons released from the reaction
LiCoO2/ Li1�xCoO2 + xLi

+ + xe� at the cathode owed back via
the external circuit and combined with the holes at the Pt
electrode of the DSC (Fig. 6B). Herein, the TiO2 NTs were
fabricated by electrochemically anodizing Ti foil. Top- and
side-view SEM images are presented in Fig. 6C–E. To provide
a high enough voltage to charge the LIB, three tandem DSCs,
each of which was composed of two series-wound DSCs, were
introduced. The resulting solar cell had a total Voc of 3.39 V,
nearly equivalent to an individual Voc value of the tandem DSC,
and charged the LIB to 2.996 V in around 8 min. The discharge
capacity of the power pack was about 38.89 mA h under
a discharge current density of 100 mA (Fig. 6F). The hstorage and
hoverall values were mediocre at 41% and 0.82%, respectively.
Similarly, Xu et al.103 constructed a photo-supercapacitor (PSC)
thin-lm device consisting of a DSC and a SC built on bi-polar
anodic TiO2 NT arrays where the SC side was treated with
selective hydrogen plasma. The hydrogen plasma treatment was
capable of enhancing the capacitive performance of the SC, and
therefore gave rise to an improved performance, with hstorage

and hoverall values reaching 51.6% and 1.64%, respectively.
Even though these abovementioned planar-shaped SEESs

are exible, they still appear in relatively large size, which poses
limitations on their potential applications for future electronic
devices for which lightness and omni-directional exibility are
1884 | J. Mater. Chem. A, 2017, 5, 1873–1894
preferred.104,105 For this purpose, wire-shaped energy packs with
integrated functions of energy conversion and storage have
been extensively explored in the past few years. Utilizing Ti wire
as the common integration platform, Chen et al.106 fabricated
a twisted “energy wire” composed of one photoelectric conver-
sion section and one energy storage section (Fig. 7A). The
photocharging–discharging curve of the energy wire is shown in
Fig. 7B, from which a hstorage value of 68.4% and a maximum
hoverall value of 1.5% were calculated. Apart from Ti, other joint
electrodes were explored to fabricate wire-shaped SEESs.107 For
example, polyaniline coated stainless steel (PANi-SS) was re-
ported to function as the photocathode of the ber-shaped DSC
(FDSC) and also the electrode of the ber-shaped SC (FSC, see
Fig. 7C). This device demonstrated a hstorage of 46% and
a maximum hoverall of 2.1% calculated from the photocharging–
discharging curve in Fig. 7D. However, a liquid electrolyte was
used in the device, which required that both the DSC and the SC
be sealed separately, making the fabrication procedure very
complex.

2.1.2 Polymer solar cells (PSCs). Polymer solar cells (PSCs)
are another type of organic photovoltaic that have attracted
signicant interest in recent years. Differing from DSCs, PSCs
are typically composed of photoactive materials sandwiched
between two electrodes. They have advantages of easy fabrica-
tion, lower cost, exibility of the organic molecules, and rela-
tively high conversion efficiency.108,109 Currently, high-efficiency
PSCs are dominated by polymer–fullerene systems, where
p-type conjugated polymers serving as electron donors and n-
type fullerene derivatives serving as electron acceptors are
constructed in a bulk heterojunction (BHJ) conguration
functioning as the core component.110,111 The BHJ conguration
proves to be the most useful strategy that maximizes the
internal donor–acceptor interfacial area and allows for an effi-
cient charge separation. Signicant progress has been made in
BHJ PSCs since their inception in 1995.112 The power conversion
efficiency (PCE, i.e. hconversion) of PSCs is now approaching 10%,
indicating remarkable progress towards a promising future.

PSCs generally consist of three parts: an ITO positive elec-
trode which is modied by poly(3,4-ethylenedioxythiophene)/
poly(styrene sulfonate) (PEDOT/PSS), a low work function metal
negative electrode, and a blend layer of a conjugated polymer
donor and a fullerene derivative acceptor.113 So far, the most
This journal is © The Royal Society of Chemistry 2017
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Fig. 19 Schematic of a fiber-based HC comprising of a PiENG, a DSC, and a SC, and their corresponding performance. ZnO NWs are grown on
a flexible thin plastic wire coated with a thin Au film. Highly conductive and transparent graphene on Cu mesh was used as electrodes for each
energy device. (A) SEM image of Au-coated plastic wire covered with ZnO NW arrays. (B) SEM image and (C) Raman spectra of graphene film. (D)
Output current and (E) open-circuit potential of the PiENG. (F) Galvanostatic charge–discharge curve of the SC at 1 mA. (G) J–V curve of the DSC
under one full-sun illumination. Redrawn from ref. 181.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

1/
02

/2
01

7 
14

:4
6:

15
. 

