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1 Introduction

Wearable and portable electronics, for their attractive
form factors such as lightweight, excellent flexibility,

ABSTRACT

In recent years, tremendous research interest has been triggered in the fields of
flexible, wearable and miniaturized power supply devices and self-powered
energy sources, in which energy harvesting/conversion devices are integrated
with energy storage devices into an infinitely self-powered energy system. As
opposed to conventional fabrication methods, printing techniques hold promising
potency for fabrication of power supply devices with practical scalability and
versatility, especially for applications in wearable and portable electronics. To
further enhance the performance of the as-fabricated devices, the utilization
of nanomaterials is one of the promising strategies, owing to their unique
properties. In this review, an overview on the progress of printable strategies to
revolutionize the fabrication of power supply devices and integrated system
with attractive form factors is provided. The advantages and limitations of the
commonly adopted printing techniques for power supply device fabrication are
first summarized. Thereafter, the research progress on novel developed printable
energy harvesting and conversion devices, including solar cells, nanogenerators
and biofuel cells, and the research advances on printable energy storage devices,
namely, supercapacitors and rechargeable batteries, are presented, respectively.
Although exciting advances on printable material modification, innovative
fabrication methods and device performance improvement have been witnessed,
there are still several challenges to be addressed to realize fully printable
fabrication of integrated self-powered energy sources.

remarkable operation safety and supreme compatibility
with human bodies, have become widely practical in
the fields of wireless communications, multifunctional
entertainments, personal healthcare and monitoring,

Address correspondence to Zhiyong Fan, eezfan@ust.hk; Fang Fang, f fang@fudan.edu.cn

TRINGHNA ) Springer



3066

etc. [1-4]. In most cases, these electronics are driven
by power sources. Energy storage devices, such as
batteries and supercapacitors, are most commonly
adopted in commercial wearable and portable
electronics. However, such energy storage devices
require external power sources for charging. In recent
years, the concept of a “self-powered system” has
been introduced, which generally refers to systems
whose energy can be directly harvested from solar
radiation, body movement bioenergy and so on, and
further converted to electricity to power up functional
electronic devices [5-7]. Generally, the energy
harvesting and conversion are realized by solar cells
[8, 9], nanogenerators (e.g., piezoelectric and triboelectric
generators) [5,10], electrochemical fuel cells (e.g.,
biofuel cells (BFCs)) [11, 12], etc. To realize continuous
functionality without energy interruption from
surrounding condition variation factors, it is highly
desirable to integrate functional electronic devices and
energy harvesting/conversion devices with energy
storage devices into infinitely self-powered energy
sources [13, 14].

In the past decades, the fabrication of energy
conversion and storage devices has been primarily
relying on conventional techniques, due to their mature
fabrication procedures. For instance, photolithography
was frequently adopted for patterning [15, 16], and
chemical vapor deposition [17, 18], sputtering [19],
and atomic layer deposition [20] methods were well
developed for active material preparation. However,
these techniques usually not only involve complicated
multistage procedures but also require harsh operation
conditions, either dust-free or high vacuum, which
raises the fabrication cost and limits the scalability
of the products [21]. While conventional solution
processes, such as spin coating, are relatively facile
approaches for thin film deposition, the relatively
low scalability and flexibility for patterning make them
less attractive for next generation energy devices [22].
In comparison, printing techniques, such as well-
developed screen printing and inkjet printing, and
the emerging novel three-dimensional (3D) printing
and laser writing, provide scalable, cost-effective and
facile approaches for fabrication of flexible, wearable
and miniaturized power supply devices, which have
drawn tremendous research interest these years
[6, 23]. Furthermore, extensive studies were performed
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on the synthesis and modification of nanomaterials
for printing techniques, and exciting advances were
seen in printable device fabrication and performance
improvement, etc. [24-27]. Notably, both energy
conversion devices and energy storage devices have
been successfully fabricated by printing techniques,
and even integrated systems have been realized by a
printable approach [26], which further demonstrates
the feasibility of printable fabrication of power supply
devices and their integration into systems.

In this review, we first summarize different printing
techniques for power supply device fabrication,
highlighting their advantages and limitations. Thereafter,
the research progress on novel printable energy
harvesting and conversion devices, including solar
cells, nanogenerators and BFCs, and the research
advances on printable energy storage devices,
namely, supercapacitors and rechargeable batteries, are
presented, respectively. Meanwhile, several printable
strategies aimed at device performance enhancements
are also discussed. Afterwards, printable integrated
self-powered energy sources, which are still in the
infancy stage of development, are introduced [6].
This review provides an overview on the progress
of printable strategies combined with the merits of
nanomaterials, so as to revolutionize the fabrication
of power supply devices and integrated systems with
attractive form factors for application in the next
generation of portable and flexible electronics.

2 Brief overview of printing techniques
for device fabrication

Printing techniques have been widely employed in
portable and wearable electronic device fabrication,
such as transistors [28-31], photodetectors [32, 33] and
sensors [34-38], etc. Compared with conventional
fabrication techniques that impose rigid requirements
on the materials and substrates, printing methods, e.g.,
screen printing, inkjet printing, 3D printing and laser
writing, enable large scale fabrication on a variety of
substrates, thereby providing desirable versatility. For
example, by utilizing 3D printing, customized design
of health care device modules that fit the needs of
individual users can be realized in a facile manner
[34]. Among the properties of different techniques, the
most critical factors, including patterning resolutions,
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pattern design versatility, printing speed, printable
material properties and utilization rate, are listed in
Table 1 for better comparison.

Screen printing is a mass production method,
which can be simply realized by pressing the liquid-
phase materials to penetrate through the patterned
mask/stencil with a squeegee [39]. Notably, its resolution
is mainly limited by mask fabrication techniques,
and the patterning quality highly depends on ink
formulations and their affinity to substrates. It is
reported that the printing quality can be significantly

3067

influenced by the strength of mesh materials (e.g.,
stainless steel, polyester) for printing masks. Besides,
appropriate ink viscosity that allow desirable diffusion
through the mask without dispensing out the patterned
area enables high patterning resolution and fine
edges. Studies on wettability of the printable inks to
substrates are also critical to improved printing
quality [40]. It is reported that a resolution of 6 um
can be achieved with a well-defined stencil and ink
with tuned viscosity (Fig. 1(a)) [41], which is much
superior to most of the reported data in a range

Table 1 Summary and comparisons of form factors for (a) screen printing (reproduced with permission from Ref. [39], © Springer
Nature 2016), (b) inkjet printing (reproduced with permission from Ref. [45], © Elsevier 2009), (c) 3D printing (reproduced with
permission from Ref. [52], © Wiley-VCH 2013), and (d) laser-based printable strategies (reproduced with permission from Ref. [58], ©
National Academy of Sciences 2015)

Screen printing Inkjet printing 3D printing Laser-based
@) Squeegee (b) ¥ (c) (d) '
M g - Soree k : b
— =3 >
- e XL LS
Resolution > 6 um >2 um > 10 um > 500 nm
Material High viscosity Low viscosity Shear thinning behavior ~ Thermally
requirement Shear thinning behavior Quick solidification convertible
Material utilization ~ Certain wastage DOD DOS In situ patterning
Design versatility Maks defined Maskless Maskless Maskless
Speed ¢.a.70 m'min ' c.a.l m'min”' <4 m'min”' <10 cm'min!

