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Printing is rapidly emerging as a novel fabrication technique for energy storage and
conversion technologies. As nanostructured carbons replace traditional materials in energy
devices due to their unique structures and properties, intensive research efforts have
focused on developing methods to print these new materials. Inkjet printing, screen print-
ing, transfer printing, and 3D printing are increasingly used to print carbon nanomaterials.
After a brief introduction of the basic operating principles of each of these techniques,
methods for printing fullerenes, graphene, carbon nanotubes, carbon black, and activated
carbon are reviewed. Subsequently, the applications of printing techniques for fabricating
batteries, supercapacitors, fuel cells, and solar cells are discussed, followed by a
perspective on the current challenges and future outlook of printing nanostructured

carbon materials for these devices.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Printing techniques have existed in a variety of forms for mil-
lennia. The invention of the printing press was one of the
most significant advances in history and it transformed the
way information was distributed, having widespread social
implications. Since then, many printing techniques have been
developed, enabling faster throughput and higher quality
prints on a multitude of different substrates. Some of these
techniques include screen printing, lithography, inkjet
printing, transfer printing, and recently, 3D printing.

The most common use of printing is the reproduction of
text with ink on paper, however recently there has been a
noteworthy rise in the development of printable functional
materials. Most printing inks have evolved considerably since
the earliest printing, and the blossoming of nanotechnology
in recent decades has brought with it an opportunity for
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further advancements. Similarly, computers and controlled
machinery mean super-fast and precise printing is available
at low costs. Now techniques exist for printing nanoparticle
dispersions, conductive polymers, biological molecules, and
nanostructured carbons. Using these techniques, printing
has become much more than the transfer of words onto
pages. Functional printing technology has been used to fabri-
cate displays, biological tissue scaffolds, battery electrodes,
supercapacitors, fuel cell catalysts, and solar cells.

Carbon exists in many forms including nanostructures
such as graphene, carbon nanotubes (CNTs), and fullerenes,
which are some of the most fervently and widely studied
nanomaterials today. These three materials are similar in
their atomic bonding structure, comprised of sp? bonded car-
bon, but are manifest as sheets, tubes, and spheres in 2, 1,
and 0 dimensions, respectively. Both graphene and CNTs
exhibit highly attractive properties such as good thermal
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Fig. 1 - Schematic representing the printing process of nanostructured carbon materials for solar cells, batteries, fuel cells,
and supercapacitors. (A color version of this figure can be viewed online.)

and electrical conductivity, mechanical strength, and chemi-
cal stability. Fullerenes also possess unique optical and elec-
tronic properties, especially when functionalized. As a
result, nanostructured carbons are being used in a growing
number of established and emerging applications. Printing
these materials has been recognized as an excellent approach
for preparing functional structures and films with precise
thickness control, patternability, and minimal wasted
material.

Here we review printing of carbon nanomaterials and the
application of printed carbons for energy storage and conver-
sion (Fig. 1). This review begins with an introduction of basic
printing methods and principles, highlighting and comparing
several of the most important techniques. Subsequently, a
detailed review of printed carbon nanomaterials is given.
Essential parameters for printing these materials such as
functionalization, surface treatment, and ink preparation will
be discussed with specific examples from the literature given
throughout. Finally, applications of printed carbon nano-
materials for energy storage and conversion are discussed,
followed by an outlook on potential future trends in printing
nanostructured carbon research and technology.

2. Principles of printing technologies

The fundamental principles of four major printing techniques
are introduced here. Inkjet printing, screen printing, and
transfer printing are all commonly used techniques for
depositing nanostructured carbon onto substrates of varying
size, surface energy, and flexibility for energy applications.
3D printing, on the other hand is an emerging technology,
with very few studies of its use for carbon nanomaterials
reported. However, it is becoming a popular technique in both
academic research and industry, and is therefore discussed
briefly in this section.

2.1.  Inkjet printing

Inkjet printing is an additive technique for patterning two-di-
mensional structures onto a substrate. It precisely deposits
ink droplets at desired locations without pre-patterning the
substrate, making it simple to use while minimizing wasted
material. It has been widely adopted in industry as a rapid
fabrication technique, ranging from advertising to material
tagging to printed circuit boards.

Inkjet printing has also been successfully applied to
fabricating energy storage and conversion devices, such as
battery electrodes [1-6], supercapacitors [7-11], and solar cells
[12-16]. It can be used to fabricate thin films or patterns of
uniform thickness, which can be controlled by the number
of layers printed on top of one another. Inkjet printing tech-
nology has many advantages over other fabrication tech-
niques, including cost-effectiveness, ease of use, minimal
wasted material, scalability, and the ability to deposit
designed patterns.

Principally, inkjet printing can be divided into continuous
inkjet (CIJ) and drop-on-demand (DOD) methods. CIJ printing
involves pumping liquid ink through a nozzle where a con-
tinuous stream of droplets is formed by a vibrating piezoelec-
tric crystal. Some droplets are charged by passing them
through an electric field, which can be varied to control the
degree of charging. The droplets then pass through another
electric field, with the more highly charged droplets deflecting
more than those with a lesser charge. In this way an image
can be produced, with unused ink being collected in a gutter
and recycled. On the other hand, DOD printers eject material
only when required. This involves forcing ink out of a series of
nozzles mounted on a print head. Because DOD printers do
not recycle ink, which may result in degradation upon expo-
sure to atmosphere, they are the standard choice for printing
functional materials including graphene and carbon
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nanotubes. In addition, DOD printing generally wastes less
material; it is therefore a more suitable technique for printing
expensive materials.

The three main stages of inkjet printing are illustrated in
Fig. 3a: droplet ejection, droplet spreading, and droplet solidi-
fication. The print head is first moved to the desired position,
where droplets are ejected through the nozzle and travel to
the substrate. Upon impact, they spread along the surface
and join with other droplets, forming a thin film of liquid
ink. Finally, the solvent evaporates, leaving the solid contents
of the ink remaining on the substrate.

To achieve droplet ejection in DOD printers, there are two
main types of inkjet print heads: thermal and piezoelectric.
Thermal print heads contain a resistor inside the ink chamber
which, upon an applied voltage, will superheat the ink above
the bubble nucleation temperature. The bubble expands, forc-
ing ink out of the chamber and through the nozzle. Once the
ink is ejected, the chamber rapidly cools, allowing more ink to
refill the chamber. This entire process occurs within a few
microseconds [17]. Piezoelectric inkjet print heads, on the
other hand, contain a piezoelectric element that pulsates
upon electrical excitation, which forms a pressure wave that
forces ink out of the chamber. The vibration of the piezoelec-
tric material can be precisely tuned to control droplet ejection
from the nozzle. Typically, inkjet print heads comprise of
hundreds of ink chambers and nozzles to achieve high
throughput. A higher number of nozzles allows for printing
of higher resolution patterns in shorter time frames, an
important metric for large-scale production.

Thermal print heads are generally cheaper and require
less maintenance than piezoelectric print heads because they
contain no moving parts. The cartridge on which the print
heads are mounted can simply be replaced by the user for
relatively low cost if the nozzles become clogged or broken.
Piezoelectric print heads, however, typically require more
expensive maintenance procedures by a technician if their
piezoelectric crystals become damaged. On the other hand,
piezoelectric print heads are preferable for printing a wide
range of functional materials since they do not require any
heating of the ink, which can result in degradation of the
active materials. In addition, a wider range of solvents can
be used with the piezoelectric systems, including water, oils,
and organic solvents; thermal print heads are generally lim-
ited to aqueous inks due to the nucleation temperature
required for droplet ejection Also, the viscosity, surface ten-
sion, and density of the ink must be more precisely controlled
when using thermal print heads. Typically the ink viscosity
must be approximately 10 cP [18]. Therefore, piezoelectric
print heads are more commonly used for inkjet printing of
carbon nanomaterials due to their versatility in terms of the
ink’s composition and physical properties.

For both types of print head, droplet ejection is dependent
on the viscosity, surface tension, and density of the ink, the
shape and size of the nozzle, and the ejection velocity of the
droplet. These parameters are described by the Reynolds
(Re), Weber (We), and Ohnesorge (Oh) numbers. As shown in
Fig. 2a,thereis aregion in which Re, We, and Oh are optimized
for ideal jetting. In the figure, Z is defined as the reciprocal of
the Ohnesorge number, 1/0h. Generally, high Z fluids (high vis-
cosity, low surface tension) will be unable to form droplets that
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Fig. 2 - Influence of ink properties on (a) droplet formation
(Reprinted from [27]. Copyright 2010 Annual Reviews) and
(b) droplet spreading (Reprinted with permission from [28],
modified from [30] and [27]. Copyright 2012 Emerald Group
Publishing Limited). The shaded area in (b) is the region of
high quality inkjet printing. (A color version of this figure
can be viewed online.)

can eject from the nozzle, whereas low Z inks (low viscosity,
high surface tension) will result in the formation of satellite
droplets. Satellite droplets lead to blurred line edges and mis-
placed drops, ultimately leading to lower resolution.
Therefore, when developing an ink formulation it is important
to control these physical properties with the addition of sur-
factants, thickeners, stabilizers, and other additives.

The second stage of inkjet printing is droplet spreading,
which is dependent on the interactions between the ink and
the substrate. When the droplet contacts the surface of the
substrate, inertial and capillary forces will influence the
spreading behavior, while gravitational forces can be
neglected [19]. Again, these forces are related by Re, We, and
Oh, as shown in Fig. 2b. These parameters determine the sur-
face energy and contact angle of the liquid droplets on the
substrate and can be controlled by varying the viscosity, sur-
face tension, and density of the ink, as well as the morphology,
composition, and temperature of the substrate. Generally, the
simplest method to ensure good spreading behavior, and
therefore high resolution of the printing process, is a surface
treatment on the substrate prior to printing [20].
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During and after spreading, the solvent evaporates and
leaves behind a solid film. Solidification is dependent on the
solvent used and the temperature of the substrate. During
solvent evaporation there is usually a significant decrease in
volume, especially when the solid loading concentration is
low, as is generally the case when printing carbon nano-
materials. This can be problematic if the ink is not well dis-
persed, as agglomeration of the solid content may occur,
resulting in the formation of disconnected islands. The cof-
fee-ring effect is another commonly encountered problem,
in which the concentration of solids becomes higher at the
droplet perimeter compared to in the center upon drying
[21]. This can lead to fluctuations in the conductivity within
a printed pattern and complications in device operation. A
number of techniques have been shown to reduce this cof-
fee-ring effect [22-26]. More detailed explanations of the
major stages involved in inkjet printing can be found in refer-
ences [27] and [28].