View Article Online
prominent material system in BHJs is the mixture of poly(3-
hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester
(P3HT:PCBM). The working principle of PSCs is illustrated in
Fig. 8.114 In the rst step, incident photons are absorbed by
a conjugated polymer, creating excitons (bound electron–hole
pairs). The produced excitons diffuse toward the donor/
acceptor (D/A) interface where the electrons transfer from the
LUMO of the donor to the LUMO of the acceptor to realize the
charge separation. Voc, the open-circuit voltage, is associated
with the energy difference between the LUMO level of PCBM
and the HOMO level of P3HT, and therefore provides a direct
driving force for the charge separation. The photocurrent and
the photovoltage are formed by the collected electrons and
holes at the electrodes that transport along PCBM and the
conjugated polymer, respectively, aer the charge separation.

PSCs are promising for SEESs owing to their free of liquid
electrolyte and great potentials to be fabricated onto large area
and light-weight exible substrates by solution processing at
a lower cost. SCs are popular energy storage technologies to
This journal is © The Royal Society of Chemistry 2017
fabricate integrated OPV-SC modules due to their high power
density, excellent cycle-stability, and high energy storage effi-
ciency. A printable, all solid-state photo-supercapacitor (module
II, see Fig. 2B) was reported using single-walled carbon nano-
tube (CNT) networks as a common integration platform
between the PSC and the SC.115 As illustrated in Fig. 9A, a CNT
network that acted as an integration platform and the electrode
of the SC was fabricated by the drop-casting of CNT solutions on
top of the cathode (Al). The hybrid architecture had the
advantages of low thickness (less than 0.6 mm) and light weight
(less than 1 g). Meanwhile the internal resistance of the device
was 43% lower than that of the device where the PSC and SC
were connected by an external wire, as suggested by the much
smaller voltage drop in the photocharging–discharging curve
(Fig. 9B. The charge–discharge curve of a PSC and a SC that were
connected externally using electrical wires with larger voltage
drop, was not shown here).

To meet the ongoing push for electronics to be lightweight,
smaller and weaveable, wire-shaped SEESs based on PSCs which
J. Mater. Chem. A, 2017, 5, 1873–1894 | 1885
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Table 2 Structure details and key parameters of SEESs powered by NGs and HCs in the published papersa

SEESs module

Shape
of
SEESs Energy conversion unit Energy storage unit Charging time Cs

Storage
capability Ref.

III Planar PiENG, piezoelectric building
block: PVDF

Liquid LIB, anode: TiO2 NT
arrays on Ti foil; cathode:
LiCoO2

240 s (applied frequency:
2.3 Hz)

0.036 mA h 133

III Planar PiENG, piezoelectric building
block: PVDF

Liquid LIB, anode: graphene;
cathode: LiCoO2

500 s (applied force: 34 N,
1 Hz)

0.266 mA h 134

III Planar PiENG, piezoelectric building
block: PVDF–PZT

Liquid LIB, anode: MWNTs;
cathode: LiCoO2

240 s (applied force: 10 N,
1.5 Hz)

0.010 mA h 135

III Planar PiENG, piezoelectric building
block: PVDF

Liquid LIB, anode: graphite;
cathode: LiCoO2

4 h (applied force: 70 N,
1.8 Hz)

4.5 mA h 136

III Planar PiENG, piezoelectric building
block: b-phase PVDF

Liquid LIB, anode: graphite;
cathode: LiCoO2

200 s (input energy: 282
mJ, 1.0 Hz)

0.4 mA h 137

III Planar PiENG, piezoelectric building
block: PVDF

Liquid LIB, anode: CuO/PVDF
nanoarrays; cathode: LiCoO2

240 s (applied force: 18 N,
1 Hz)

0.0247 mA h 138

III Planar PiENG, piezoelectric building
block: PVDF–ZnO

Symmetric solid SC based on
MnO2 nanowires

120 s (applied force: 18.8
N)

0.26 F
g�1

139

I Planar TENG, electrodes: Ni-cloth
belts and parylene-cloth belts

Symmetric solid SC based on
rGO–Ni-yarns

2009 s (frequency: 5 Hz) 160

I Planar TENG, electrodes: Ni-cloth
belts and parylene-cloth belts

Liquid LIB, anode: Li4Ti5O12;
cathode: LiFePO4

14 h (frequency: 0.7 Hz) 4.4 mA h
m�2

161

II (via gold coated
PMMA ber)

Fiber PiENG (building block: ZnO
NW); DSC (photoanode: ZnO
NW; cathode: graphene)