Figure 1 The highest resolutions and prototypes of different printing techniques. (a) Screen printed Ag with a resolution of 6 um
(reproduced with permission from Ref. [41], © Kuroda Electric Czech s.r.o. 2018). (b) Large scale screen-printed pattern arrays on a
flexible PET substrate (reproduced with permission from Ref. [21], © American Chemical Society 2014). (c) Inkjet-printed Ag lines
with a width of 2 um (reproduced with permission from Ref. [30], © National Academy of Sciences 2008). (d) Programmable inkjet
printed circuit on PET (reproduced with permission from Ref. [46], © ACM International Conference on Ubiquitous Computing 2013).
(e) SEM images of a 3D-printed graphene aerogel microlattice with resolution in the microscale and (f) 3D-printed graphene aerogel
microlattice with large thickness (reproduced with permission from Ref. [54], © Nature Publishing Group 2015). (g) rGO pattern
with a resolution of 500 nm realized by femtosecond laser reduction (reproduced with permission from Ref. [55], © Elsevier 2010).
(h) Programmable LSG patterns on PET (reproduced with permission from Ref. [56], © American Chemical Society 2012).
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of tens to hundreds of micrometers [39]. Although
screen printing has relatively low design flexibility, it
is still one of the most widely used printing techniques.
Especially for large-scale and mass fabrication, its high
printing speed of around 70 m'min™ is much better
than most of the other printing methods [6, 23]. Apart
from the high throughput for scalable fabrications of
pattern arrays, screen printing allows a wide range of
printing materials that contain large aspect ratio fillers
or high concentrations and can be applied on both
rigid (e.g., silicon wafer, glass) and flexible substrates
(e.g., textiles, poly(ethylene terephthalate) (PET), as
shown in Fig. 1(b)) [21, 42]. These appealing features
have made screen printing widely practical for
electronic device fabrication.

Compared with screen printing, inkjet printing
(IJP) is a drop-on-demand (DOD) material deposition
method with superior printing resolution and
uniformity. Driven by thermal or piezoelectric excitation,
ink droplets are ejected through micro-nozzles (in the
range of tens of micrometers) onto substrates [22].
Under appropriate conditions, such as enough printing
dots per inch (DPI), these individual droplets could
spread and gather together to form a continuous line
or film in programmable patterns with controllable
thickness by controlling cycle numbers of printing
passes [43]. Research efforts have been emphasized
on modification of solvent systems for printable inks,
considering viscosity, composition and concentration,
which play a significant impact role in the smooth
printing of high-quality patterns. Generally, the
viscosity of inks should be tuned in the range of 5 to
20 cP, and specific surfactants are usually adopted to
ensure good dispersion of the nanoparticles inside
the printing inks without agglomeration, so as to avoid
nozzle clogging [27]. Besides, developing methods for
effective interface engineering are critical prerequisites
to achieve high resolution and well-defined printing
patterns [24, 28, 44, 45], for instance, plasma treatment,
preheating of both substrates and printing materials
to achieve proper wettability of the substrate, as well
as fine control over ejected ink amount. High resolution
can also be realized with inkjet printing equipment
optimization. For instance, printed conductive and
uniform Ag with a line width of 2 um (Fig. 1(c)) has
been achieved with a sub-femtoliter inkjet printing
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system developed by Sekitani and co-workers [30].
Although several kinds of colloidal inks have been
well-formulated and functional electronic circuits
have been successfully printed on flexible substrates
via a one-step inkjet printing method (Fig. 1(d)) [4648],
aspect ratios of active material fillers are highly
restricted by nozzle size [49]. Besides, to obtain a
useful device, it is necessary to print each layer of the
electronic circuit with certain thicknesses, typically
several hundreds of nanometers. In this case, it
requires multiple printing passes, which decreases
the fabrication efficiency.

To address the above issue, the novel 3D printing
techniques that enable programmable layer by layer
additive manufacturing open up the possibility of the
design of complicated device geometries from the
nanoscale to macroscale in a printable manner, and
provide a facile approach to fabricating 3D structures
with accurate control over device geometry, including
dimensions and porosity [26, 27, 50]. In this review,
3D printing techniques refer to the extrusion deposition
of colloidal gel, which employs a three-axis motion
stage to create patterns by robotically squeezing
material through a micro-nozzle [26]. In such a process,
shear-thinning behavior and quick solidification of
the inks are critical factors to ensure the printing
quality [27, 51, 52], especially for shear thinning
behavior, which refers to the viscosity decrease under
shear strain, as such a physical property change
could control the fluidity of the inks. To tailor the ink
rheology, electrically insulating additives, such as
viscosifiers and ultraviolet light (UV) curable gels, are
normally adopted. However, these additives would
decrease the ink conductivity and limit the printing
resolution. Up to now, the record for 3D printing
resolution has been achieved with polylactic acid
(PLA) patterns with a minimized line width of 10 um
realized by a novel method combining electrohydro-
dynamics and fused deposition modeling (E-FDM)
[53], and such a value is still inferior to those obtained
by inkjet printing and screen printing methods.
Therefore, the as-built 3D architectures are normally
in a macro scale, as shown in Figs. 1(e) and 1(f) [54].
As the reported ink formulations for 3D printing
of electronics are still limited and require further
optimization, thorough study on the desirable material
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properties for such printing fabrication methods is of
significance, so as to enable enhancement of printing
resolution and the performance of as-printed
devices [27].

