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Graphene is currently emerging as an alternative to traditional conductive
materials, such as copper and silver because of its excellent electrical con-
ductivity and earth’s carbon abundance. Graphene can be applied in many
different electronic fields with different manufacturing methods to meet their
specific requirements, which promote the development of advanced manu-
facturing technology in graphene electrical applications. Inkjet printing, as an
environmentally friendly, low-cost and simple-to-operate advanced manufac-
turing method, has broad development prospects especially in the field of
flexible electronics. In this review, several factors affecting the electrical
conduction property of graphene applications in the inkjet-printed graphene
process are listed as follows: the preparation method of ink, material and
treatment of substrate, thickness of print, and annealing, especially whether a
coffee ring is produced. In addition, this paper also cites some examples of
inkjet-printed graphene in electrical conductivity. In order to continuously
improve the procedure designs of graphene electronics fabrication, more
accurate relationships between electrical conductivity of graphene and these
parameters can be built. Based on the excellent prospect of inkjet printing
technology in the field of conductive electronics, there will be some further
research about the perfect implementation of graphene’s electrical conduc-

tivity.
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INTRODUCTION

Since its discovery in 2004 by Andre Geim and
Konstantin Novoselov at the University of Manch-
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carbon material gradually became one of the hottest
scientific topics, when its bright industrial develop-
ment prospect attracted the attention of the world. In
1962 it was observed originally on electron micro-
scopes, but the studies only focused on metal sub-
strates. The later rediscovery, isolation and
characterization of graphene resulted in the two
winning the Nobel Prize in Physics in 2010 “for
groundbreaking experiments regarding the two-di-
mensional material graphene.” In the conductive field,
the usually used conductive metals have long histories
with their particular properties to apply for various
propose, while their shortcomings cannot be
neglected. Recently, carbon nanotubes (CNTSs), as a
rising nano-material, have already been widely stud-
ied as conductive printable inks,’™ while poor dis-
persibility limits its applications. Compared with
CNT, graphene is easier to pattern, easier to observe,
and its layer number is easier to calculate under an
optical microscope. Among the known available mate-
rials, graphene is strongest and nearly transparent,
and it can conduct heat and electricity efficiently,
promoting a step forwards in the field of manufacture
of electronic devices. In Fig. 1, it is obvious to see a
growing trend of JCR articles with keywords, gra-
phene electronics, from 2004 and updated to 2018,
and the above reasons are not enough to explain this
phenomenon. Graphene exhibits good hydrophobic
properties and good ferromagnetism, especially with
massless electrons and an anomalous quantum Hall
effect, which are both unique to graphene.® With the
above properties, graphene brings many applications
into the field of electriconics (Fig. 2).

The higher requirements for the electrical con-
ductivity caused by industry development acceler-
ate both the improvement of manufacturing
technology and research of new materials. Inkjet
printing, as an advanced manufacturing technology,
is a multi-discipline technology, in which the
intended pattern can be achieved by depositing ink
on substrates with relatively high production speed.
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Fig. 1. Number of JCR articles per year, as reported by the Journal
of Citation Report, Web of Science (http://apps.webofknowledge.c
om), from 2004 and updated to 2018 retrieved via the keyword
“graphene electronics” in the topic of the paper.
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Therefore, printed electronic technology is environ-
mentally friendly, simple to operate, low cost, and
avoids waste, when inkjet printing tasks can be
achieved by relative motion between the nozzle and
the substrate and computer controlled flexible depo-
sition of conductive inks. The combination of print-
ing technique with the electronic conductivity of
graphene is a potentially disruptive technology with
broad development prospects and application
advantages. In the research of Finn et al.,° gra-
phene ink dissolved in NMP (N-methyl pyrrolidone)
was used to print a conductive pattern on PET
(polyethylene ter%phthalate) foils. Based on numer-
ous experiments,”® Li et al.” and Ostling et al.,'°
proposed a plan for effective integration of graphene
inks applied to inkjet printing technology, con-
tributing to a reliable mass production of high-
quality 2D films/patterns.’’ Recent correlated
research has demonstrated inkjet printing of gra-
phene for the fabrication of functional devices such
as FET (field effect transistor),'? valley filters,'®
actuators,’*'® thin film transistors,’® transis-
tors,'”!® touch screens, and solar panels.’

This review first summarizes the high electrical
conductivity of inkjet-printed graphene, compared
with the traditional conductive materials. Inkjet-
printed graphene possesses a broad growth prospect
with its superior properties, especially in electrical
applications. In addition, several factors from the
production process that affect the electrical conduc-
tivity of printed graphene are demonstrated, and
some electrical applications of printed graphene are
also exhibited.

GRAPHENE
Characteristics of Graphene

Graphene is a two-dimensional constituent ele-
ment for common graphite forms' in a six-
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Fig. 2. Electrical applications of graphene.
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membered ring of carbon atoms.?’ The size of
graphene sheets experimentally can vary from tens
of nanometers to centimeters. After nearly 50 years
of research and development, graphene is widely
used for a plethora of diverse applications in
materials, electronics, energy, biology and other
fields,?'~2* making graphene one of the most valu-
able nanomaterials in the world.