Asymmetric solid SC, anode:
ZnO NW; cathode: graphene

181

a Note: PZT refers to lead zirconate titanate; PMMA is short for polymethyl methacrylate.
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can be scaled up for practical applications by well-established
textile technologies have been investigated. Zhang et al.116 re-
ported an all-solid-state, exible “energy ber” (module II, see
Fig. 2B) that had efficient integrated functions of photovoltaic
conversion and energy storage (Fig. 10A). The radial direction
facilitated efficient charge generation and transportation in the
PSC part and at the same time, the coaxial structure provided
a high effective contact area for fast charge transportation in the
SC part. Compared to the structures of two twisted ber elec-
trodes, this coaxial structure exhibited less electrical resistance
and higher durability. Unfortunately, the maximum hoverall was
rather low, around 0.8% provided by the discharging curve in
Fig. 10B. The insufficient Voc of PSCs caused by the low PCE
(hovering in the 6% range for BHJ PSCs) brought about
a mismatch between the storage capability of the energy storage
units and the energy generated by the PSC, and therefore led to
unsatisfying hoverall. Even though the problem might be solved
by connecting several PSCs in series, there is no doubt that
doing so results in additional undesirable volume and size.
Thus, it is imperative to increase the PCE via the new design and
synthesis of high-efficiency conjugated polymer donor and
fullerene derivative acceptor photovoltaic materials in the
future.

Table 1 gives structure details (i.e. module, shape, energy
conversion and storage components) and the corresponding
parameters (Voc and Jsc of the energy conversion unit and Vmax,
Cs, E, P, hstorage and hoverall of DSCs- and PSCs-powered SEESs). It
is obvious that remarkable energy loss occurs in both the energy
conversion and storage processes from the low values of
hconversion and hstorage, especially in the energy conversion
1886 | J. Mater. Chem. A, 2017, 5, 1873–1894
process. Since hoverall is the product of hconversion and hstorage

(eqn (2.7)), advances in materials science and device design to
enhance both hconversion of the energy conversion union and
hstorage of the energy storage union are key to improve the
overall performance of SEESs. Besides, standard approaches to
study SEESs need to be well established and the complete data
need to be provided in the published papers to better determine
the merits of the different results.
2.2 Nanogenerators (NGs) for harvesting mechanical/
thermal energy

A nanogenerator (NG) is a new concept that harvests micro- and
nano-scale mechanical/thermal energy from the ambient envi-
ronment. Based on the energy harvesting approach, NGs can be
classied into three categories: piezoelectric, triboelectric, and
pyroelectric.117 The rst two convert mechanical energy into
electricity whereas the third harvests thermal energy from
a time-dependent temperature uctuation. NGs have advan-
tages of both high energy density and efficiency, a longer life
time, and lower cost. Nevertheless, NGs can output only
instantaneous power, and therefore usually need to be coupled
with EES systems to extend their application scope.

2.2.1 Piezoelectric nanogenerators (PiENGs). PiENGs most
of time refer to energy harvesting devices that convert external
kinetic energy into electrical energy based on the coupled
piezoelectric and semiconducting properties of nano-structured
piezoelectric materials.118,119 The rst PiENG prototype that
successfully converted mechanical energy into electricity using
a single ZnO nanowire (NW) was demonstrated in 2006
This journal is © The Royal Society of Chemistry 2017
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(Fig. 11).120 A piezoelectric potential across the NW was created
due to the relative displacement of the Zn2+ cations with respect
to the O2� anions in the wurtzite crystal structure when
a deformation was made by an atomic force microscope (AFM)
tip. The stretched side exhibited a positive potential of VT and
the compressed side a negative potential of Vc (Fig. 11A1–3),
assuming that the electrode at the NW's base was grounded. If
the AFM platinum metal tip touched the NW's stretched side,
the metal tip–ZnO interface was negatively biased since the
value of DV was negative (DV ¼ Vm � VT < 0, for the potential of
the metal Vm was nearly zero, see Fig. 11A4). In this case, the
platinummetal–ZnO semiconductor interface formed a reverse-
biased Schottky diode and almost no current ow occurred (a
Schottky diode behaves like a one-way gate, only allowing the
current to ow from the direction of the metal to the semi-
conductor). The platinum metal tip–ZnO interface was posi-
tively biased if the AFM tip contacted the NW's compressed side
since DV was positive (DV ¼ Vm � Vc > 0, Fig. 11A5). In this case,
the metal semiconductor interface was a positively biased
Schottky diode, and it produced an electrical current pulse
resulting from a potential DV-driven ow of electrons from the
semiconductor NW to the metal tip. Utilizing this approach,
PiENGs outputting DC electric signals were developed based on
aligned NWs that were covered by a zig-zag top electrode driven
by an ultrasonic wave.121 Yet the concerns of output stability,
mechanical robustness, lifetime and environmental adapt-
ability arose for this type of PiENGs. To address these problems,
alternative current (AC) PiENGs were later designed from
vertically or laterally aligned ZnO nanowire arrays with both
ends rmly attached to metal electrodes.122,123 Typical congu-
rations of AC PiENGs are vertical nanowire array integrated
nanogenerators (VINGs, see Fig. 11B) and lateral-nanowire-
array integrated nanogenerators (LINGs, see Fig. 11C). To create
a piezoelectric potential along the ZnO NWs, a periodic and
uniaxial strain at low-frequency is applied to the NWs with the
aid of an external mechanical action.124 Fig. 11D and E present
the output potential and current produced by three serially-
connected VINGs.