Differing from the printing techniques discussed
above in which the printable materials are usually
prepared by dispersing active materials in a solvent
to form inks, laser writing relies on melting, sintering
or chemical conversion of functional materials into a
designed geometry with the thermal energy delivered
by the laser [26]. The laser beam goes along the
programmed path on the pre-deposited materials
and realizes a precise pattern with a reported highest
resolution of up to 500 nm (Fig. 1(g)) [55]. Particularly,
graphene oxide (GO) is the most widely utilized
thermally convertible material, as it can be in situ
converted to porous reduced graphene oxide (rGO)
on a variety of flexible substrates (Fig. 1(h)) [56-58].
Moreover, the electrical properties of such laser-scribed
graphene (LSG) can be precisely tuned with laser
intensity and irradiation treatments. In addition to
GO, a variety of two-dimensional (2D) materials,
such as molybdenum disulfide (MoS,), molybdenum
trioxide (MoQ;), tungsten disulfide (WS,) and boron
nitride (BN) nanosheets, have been prepared into
stable suspensions for demonstration of printable
electronics [59]. For instance, 2D MoS, films were
patterned into micro electrodes by laser writing
and served as electrochemical active materials for
pseudocapacitors, which was attributed to oxidation
states of Mo atoms from +2 to +6 and the easy ion
access into multi-layered structures [60]. However,
materials for laser-based printing techniques are not
yet fully explored, especially for energy devices.
Besides, such processes require a low laser scanning
speed to generate continuous heat for localized
physical/chemical reactions of the patterned materials
and thus reduce the fabrication efficiency, as shown
in Table 1. Therefore, it requires collaborative efforts
from both academia and industry to tackle these
technical issues [26].

In addition to the printing techniques discussed
above, a variety of printable strategies including gravure
printing, transfer printing and aerosol jet printing
(AJP), also attract research interests and have been
utilized in successful demonstrations of printable
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functional devices [40]. Gravure printing is a contact
printing technique that transfers materials through
capillary action from a gravure cylinder to substrate
in a roll-to-roll manner. Its capability for mass
production makes it one of the widely utilized methods
for printable electronics [40]. Cho’s group demonstrated
the possibility to produce a 13.56 MHz 1-bit radio
frequency identification (RFID) tag in a low-cost fully
gravure-printed process [61]. Such devices convert a
low-power radio frequency (RF) signal into a higher
power output and can also be printed onto paper,
which is desirable for flexible and portable electronic
devices [62]. One of the challenges for gravure printing
is to achieve uniform patterns with fine edges, which
could be optimized with soft blanket gravures [63].
Besides, the printing resolution (ca. 50-200 pm) and
pattern designs are largely limited by the patterns on
gravure cylinders, which are produced by mainly
relying on laser cutting or electromechanical approaches,
and the replacement of such cylinders increases the
maintenance cost [40]. Another well-developed contact
printing method is transfer printing, which enables
high throughput mechanical assembly of material/
device arrays. Such a printing method relies on the
switching of adhesion properties of polymeric stamps
between different substrates [40]. With the assistance
of transfer printing, Roger’s group developed a
scalable approach for stacking microscale solar cells
into quadruple-junction four-terminal modules (active
area of 600 um x 600 um) with a remarkably high
power conversion efficiency (PCE) up to 43.9% [64].
In recent years, AJP as a mask-free non-contact DOD
printing method has attracted increasing research
interest. Differing from direct ejection of ink droplets
in IJP, an aerosol is generated by atomization or
ultrasonication of liquid inks and is subsequently
focused with sheath gas streams in the deposition
nozzles. The as-printed pattern quality can be precisely
tuned with atomizer flow rate and sheath flow rate.
In such a process, nozzle clogging can be avoided
and as-deposited line widths can be minimized to
sub 10 um, which is far less than the nozzle diameters
[65]. Besides, variation on the nozzle-to-substrate
distance in the millimeter range introduces negligible
change in the as-printed patterns as a result of the
focused aerosol stream, thus providing desirable
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compatibility on 3D structured surfaces [66]. There
are several reports on the application of AJP in thin
film deposition, especially for metal contact preparation
in the solar cell field. However, it is still a less-
established printable strategy and requires more
research efforts to tackle the challenges, including ink
formulation to produce stable monodisperse aerosols
with an atomization process, low temperature post-
treatment to be compatible with flexible substrates
and eliminating sprinkle spots to produce fine-edged
patterns [65, 66]. Recently, Durstock’s group developed
reproducible fabrication of highly uniform and
defect-free perovskite films in ambient environment
and achieved a PCE of up to 15.4% (active device area
of 0.1 cm?) [67]. Such a process is less labor intensive
and demonstrates advantages over the conventional
solution approach for perovskite fabrication.

Because of their unique features such as remarkable
scalability and flexibility of the fabrication process,
and considerable control over the as-printed architec-
tures, printing techniques have been utilized for the
fabrication of a variety of devices, especially for
power devices that have relatively high tolerance of
fabrication conditions and device architecture designs.
Generally, printing techniques are utilized to prepare
part of the devices, and fully printable devices are
still rarely reported, mainly due to the challenges in
synthesizing printable materials for the whole device
fabrication and solvent spreading between different
printed layers [6,24,27]. To tackle these issues,
extensive research efforts have been focused on device
architecture revolution and material engineering
toward fully printable fabrication procedures, and the
research advances will be introduced in the following
sections.

3 Printable energy conversion devices

Energy from the surroundings such as sunlight, wind
and even the human body can be harvested and
converted to electricity by solar cells, nanogenerators,
BFCs, etc. Printing techniques provide novel fabrication
routes to build such energy generators onto a variety
of flexible and light weight substrates, which are
preferable for wearable self-powered electronics.
In this section, we focus on the research progress
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concerning printable energy conversion devices.
3.1 Solar cells

Renewable and clean solar energy can be converted
into electrical energy by a solar cell based on the
photovoltaic effect, which is considered as one of
the most effective approaches to utilizing sustainable
energy and a preferred and optimal solution to reduce
dependence on traditional energy resources [23]. In
general, when the absorbed incident photon energy is
greater than the band gap of the semiconductor
materials in the solar cell, electron-hole pairs will be
generated. These charge carriers are then separated
by the existing electric field in the cell and extracted
to an external circuit to form electrical current. The
well-known solar cells include silicon-based solar cells,
organic solar cells (OSCs), dye-sensitized solar cells
(DSSCs) and perovskite solar cells (PVSCs); because
of their own attributes and advantages, they have
attracted tremendous research interest in recent
years. Conventionally, the fabrication of solar cells
relies on vacuum deposition techniques (e.g., thermal
evaporation, sputtering) and solution processes (e.g.,
spin coating), in which the active materials are
deposited or spin coated layer by layer. However,
device area is normally limited by the chamber size
of the equipment and thus reduces the scalability
of the device fabrication. In comparison, printing
techniques provide effective routes to produce large-
scale and flexible solar cells for practical applications.
Research on printable solar cells mainly focuses on
revolutions in device structures that can be adapted
to facile printing procedures. Meanwhile, optimization
of the printed material quality was investigated so
as to realize solar cells with desirable device area,
competitive PCE, and considerable stability, which
are critical parameters for device performance
evaluation [68].