Inkjet formulations of carbon nanomaterials are usually
comprised of functionalized carbon dispersed in a solvent,
often with a surfactant. As an approximation, the solids in
the ink should be less than one-fiftieth the size of the print
head nozzles. Typically, inkjet printer nozzles have diameters
on the order of tens of microns, so the graphene sheets and
CNTs should have dimensions less than a few hundred
nanometers to prevent clogging of the nozzles [29].
Agglomeration of the solids can also lead to clogging; there-
fore, the choice of solvent is very important to achieve a uni-
form dispersion. When the printer is not in use the solvent
around the nozzles will evaporate, increasing the local viscos-
ity and disrupting ideal droplet formation. The time for this
gelation to occur is referred to as the latency time of the ink
and is one of the major challenges of developing inks for
inkjet printing [15]. Inkjet printer inks must have relatively
low viscosity, compared to other techniques such as screen
printing and 3D printing. The details of ink formulation are
discussed in detail for nanostructured carbon materials in
Section 3.

2.2. Screen printing

Screen printing is a technique using a mesh mask to deposit
ink onto a substrate in a given pattern. The ink is placed on
top of a thin plastic or metal screen that contains open areas
that the ink is forced through with a squeegee (Fig. 3b).
Screen printing is commonly used to apply patterns to tex-
tiles, wood, and glass. However, researchers have also used
it to fabricate electronic devices, such as transistors [31,32],
battery electrodes [5,33,34], solar cells [35-38], and fuel cells
[39-41).

Screen printing differs from inkjet printing in that it is not
an additive process, so there is more wasted material and
generally less control of film thickness. However, it can be
simpler to make films as the ink can be of a wider range of
viscosities and surface tensions, whereas these parameters
must be tightly controlled in the inkjet printing process.
Usually screen-printed films are much thicker than inkjet-
printed films. The film thickness after drying is directly pro-
portional to the concentration of the coating solution, the
paste volume of the screen, and the pick-out ratio, which

takes into account partial deposition of material. The pick-
out ratio can be controlled by varying the squeegee force,
printing speed, snap-off distance, snap-off angle, and ink vis-
cosity [12]. In addition, because of the high pressures used to
apply the ink to the substrate, the patterns are generally
stable and unlikely to wash or rub off.

Similar to inkjet printing, screen printing uses inks com-
posed of solids dispersed in a solvent. However, for screen
printing, the inks have a higher viscosity and are less volatile.
The solvent usually consists of water or an organic compound
that is more stable at room temperature, making the drying
process slower than for inkjet printing. Due to the required
high viscosity and low volatility, the use of screen printing
has been somewhat limited in the field of energy storage
and conversion. However, low solid concentration and the
coffee-ring effect are not problems when screen printing
due to the high pressures used and the fact that the ink is
not deposited as droplets. Additionally, screen printing can
be adapted for roll-to-roll processing [35], meaning it could
be a suitable fabrication technique for large-scale production
of batteries, supercapacitors, fuel cells, and solar cells.

The quality of screen printed films depends on a number
of factors, including mesh size, ink rheology, and the sub-
strate used. Of these, ink rheology has the greatest effect
and is the most important parameter to control. The ink vis-
cosity and viscoelasticity are affected by the particle size [42],
solid loading concentration [43], and inclusion of additives
such as binders and dispersants [44]. It is critical to tune the
binder concentration to ensure high quality prints. Not
enough binder results in film cracking [45], whereas too much
binder leads to printing problems due to the high viscosity
and tackiness of the ink [41].

2.3.  Transfer printing

Transfer printing involves patterning a material onto one sub-
strate initially and then moving it to a second substrate. It has
recently become a popular technique for printing a wide vari-
ety of materials, including graphene [46], carbon nanotubes
[47], quantum dots [48], DNA [49], and metal nanostructures
[50]. While inkjet and screen printing are limited to res-
olutions of approximately 12 pm and 40 pm [27,51], respec-
tively, transfer printing can be used to pattern features
below 100 nm [52,53].

The transfer printing process is shown schematically in
Fig. 3c. First the material to be transferred is synthesized or
patterned on its initial substrate. It is then brought into con-
tact with the transfer substrate, generally a flexible elas-
tomeric polymer, and peeled off from the first substrate.
Then the transfer substrate with the transfer material is
applied to the final substrate. In these last two steps, the tem-
perature and pressure must be tightly controlled in order to
get defect-free transfers. Lastly, the transfer substrate is
removed and the transfer material remains.

Device fabrication can be performed separately from the
assembly stage, which is beneficial for a number of materials
and applications, especially graphene and flexible electronics.
High quality graphene is usually synthesized by chemical
vapor deposition (CVD) at high temperature, which is limited
to only a few substrates such as silicon or copper. However,
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Fig. 3 - Schematic illustrations of (a) inkjet printing (Reprinted with permission from [13]. Copyright 2007 John Wiley and
Sons), (b) screen printing (Reprinted with permission from [12]. Copyright 2009 Elsevier), (c) transfer printing (Reprinted with
permission from [60]. Copyright 2012 Nature Publishing Group), and (d) 3D printing (Reprinted with permission from [55].

Copyright 2013 John Wiley and Sons).

many applications cannot use graphene in this form and it
must therefore be transferred to a second substrate without
introducing defects and compromising its quality. This is
especially critical for flexible device fabrication, which are
assembled on low melting point polymers, usually polyethy-
lene terephthalate (PET). Transfer printing can accomplish
this process without exposing the material to any chemicals
or solvents that may damage it.

Transfer printing quality is determined by the types of
transfer materials, substrate materials, and the working tem-
peratures and pressures used. The adhesion between the
transfer material and substrates must increase at each
sequential printing step: the adhesion of the material with
the final substrate must be greater than with the transfer sub-
strate, which must be greater than with the initial substrate.
This can be accomplished by optimizing the temperature
and pressure applied during transfer, as well as by surface-
treating with a fluorinated silane molecule [54].

2.4. 3D printing

Three-dimensional printing is a rapidly growing printing
technique and is finding applications in an increasing number
of fields. Recently it has been used to assemble a 3D battery
[55], supercapacitor electrodes [56], tissue engineering scaf-
folds [57], strain sensors [58], and reduced graphene oxide
nanowires [59].

3D printing of functional materials involves extruding
material through a nozzle onto a substrate. The pattern is
passed over multiple times to build up a three-dimensional
structure (Fig. 3d). Similar to inkjet and screen printing, 3D

printing uses an ink comprised of solids dispersed in a sol-
vent that dries upon contact with the substrate.

Minimal spreading and rapid drying are necessary for high
quality 3D prints. This can be achieved by the addition of
thickeners and volatile, low boiling point solvents. It is also
necessary to ensure that the underlying layer does not com-
pletely dry before the next layer is printed on top of it by add-
ing humectants [55]; otherwise poor adhesion between layers
will result. By optimizing the ink’s rheological properties, fea-
tures below 10 um have been achieved [61].

The implications of 3D printing are only beginning to be
understood. Already this technique is changing the way peo-
ple fabricate goods, decentralizing manufacturing and open-
ing doors for innovative new products which could not
otherwise be made. Carbon nanomaterials will play an impor-
tant role, both as functional materials and as additives to 3D
ink composites. 3D printing will be especially effective for
energy storage and conversion device fabrication. For exam-
ple, it is predicted that 3D-printed architectures can double
the volumetric energy density of conventional batteries [55].
Table 1 provides a comparison of the four printing techniques
discussed here. Furthermore, an outlook on the future of
printing techniques for energy applications is given at the
end of this review.

3. Printing nanostructured carbon

In this section, printing fullerenes, graphene, carbon nan-
otubes, and other nanostructured carbons is discussed.
Details about ink formulations for inkjet and screen printing
are given, with an emphasis on the surfactants, functional
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groups, and solvents used to produce stable, jettable solu-
tions. Transfer printing parameters are also discussed for gra-
phene and CNTs. Table 2 summarizes the various ink
formulations used for printing carbon nanomaterials.

3.1. Fullerenes

Buckminsterfullerene, comprised of 60 carbon atoms
arranged into a hollow sphere, was first discovered in 1985
by Kroto, Heath, O’Brien, Curl, and Smalley at Rice
University [65]. Since then, other fullerene molecules have
been synthesized, including Cyo, C70, C76, Cgo, and Coo, which
exhibit varying chemical, mechanical, and electrical proper-
ties. Fullerenes have gained considerable attention for energy,
drug delivery, and cosmetic applications due to their high sur-
face area, stability, radical scavenging properties, and ability
to be easily functionalized.

The properties of fullerenes can be controlled by attaching
different functional groups to their surface [66-68].
Functionalized fullerenes are highly effective n-type organic
semiconductors and they are therefore commonly used in
solar cells as electron acceptors and conductors [69]. [6,6]-
Phenyl-C61-butyric acid methyl ester (PCBM) is by far the
most common functional group for fullerenes used in energy
applications. Extensive studies have examined mixtures of
poly(3-hexylthiophene) (P3HT) with PCBM for polymer:-
fullerene blend organic solar cells.

PCBM was first synthesized in 1995 by Hummelen et al.
[70], through a diazo addition process of which a typical
example is shown in Fig. 4. Additionally, a second functional
group can be covalently linked onto the other side of the full-
erene molecule to produce bis-PCBM. These are well-known
synthesis processes and fullerenes functionalized in this
manner can be purchased for use without modification.