The building block is another key factor besides device design
in determining the performance of PiENGs. Rapid development
has been made in the synthesis of nanostructured piezoelectric
building blocks, including wurtzite compounds (e.g. ZnO,125

CdS126 and GaN127) and ferroelectrics (e.g. BaTiO3)128 in different
shapes, i.e. nanowires, nanoplates, nanobeams, nanolms and
nanoparticles. NGs employing traditional piezoelectric materials
including lead-zirconate-titanate (PZT)129 and exible piezoelec-
tric polymers such as poly(vinylidene uoride) (PDVF)130 have
also been demonstrated. Up to now, ZnO NWs have attracted the
most research interest among various one-dimensional building
blocks. Meanwhile, development in the mechanical and elec-
tromechanical characterization of these building blocks using
theoretical calculations (e.g. surface/interface theory131 and
nonlocal piezoelectricity theory132) and experimental character-
ization methods (e.g. high-resolution transmission electron
microscopy, and atom probe tomography) have also advanced
the design of high performance PiENGs.
This journal is © The Royal Society of Chemistry 2017
PiENGs can be easily integrated with energy storage unions
to fabricate SEESs (module III, see Fig. 2C) due to the dual
piezoelectric properties and ionic conductivity of piezoelectric
materials. A fundamental mechanism that directly hybridized
the energy conversion using a PiENG and energy storage using
a LIB into one step, i.e. where the mechanical energy is directly
converted and simultaneously stored as electro-chemical energy
without any intermediate processes, was rst introduced in
2012.133 The mechanism was demonstrated by an experimental
design in which conventional the polyethylene (PE) separator
for the LIB battery was replaced with a piezoelectric PVDF lm
(Fig. 12). The cell was sealed in a rigid stainless-steel 2016-coin-
type cell with LiCoO2/conductive carbon/binder mixtures on
aluminum foil as the cathode and TiO2 NTs grown on Ti foil as
the anode (Fig. 12A). Driven by the piezoelectric potential across
the PVDF lm caused by an external compressive strain, Li+ ions
were transported from the cathode to the anode, and induced
the charging process at the electrodes. This process was dened
as a piezo-electrochemical process (Fig. 12B). The role the PVDF
lm played in this SEES was similar to a DC power supply, but
rather than pump electrons from the positive electrode to the
negative electrode through the external circuit occurring in
a conventional charging process of a LIB, the PVDF lm pum-
ped Li+ ions from the positive to the negative electrode within
the cell to achieve the charging process. The voltage of the
device increased from 327 to 395 mV in 240 s under
a compressive force at a frequency of 2.3 Hz, and returned to
327mV at a discharge current of 1 mA in about 130 s, fromwhich
a stored electric capacity of 0.036 mA h could be calculated
(Fig. 12C). The self-charging effect (voltage difference due to the
applied compressive force) was found to increase with
increasing magnitude and frequency of the compressive force.

Since the rst demonstration of the SEES prototype hybrid-
izing a PiENG and a LIB, much work has been done to improve
the performance of the device for practical applications, e.g. the
replacement of rigid device structures and electrodes with
exible materials to enhance the conversion efficiency134 and
optimization of the composition135 or pore structure136,137 of the
piezo-separator to enhance the piezoelectric output or to facil-
itate transportation of Li ions. Efforts have also been made to
combine the anode material with PVDF to fabricate a piezo-
anode, so that the piezoelectric eld will be better utilized
because the integrated device structure allows for more inti-
mate contact and a larger interface area between the anode
material and PVDF.138

Based on a similar piezo-electrochemical process, the rst
SEES consisting of a PiENG and a SC was constructed by
sandwiching piezoelectric PVDF–ZnO as the separator between
two layers of electrochemically active manganese oxide (MnO2)
NWs (Fig. 13A).139 The gel electrolyte in the solid SC avoided
undesirable problems (e.g. processing complexity, electrode
corrosion, and electrolyte leakage) associated with liquid elec-
trolytes in LIBs. Under an external compressive stress, i.e. palm
impact, the PVDF lm would be polarized due to the piezo-
electric effect. The piezoelectric potential across the PVDF–ZnO
separator drove the H+ ions in the electrolyte to migrate through
the separator toward the negative electrode, leading to
J. Mater. Chem. A, 2017, 5, 1873–1894 | 1887
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corresponding charging reactions at the two electrodes
(Fig. 13B). The voltage of the device increased from 35 to 145mV
in 300 s under continuous palm impact (Fig. 13C). Mechanical
deformation or vibration energies from the surroundings can
be utilized to charge such SEESs, and this therefore provides
a new idea to design innovative power sources for portable
electronics.140 The integrated device is reported to have a much
more effective charging process than those setups connecting
a PiENG and an energy storage union through external circuits.
Yet, more work is required to clarify and acquire a fundamental
understanding of this new piezo-electrochemical process. In
situ measurements, e.g. X-ray diffraction (XRD) or X-ray photo-
electron spectroscopy (XPS) may provide approaches for obser-
vation of the electrodes and identication of the internal
mechanism of the electron transfer. Besides, investigation into
the overall efficiency (consisting of the energy converting effi-
ciency of the piezoelectric material and the energy storage effi-
ciency of this mechanical-to-electrochemical process) of the
device is also necessary for comparison with those SEESs using
other energy conversion unions, e.g. solar cells.