Ever since the first thin film solar cell was fabricated
by screen printing of the active layer in 2001 [69],
research interests have been raised in synthesizing
printable photovoltaic materials and seeking optimal
device structures to realize low cost, facile and scalable
fabrication of solar cells without compromising device
performance. At the early stage, a variety of nanocrystal
inks were successfully synthesized, demonstrating
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the feasible concept of printable photovoltaics [70-72].
For instance, in 2008, Panthani and co-workers
synthesized copper indium gallium selenide (CIGS)
nanocrystal inks and further produced working devices
by a printing technique [71]. However, the research
progress in fully printed solar cells was hindered by
several challenges, such as the lack of high quality
solution-processable materials and complexity of
multilayer device structures that required dedicated
interface engineering. In 2015, Brabec’s group de-
monstrated fully printed tandem OSCs with printed Ag
and Ag nanowire network as the electrode combined
with proper interface engineering (Fig. 2(a)). The as-
fabricated devices with active area of 10.4 mm?
achieved enhanced PCEs on both rigid (5.81%) and
flexible substrates (4.85%), compared with previous
reported printable OSCs [73].

The printable fabrication strategy can be also applied
in fabrication of a variety of solar cells. In 2015,
Lund’s group reported the fabrication of a DSSC by
inkjet printing an ionic liquid electrolyte, and thus
eliminating the complicated steps of hole drilling and
sealing, which are normally required in conventional
processes. The as-fabricated printed electrolyte based
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solar cells delivered promising performance with
a 100% retention after over 1,100 hours aging [74].
In another work from the same group, a highly
controllable and fast dye-sensitized process by inkjet
printing was developed, as shown in Fig. 2(b) [75]. Com-
pared with conventional time-consuming fabrication
processes for dye molecule absorption onto photo-
electrode films, such a fast and cost-effective fabrication
process allowed precise control over dye loading to
create DSSCs with tailored transparency and versatile
patterns. More significantly, the obtained performance
and stability by inkjet printing were the same as the
devices that were fabricated with a conventional drop
casting process. These research contributions showed
a promising route toward fully printable DSSC.

In recent years, organic-inorganic metal halide
perovskite solar cells have attracted tremendous
research interests due to their appealing properties,
such as tunable bandgap, high carrier mobility,
solution-process compatibility and high energy con-
version efficiencies over 22% [14, 76]. However, it is
still a challenge to fabricate perovskite solar cells
via printing methods because of the high material
sensitivity to humidity and easy decomposition under
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Figure 2 Research progress on printable solar cells. (a) Schematic illustration of the device structure of fully printed organic tandem

solar cells and efficiency evolution of fully printed organic solar cells (reproduced with permission from Ref. [73], © Royal Society of

Chemistry 2015). (b) Inkjet printing electrolyte for facile fabrication of DSSC with pattern design versatility and equal performance to
conventionally prepared devices (reproduced with permission from Ref. [75], © Royal Society of Chemistry 2016). (c) Schematic diagram
of fabrication process of HTL free, fully printable perovskite solar cells and the corresponding band diagram (reproduced with permission
from Ref. [78], © American Association for the Advancement of Science 2014). (d) Schematic diagrams of the air processed fabrication
procedures of printable and scalable perovskite solar cells (reproduced with permission from Ref. [76], © Wiley-VCH 2017).
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ambient conditions [77]. Normally, a perovskite solar
cell consists of hole transporting layer (HTL), electron
transporting layer (ETL), perovskite layer and two
electrodes. Based on a novel device structure without
an HTL [78, 79], Han's group successfully demonstrated
for the first time a fully printable PVSC with a PCE of
6.64% from an exposed device area of 0.125 cm? [80],
and continuous research efforts were emphasized on
interface engineering and material formulation for
performance improvement [81-85]. For instance, as
shown in Fig. 2(c), the perovskite solution was infiltrated
into a triple-layer scaffold consisting of mesoporous
TiO,, ZrO, and porous carbon film, which can be
prepared by screen printing. A PCE of 12.8% on a
device with an active area of 0.0725 cm?* was achieved
by introducing 5-ammoniumvaleric acid (5-AVA)
cations into the perovskite solutions, which resulted
in lower defect concentrations in perovskite crystals
and better surface contact with TiO, [78]. With such
novel device architectures and printable strategies,
large scale PVSCs with areas up to 100 cm? have been
demonstrated with considerable PCE and stability [86].
Besides, by combining different solution processes,
printable fabrication of scalable PVSC panels was also
successfully achieved in ambient condition by Hashmi
and co-workers, as shown in Fig. 2(d) [76].

The bottleneck factors hindering further impro-
vement of the PCEs of printable solar cells mainly
lie in: 1) The printing fabrication process may fail to
form satisfactory interface morphology, thus introducing
the risk of device failure due to defects and/or
high carrier recombination ratio [81, 87]. Therefore,
modification of printable materials and surface mor-
phology is critical for device performance enhancement.
For instance, by formulating the solvent system for
polymer donor inks, Hoth et al. realized surface
roughness control of printed polymer thin films,
which contributes to the PCE improvement of as-
fabricated OSCs [88]. 2) Thin films prepared by
conventional printing procedures generally exhibit
poor crystallinity, which results in low carrier mobility.
To solve this problem, Minemawari et al. developed a
novel dual-nozzle inkjet printing method to produce
single crystal films. Specifically, an antisolvent was
first printed and then active materials were printed
onto the confined area. Such antisolvent crystallization
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methods produce thin films with uniform crystallization
at the liquid-air interface, which can be adopted to
fabrication of high efficiency printable solar cells [87].

3.2 Other types of energy conversion devices

It is worth mentioning that solar/light energy can also
be converted into mechanical energy based on volume
contractions of light-sensitive molecules [89]. Such
photomechanical systems demonstrate potential appli-
cations in self-powered micro/nanomachines. Apart
from solar energy, mechanical energy such as vibration
or friction can be easily collected from the environment
or human body. However, as the research on printable
fabrication of such energy devices with printing
methods is still in a less developed stage, the per-
formances are not yet optimized.