Graphene is one of the hitherto strongest mate-
rials ever found, and single-layered graphene shows
a tensile strength up to 130 GPa,?° while its specific
surface area is about 2630 m? g~ 1.2°> Graphene also
exhibits a quantum Hall effect at room tempera-
ture,?® good ferromagnetism,?” and better thermal
conductivity than CNTs?® and metals such as
silver?® and copper.? In addition, low areal density
and corking elastic property of graphene make it
possible to maintain the initial size even after large
strain.?!

In the research of graphene, one of the biggest
challenges is how to produce high-quality graphene.
Until now there were three types of typical
graphene production methods, top-down exfoliation,
bottom-up growth,*>-3* and unclassified approaches
(Fig. 3). The top-down production of graphene
means graphite exfoliation bg physical, chemical,
and electrochemical methods,”! such as the “Scotch
tape method”, in which both quality and yield of
graphene cannot be available.®? Chemical vapor
deposition (CVD), as a typical “bottom-up growth”
method for the large batches production of gra-
phene,?! is mainly used for high-quality, large-area
graphene production.?” However, this technique
increases high requirements because the working
atmosphere is under continuous high temperature
and the process is complex and multi-staged. Single-
and few-layer graphene can be grown epitaxially
not only by CVD of hydrocarbons on metal sub-
strates°>?® but by thermal decomposition of
SiC.3"*° Even with so many advantages and such
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a good development prospect of graphene produc-
tion, low yield and high cost of these methods still
hinder its better applications.>?

The Electrical Conductivity of Graphene

Electrical resistivity, as the reciprocal of conduc-
tivity, is a physical quantity to describe the hin-
drance to current through the conductor, usually
defined as follows:

p=R-A/L (1)

where p is the resistivity (Q m), R is the measured
resistance, A is the cross-sectional area and L is the
film length.*! Equation 1 is the basic principle of
electrical conductivity and usually used to test
resistivity rating of material by the relationship of
measured resistance, cross-sectional area and film
length. Actually, for printed electronics the most
commonly used parameter is the sheet resistance,
which is only related to resistivity and thickness
and primarily can be measured by four-point
probe.*?

Highly conductive property of graphene is caused
by some micro-level reasons. From electronics per-
spective, graphene is a zero-overlap material with
holes and electrons as charge carries. Because of the
zero effective electron/hole mass in graphene, its
charge carriers exhibit large intrinsic mobility,
2.5 x 10° cm*/Vs in experimental measurement,
and electron/hole can travel over micrometers with-
out scattering at room temperature.*>** Conductiv-
ity of graphene is related to electron mobility and
carrier density, both of which usually are negatively
correlated.*® According to research on conductivity
of graphene, its mobility decreases from 10° cm?/Vs
to 10* cm?Vs when the charge carrier increases
from 10'%cm? to 10'%/cm?*°* From an atomic
perspective, each carbon atom of graphene has four
unpaired electrons at the outermost layer, three of
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Fig. 3. Synthesis methods of graphene from different precursors.
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which are linked to three adjacent carbon atoms by
o-bonds on the two-dimensional plane.?! The fourth
electron located outside the graphene sheet is freely
available for electronic conduction and is connected
to free electrons of another carbon atom by n (pi)-
bond.?* According to some further research, such
high electron mobility graphene is closely related to
the Dirac point and quantum tunneling effect in
graphene, especially the charge transfer which
makes the Dirac points of graphene higher than
the Fermi level, increases the carrier concentration
and promotes electrical conductivity of the
graphene.*’

Different production methods also cause different
graphene conductivity. Large, uniform, single-layer
graphene can be produced by CVD with a lower
sheet resistance (ca. 1000 Q/sq) compared with the
graphene films pr pared by the chemical modifica-
tion of graphene. As for the reduction of
graphene oxide (GO) methods, graphene films is
fully reduced from GO when incomplete reduction
causes _a_ relatively inferior electrical perfor-
mance,’®%® but consequently inkjet-printing of pris-
tine graphene films has significant advantages in
electronic applications.’® These GO materials,
which can be mass synthesized by the improved
Hummer’s method and excellent dispersion in
water, maintains well the superior electrical con-
ductivity of graphene with the reductlon process by
chemical or thermal procedures.?® According to the
references, graphene flakes can_ be exfoliated 5y
ultrasonication in select solvents®® and superac1ds
or using additives such as surfactants®® and stabi-
lizing polymers®®®° to achieve the size of graphene
< 10 um? in area. Furthermore, while small size is
essential for stable inkjet printing, increasing flake-
to-flake junctions are added in percolating films,
resulting in a higher resistance compared with that
of CVD -grown or mechanically exfohated gra-
phene;** see Fig. 4. Recent theoretical®! and exper-
imental®®=®* studies indicated that introducing 1D
conductive bridges, such as silver nanowires
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Fig. 4. Several methods of production of graphene electronics.
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(AgNWs), enhance the electron transport capacity
of graphene films, meaning more possibilities for
their conductive applications.