Relying on a mechanism different from the piezo-electro-
chemical process, an interesting nano-energy cell (NEC) with
PiENG and SC dual functions was reported recently.141 This
novel NEC consisted of a sandwiched structure including
a conductive substrate electrode, vertically aligned piezoelectric
ZnO NW arrays embedded in a H3PO4/PVA gel electrolyte, and
a serrated shape opposite electrode coated with Au (Fig. 14). A
exible spacer was employed to separate the electrodes with
a small space under strain-free states. The NEC produced a DC
current functioning like a PiENG if a mechanical energy was
input, and discharged like an SC when the energy input was
shut down. The discharge time lasted more than 90 s aer each
single mechanical pulse shock, more than 400 times higher
than that of a NG. This phenomenon was explained by the part
the of charges retained in the electrolyte injected from the ZnO
NWs when external forces were applied onto the NWs. Much
higher energy conversion was accomplished in this NEC, over
10 times higher than that of the PiENG. This NEC proposes
another new concept to design PiENGs-based SEESs. Never-
theless, further improvement of the device is necessary since
wearing and increased contact resistance/instability may occur
due to scrubbing and sliding between the serrated electrode
and the nanowires.

2.2.2 Triboelectric nanogenerators (TENGs). Triboelectric
nanogenerators (TENGs) are a second type of mechanical
energy-scavenging device which have been newly developed.142

The working principle of a TENG is based on a coupled effect of
contact-electrication and electrostatic induction via two
materials exhibiting signicantly different tribo-polarities, with
one easily able to gain electrons and the other one easily able to
lose electrons. Although triboelectric-associated electrostatic
phenomena are the most common phenomena in our daily life,
sometimes even deemed detrimental for electronic systems, the
rst TENG to generate electricity by utilizing this ignored and
wasted mechanical energy was not developed until 2012.143 So
far, two basic operating modes have been developed, namely
contact mode (C-mode)144 and sliding mode (S-mode),145,146 to
1888 | J. Mater. Chem. A, 2017, 5, 1873–1894
harvest ambient mechanical motions under different circum-
stances (Fig. 15). In the C-mode TENG, the working mechanism
is depicted by the cycled electric potential difference (EPD) that
is caused by the periodic separation and re-contact of two lms
with opposite triboelectric charges on the inner surfaces.147

Polymer lms of Kapton and PMMA (polymethyl methacrylate)
with remarkably different tribo-polarities are used here to
illustrate the working mechanism of a TENG (Fig. 15AI). By
bending or pressing the device, charge transfer between the two
lms takes place due to the triboelectric effect, with the surface
of Kapton positively charged and that of PMMA negatively
charged (Fig. 15AII). The EPD across the top and bottom elec-
trodes in the inner circuit begins to be established during the
releasing process (Fig. 15AIII). In order to screen the EPD,
electron ow between the two electrodes (i.e. aluminum
attached to the polymer lms) occurs under short-circuit
conditions, resulting in a current pulse (Fig. 15AIV). Once the
deformation is fully released, positive and negative induced
charges accumulate on the top and bottom electrodes, respec-
tively (Fig. 15AV). The EPD that is induced by the triboelectric
effect will be reduced to zero when the two lms are in close
contact, and therefore results in the ow back of the triboelec-
tric-effect-induced charges, generating another instantaneous
current in the opposite direction (Fig. 15AVI).