Electrical charges can be generated in piezoelectric
materials when mechanical stress/strain is applied.
Printing techniques such as screen printing and 3D
printing have been applied in processing ceramic
piezoelectric materials, such as lead zirconate titanate
(PZT) and barium titanate (BTO), to realize mass
production and create porous structures with enhanced
piezoelectric properties [50, 90, 91]. Emamian and
co-workers fabricated fully printable piezoelectric
devices on various flexible substrates by screen printing,
as shown in Fig. 3(a) [92]. Poly(vinylidene fluoride)
(PVDF) as the piezoelectric material was screen-printed
and sandwiched between printed silver (Ag) electrodes.
Such piezoelectric devices functioned as both touch
sensors and force sensors to provide output signal
proportional to the applied forces and demonstrated
promising application in human-machine interfaces.
By coupling the piezoelectric and semiconducting
properties of zinc oxide (ZnO) nanowires to effectively
convert mechanical energy into electric power output,
Wang’s group first demonstrated the concept of
piezoelectric nanogenerators (PENGs) in 2006 [5].
Following this work, triboelectric nanogenerators
(TENGs) were demonstrated to generate electricity by
utilizing an electrostatic phenomenon when a friction
force was applied, which aroused tremendous research
interest to explore a variety of materials with large
power output [10]. The high compatibility of printing
methods enables the fabrication of nanogenerators
with attractive form factors. Recently, 3D printable
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fabricated on PET and paper (reproduced with permission from Ref. [92], © Elsevier 2017). (b) Triboelectric generators on 3D printed
templates (reproduced with permission from Ref. [93], © Elsevier 2017). (c) Wearable BFCs integrated into a self-powered lactate monitor
system (reproduced with permission from Refs. [2, 94], © Copyright Royal Society of Chemistry 2014 and 2016, respectively).

cam-based TENGs were also fabricated by Lee et al.
to transform rotational motion into electricity, as
shown in Fig. 3(b) [93]. In such a TENG, most of the
components are fabricated by 3D printing of PLA,
which is a cost-effective and non-toxic strategy by
utilizing a considerably durable material. Besides, 3D
printing also provides design versatility on cam shapes
and integration of single to quad TENG device units,
to produce various levels of power output.

Bioenergy harvesting devices such as enzymatic
biofuel cells (BFCs) also receive considerable attention
due to the non-invasive method to convert energy
from biofluids, such as sweat into electricity. The
glucose and lactate in the biofluids can be oxidized by
enzymatic reaction at the anode and oxygen reduced
at the cathode, and thus generate considerable electrical
power output [3]. Wang's group reported stress-
enduring functional materials to convert bioenergy
into electricity [94]. In this work, body-compliant
glucose and lactate biofuel cells were successfully
fabricated onto textile and highly stretchable fiber by
screen printing. As a proof-of-concept, a self-powered
system that realizes real time monitoring of lactate
and wireless signals transmission was successfully
fabricated, as shown in Fig. 3(c), and such BFCs have
also been demonstrated in the forms of tattoos, self-

powered LED bands and watches [2, 12, 94].

In these energy conversion devices, nanostructures
that provide large surface area are capable to harvest
more energy and achieve higher energy conversion
efficiency. Therefore, future research efforts should
be focused on optimization of printable inks and
recipes to create complex nanostructures with higher
aspect ratios and larger surface areas by printing
technologies.

4 Printable fabrication of energy storage
devices

Energy storage devices, serving as stand-by power
supplies, are indispensable components of self-powered
systems. These devices could release energy via
reversible physical and/or chemical reactions to
maintain the electronic system non-stop working.
Typically, supercapacitors and rechargeable batteries
are two primary types of electrochemical energy
storage devices with essentially different energy storage
mechanisms, which will be further illustrated in the
following sections. In recent years, a rapid progress
in printable fabrication of energy storage devices
with attractive attributes, such as high energy storage
and power density, stable cycling capability, enhanced
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operational safety, remarkable flexibility and minia-
turized form factor, has been reported. It is worth
mentioning that morphologies with large surface-to-
volume ratio can provides adequate sites for charge
storage and ion contact, which is critical to realize
high performance of energy storage devices. Therefore,
certain roughness or porosity is desirable in fabrication
for energy storage devices, which makes them more
feasible to be fabricated by printable methods,
especially compared with printable solar cells that
generally requires smooth surfaces. Besides, planar
configurations that consist of interdigitated electrodes
separated on one plane are preferred in fabrication of
printable and miniaturized supercapacitors/batteries
[23]. Such planar device configurations also allow rapid
electrolyte ion transportation and short ion diffusion
distance between electrodes, and thus provide
higher power capability [15, 95-98]. In this section, the
advantages of printable fabrication of such energy
devices will be introduced and strategies toward
performance enhancement will be discussed.

4.1 Supercapacitors

Supercapacitors, also known as electrochemical
capacitors, are being utilized to bridge the perfor-
mance gap between traditional capacitors and
rechargeable batteries [99]. Generally, supercapacitors
possess large electrode surface area and multiple
charge storage mechanisms (physical adsorption and
chemical reaction) and are capable to store much higher
energy than electrostatic capacitors and electrolytic
capacitors [100]. In addition, supercapacitors can
deliver the energy much faster than rechargeable
batteries due to their fast surface electrochemical
reactions, thus these devices are commonly utilized
in applications such as regenerative brakes in electric
vehicles and pacemakers in medical treatment, where
batteries have a relatively low power output and the
traditional capacitors fail to meet the high energy
requirements [99]. Based on different energy storage
mechanisms, supercapacitors could be further classified
into two categories. Generally, carbon-based materials,
such as activated carbon, graphene, and carbon nano-
tubes, are widely used as electrode materials where
energy is stored by physical ion absorption, and such
a type of supercapacitor is named as an electrical
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double layer capacitor (EDLC) [99, 101]. It should be
noted that the theoretical capacitances of carbon-based
materials are relatively low due to the limited
electrolyte ion adsorption at the electrode/electrolyte
solid/liquid interface. To increase the capacitance of
supercapacitors, transition metal oxides (manganese
dioxide (MnQO,), ruthenium dioxide (RuQ,), etc.),
transition metal nitrides (titanium nitride (TiN),
ruthenium nitride (RuN), etc.), and conducting
polymers (polypyrrole (PPy), polyaniline (PANI), etc.),
are utilized to store energy via highly reversible
surface redox reactions, and such an energy storage
mechanism is called pseudocapacitance [23]. It is worth
mentioning that printable methods are widely adopted
in micro-supercapacitor fabrication for wearable and
portable electronics, and thus the areal capacitance is
one of the foremost performance factors [15]. Herein,
versatile printable fabrication and modification
methods aiming at increasing the areal capacitance of
the supercapacitor devices will be introduced in the
following paragraphs.