Solutions of P3HT:PCBM can be screen or inkjet printed.
The most common solvents for this are chlorobenzene (CB),
ortho-dichlorobenzene (0-DCB), and trichlorobenzene (TCB)
due to the relatively high solubility of fullerenes [71]. In addi-
tion, these solvents are volatile and have low viscosities, ideal
for inkjet printing. Teichler et al. [72] performed an extensive
study to determine the best ink formulation for inkjet print-
ing of PCBM. They tested both mono- and bis-PCBM, different
polymers, varying concentrations of solids, and different
ratios of solvents. Their study demonstrated that a concentra-
tion of 0.5 wt.% of mono-PCBM and a semiconducting poly-
mer in 90:10 CB:0-DCB achieved the best films between 150
and 200 nm thick.

In another study, Neophytou et al. [73] optimized the inkjet
printing process for PABHT:PCBM by varying a number of process
parameters, including solution viscosity, substrate tempera-
ture, drop spacing, and nozzle-to-substrate distance. As
expected, higher viscosities and substrate temperatures
resulted in thicker layers and faster evaporation rates, respec-
tively. Drop spacing affected film uniformity and thickness, as
this parameter determines the total volume of material depos-
ited within a given area. Too large a value resulted in
inhomogeneous films, while smaller valuesled to thicker films.
Lastly, the nozzle-to-substrate distance affected film quality,
with larger distances producing satellite droplets and partial
drying of the ink before it reached the surface. Therefore,
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Table 2 - Summary of nanostructured carbon inks for printing.

Functionalization Solvent Carbon nanomaterial Reference
concentration (mg/mL)
Fullerenes
PCBM Tetralene or 0o-DCB + - [13,15,138]
mesitylene
CB 11, 22 [139]
0-DCB 12, 24 (73]
CB + TCB 3.8 [140]
mono-PCBM CB + 0-DCB 5.6-9.0 [72]
bis-PCBM CB + 0-DCB 5.6-9.0 [72]
Graphene
None Water 3.0 [141]
Surfactants
Polyaniline Water — [91]
Poly(styrene sulfonate) Water 0.5 [91]
Polyelectrolyte Water — [91]
N-vinyl-2-pyrrolidone:vinyl acetate copolymer n-Butanol + isopropanol 1.4 [86]
Ethyl cellulose Terpineol + ethanol 1.2 [18]
Cyclohexanone + terpineol 3.4 [87]
Terpineol - [142]
Carboxymethyl cellulose Water + isopropanol - [143]
Water 10 [144]
Functional groups
p-Nitrobenzyl Propylene glycol diacetate 3.0 [86]
1-(3-Aminopropyl)-3-methylimidazolium bromide = DMF, DMSO, water [91]
PEDOT:PSS Water - [145]
Graphene oxide Water 9.0 [146]
Water + ethylene glycol - [29]
Water 0.9 [147]
Water + polyethylene glycol 3.0 [141]
Water + polyethylene glycol 8.0 [148]
Water 4.4 [149]
Water 2.0 [150]
CNTS
None DMF 4x10°° [112]
NMP 0.003 [113]
Surfactants
Sodium dodecyl sulfate Water 0.2 [9]
Water 0.3 [151]
Water 2.0 [152]
Water + methanol 0.05 [120]
Poly(2-methoxyaniline-5-sulfonic acid) Water - [153]
Xanthan gum Water 1.25 [154]
Gellan Water 1.25 [154]
Functional groups
Carboxyl groups Water 0.26 [114]
Water, water + PEDOT:PSS 0.5 [155]
Doping
Nitrogen Nafion solution - [156]
Other carbons
Carbon black NMP 20.6-41.2 [157]
Surfactants
Carbon black + Nafion Methanol 16.8 [125]
Isopropanol + glycerol 20, 40, 50 [129-131]
Isopropanol + ethylene glycol 20 [132]
Water + ethylene glycol + - [126]
isopropanol
1-Propanol - [133]
Various alcohols 20 [134]
Activated carbon + Triton X100 Ethylene glycol 33.3 [10]
Activated carbon + PMMA + PEG Water 200 [123,124]
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Fig. 4 - (a) The reaction for synthesizing PCBM from Cgo.
Reprinted with permission from [70]. Copyright 1995,
American Chemical Society. (b) The structures of PCBM and
P3HT. Reprinted with permission from [74]. Copyright 2014
The Royal Society of Chemistry.

smaller droplet travel distances are ideal for inkjet printing, as
long as there is sufficient space for a full droplet to form.

Screen printing fullerene inks is more difficult, due to the
low viscosity and high volatility of chlorobenzene solvents.
Fullerenes do not exhibit high enough solubility in most sol-
vents to attain sufficiently high viscosity for screen printing
[75]. For this reason, there are only a few studies in which
PCBM was screen printed [35,38,76,77].

Currently, the main method of functionalizing fullerenes
for printing purposes is by synthesizing PCBM. This is
because of its application in bulk heterojunction solar cells
as an electron acceptor, which will be discussed later in this
review. Because of the difficulty of dispersing fullerenes,
only a few solvents are used for ink formulations. These
typically consist of low viscosity, high volatility chloroben-
zenes, which are excellent for inkjet printing but not for
screen printing.

3.2 Graphene

Graphene is a promising new material, first isolated by Geim
and Novoselov in 2004 [78], for which they were awarded the
Nobel Prize in Physics in 2010. It is comprised of a single sheet
of sp?>-bonded carbon atoms that exhibits extraordinary prop-
erties. Graphene can withstand current densities up to
4% 107 A/ecm? [79)], six orders of magnitude greater than cop-
per [80] and has a theoretical surface area of 2630 m?%/g [81],
which rivals that of activated carbon. It also has outstanding
mechanical and optical properties. For these reasons, it is
gaining popularity in energy storage and conversion applica-
tions, such as battery electrodes, supercapacitors, fuel cell
catalyst supports, and solar cells.

For inkjet and screen printing, graphene nano-platelets
prepared by the reduction or exfoliation of graphene oxide
(GO) are typically used whereas single layer, CVD-prepared
graphene can only be printed by transfer printing. Inkjet
printing is by far the most common printing technique used

for graphene. Proper selection of solvent is very important
to achieve high quality prints. However, the best solvents
for dispersing graphene, dimethylformamide (DMF) and N-
methylpyrrolidone (NMP), are toxic. NMP also has a higher
viscosity than water, meaning that graphene nanosheets dis-
persed in NMP experience higher frictional forces and a
greater sedimentation coefficient [82,83]. This leads to lower
yields when preparing the inks, due to decreased sedi-
mentation during centrifugation [84].

For these reasons, water is the most common solvent used
for inkjet printing of graphene, even though its viscosity (1 cP
at 20 °C) is too low for ideal jetting (~10 cP). Additives, such as
polymer surfactants, increase the ink’s viscosity to usable
levels. However, in water, pristine graphene tends to agglom-
erate due to the strong van der Waals forces between sheets
[85]. Therefore, to print, either (1) a surfactant must be added
to the ink, (2) the graphene must be functionalized, or (3) it
must first be printed as GO and subsequently reduced to gra-
phene after printing. The first two approaches involve
stabilizing the surface to prevent agglomeration, while the
third involves printing the more readily-dispersible GO.

Surfactants prevent the agglomeration of graphene sheets
by electrostatic repulsion or steric hindrance. Polymer surfac-
tants, in particular, also help to increase the viscosity of the
solution. However, surfactants decrease the electrical con-
ductivity of the printed films because of increased contact
resistance between graphene sheets [86]. One approach is to
use a post-annealing process to remove the residual surfac-
tant molecules after printing.

Fig. 5 shows the steps used by Secor et al. [87] to prepare
ethyl cellulose (EC)-stabilized graphene ink. The ethyl cellu-
lose molecules were readily removed with a post-annealing
step at 250 °C and the treated graphene film achieved a con-
ductivity of 2.5 x 10* S/cm, which is twenty times greater than
the printed graphene films with residual surfactant remain-
ing (1.25 x 10®> S/cm [86]). However, this annealing step limits
the potential substrates to those with high melting tempera-
tures, preventing the use of most flexible substrates.

Functionalizing graphene with covalently bonded mole-
cules is another common technique used to attain good dis-
persions and optimal jetting. It avoids the increased sheet-
to-sheet contact resistance prevalent when using surfactant
molecules; functional groups instead increase the charge car-
rier concentration and thus the conductivity of the graphene
[88]. Electron donor groups, such as pyrene-1-sulfonic acid
sodium salt [89] act as n-dopants, while electron acceptor
groups, such as 3,4,9,10-perylenetetracarboxylic diimide bis-
benzenesulfonic acid [89] and perylenebisimide [88] act as
p-dopants. These are generally large planar aromatic struc-
tures that are strongly bound to the graphene sheets by n—n
interactions without affecting electronic conjugation [90].
Table 2 summarizes the various surfactants and functional
groups used by researchers to stabilize graphene dispersions
for inkjet printing.