Different from C-mode TENGs, S-mode TENGs (Fig. 15B) are
based on the in-plane sliding between two triboelectric layers
that can slide smoothly one against the other in a lateral
direction.148 The working principle can be illustrated in an
S-mode TENG consisting of an aluminum thin lm functioning
as both the electrode and the sliding layer, and polytetra-
uoroethylene (PTFE) lm serving as the other sliding layer with
a copper electrode adhered beneath.149 At a fully aligned posi-
tion, similar to the process in C-mode TENGs, charge transfer
occurs due to the triboelectric effect or contact electrication
aer the two layers are in intimate contact (Fig. 15b1). Once
a relative displacement is applied parallel to the layers, tribo-
electric charges are not compensated at the displaced/mis-
matched areas, inducing a dipole polarization parallel to the
displacement and an EPD will be created across the two elec-
trodes. Under short-circuit conditions, free electrons from the
copper to the aluminum electrode driven by the uncompen-
sated negative triboelectric charges on PTFE will neutralize the
positive triboelectric charges, leaving behind positive induced
charges (Fig. 15b2). The positive triboelectric charges are
supposedly to be completely balanced out by induced electrons
when the displacement reaches a maximum (Fig. 15b3). The
induced electrons would ow back to the copper electrode when
the displacement is removed by a reciprocating force (Fig. 15b4),
until the position is fully restored.

AC signals are produced in both C- and S-mode TENGs if the
periodic mechanical deformation or displacement lasts. The
electric output and efficiency of TENGs are mainly determined
by two critical processes: charge separation and periodic sepa-
ration/contact switching of the two charged plates.150 The
former can be obtained through the right choice of material
match with the largest difference in capacity for gaining/losing
electrons according to the triboelectric series, or through
This journal is © The Royal Society of Chemistry 2017
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modication of the surface morphology. A surface with more
sophisticated structures is found to have a larger effective tribo-
electric effect and thus can generate more surface charges during
the friction.151 The current density for TENGs using PDMS lm
with pyramid patterns is found to be 5–6 times as high as its
counterpart using unstructured lms.152 Effective separation/
contact is mainly achieved via rational optimization of the TENG
design. Arch-shaped TENGs or the introduction of springs were
reported to facilitate separation–contact cycles.144,153 Moreover,
three-dimensional TENGsworking in a hybridization of the C- and
S-modes were also developed to better utilize ambient vibration
energy in full space.154

Apart from the unprecedented output performance, the
advantages of high efficiency, low-cost, environmental friend-
liness, universal availability, and versatility of the materials
make TENGs the right choice to be integrated with fabric energy
storage unions for SEESs applications to power wearable elec-
tronics (e.g. small healthcare electronics including heartbeat
meters, pedometers and pulse meters) via scavenging the
energy of daily human motions (Fig. 16A).34,155 The core chal-
lenge for textile TENGs and LIBs or SCs has been the fabrication
of lightweight, mechanically strong, and electrically conductive
1D yarns or bers which can be readily incorporated into
human wearable electronics with arbitrary shapes and high
exibility as building blocks.156 To date, various strategies have
been developed, e.g. continuous spinning of CNT yarns via
electrospinning,157 direct use of metal wires,158 and conformal
deposition of conductive materials onto conventional fabrics.159

However, there might be some disadvantages with these
approaches, for example, the high cost associated with elec-
trospinning CNT yarns, the low conductivity of the dip-coated
fabric yarns, and the heavy weight of metal wires. To overcome
these shortcomings, Pu et al.160 used low cost, exible, and
mechanically strong polyester fabric coated with Ni lm to
obtain light yet highly conductive 1D yarns (density: 2.1 mg
cm�3; length resistance: 1.48 U cm�1). The yarns were then
coated with reduced graphene oxide (rGO) to get rGO–Ni-yarns,
from which a symmetric yarn SC was assembled. Meanwhile,
polyester straps were coated rstly with Ni (Ni-cloth belts) and
then with insulating parylene lm to get parylene-cloth belts.
Parylene-cloth belts as latitude lines and Ni-cloth belts as
longitude lines were then woven to yield TENG-cloth, with all
the Ni-cloth belts connected together by copper wire as one
electrode, and all the parylene-cloth belts connected as the
other. The light, so, washable, breathable, stretchable textile
TENGs for energy harvesting and textile SCs for energy storage
were integrated into an individual textile (module I, see Fig. 2A)
for wearable smart electronic applications. A rectier, which
can be designed into a logo or button due to its rigidity, was
used to rectify the current to charge the SC yarns. The equiva-
lent circuit of the SEES for wearable electronics is shown in
Fig. 16B. In this way, human motion energy can be harvested by
the TENG cloth in a contact–separation mode motion with
a common cotton cloth and then stored in the textile SCs. By
applying a vibration motor operating at about 5 Hz, the three
serially-connected SC yarns can be charged to 2.1 V in 2009 s by
the TENG cloth (Fig. 16C).
This journal is © The Royal Society of Chemistry 2017
Currently the main challenge for SEESs based on TENGs is
the low utilization of the electricity generated by the TENG,
which is caused by the signicant impedance mismatch
between the TENG and the energy storage device. TENGs
possess characteristics of high impedance (105 to 107 U),162

several orders higher than those of SCs and LIBs (around 10�2

to 102 U). A transformer with appropriate design is reported to
be effective in bridging the impedance gap between the TENG
and the energy storage device. 72.4% power utilization effi-
ciency between a TENG and a LIB was achieved with a trans-
former coil ratio of 36.7,163 but more work is needed to integrate
the circuit design into wearable and exible textiles.