Carbon-based inks are the most popular materials
for printable supercapacitors mainly due to the low
resistance and high porosity, as well as good mechanical
and electrochemical stability [102, 103]. Specific
surfactants such as sodium dodecyl sulfate (SDS) and
sodium dodecylbenzenesulfonate (SDBS) are usually
added into inks to reduce the surface tension of the
ink solvent and prevent the agglomeration of the ink
solutes [27]. Moreover, conductive polymeric binders
are utilized to tune the viscosity, surface tension, ink
concentration and so forth, thus to meet the require-
ments of different printing methods [6, 6, 43, 104].
The high versatility of printing techniques is shown
in Fig. 4. The electrode inks can be printed onto a large
variety of substrates, including PET (Fig. 4(a)), printing
paper (Fig. 4(b)), textile, etc. [43, 104-106]. Besides
additive printing of carbon materials, high porosity
can be produced by laser reduction of GO films or
laser carbonization of polymer sheets [107], which also
allows versatile and artistic pattern design (Fig. 4(c)).
Ajayan’s group found that GO films with water trapped
between layers can serve as an electrode separator as
well as an electrolyte, and a monolithic rGO-based
supercapacitor was successfully demonstrated with
laser-reduced patterning [98]. Apart from the printable
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Figure 4 (a) Single-walled carbon nanotube films inkjet-printed on PET with different geometries and printing passes (reproduced
with permission from Ref. [43], © Springer 2010). (b) All-inkjet-printed solid-state EDLC on printing paper (reproduced with
permission from Ref. [106], © Royal Society of Chemistry 2016). (c) Pattern design demonstrated with laser carbonization (bright
contrast) on dark color PI film using a blue-violet CW semiconductor laser with a wavelength of 405 nm (reproduced with permission
from Ref. [107], © Royal Society of Chemistry 2016). (d) Facile circuit configurations of printable planar supercapacitors connected
(d1) in series and (d2) in parallel (reproduced with permission from Ref. [97], © Nature Publishing Group 2013).

EDLCs mentioned above, pseudocapacitive materials
were also explored for printing [108]. Moreover,
the device configurations at the circuit level can be
conveniently achieved to realize high operational
voltage or adequate current output for practical
applications, and can be further integrated with artistic
pattern designs in a facile manner, as shown in
Fig. 4(d) [97].

However, limited by the small surface area, most of
the reported printable supercapacitors have relatively
low normalized areal capacitance, generally less than
20 mF-cm™ [15]. Thereby, several printable strategies
have been proposed to enhance device capacitance,
and the as-fabricated devices deliver competitive
performance compared with commercial devices or
those that are prepared via non-printing methods.
One of the effective strategies is to construct electrodes
with desirable nanostructures, which provide larger
surface area for more charge storage and the well-
controlled porosity for better ion diffusion and
electron transport [109-113]. Zhu and co-workers
demonstrated millimeter ultrathick electrodes with
periodic macropores by 3D printing of formulated
graphene aerogel, as shown in Fig. 5(a) [114]. Such an

additive printing method enables the fabrication
of high aspect ratio structures and precise control
over porosity [27]. Moreover, such 3D networks also
demonstrated high mechanical tolerance to realize
long cycle stability. Thus, the achieved capacitance
retention and power densities are superior to those
values of bulk materials with similar dimensions [114].

It is also possible to combine printing techniques
with conventional material deposition methods so as
to fabricate high performance supercapacitors. For
instance, Kaner’s group utilized laser-scribing printing
techniques to create highly porous rGO materials and
an electrochemical deposition method to deposit
large amounts of MnO, [58, 115]. The as-fabricated
micro-supercapacitor achieves an impressively high
areal capacitance of up to 400 mF-cm™, as shown
in Fig. 5(b) [58]. Apart from construction of highly
porous nanostructures, increasing the electrode density
is another key factor to realize high normalized
capacitance. Recently, Lin et al. reported planar
supercapacitors with a minimum interspace of 5 um
between neighboring nanocoral-structured electrodes,
which was realized by combination of inkjet printing
and electrochemical depositions (Fig. 6(c)) [116]. The
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Figure S Printable fabrication of supercapacitors with improved performance. (a) Ultra-thick 3D electrodes with ordered architectures
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Academy of Sciences 2015). (c) Planar supercapacitors with nanocoral-structured electrodes fabricated by combining high resolution
inkjet printing and electrochemical depositions (reproduced with permission from Ref. [116], © Wiley-VCH 2017).

as-fabricated supercapacitors with high electrode
density, shortened ion diffusion lengths and hierarchical
nanocoral structures, demonstrated a remarkable
enhancement in both specific energy and power.
Given the above, these printable fabrication strategies
offer a promising future for fabrication of energy
storage devices with reliable energy storage capacity,
fast charging, long cycle life and high compatibility
to be integrated with other kinds of electronic devices.

4.2 Rechargeable batteries

Compared with supercapacitors, rechargeable batteries
possess higher energy density, more stable operation
voltage and relatively lower self-discharging rate.
Unlike supercapacitors that store energy via surface

TSINGHUA
UNIVERSITY PRESS

electrochemical activities, the energy storage or release
in rechargeable batteries is accomplished with the
process of ion intercalation/deintercalation into the
bulk electrode. Such a process leads to multiple
crystallographic phase changes of the active materials,
conversion reaction and alloying/de-alloying processes.
Among the variety of rechargeable batteries, lithium-
ion batteries have been widely adopted as the main
energy storage devices ever since they were first
introduced in 1991 [23]. However, it is still a challenge
to integrate rechargeable batteries into flexible and
wearable electronics via a printable strategy due to their
low tolerance of device deformation. Especially under
bending conditions, electrolyte leakage and filament
growth could result in a device failure.
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Figure 6 (a) The first demonstration of an integrated LIB by 3D printing (reproduced with permission from Ref. [52], © Wiley-VCH 2013).
(b) Stretchable Zn-Ag,0O battery fabricated by screen printing (reproduced with permission from Ref. [122], © Wiley-VCH 2017).
(c) Custom-made GO based conductive ink for direct 3D printable LIB (reproduced with permission from Ref. [123], © Wiley-VCH
2016). (d) All-solid-state LIB prepared by UV curing-assisted multistage printing with abuse tolerance (reproduced with permission

from Ref. [126], © Royal Society of Chemistry 2017).

Research attempts to novel printable fabrication
strategies and formulation of printable materials are
introduced in the following paragraphs, while continuing
efforts are required for performance enhancement,
such as capability and cycling stability.