Fig. 6 shows the surfactant and functional molecules used
by Wei et al. [91] to prepare graphene inks for printing.
Graphene was functionalized with 1-(3-aminopropyl)-3-
methylimidazolium bromide ionic liquid (IL), polyaniline,
poly[2,5-bis(3-sulfonatopropoxy)-1,4-ethynylphenylene-alt-1,
4-ethynylphenylene] (polyelectrolyte), and poly(styrene
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Fig. 5 - Graphene ink preparation used to inkjet print high conductivity, flexible graphene patterns. (a) First, graphite was
exfoliated by probe sonication in ethanol/EC. EC is represented by the gray bars surrounding the graphene sheets. (b) Then
the larger flakes were removed by centrifuging, to prevent clogging of the nozzles. (c) Next the graphene/EC was flocculated
out of solution by the addition of salt and (d) the obtained powder was dispersed in cyclohexanone/terpineol. The prepared
ink (e) was printed on a surface-treated substrate, demonstrating excellent jetting properties and patternability. (f, g) The
combination of surfactant, surface treatment, and post-annealing process resulted in very uniform films with high
conductivity. Reprinted with permission from [87]. Copyright 2013 American Chemical Society. (A color version of this figure
can be viewed online.)
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Fig. 7 - (a) Illustration of a roll-to-roll transfer printing process for large-scale graphene films. (b) and (c) Assembled graphene
screen panel exhibiting high degree of flexibility and touch sensitivity. Reprinted with permission from [63]. Copyright 2010
Nature Publishing Group. (A color version of this figure can be viewed online.)

sulfonate) (PSS) to create uniform dispersions in water. Only
the ionic liquid (Fig. 6a) was covalently bonded to the carbon
lattice. The other polymer molecules acted as surfactants to
stabilize the graphene sheets in water (Fig. 6b). These modi-
fications increased the surface energy of graphene, making
it more hydrophilic. The surfactant-modified inks had the
lowest contact angles and therefore the best wettability on
the silicon substrate.

Printing graphene oxide is a simpler alternative to using
surfactants or functional groups to attain good dispersions
of graphene. The oxygen-rich GO is readily-dispersed in water
at higher concentrations than graphene-based solutions,
meaning that less printing passes are necessary to attain uni-
form films or sufficient thickness. However, GO is electrically
insulating and reducing it into reduced graphene oxide (rGO)
does not achieve the high conductivities of pristine graphene
[92]. Reduction is typically done by exposure to hydrazine fol-
lowed by annealing at high temperatures (>300 °C) [92-94]
which is often above the melting temperature of the substrate,
especially for flexible electronics applications. Nonetheless,
printing GO is common due to its simplicity and can be used
for applications where ultrahigh conductivity is not necessary.

As stated in Section 2.1, the graphene sheet dimensions
must be less than a few hundred nanometers to prevent the
inkjet nozzles from becoming clogged. Decreasing the size
of the individual graphene nano-platelets increases the con-
tact resistance between them [95], ultimately resulting in
the printed films having a lower conductivity. Therefore when
high conductivity is a priority, transfer printing is preferred.

Fig. 7 shows a roll-to-roll transfer printing process for the
transfer of large graphene films to flexible substrates. First,

graphene is grown on copper foil using a standard CVD pro-
cess. Then a polymer substrate is adhered to the graphene
sheet and the copper is etched in an ammonium persulphate
solution. Finally, the graphene is transfer printed onto the tar-
get flexible substrate for use in bendable displays
(Fig. 7b and c). This method has been used to print large
30-inch films of single-layered graphene on flexible polymer
substrates and in the future may be used as a scalable fab-
rication technique for the transparent electrode material in
solar cells. Another transfer printing method for graphene
was recently reported by Hallam et al. [96], which enabled
the transfer of graphene films with periodic folds. This tech-
nique, called GraFold printing, produces folded graphene
without damaging or functionalizing the graphene and can
be used to alter its carrier transport properties.

As discussed above, there are trade-offs between dis-
persibility and the properties of the graphene films attained
after printing. Generally, to make a well-dispersed ink, surfac-
tants or functionalization must be used, or it must first be
printed as graphene oxide with a subsequent reduction step
on the substrate. However, these techniques can lead to lower
conductivity and limit the substrates that can be used.

Doping graphene, by replacing some carbon atoms with
nitrogen, boron, sulfur, or phosphorous atoms, may be the
solution to attaining the highest quality printed graphene
films. Doped graphene is more readily-dispersed in water
and exhibits higher conductivity than pristine graphene [97].
Therefore, it should produce excellent jetting properties with-
out introducing surfactants or functional groups bonded to
the surface of graphene. Nitrogen-doped graphene has been
used for a number of applications with improved
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performance over pristine graphene, including fuel cell cata-
lyst supports [98,99], lithium-ion battery electrodes [100-
102], and supercapacitors [103-105].

3.3. Carbon nanotubes

CNTs are cylindrical molecules comprised of a hexagonal lat-
tice of carbon atoms. Like graphene, they exhibit extraordin-
ary thermal conductivity [106] and mechanical strength [107].
Depending on their structure, they can exhibit conducting or
semiconducting behavior [108]. CNTs can be grown to lengths
of over 18 cm, having length-to-diameter ratios of over 10%1
[109]. Because of these amazing properties, CNTs have a wide
range of applications in state-of-the-art electronic devices,
such as transistors, batteries, supercapacitors, and fuel cells.

As with graphene, inkjet printing is the most popular
printing technique for CNTs. The best solvents for dispersing
CNTs are DMF and NMP [110,111] but, as stated above, there
are a number of issues with using them for inkjet printing.
Again, water is the most popular choice of solvent, and sur-
factants are added into the ink formulation and functional
groups are covalently bonded onto the CNTs to improve their
dispersibility. Heteroatom doping into the carbon lattice is
also an effective strategy for ink preparation. The different
functionalization techniques used to prepare CNT inks are
summarized in Table 2.

It should be noted that it is possible to attain acceptable
films without any functionalization; however, these typically
require very low concentrations of CNTs. For example,
Okimoto et al. [112] fabricated CNT thin film transistors
entirely by inkjet printing without the use of surfactants or
functional groups, by dispersing CNTs in DMF at 0.04 png/mL.
Additionally, Beecher et al. [113] were able to print CNTs with-
out the use of a surfactant by using NMP with a CNT concen-
tration of 0.003 mg/mL.

Fig. 8 shows a typical procedure for functionalizing CNTs
with carboxyl groups. First, multi-walled carbon nanotubes
(MWCNTs) were refluxed with nitric acid, creating carboxyl,
hydroxyl, and carbonyl groups on the outer surfaces.
Further oxidation was performed with potassium perman-
ganate in perchloric acid to produce additional carboxyl
groups. These functionalized CNTs can be easily dispersed
in water. However, the inkjet-printed functionalized CNT
films exhibited relatively high sheet resistances of 40 kQ/O
even after 90 printing passes [114], due to the increased con-
tact resistance between CNTs caused by the non-conductive,
oxygen-containing functional groups.

HNO3
130°C

Doped CNTs may be a better alternative. They exhibit a
number of improved properties over their pristine counter-
parts, including higher surface energy [116], higher chemical
activity [117], and better electronic and optical properties
[118]. However, there are very few studies in which doped
CNTs are printed, which may be due to the relative novelty
of both printing techniques for CNTs and CNT doping.

To prevent clogging of the nozzles, relatively short CNTs
must be used. Typically, those with lengths under 1 pm are
favored. To ensure longer nanotubes are absent, these inks
are usually pre-filtered using filter paper or syringe filters.
Nevertheless, this limits the conductivity of the printed films,
since it increases the number of contact resistance points
between CNTs. To increase the conductivity, longer CNTs
must be printed using techniques other than inkjet printing,
such as transfer printing.

Kang et al. [119] developed a transfer-printing process for
depositing aligned single-walled carbon nanotubes
(SWCNTs). Complex CNT patterns were first grown by CVD
on quartz by patterning the catalyst particles. They were then
transferred to a SiO,/Si substrate by using a transfer substrate
made of gold and either polyimide or polyvinyl alcohol. This
process did not introduce any defects or change the coverage
or layout of the CNT patterns. The authors were also able to
align the CNTs in different directions via a two-step transfer
printing process. Rotating the stamp by 90° produced crossbar
arrays and rotating by 60° led to triangular lattices. This
allowed them to tune the conductivity of the transferred pat-
terns, with the crossbar arrays exhibiting conductivities about
18.5 times higher than randomly-oriented CNT films.

However, tuning the conductivity involved multiple trans-
fer printing steps. By using a controlled flocculation process,
Meitl et al. [120] were able to control the thickness and con-
ductivity of SWCNT films in a single deposition step. Using
this technique enabled them to finely tune the density of
SWCNTs on the substrate, from a few nanotubes per square
micron to thick films. By adding a transfer-printing process,
they also demonstrated the ability to pattern CNTs onto flexi-
ble substrates. Fig. 9 shows the printing process. An ink of
methanol and an aqueous solution of SWCNTs were applied
to a rotating patterned poly(dimethylsiloxane) (PDMS) stamp
via a controlled flocculation method. By controlling the time
of the deposition process, the thickness of the films could
be varied. After deposition onto the PDMS substrate, the
CNTs were patterned onto different substrates including a
capillary tube to model the ability of patterning on flexible
substrates.

1. KMnO4/HCIO,
—_—

2. citric acid

Fig. 8 - Functionalization of MWCNTSs with carboxyl, hydroxyl, and carbonyl groups to make them dispersible in water for

inkjet printing. Reprinted with permission from [115].
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Fig. 9 - (a) Solution casting and transfer printing process for
depositing SWCNTs. (b) SEM image of lines printed onto a
capillary tube with a diameter of 500 pm, shown in the top-
right inset. Bottom-left inset is an AFM amplitude image
showing the printed SWCNT line edge. Reprinted with
permission from [120]. Copyright 2004 American Chemical
Society. (A color version of this figure can be viewed online.)

Overall, printing graphene and CNTs have similar require-
ments. In their pristine form, both are virtually indispersible
in water and require functionalization for inkjet printing.
Surfactants, functional groups, and doping can improve the
dispersiblility of carbon nanomaterials. However, the lim-
itations to the maximum sizes of the carbon content in
inkjet-printed inks increase the contact resistance and reduce

the conductivity of the entire printed film. When conductivity
is a priority, transfer printing may be used. These printing
techniques have the potential to drastically change the way
electronic devices are fabricated in the near future, enabling
the large-scale assembly of functional materials where pat-
ternability and thickness control are required.