2.2.3 Pyroelectric nanogenerators (PyENGs). A pyroelectric
nanogenerator (PyENG) is a device that converts external
thermal energy into electrical energy based on the fact that the
spontaneous polarization (dielectric constant) in certain
anisotropic solids is temperature dependent.164–166 It is well-
known that thermal energy can be scavenged via a temperature
difference across two ends of the device to drive the charge
carriers to diffuse (the Seebeck effect);167,168 nevertheless, the
pyroelectric effect has to be the choice in an environment where
the temperature is spatially uniform but time-dependent. The
rst PyENG was introduced in 2012.164 By utilizing the heat
energy otherwise wasted, this newly developed NG has prom-
ising applications for self-powered nano/micro devices, smart
wearable systems, etc.

The working principle of PENGs is demonstrated in
Fig. 17.169 Pyroelectric materials are able to attract charged
particles arising from the spontaneous polarization PS that is
non-zero at room temperature (Fig. 17A). A charging process
takes place in a short-circuit connection when the pyroelectric
material serves as the dielectric material and is sandwiched
between two plates of a capacitor. The charging of the capacitor
continues until the charge is neutralized on the pyroelectric
material surface (Fig. 17B). At increased temperatures across
the capacitor, the dipoles within the pyroelectric material start
to become randomized, resulting in both reduced PS and
dielectric constant. A continuous current ow is expected in the
external circuit if the temperature change across the capacitor
lasts (Fig. 17C). If the temperature is reduced, the dipoles in the
pyroelectric material realign again, giving rise to a current ow
in the opposite direction (Fig. 17D). Therefore, AC signals will
be generated in the external circuit under rapid temperature
cycling across the capacitor. Both the magnitude of the AC
signals and the energy conversion efficiency depend on the
temperature change rate. Even though no SEESs based on
a single PyENG have been reported yet, to our best knowledge,
PyENGs are usually used in HCs-based driven SEESs
(Section 2.3).
2.3 Hybrid cells for harvesting multiple types of energy

Hybrid cells (HCs) to concurrently harvest multiple types of
energy have become a well-received approach in energy
conversion technologies recently.170,171 There are several reasons
justifying the development of HCs. Firstly, the energy produced
by an individual NG is relatively small and thereby still has
J. Mater. Chem. A, 2017, 5, 1873–1894 | 1889
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limited use as a supplementary energy source. HCs can improve
the output performance to meet the demands of larger elec-
tronics and thus widen the practical applications of NGs.
Secondly, the energy sources in our living environment are not
available all the time, but are usually time- or climate-depen-
dent. For instance, a solar cell depends on abundant sunshine
while a mechanical energy-driven NG works if only sufficient
mechanical movement or vibration is provided. On the
contrary, a HC is capable of utilizing complementary energy
sources around the clock whenever and wherever one or all of
them is available. Thirdly, the energy can be more effectively
scavenged using a HC. Take a TENG for example, a substantial
amount of energy input is wasted through heat dissipation
induced by friction, especially if a sliding motion at high
frequency is applied; moreover, extra energy loss is generated
from the work done by the necessary normal force applied on
the contact surface. It is therefore highly desirable if the TENG
is combined with a PyENG and a PiENG to harvest the thermal
energy from the friction-induced temperature uctuation and
the mechanical energy from the small deformation of materials
caused by the normal force, respectively.

The rst HC was demonstrated in 2009, which consisted of
a DSC and a PiENG that worked simultaneously and indepen-
dently to scavenge solar energy and mechanical energy,
respectively.172 Later research was conducted to optimize the
design of the HC173 or to construct other structured HCs, for
example, core–shell coaxially ber-shaped HCs for remote/
concealed locations.174 Meanwhile, some other modes of HC
have sprung up, such as a solar cell hybrid with a TENG,175

a TENG with a PyENG,176 a PiENG with a TENG,177 or HCs con-
sisting of a TENG, a PiENG and a PyENG, to name a few.178

A second type of HC was proposed using the same electrode
with both pyroelectric and piezoelectric properties, and has
gained signicant attention recently. Materials such as ZnO,
PZT, and PVDF can be utilized for this purpose to reduce both
the size and the fabrication cost of HCs.179 A highly stretchable
PiENG–PyENG HC was reported using poly(vinylideneuoride-
co-triuoroethylene) [P(VDF–TrFE)] as the pyroelectric and
piezoelectric material which was spun-coated onto a micro-
patterned PDMS–CNT composite to simultaneously harvest
mechanical and thermal energy.48 Relying on the piezoelectric,
pyroelectric, and triboelectric properties of PVDF, a one-structure-
based HC comprising of a triboelectric layer (PVDF nanowires–
PDMS composite lm) and piezoelectric–pyroelectric layers (a
polarized PVDF lm) was designed (Fig. 18).180 This HC not only
minimized the device but also was capable of coupling the
advantages of NGs based on different mechanisms to accomplish
high output performance.