The first representative work on a printable lithium
ion battery (LIB) was done by Sun and coworkers,
as shown in Fig. 6(a) [52]. In this work, the main
components of the micro batteries, including cathodes,
anodes, electrolytes and encapsulation, were fabricated
by 3D printing. By tuning the rheological properties
of inks, such as by active materials’ ratio, additive
selections and concentrations, it is possible to realize

filament formation, achieve quick solidification and
maintain structure stability during material stacking.
As a direct consequence, a lithium iron phosphate
(LFP) cathode and a lithium titanate (LTO) anode were
precisely printed. Such a printing process enables the
construction of high aspect ratio 3D electrodes within
a small footprint area, which is also a promising
strategy to improve the energy storage capacity [117,
118]. Apart from LIBs, zinc-based batteries, which
utilized an aqueous electrolyte to avoid potential
flammability issues of the LIB, have also been
fabricated via printing methods [119-121]. Meng’s
group successfully demonstrated an all-printed and
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stretchable planar zinc-silver oxide (Zn-Ag,O) battery,
as shown in Fig. 6(b) [122]. In this work, polystyrene-
block-polyisoprene-block-polystyrene (SIS) as hypere-
lastic binder was introduced to prepare inks with
high mechanical tolerance. The as-printed aqueous
rechargeable Zn batteries achieved a reversible capacity
density of around 2.5 mAh-cm™ at a discharge current
of 3mA-cm™?, which is currently the highest value
among intrinsically stretchable batteries. Moreover, the
device retained considerable performance undergoing
stretching and twisting. Such custom-made inks with
high stress-enduring property provide a promising
strategy to develop printable and stretchable electronics
for wearable applications.

Though polymer binders contribute to the increased
mechanical robustness of printed devices, it might
compromise the conductivity of the electrodes in the
meantime. To solve this problem, Fu and co-workers
modified the electrode inks by mixing active materials
with GO sheets, which would be further reduced to
conductive and porous rGO [123]. Thus, concentrated
inks with highly conductive and proper rheological
properties were synthesized for direct electrode
printing. Notably, GO sheet alignment by shear stress
was found along the extrusion direction, and thus, a
porous network was formed to provide continuous
electron pathways and ion diffusion channels, leading
to significantly improved electrochemical performances.
Without extra processing for current collector patterning,
such micro batteries can be directly constructed onto
a variety of substrates (Fig. 6(c)). Recently, lithium-
sulfur cathodes fabricated by inkjet printing were
also reported. By mixing single-wall carbon nanotubes
and conductive straight-chain sulfur as printable
inks, the as-fabricated microcathodes delivered a
capacity of around 800 mAh-g™, and such a value is
the highest among batteries fabricated with printing
techniques [124]. Apart from active materials, elec-
trolytes with uniform porosity and remarkable
electrochemical/mechanical/thermal stability are also
critical requirements for high performance batteries
[112]. By adding aluminum oxide (ALOs) fillers into
inks, Blake et al. generated polymer electrolyte with
a controllable and uniform porous matrix by 3D
printing for LIB applications. It was demonstrated
that such porous electrolytes exhibited better wetting
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characteristics and enhanced thermal stability as
compared to non-porous electrolytes [112]. Research
attention was also devoted to the safety failures of
LIBs that use flammable electrolytes [125]. For instance,
Lee’s group recently developed a new class of flexible
bipolar LIBs with exceptional abuse tolerance [126].
As shown in Fig. 6(d), the all-solid-state LIBs were
fabricated via a UV curing-assisted multistage printing
approach utilizing a novel flexible and nonflammable
gel electrolyte consisting of sebaconitrile (SBN)-based
electrolyte and a semi-interpenetrating polymer
network skeleton. Compared with traditional LIB
using inorganic electrolytes, the as-fabricated LIBs
also demonstrated superior safety robustness when
exposed to flame or even after they were cut in half.
However, such printable inks with large aspect ratio
fillers or sheets can only be adapted for large printing
nozzles or via screen printing methods, which still
pose challenges for further performance enhancements
and fabrication versatility [26].

5 Printable fabrication of self-powered
energy sources

The integration of energy conversion and storage
devices into a self-powered energy source is one of
the ultimate solutions to meet the demand for next
generation wearable and portable electronics. Prototypes
of such energy systems have been demonstrated
successfully on rigid substrates and textiles, etc. [14].
The emerging printing techniques provide alternative
and facile routes for the monolithic fabrication and
seamless connection of two different energy devices,
which will be reviewed in this section.

5.1 Prototype integrated self-powered energy sources

One of the ultimate solutions to meet the demands
of wearable and portable electronics is to integrate
energy conversion and storage devices into an
independent power source [13, 127]. Several types of
integrated systems have been demonstrated, such
as photovoltaics-battery [128, 129], photovoltaics-
supercapacitor [130-132], nanogenerator-supercapacitor
[133], etc. Although there is a lack of standards for
system performance evaluation, energy conversion and
storage efficiency and cycling stability are the most
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important figures-of-merit among all the characteristics.
To achieve reliable functionality and considerable
performance of such self-powered energy sources,
stable functionality of the individual devices, parameter
matching of two different devices and robust
integration are essential [134]. For a photo-charging
integrated energy source, the energy conversion and
storage efficiency (1) can be calculated following Eq. (1)

— E O,

n= PAT x100% 1)
where E, P, A and t are discharge energy of the
energy storage device (mWh), light power density
(mW-cm™), effective photovoltaic device area (cm?)
and photo-charging time (h), respectively [14, 135].

The system operation principle of such integrated
self-powered energy sources can be illustrated by
the schematic diagram of a LIB photo-charging by a
perovskite solar cell, as shown in Fig. 7(a) [135]. Under
solar radiation, electron/hole pairs are generated in
the perovskite layer in the solar cell and transported
to the anode and cathode, respectively, thus generating
electric current flow. Such photo-generated current
can either power the energy consumption devices, or
be stored in the LIB and release the energy when
necessary.

Apart from the integration of two energy devices
via external connection to realize robust monolithic
integration, one of the widely employed integration
strategies is stacked architectures with one common
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electrode, as shown in Fig. 7(b) [136]. The as-fabricated
integrated energy source contains a layer of gold as a
shared electrode. Such device architecture can be applied
onto both rigid and flexible substrates [137, 138].

Another facile integration approach is utilizing
conductive fibers as the common electrodes to
connect the different devices, which has been widely
demonstrated for further integration into wearable
systems [139-141]. As shown in Fig. 7(c), Bae and
co-workers reported for the first time a prototype
integrating hybrid energy conversion devices, solar
cells and a nanogenerator, together with a super-
capacitor as the energy storage device [133]. The devices
are fabricated using ZnO nanowires and graphene
on a single poly(methyl methacrylate) (PMMA) fiber
coated with Au, which served as common electrodes.
Simultaneous energy harvesting from both solar and
mechanical energies was realized.