3.4. Other carbon materials

Activated carbon and carbon black are both used in enormous
quantities for industrial applications ranging from additives
in rubber and plastic to pigments in ink. Both exhibit physical
and electrical properties that make them useful in a variety of
energy storage and conversion devices. Porous activated car-
bon is commonly used for supercapacitor electrodes due to
its high surface areas, which can reach up to 3000 m%g
[121], while carbon black is a common catalyst support for
fuel cells due to its high electrical conductivity, surface area,
and reasonable corrosion resistance [122]. For printing, these
materials are attractive due to their low cost and ability to
modify and control colors and tones. Carbon black in particu-
lar is often used in electrostatic toners, lithographic ink, and
black inkjet printer ink.

One of the drawbacks of using these nanostructured car-
bons is their poor dispersibility in water while nonaqueous
solvents typically have viscosities that are too low to be inkjet
or screen printed. In order to print, then, these nanostruc-
tured carbons must be functionalized or a surfactant must
be added to the ink. Activated carbons have been inkjet
printed [10] and screen printed [123,124] by dispersing them
in water with surfactants. These carbon materials can be
more readily-dispersed at high concentrations compared to
graphene and CNTs, making it easier to deposit thick films.

Carbon blacks are the most popular material for fuel cell
catalyst supports and have been printed into catalyst layers
[125,126]. The use of carbon black for methanol fuel cells
[127] and for precious metal-free catalysts [128] has also been
reported. Numerous studies have demonstrated its efficacy as
a printable nanostructured carbon material for both inkjet
[125,126,129-133] and screen [134] printing of functional
devices. In most of these cases, a mixture of water and an
alcohol are used as a solvent.

One potential alternative to the use of surfactants may be
doping carbon with nitrogen to improve its dispersibility in
water. Nitrogen-doped carbon black and mesoporous carbon
has already been demonstrated for fuel cell applications,
where it exhibited similar oxygen reduction performance
compared to in its undoped state [127,135-137]. While there
are myriad other carbon nanomaterials, studies of their suit-
ability for printing has not yet been carried out.

4. Energy applications of
nanostructured carbon

printed

Many studies have focused on adapting the printing technolo-
gies discussed above for fabricating energy storage and con-
version devices. Components of batteries, supercapacitors,
fuel cells, and solar cells can be replaced with carbon nano-
materials to increase performance. By producing these parts
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with printing and solution processing techniques, their prop-
erties can be finely controlled. This section details the work to
date on fabricating carbon-based battery electrodes,
supercapacitor electrodes, fuel cell catalyst supports, and
organic photovoltaic cells using printing techniques.

4.1. Batteries

Today, lithium-ion batteries (LIBs) are the most widely used
portable energy storage devices, with the global market esti-
mated to grow from $878 million in 2010 to $8 billion in
2015 to $26 billion in 2023 [158]. Commercial LIBs are com-
posed of a graphite negative electrode (anode) and a lithium
metal oxide positive electrode (cathode) separated by a poly-
mer separator immersed in nonaqueous liquid electrolyte.
During charging, lithium ions are extracted from the cathode,
migrate across the electrolyte, and intercalate between gra-
phite layers in the anode, forming LiCe. During discharge,
the reverse electrochemical reaction occurs - lithium ions
deintercalate from the graphite and reinsert into the cathode.
These processes produce and consume electrons via oxida-
tion and reduction reactions, respectively. The electrons are
then free to move around the external circuit supplying
energy to an external load (discharging) or storing their
energy as chemical potential energy (charging). To the best
of our knowledge, other advanced electrochemical energy
conversion systems (e.g. Li-S batteries, sodium-ion batteries,
and metal-air batteries) or their components have not been
fabricated by printing techniques to date. Therefore, this sec-
tion will focus exclusively on LIBs.

LIBs are widely adopted in a variety of portable electronics,
such as cell phones, cameras, and laptops, and are becoming
increasingly used in electric vehicles. This is due to their
unique merits, such as high energy density, low self-dis-
charge rate, no memory effect, and decreasing price. There
are four main requirements that LIBs must meet to achieve
high performance: (1) high capacity and electrically conduc-
tive electrodes. (2) An electrolyte with high ionic conductivity;
a minimum ionic conductivity of 1073 S/cm is required for
commercial batteries [159]. (3) Reasonable charge/discharge
rates; for consumer electronic applications, LIBs must be able

to fully charge within a few hours and be able to deliver
energy in short timeframes for periods of high power
demand. (4) High cycling stability; cells must have long life-
times for portable electronic devices.

Carbon-based materials have been used as anode materi-
als since the birth of LIBs, while nanostructured carbon
materials are believed to be the choice for future LIBs. For
example, high quality, pristine graphene can form Li,C¢ and
even Li,Cs compounds [160,161], giving theoretical capacities
of 744 mAh/g and 1448 mAh/g, respectively. By using printing
techniques, nanostructured carbon LIB electrodes can be pat-
terned to any desired shape with precise control over the
thickness.

While others have inkjet and screen printed metal oxide
LIB anodes with carbon black as a conducting agent
[2,3,5,6,33,162], Kim et al. [163] were the first to print fully-car-
bon anodes. They developed an ink formulation comprised of
mesocarbon microbeads (MCMBs), carbon black, and PVdF-
HFP binder dispersed in dibasic ester. This ink was then
spread onto a glass slide and irradiated with a laser to form
3D pixels of electrode material, by a laser printing technique.
Thickness could be controlled by varying the number of laser
pulses. This technique was used to create patternable thick
carbon films. The high porosity of the MCMBs led to increased
ionic conduction through the electrodes, resulting in higher
areal capacities compared to other thin-film microbatteries.

Thickness control is important for tuning the amount of
active material in the electrode. This is especially true for thin
film, flexible batteries [164,165]. The capacity of a cell is
directly related to the mass of the material present, so the
thicker the electrode the greater its capacity. Flexible LIBs
can be fabricated by printing thin films of nanostructured car-
bon onto a flexible substrate. Wei et al. [166] developed a flexi-
ble solid-state LIB made with graphene inks (Fig. 10),
comprised of anatase titanate (TiO,) nanoparticles mixed
with graphene sheets modified with either n-type or p-type
anionic groups dispersed in water. The n-type functional
groups consisted of poly(styrenesulfonate) (PSS™) and
poly[2,5-bis(3-sulfonatopropoxy)-1,4-ethynylphenylene-alt-1,4-
ethynylphenylene] sodium salt (PPE-SO3), while polyaniline
was used for p-type modification. These chemical groups

Evaporated/ package Li foil layer

Polymer/gel-ike electrolyte for
batteries

Electrodes with printed graphene based inks b

Electrodes based on graphene
Polymer electrolyte
Lithium foil

Fig. 10 - (a) Modified graphene ink for printing flexible solid-state lithium battery electrodes. (b) Schematic diagram showing
the major components of the cell. (c) Demonstration of the flexibility of a printable graphene electrode. Reprinted with
permission from [166]. Copyright 2011 The Royal Society of Chemistry. (A color version of this figure can be viewed online.)
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helped stabilize the graphene dispersions in water, allowing
them to be printed without agglomeration and subsequent
clogging of the nozzles. The printable electrodes exhibited
stable cycling performance at 240 mAh/g for 100 cycles, which
is comparable to other flexible LIBs [164]. Flexible LIBs typi-
cally have lower capacities than their rigid counterparts due
to the low ionic conductivity of the solid-state electrolytes
used [167].

In addition to these TiO,/graphene electrodes, mixtures of
other metals and metal oxides with graphene are being
explored for their potential application in LIBs. Two of the
most promising anode materials are silicon and tin oxide,
which have theoretical capacities of 4200 mAh/g and
990 mAh/g, respectively. However, upon lithiation and
delithiation, these materials undergo large volume expansion
and contraction, with volume changes up to 400% for silicon
[168] and 200% for tin oxide [169]. This causes the particles
to crack and the electrodes to degrade during cycling,
decreasing the battery’s cycle life. To overcome this problem,
researchers have combined silicon [170] and tin oxide
[171,172] with graphene sheets to reduce the strain on the
nanoparticles during volume expansion. Intimate bonding
between the nanoparticles and graphene sheets increases
the cycle life and capacity of these anodes. To date, these
composite anodes have not been fabricated by printing tech-
niques; however, it should be a relatively straight-forward
process to develop inks from these materials and use them
for large-scale production of high performance, flexible LIBs.

In addition to LIB electrodes, nanostructured carbon can
be used to replace conventional battery current collectors.
In commercial LIBs, metal foil current collectors account for
15-25% of the mass of the battery [173] without contributing
to lithium storage. This means that the gravimetric energy
density can be dramatically increased by using lower density
materials. CNTs are excellent current collectors for LIBs due

to their high conductivity, mechanical robustness, and low
density (0.04 mg/cm?). Additionally, CNT-based current collec-
tors exhibit stronger adhesion with the electrochemically
active material, and therefore lower contact resistance, com-
pared to their metal counterparts [174]. The overall battery
weight is reduced due to their low density and since CNTs
are electrochemically active, they can both contribute to
lithium storage and act as the current collector in a single cell.

Dispersions of CNTs in water or other solvents allow for
simple fabrication of large area current collectors. Kiebele
et al. [175] designed a battery with a current collector made
of printed SWCNTs. The current collector and electroactive
materials are combined in a single layer, reducing the overall
weight and volume of the cell, as well as the number of
manufacturing steps required during assembly. Using this
design, the gravimetric and volumetric energy densities of
LIBs can be dramatically improved.

The greatest challenge for fully printed batteries is the
development of a printable electrolyte. Ideally, a fully inte-
grated process will be used in the future, in which the anode,
electrolyte, and cathode are sequentially printed on top of one
another. However, liquid electrolytes suffer from leakage
when the battery is flexed along with safety concerns regard-
ing their flammability. They also limit how the cell can be
designed, due to the requirement of a separator. Gel and poly-
mer electrolytes, on the other hand, are mechanically stable,
leak-proof, less toxic, and are less flammable. However, their
ionic conductivities are very low, severely limiting their use in
modern LIBs. Therefore many research groups are currently
focused on developing high conductivity, flexible polymer
electrolytes. Table 3 shows a number of candidate LIB elec-
trolytes that may be suitable for printing.