The rst prototype to integrate a HC with an energy storage
system was proposed in 2011 which included a PiENG, a DSSC,
and a SC built along one micro-size plastic ber coated with Au
(Fig. 19).181 Radially grown ZnO nanowires (NWs, see Fig. 19A)
on a Au substrate served to harvest mechanical energy in the
NGs, and meanwhile acted as the core component of the DSC
and the SC. Copper meshes covered with graphene (Fig. 19B and
C) were carefully wrapped around the ber to function as the
other electrode for the PiENG, DSC, and the SC. In the PiENG,
1890 | J. Mater. Chem. A, 2017, 5, 1873–1894
the ZnO NWs and the graphene formed a Schottky contact, and
the maximum output current and open-circuit potential were
2 nA and 7 mV, respectively (Fig. 19D and E). In the case of the
DSC, the Jsc and Voc were determined to be 0.35 mA cm�2, and
0.17 V, respectively (Fig. 19F). As for the SC, which consisted of
a gel electrolyte sandwiched between ZnO NWs and graphene
electrodes, a length capacitance of 0.025 mF cm�1 was achieved
(Fig. 19G).

Considering the differences in both the output electric
signals and the impedance of each type of NG, circuit design
has to be considered in fabricating SEESs using HCs as energy
harvesters.179,182 For example, AC output electric signals are
usually generated from PyENGs, PiENG, and TENGs while DC
output signals are generally obtained from solar cells. On the
other hand, each NG may output remarkably different voltages
or currents. The Voc of a TENG may be several hundreds of volts
while a solar cell may have a Voc within one volt. AC–DC
converters (e.g. a rectier), DC–DC converters, or transformers
are therefore necessary to be included in the circuit to
economically charge the energy storage devices.

Table 2 summarizes structure details and the corresponding
parameters of SEESs powered by NGs and HCs. More complete
data such as overall conversion efficiency is recommended to be
provided in future published papers to better compare their
performances.

3. Conclusions and perspectives

To summarize, SEESs have been proved to be an innovative
approach to hybridizing energy conversion technologies with
energy storage components. Wire-structured SEESs hold great
promise for next-generation portable, wearable smart elec-
tronics when compared to their conventional planar-structured
counterparts. Advances in SEESs powered by various energy
conversion technologies with an emphasis on solar cells (i.e.
DSCs and PSCs), NGs (i.e. PiENGs, TENGs, and PyENGs), and
HCs are reviewed. In particular, HCs coupling multiple types of
energy conversion technologies have been attracting increasing
attention due to their capability to more effectively scavenge
both small- and large-scale energy in a complementary manner
around the clock. Even though signicant progress has been
made to date, future work is still required. Reducing the
manufacturing cost and enhancing the overall efficiency are two
key factors to extend the practical applications of SEESs. Devices
relying on cost effective raw materials, requiring fewer steps for
fabrication and simpler packaging are preferred.100 Rational
material selection and optimal device design to more effectively
harvest and store the energy are critical to achieve improved
overall efficiency, which currently remains around 2% arising
from the low hconversion in the energy harvester and low hstorage in
the energy storage unit. Moreover, the approaches to assess the
performance of the SEESs have not been well established or
standardized yet; the related data provided in the literature is
not complete, making it sometimes difficult for comparison
between different research results.

Specically, for each type of energy conversion technology,
different work may be required. In the case of DSCs, a popular
This journal is © The Royal Society of Chemistry 2017
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approach to scavenging energy for SEESs due to the simpler
circuit design and high conversion efficiency, more efforts are
required to develop high performance solid- or quasi-solid-
DSCs to replace currently ubiquitous liquid DSCs considering
durability and safety concerns as well as the complexity of the
sealing process. As for PSCs, which are free of liquid electrolyte
and have advantages of being able to be fabricated into more
compact and lighter weight devices, the challenge is to enhance
the energy conversion efficiency, which can be accomplished via
the synthesis of a high-efficiency conjugated polymer donor and
a fullerene derivative acceptor that maximize the light harvest-
ing (for example, to extend the light-harvesting region into the
near-infrared), and optimization of the device design to mini-
mize the loss-in-potential and to lower the overpotentials
required to drive the electron transfer in the desired direction.67

For SEESs based on NGs, more work in clarifying the new piezo-
electrical process in PiENGs is needed to improve the overall
efficiency. The impedance match between TENGs and energy
storage unions is vital to achieve optimum device performance
to power wearable electronics via scavenging the energy of daily
human motions. In the HCs-powered SEESs, electrical design
has to be considered to efficiently charge the energy storage
devices.
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