However, the fabrication of integrated energy
systems is still in the early stage of research. It relies
on the stability of individual power supply devices,
and considerable technical problems might be further
introduced during the integrations. Therefore, it is
even challenging to realize scalable fabrication of such
self-powered energy sources by printing techniques,
which will be further discussed.

5.2 Research advances in printable integrated self-
powered energy sources

Due to the challenges mentioned in the previous

Solar cell

Supercapacitor

. Nanogenerator

Figure 7 Demonstrations of different integration strategies of self-powered energy sources. (a) Photo charging LIB integrated with
external connections (reproduced with permission from Ref. [135], © Nature Publishing Group 2015). (b) A perovskite solar cell integrated
with supercapacitor stacked configuration with Au as common electrode (reproduced with permission from Ref. [136], © American
Chemical Society 2016). (c) Integrated DSSC, nanogenerator and supercapacitor with single fiber as common electrode (reproduced

with permission from Ref. [133], © Wiley-VCH 2011).
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sections, research progress in printable fabrication of
integrated systems are still in an infancy stage. Xia
and co-workers innovatively combined a printable
PVSC, similar to the devices that have been discussed
in Section 3.1, and an electrochromic battery with
WO; nanowires as anode materials and NiO/rGO as
cathodes. Thus, the charging status can be indicated
by the color variation and demonstrates its potential
application in smart windows [142]. However, the
integration of the two devices relies on external
connection which introduces extra resistance into
the whole system and is generally not preferable in
portable and wearable electronics.

Recently, Lee’s group has successfully fabricated a
monolithically integrated energy source consisting
of crystalline Si (c-Si) photovoltaics (SiPV) and a LIB
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energy source, as shown in Figs. 8(a) and 8(b) [13]. The
all-solid-stage bipolar LIBs were directly fabricated
onto the Al electrode of a c-5i PV module in a UV
assisted in-series screen printing process, and thus
seamless integration was realized (Fig. 8(c)). The entire
SiPV-LIB unit was then well-packaged into a thin panel
(Fig. 8(d)) and realized a photo-electric conversion
and storage efficiency of up to 7.61%, which showed
remarkable enhancement over previous works. Besides,
the adoption of a ¢-Si PV and solid-state electrolyte
contributed to the thermal stability of the entire system
with over 95% capacity retention after 100 cycles
at 60 °C, as shown in Figs. 8(e) and 8(f). The device
structural design and fabrication process shed light on
the development of printable integrated self-powered

energy sources.
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printing method and corresponding cross-sectional SEM image. (d) Photos of fully packaged SiPV-LIBs lighting up LED. (e) Cycling
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To the best of our knowledge, fully printable
fabrication of energy systems with high integrity is still
challenging, and no prototype has been demonstrated
yet. However, printing techniques provide promising
routes to integrate different devices with their pattern
versatility. Also, the scalability of printing methods
will no doubt benefit scalable fabrication of such
integrated self-powered energy sources, to provide
infinite energy for ubiquitous electronics.

6 Conclusions and prospects

Printable techniques hold promising potency for
fabrication of power supply devices with practical
scalability and versatility, especially for applications
in wearable and portable electronics. In this review,
various characteristics of different printing techniques,
which are commonly employed in fabrication of
printable power supply devices, are summarized.
Research advances in device construction and
performance enhancement attributed to the unique
properties of nanomaterials are highlighted. The
attractive properties of printable fabrication methods
are illustrated, and the strategies for further impro-
vements on energy conversion efficiency, energy
storage capability and device integrity, are discussed.
In addition to a brief review over integrated self-
powered systems, progress in printable fabrication
and integration of different energy devices into
self-powered energy sources are also introduced,
which is highly desirable for wearable and portable
electronic devices.

It is obvious that printable methods provide
innovative routes for fabrication of a variety of elec-
tronics with research advances in printing techniques,
materials engineering and device structure revolutions.
However, there are still several challenges to be
addressed: 1) For practical application, it is essential
that the developed printing methods are compatible
with manufacturing processes, which require high
scalability and throughput. Therefore, modifications
on device architectures and selection of printable
materials are critical. For instance, a planar device
configuration that consists of a single layer is highly
preferred in printable fabrications. It reduces the
complexity of printing layer-by-layer stacked architec-
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tures and avoids the risk of solvent dissolution
between layers or potential solvent attacks to the
deposited materials. Moreover, materials that contain
high aspect ratio fillers or flakes tend to aggregate
easily and can only flow through large nozzles, which
limits the variety of printable materials and lowers
the fabrication efficiency due to nozzle clogging
issues. 2) With limited choice on printable materials,
active material mass loading and surface engineering
capability of printing methods are still lacking in
competitiveness with electrochemical deposition,
evaporation and sputtering, etc. Therefore, the per-
formances of printable devices are inferior to the ones
that are fabricated by those conventional techniques.
Especially for miniaturized electronics, one of the key
factors to enhance the normalized energy harvesting
and storage capability is to realize high printing
resolution. Thus, dedicated research efforts should be
invested on the modification of printable ink with
proper viscosity, hydrophilic/hydrophobic properties
and so on, to realize precise patterning together with
high mass density loading on a variety of substrates.
Apart from printing resolution, well-controlled surface
morphology is another key factor. Particularly, compact
and smooth surfaces are critical for solar cells, while
highly porous nanostructures with large surface area
are preferable for nanogenerators, BFCs, supercapacitors
and batteries. Therefore, innovative printing procedures
with combinations of appropriate printing techniques,
including the printing techniques discussed above and
other printing methods, such as roll-to-roll printing
[24, 40], even with assistance of conventional techniques
are preferred. 3) Up to now, it is still challenging to
fabricate the entire functionalized devices or integrated
systems via printing procedures. To meet the demand
of next generation wearable devices, it is highly
desirable to realize fully printable fabrication of power
supply devices, with merits of design versatility and
respectable performance, as well as robust and seamless
integrity.

Overall, rapid research progress on printable
electronics based on nanomaterials, especially power
devices and systems, have been witnessed in recent
years. And the innovatively developed printable
fabrication methods demonstrate remarkable scalability
and desirable fabrication versatility, which are essential
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to meet the demands of next generation wearable and
portable electronics. However, research in this field is
still in an infancy stage and several challenges need to
be addressed in order to realize printable integrated
self-powered systems with remarkable performance
and attractive attributes, such as self-healing [104],
shape memory or electrochromic properties [143, 144],
which are also desirable for wearable and portable
systems.
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