To date, few printable battery electrolytes have been
reported [176,177]. Gel polymer electrolytes [178] are most
promising, as they generally exhibit higher ionic conductivities

Table 3 — Potential LIB electrolytes for printing techniques.

Electrolyte Ionic conductivity (S/cm) Temperature (°C) Reference
Liquid 1x 1072 25 [179]
(LiPFg in 1:1 EC/DMC)

Organic gel 2x1073 25 [178]
(LiClO, in EC/PC + PAN)

Gel polymer 2x1073 20 [180]
(LiTFSI + PVAF-HFP)

Gel polymer 3.6x10°3 25 [181]
(PYR14TFSI + PAN/PMMA)

Gel polymer 1.5x1073 30 [182]
(LiPFe in EC/PC + ETPTA + HMPP)

Polymer 1x10°3 85 [183]
(LiTFSI + PEO)

Block co-polymer 1x10°* 90 [184]
(PS-PEO/LiTFSI + SEO)

Semi-IPN 3.5%x10°2 30 [185]

(LiTFSI in SN + ETPTA + PVAF-HFP + HMPP)

Abbreviations: EC — ethylene carbonate, DMC - dimethyl carbonate, PC - propylene carbonate, PAN - poly(acrylonitrile), LiTFSI - lithium
bis(trifluoromethylsulfonyl)imide, PVdF-HFP - poly(vinylidene fluoride-co-hexafluoropropylene), PYR,,TFSI — N-methyl-N-butylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, PMMA - poly(methyl methacrylate), ETPTA - ethoxylated trimethylolpropane triacrylate, HMPP - 2-hydroxy-
2-methyl-1-phenyl-1-propanone, PEO - poly(ethylene oxide), PS - polystyrene, SEO - poly(styrene)-block-poly(ethylene oxide), SN -

succinonitrile.
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and are in a liquid state at some point during their synthesis.
This means that they could be printed as a liquid and then
solidified by evaporation or post-treatment. In these cases, it
may not be possible to reduce the viscosity enough to achieve
good jetting for inkjet printing, but they should be suitable for
screen and 3D printing techniques.

Fabrication of battery components by printing is still a
relatively new concept and more work must be done to prove
its efficacy. Printing techniques are more suited for fabricat-
ing smaller batteries for consumer electronics; however they
may also be feasible for manufacturing larger cells for electric
vehicles by using a scaled-up printer or roll-to-roll technology.
The true power of battery printing will be realized with 3D
printing techniques, in which electrodes can be readily pat-
terned into micro- and nano-structures [186]. Interdigitated
electrodes can be used to minimized the ionic path length
and achieve high charge/discharge rates, as well as increase
the volumetric energy density by using the limited space
within the cell [55]. And 3D printers are able to extrude much
higher viscosity fluids than inkjet printers, making it possible
to print polymer electrolytes and fabricate fully-printed
batteries.

It should be noted that the application of printing technol-
ogy to other advanced battery systems, including lithium-sul-
fur, sodium-ion, and metal-air, has not yet been
demonstrated. However, the printing techniques discussed
here may also be suitable for these batteries, which involve
the use of different types of carbon-based materials. For
example, carbon encapsulated sulfur (C-S) composite materi-
als are the most commonly used electrodes for Li-S batteries
in the state-of-the-art. These sphere-shaped carbon blacks
used as the sulfur host have a similar morphology to the com-
mon carbon blacks used in inkjet printing. So it can be
expected that such materials can be easily adopted for printed
electrodes. Additionally, various printed materials can be used
for the electrode in sodium-ion batteries, which have similar
electrochemistries to Li-ion batteries. Additionally, porous
carbon cathodes are indispensable in metal-air cells.
Printing technology can not only ensure the large-scale and
uniform fabrication of these air cathodes, but also realize a
3D-structured air electrode to efficiently accommodate the
discharge products. In brief, the potential of printing technol-
ogy for batteries is still far from being fully realized.

4.2.  Supercapacitors

While LIBs can store large amounts of energy, one limitation
is their relatively low power density. This results in long
charge times and the inability to draw large amounts of
energy in a short period of time. Supercapacitors (SCs), on
the other hand, exhibit very high power densities with lower
energy densities. They can therefore be used in combination
with batteries, or as stand-alone energy storage devices.
Additionally, SCs can operate in freezing conditions [187],
making them effective for low temperature applications.
There are three main classifications of SCs: electric dou-
ble-layer capacitors (EDLCs), pseudocapacitors, and hybrid
capacitors, which are a combination of the first two types.
EDLC and hybrid capacitor electrodes are typically comprised
of carbon, while pseudocapacitor electrodes are usually made

of metal oxides or conductive polymers [188]. For this reason,
we will focus on the nanostructured carbon materials used in
EDLC and hybrid capacitors in this section.

Electric double-layer capacitors typically consist of two
parallel plates of conducting material separated by a liquid
electrolyte solution. Upon an applied voltage, the plates
become oppositely charged and an electric double layer forms
on their inner surface by the movement of ions in the elec-
trolyte. This stored energy can then be released as electrical
energy to an external load at very high rates.

SCs have commonly been used for electronic memory pro-
tection and small-scale power storage. Recently, there has
been increased demand for high performance power devices
for applications in electric vehicles, uninterrupted power sup-
ply systems, smart grid power quality control, and transmis-
sion line stability [189]. For these applications, SC electrodes
must have high electrical conductivities and large surface
areas, while the entire device must have high capacitance,
long cycle life, high specific power density, and low equivalent
series resistance.

Parallel plate SC electrodes are conventionally comprised
of activated carbon, which is a porous form of carbon with
extremely high surface area (500-3000 m?/g) [121]. Pech et al.
[10] demonstrated an inkjet printing process in which acti-
vated carbon was deposited onto patterned gold current col-
lectors. However, activated carbon has relatively low
electrical conductivity (0.1-1 S/cm) [190] and a wide range of
pore sizes, the smallest of which do not contribute to charge
storage [191]. Carbon nanomaterials, with similar surface
areas and better conductivities are therefore ideal candidates
to replace activated carbon and recently many studies have
shown the efficacy of using graphene [192-196] and CNTs
[197-200] as SC electrodes. Additionally, CNT networks are
mesoporous, allowing for easy electrolyte diffusion which
decreases the equivalent series resistance and increases the
capacitor’s maximum power [198].

Printing is an effective technique for fabricating thin, flexi-
ble SC electrodes made of nanostructured carbon [188]. Inkjet
printing and spray casting make it possible to deposit elec-
trode materials on large-area flexible substrates. Through
patterning and printing multiple layers, the electrical proper-
ties of the SC can be controlled, allowing one to tune the
capacitance for the desired application.

An inkjet printed CNT-based SC is shown in Fig. 11. In this
study, a dispersion of SWCNTs in water with sodium dodecyl
sulfate surfactant was inkjet-printed onto a cloth fabric. The
SEM images show a dense network of tangled CNTs coating
the individual fibers. A polymer electrolyte was pressed
between two coated fabrics to form a flexible SC (Fig. 11d)
that displayed excellent capacitance for over 1000 cycles [9].
The major drawback of this fabrication technique is the very
high number of prints required to achieve a suitable thickness
and sheet resistance. For the inkjet-printed SC on cloth fabric
shown, 190 layers were necessary to obtain acceptable proper-
ties. Thus, improvements to this process must be made
before commercialization and scalable production is possible.

Using a similar inkjet printing method, Hu et al. [152] fab-
ricated SWCNT SC electrodes on a single sheet of Xerox
paper. The paper was first treated with PVAF to prevent
CNTs from penetrating through to the other electrode on



CARBON 92 (201I5) I150-176

165

Capacitance/Area [Flcm®]

0.251 P
/n
7/
0.204 7
Liquid Elsc(rolyts/ ’
- (IMH,S0,),
v 4
4
| |
0.10- prg
(e Polymer Electrolyte
0.05 [ (PVAH,PO,)
AP i
000] o
0 5 10 15 20 25 30 35 40
Electrode Thickness [lm]

Fig. 11 - Inkjet-printed SWCNT supercapacitor on cloth fabric. (a)-(c) SEM images showing the uniform CNT coating on cloth
fibers. (d) Schematic diagram of the inkjet-printed SC with electrolyte. Inset shows flexible SC wrapped around a pencil.

Reprinted with permission from [9]. Copyright 2010 Springer. (e) Plot showing the thickness dependence of capacitance for a
SC with printed CNT electrodes. (e) Reprinted with permission from [11]. Copyright 2009 American Chemical Society. (A color

version of this figure can be viewed online.)

the opposite side of the paper. Then the SWCNTs dispersed in
water with 1% sodium dodecylbenzenesulfonate were printed
on both sides of the treated paper. The high wettability of the
paper resulted in defect-free and high resolution printed pat-
terns. Here, the CNTs acted as both the SC electrode material
as well as the current collectors. These printed SCs exhibited
a specific capacitance of 33F/g at a specific power of
250,000 W/kg. This scalable fabrication technique using sim-
ple and commercially available materials could potentially
be used to produce fully paper-based electronics.

Kaempgen et al. [11] used another method to fabricate
CNT SC electrodes, by spraying a dispersion of SWCNTs in
water onto PET substrates with the use of a tip sonicator.
This created a tangled network of CNTs when the water
evaporated, producing a highly conductive film. A gel elec-
trolyte was sandwiched between two of these electrodes to
construct a completed flexible device. The SCs fabricated by
this printing method exhibited a higher specific capacitance
(120 F/g) than those using thicker free-standing SWCNT films
(80 F/g). This was due to greater wetting of the printed films
and therefore a higher effective surface area. Additionally,
the areal capacitance was directly related to the thickness
of the electrode (Fig. 11e); a thicker film resulted in increased
capacitance. The more viscous gel polymer electrolyte was

unable to penetrate as deep into the thicker films as the liquid
electrolyte, resulting in a maximum capacitance when the
electrode was approximately 20 um thick. On the other hand,
the relationship between thickness and capacitance linearly
increased when using a liquid electrolyte, demonstrating that
the capacitance can be finely tuned by controlling the elec-
trode thickness.

Graphene has also been used as a printed SC electrode
material [142,150] and has some advantages in terms of print-
ing compared to CNTs. It can be printed in its oxidized form,
GO, and subsequently reduced, allowing for higher concentra-
tion inks. This avoids the need for surfactants or functional
groups, which increase contact resistance, as in the printed
CNT electrodes. Additionally, by printing porous graphene
[201,202], it may be possible to significantly increase the sur-
face area and capacitance of printed SCs.

Printing carbon nanomaterials is becoming an increas-
ingly popular method to fabricate SC electrodes. Porous CNT
networks are ideal for SC electrodes due to their high electri-
cal conductivities and surface areas, which improves the
penetration of the electrolyte. Printing techniques enable
tight control over the electrode thickness, which allows for
fine tuning of the capacitance. They can also be used to
deposit electrode materials on a variety of flexible substrates,
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including clothing fibers and paper. Large-scale manufactur-
ing of CNT SC electrodes by inkjet and roll-to-roll [8] printing
processes may soon be realized.

4.3. Fuel cells

Fuel cells are electrochemical devices that directly convert
electrochemical energy into electrical energy. Polymer elec-
trolyte membrane fuel cells (PEMFCs) are promising alterna-
tive power sources for transportation and portable
applications due to their high efficiency, near room tempera-
ture operation, and zero emissions. However, high cost is one
of the main challenges facing the commercialization of
PEMFCs. One of the primary cost-drivers is the membrane
electrode assembly (MEA), which consists of the catalyst,
electrolyte membrane, and gas diffusion layers (GDLs).
Improving performance and reducing PEMFC cost requires
efficient utilization of the catalyst and optimizing the struc-
ture of the MEA, which requires improving the design of the
system architecture.

Catalyst layers (CL) are either applied to the gas diffusion
layer, to produce a gas diffusion electrode (GDE), or applied
to the membrane, to make a catalyst coated membrane
(CCM). The CCM was pioneered in 1992 [203,204] and has
become an industry standard due to its good performance,
which arises from improved contact and bonding between
the PEM and CL. Existing methods for depositing CLs include
hand painting, decal transfer, spray coating, screen printing,
and inkjet printing [122]. While spray coating has been widely
used, screen and inkjet printing have gained attention as a
result of their uniformity, patternability, and material usage.
Another advantage of screen and inkjet printing is the ability
to produce very thin CLs which increases the performance of
the MEA.

As stated earlier in this review, printing processes depend
strongly on the properties of the ink. FC catalysts are first dis-
persed in inks before being deposited. A FC catalyst ink is
typically composed of several components including the
Pt/carbon catalyst and ionomer dispersed in an aqueous solu-
tion [205]. Some mixture of low surface tension solvent such
as isopropyl alcohol or ethanol is used to decrease the total
ink surface tension and increase its volatility. Additionally,
ethylene glycol or glycerol is sometimes used to adjust the
viscosity and to act as a humectant to control drying [134].

Although it does not offer the same patternability as inkjet
printing, screen printing can be done quickly and is easily
scaled up. A single-step screen printing process may be used
to coat the PEM or GDL with catalyst, though an optimal sur-
face tension is needed. One group showed the effects of
adjusting the ink surface tension when printing onto the
GDL [134]. Their results point to improved adhesion of the
CL and improved power density when using ink with a lower
surface tension than the GDL substrate, compared to ink with
surface tension higher than the substrate. The surface ten-
sion adjustment resulted in a more homogenous CL and
improved the integrity of the MEA.

Taylor [125] and Towne [126] were among the first to report
inkjet printing of CCMs and demonstrate the ultra-low Pt
loadings that can be achieved with this technique. Taylor
and colleagues used a variety of commercially available

carbon blacks, including Johnson Matthey’s HiSPEC, as well
as XC-72R, Monach 700, and Black Pearls 2000 (all from
Cabot). They showed that MEAs with anodes prepared by
inkjet printing had better performance than hand-painted
anode CLs. Towne, meanwhile, reported that the power den-
sities of printed MEAs were not as high as for a commercial
MEA. However, it was shown that both thermal and piezo
printers could be used to prepare CLs and that the resilience
of the CCM to mechanical and chemical stresses was good,
suggesting that printing could be a viable process for facile
preparation of CCMs.

Thickness and uniformity of the layer can be controlled
due to the ultra-small droplet sizes which are typically several
picoliters in volume. CL thickness strongly affects FC perfor-
mance as mass transport can be inhibited with excessive
thickness. Shukla et al. [132] showed the dependence of thick-
ness by creating CLs with an increasing number of printed
layers. Results show that a thicker CL improves the ORR per-
formance in the kinetic region due to the increased Pt con-
tent. However as the CL gets too thick there is a drop in the
limiting current density in the mass transport region. The
uniformity of a printed CL and spray coated CL can be seen
in Fig. 12. The catalyst layer appears bright compared to the
membrane. In the piezo-printed sample the CL is highly uni-
form and has a thickness of 5 pm, corresponding to 10 printed
layers. The spray coated CL is considerably thicker and the
lack of homogeneity is obvious from the sample image.

Inkjet printing can offer good patternability for creating
unique CL shapes and forms. For instance, the catalyst den-
sity can be patterned to follow the flow channels of the bipo-
lar plate, ensuring efficient use of the material in areas with a
high concentration of reactant gases. Recently, Malevich et al.
[131] demonstrated the use of patterned CCMs using piezo-
inkjet printing. Their results point to the difficulty that
remains in generating truly sharp features on patterned
CCMs. Some work is still needed to achieve the resolution
seen with more conventional substrates. Fine tuning of the
ink properties with respect to the PEM may be necessary.

Perhaps the most important advantage of printing for FC
catalysts is that it can lead to efficient utilization of the
expensive catalyst material. With the high cost of Pt, it is
desirable to ensure that its electro-catalytic surface is fully
utilized. Thin CCMs fabricated by piezo-inkjet printing can
achieve Pt utilizations of 100%, compared to utilization of
66% for CCMs prepared by spray coating [130]. A gradient
structure can also be created that increases the Pt content
near the PEM compared to the GDL side [125]. Fig. 12c and d
shows the performance of printed CCMs with a varying num-
ber of layers compared to a spray coated CCM and a commer-
cial CCM. It is clear that the overall performance of the
commercial CCM is the highest and that performance
decreases with a decreasing number of printed layers. This
is due to the total Pt loading decreasing with the number of
printed layers. However, Fig. 12d shows that the mass-speci-
fic power density is considerably higher for printed CCMs
compared to the spray coated and commercial CCMs. This
points to more efficient utilization of the Pt. The CCM with
just two printed layers (cathode loading 0.02 mg Pt/cm?)
showed nearly 7 times higher mass-specific power density
than a commercial CCM (cathode loading 0.3 mgPt/cm?)
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Fig. 12 - SEM images of CCMs prepared by (a) piezo-inkjet printing and (b) spray coating. The CL prepared by printing is the
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inkjet printing and spray coating compared to a commercial CCM. Single cell tests were performed using H, and air at 60 °C.
Reprinted with permission from [130]. Copyright 2011 The Electrochemical Society.

[130]. Compared to a spray-coated CCM, the mass activity of
an inkjet-printed CCM was 3.5 times higher at 850 mV.

The optimization of water management in the MEA is also
a key issue to improve the performance of PEMFCs. The CL in
an MEA fabricated by a screen printing method onto the GDL
showed uniformly dispersed pores for maximum mass trans-
port compared with a spray coating method [206]. This CL on
a micro-porous layer resulted in lower ohmic resistance and
low mass transport resistance due to enhanced adhesion
between CL and membrane, and improved mass transport
of fuel and vapors. In another study, a GDE prepared by a
screen printing method also showed lower diffusion losses
compared with other methods since a better distribution of
pores by the screen printing method enhanced separation of
the liquid and gas phase [207].

More research is needed in the field of printing for FCs. The
rise of 3D printing may open doors to more integrated manu-
facturing of MEAs and other FC components. In the near-
future, printing of nano-carbon materials may be coupled
with other advanced deposition techniques to optimize the
structure of the MEA to improve its water management and
catalyst utilization. For instance, atomic layer deposition
(ALD) [208,209] may be used to deposit Pt on a printed carbon
support layer. ALD relies on active surface species to chemi-
cally deposit material and can have area-selectivity that
may complement the printing techniques currently used.
This has potential to increase the Pt utilization because the
Pt catalyst can be deposited only where needed. Also, this
can be used to increase the Pt content at the surface of the
CL closest to the membrane. For large scale production of
MEAs, printing speeds would likely have to increase to com-
pete with current manufacturing technologies.

4.4. Solar cells

As concerns about pollution and global warming rise, there is
a growing demand to shift away from fossil fuels in favor of
renewable energy sources. Wind, solar, geothermal, biomass,
and hydroelectric energy have all been studied extensively for
their potential as replacements to the traditionally used coal,
natural gas, and petroleum. Of these, solar has the highest
potential annual energy harvest [210]. However, the low
energy conversion efficiencies and high costs of today’s
photovoltaic cells limit their use to less than 1% of global
energy consumption [211].

Solar cells absorb photons and convert their energy into
electrical energy. When a photon is absorbed, an electron-
hole pair is created in the semiconducting material of the cell
via the photoelectric effect. The main distinguishing feature
between organic and inorganic cells is the localization of this
electron-hole pair. In organic photovoltaics (OPVs), the elec-
tron-hole pair is confined to a region of only a few cubic
nanometers, making recombination a common issue [212].
Bulk heterojunctions (BHJs) mitigate this problem by dispers-
ing an electron acceptor into the semiconductor matrix, such
as fullerene. When an electron-hole pair is created, the elec-
tron is attracted to a nearby fullerene molecule. These elec-
tron-hole pairs can then be separated and travel toward the
cell electrodes. Once the electrons are collected, the electrical
current can be used to power an external load.

OPVs have recently been gaining attention as potential
candidates for next-generation solar cells due to their high
absorption coefficients, low cost, scalability, and the ability
to fabricate them on flexible substrates. The BHJ configuration
has been improved over the past decade and power
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conversion efficiencies of 10% have been recorded. By using
high throughput processing methods, such as coating and
printing techniques, it is predicted that the cost of these
OPVs can be reduced to make them competitive with other
energy sources [213].

Polymer:fullerene blends are the most commonly studied
materials for BHJs [214]. They are composed of func-
tionalized fullerenes (almost exclusively PCBM) dispersed
in a semiconducting polymer (usually P3HT). Solution pro-
cessing techniques, including casting, spin coating, blade
coating, screen printing, inkjet printing, and roll-to-roll pro-
cessing, are most common for fabricating these types of
devices.

The first reported screen printed polymer:fullerene blend
for OPVs was reported by Shaheen et al. in 2001 and achieved
a power conversion efficiency of 4.3% [38]. Since then, few
studies using screen printing for polymer:fullerene cells have
been reported [35,76,77], due to the high viscosity and low
volatility requirements for screen printing inks. Most
P3HT:PCBM solutions are low viscosity mixtures in
dichlorobenzene, a highly volatile solvent, which results in
the ink running through the screen and drying out too quickly
[215]. For this reason, Jgrgensen et al. [215] developed various
thermo-cleavable solvent systems with increased viscosity
and stability at room temperature.
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A simpler alternative to this, however, is to use inkjet
printing, which demands low viscosity and quick-drying sol-
vents. A number of studies have reported using inkjet print-
ing for fabricating polymer:fullerene active layers in
photovoltaic devices [13,15,72,73,138-140]. Hoth et al. [13]
experimented with different solvents for dispersing
P3HT:PCBM and concluded that a mixture of two organic sol-
vents with varying surface tensions and volatilities achieved
optimal jetting properties. The lower surface tension and
more volatile solvent (mesitylene) improved the wettability
of the ink on the substrate, while the higher surface tension
and lower volatility solvent (0DCB) was used to prevent gela-
tion that leads to nozzle clogging. A more extensive combina-
torial study showed similar results [72]. In addition,
Neophytou et al. [73] optimized and compared three different
coating techniques for preparing organic solar cells: inkjet
printing, doctor blading, and spin coating. They found that
inkjet printing resulted in the lowest power conversion effi-
ciency (3.07%), while doctor blading exhibited the highest
(3.58%). This was attributed to small differences in thickness
and morphology of the inkjet printed films, due to the limited
processing parameters and physical properties of the ink. The
lower performance of the printed OPV active layers compared
to other fabrication techniques may be acceptable if the costs
of large-scale production are sufficiently reduced by printing.
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Fig. 13 - Illustrations and photographs of a printed 14-layer tandem stack solar cell. Each layer was fabricated by a roll-to-roll
solution processing method, including screen printing, flexographic printing, and slot-die coating. Reprinted with
permission from [232]. Copyright 2014 The Royal Society of Chemistry. (A color version of this figure can be viewed online.)
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The transparent electrode in nearly all the examples of
printed polymer:fullerene blends for OPVs is composed of
indium tin oxide (ITO) due to its high electrical conductivity,
optical transparency, and ease of processing into thin films.
However, there is a recent trend to move away from ITO, as
it is limited by its mechanical brittleness [216], contamination
via ion diffusion [217], and low earth abundance. Graphene
and CNTs are ideally suited to replace ITO as the transparent
electrode in OPVs, as they exhibit high conductivity, robust
mechanical properties, relatively lower costs, optical trans-
parency, and comparable efficiencies [80,218-220].
Additionally, as we have seen, they can be easily deposited
as thin films on any substrate using printing techniques.
Recently, intensive research has focused on large-area pro-
duction based on roll-to-roll processing and printing tech-
niques [221-226]. By printing graphene and CNTs,
researchers have developed solar cells with short-circuit cur-
rent densities [227,228], power conversion efficiencies
[228,229], and efficient hole transport layers [229,230], com-
parable to traditional photovoltaic devices.

Choi et al. [231] used a typical transfer printing process for
graphene to fabricate a transparent OPV electrode. First, gra-
phene was grown on a copper foil via chemical vapor deposi-
tion. Poly(methyl methacrylate) (PMMA) was then spin-coated
on top of the graphene film and the copper was etched away.
The graphene/PMMA was then transferred onto a glass sub-
strate and the PMMA layer was subsequently dissolved with
acetone, leaving a multi-layered sheet of graphene remaining
on the glass. The remainder of the solar cell was then assem-
bled on top of this transparent electrode. The completed solar
cell exhibited a power conversion efficiency of 1.17%, which
was about half that of the reference cell using an ITO elec-
trode. The low performance was attributed to the higher

sheet resistance of the graphene electrode, caused by residual
PMMA and wrinkles in the graphene layers. The authors sug-
gest that with optimization of the transfer printing process,
the performance of these solar cells could be improved.

It is evident from these examples that improvements to
the printing processes must be made before they can be used
for industrial solar cell fabrication. Solution processing offers
a cheap, scalable method of fabricating entire solar cells.
Andersen et al. [232] developed an impressive roll-to-roll pro-
cess using various solution processing methods to produce
14-layer flexible polymer solar cells (Fig. 13). Each layer was
deposited with a rotary printing or coating technique. For
example, the carbon contacts were screen printed and the
absorber PCBM layers were slot-die coated. Continuous print-
ing and coating techniques like these are the future of indus-
trial-scale OPV manufacturing, as they allow for low-cost
[233], reliable fabrication of these devices.

In addition, combining polymer:fullerene blend printing
techniques with graphene transparent electrode replace-
ments for ITO may lead to economically viable solar cells in
the future. The high cost of fullerenes is currently a limiting
factor for the large-scale production of polymer:fullerene
solar cells. Driving down the cost of these devices may ulti-
mately lead to the widespread adoption of this promising
renewable energy conversion technology.

5. Summary and perspectives

Printing technology has been widely used in both academic
laboratories and industry for many applications. Printing car-
bon nanomaterials in particular has made possible significant
advances for energy applications, as summarized in Fig. 14. A
growing trend toward using printing techniques for energy

@ nkjet printing Fullerenes Carbon Nanotubes Graphene Other Carbons
#§ Screen printing e
Ry
x Transfer printing e
= 3D printing C".K;‘&':.'%
e e
() Prospective T2
-
"-‘\ T, Sa) S, 1IN >4
5 \ )] ‘ ﬁ\ ! ‘ H &
Batteries \\/A\%, \N§/ (\_ / ‘\_’; (Y]
o 2N P, a2 ST, e
Supercapacitors ‘ H«'x‘u'". ‘ Hlx‘u =" ‘ H# (="
‘\__" \\~_f’ \\__ll \\__/I \\__/I
©E (@@ o &
\ 1 ! 1 I~
Fuel Cells (\_’,\\ﬁ, @ \HE ug/
solar cells | @ [} ::: o X
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device fabrication is expected. Printing of nanostructured
carbons enables inexpensive, large-scale assembly with
precise control over thickness and patternability. Applied to
the field of energy storage and conversion, printing tech-
niques for depositing graphene and CNTs should effectively
improve production rates and increase the efficiency of mate-
rial utilization.

Nevertheless, despite the rapidly growing number of pub-
lications on printing carbon nanomaterials in the field of
energy storage and conversion, their industrial-level applica-
tions are still limited today. This should be mainly attributed
not only to the fact that these materials are relatively new but
also to the fact that necessary processing parameters have
not yet fully matured. In particular, a number of key issues
must be overcome to improve the formulations of nanostruc-
tured carbon inks before their full potential can be realized,
including stability in solution, uniform particle size dis-
tribution, and the ability to form stable dispersions without
compromising electronic conductivity.

Particularly for inkjet printing, a number of studies have
attempted to address these problems by functionalizing
nanostructured carbons with covalently-bonded molecules,
adding surfactants to the aqueous solutions, and oxidizing
their surfaces to make them more readily-dispersed in polar
solvents. Considerable progress has been made toward realiz-
ing high conductivity printed graphene and CNT films, but
challenges still exist, especially with contact resistance
between particles. One possible solution may be to print
doped carbon nanomaterials, which can be more easily dis-
persed in water and exhibit even higher conductivities than
their pristine counterparts. Both nitrogen-doped graphene
and nitrogen-doped CNTs have shown improved perfor-
mance for energy storage devices. Logically, the next step will
be to develop printing techniques to deposit these materials
for use in functional devices.

3D printing may also be a promising alternative to the
more common inkjet, screen, and transfer printing tech-
niques. By adopting 3D printing technology, various 3D-stru-
cutured designs of electrodes can be realized in a highly
repeatable way, which is greatly favored in the area of mass
production of high performance energy storage and conver-
sion devices. For example, a 3D-structured Li-ion battery
can exhibit much higher energy and power densities than
that of conventional planar design. A 3D structured electrode
possesses much higher surface area and can be greatly
favored for both metal-air batteries and electrochemical
capacitors. Though 3D printing is making strides in other
industrial fields, it remains an unproven process for fabricat-
ing energy devices. Nevertheless, as functional inks contain-
ing carbon nanomaterials are further developed and 3D
printers are improved, we can expect to see a translation of
this technology from laboratory to industry. This will ulti-
mately result in affordable, high performance devices.

Overall, printing is not meant as a replacement for high
precision fabrication techniques, but instead provides a great
opportunity to produce high volumes of large area devices at
low cost. In the context of the green, renewable energy
devices discussed in this review, printing carbon nanomateri-
als may lead to simplified manufacturing and improved cost
effectiveness. Traditional production processes can improve

and evolve by adopting printing systems that allow for more
robust, customizable, waste-free, and lean additive
manufacturing techniques. The combination of printing
technology and carbon nanomaterials will result in a diverse
range of applications in the field of energy storage and
conversion, calling for tremendous research efforts now and
in the future.
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