INKJET PRINTING FORMATION

Inkjet printing is a method for depositing liquid
droplets on substrates. As a direct-write technique,
it was originally used to transfer data of a printed
pattern from a computer onto substrates, such as
paper, polymers, metals, and ceramics, becoming a
popular digital fabrlcatwn method of biotechnol-
ogy®® " and electronics.*>%%%° With no contact
between the print-head and the substrate, small
droplets of ink are ejected from the print-head
nozzle directly onto the desired position of substrate
by d1g1tal control,’”"" line and space dimensions
arr1ve at minimum Value 20 pum, with high resolu-
tion.”>™ According to the state of the sprayed
droplet inkjet printing usually can be divided into
continuous inkjet printing (CIJ),”*"® drop-on-de-
mand (DOD) inkjet printing,”® and the latter is
widely used for graphene inks.

To achieve stable droplet formation in the inkjet
printing process, the viscosity and surface tension of
the ink formulation must be carefully tailored.”” In
addition, to achieve proper morphology of the
printed patterns, the wetting and drying properties
of the ink also must meet corresponding require-
ments.”® In 2012, Torrisi et al.'® from the University
of Cambridge achieved inkjet printing of graphene
electronics. According to their study, the ink, pre-
pared from liquid exfoliated graphene and sus-
pended in the solvent NMP, is Well jetted even
W1th inappropriate set parameters.'® Coleman et al.

81 paid attention to the inks prepared by exfoli-
ating graphene in NMP and applied dispersions
based on the controlled low- and high-speed cen-
trifugation coupled with sediment re-suspension.
According to Ref. 54 Secor et al. designed ink with
relatively low surface tension applicable to flexible
electronics fabricated from low-surface-energy sub-
strates. Figure 5 demonstrates a usual preparation
method of graphene inks, exfoliation of §raphite in
ethanol and EC (ethylene carbonate),”” and the
characteristics of printed patterns (Fig.5). After
graphite powder was exfoliated in ethanol/EC by
probe ultrasonication, the remaining large graphite
flakes were removed by centrifugation (Fig. 5a and
b), and a solid containing graphene and EC was
flocculated and collected after mixing with NaCl(aq)
(Fig. 5¢). Then this graphene/EC solid was washed
and dried and subsequently dispersed in select
organic solvents (Fig. 5d and e). Finally, it was
deposited onto the well-defined substrate of Si/SiOs,
and the patterns observed with SEM and AFM are
shown in Fig. 5f and g, respectively. This
stable graphene ink rinted lines on HMDS-treated
Si/Si0, substrate, yielding a line width of ~ 60 um
without undesirable coffee ring effects.’*
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Fig. 5. Schematic illustration of the graphene ink preparation procedure and its morphology of inkjet-printed features. (a) Graphene is exfoliated
from graphite powder in ethanol/EC. Graphene/EC powder is then isolated (b) to move the remaining large graphite flakes and (c) salt-induced
flocculation of graphene/EC. (d) The prepared ink for inkjet printing. (e) Vial of the prepared graphene ink. Scanning electron micrographs of (f)
multiple printed lines. (g) An atomic force microscopy (AFM) image of a single line. Reprinted with permission.>* Copyright 2013 American

Chemical Society.

FACTORS AFFECTING ELECTRICAL
CONDUCTIVITY OF PRINTED GRAPHENE

In the inkjet printing process, the basic require-
ments for conductive inks are similar to other inks:
good printability, super rheological property, good
adhesion to specific substrates. In order to obtain
optimal printing performance, important parame-
ters such as viscosity, surface tension, wettability
and adhesion to substrate should be adjusted on
demand. However, these parameters are usually
controlled by direct parameters of the printing
process. With the requirement of high electrical
conductivity of the printed patterns, the content of
the conductive nanomaterial must be high and the
content of non-conducting materials, such as
organic polymeric stabilizers, wetting agents and
adhesion promoters, should be controlled.*® The ink
used for printed electronics usually adds an aqueous
or organic liquid vehicle and various additives to
optimize performance.'®"%7%7¢ The following dis-
cussion is on several factors of four steps: the
method and additives used in preparation of ink,
the material used and treatment of substrate,
thickness of print, and annealing.

Preparation of Ink

In the entire production process of inkjet-printed
graphene electrical components, the preparation of
graphene ink, as the first step, influences the final

electrical conductivity. As an emerging 2D material,
there are many developed preparation methods, and
scholars have prepared various graphene inks for
their experiments, resulting in different conductive
properties. RGO (reduced graphene oxide) ink,
widely used in inkjet printing, has poor electrical
properties that limit its application in the field of
electronics (Table I). In addition, when planning the
procedure of graphene ink jet printing, there are the
following points to note: low efficiency of printing
caused by low-density graphene, complicated and
time-consuming procedure caused by technology
such as solvent exchange, and even contamination
caused by using additives. From Table I, the con-
ductivity of RGO inks are usually lower than
pristine graphene ink produced by exfoliation, while
different additives used in exfoliation methods also
affect the conductivity of printed patterns.
Graphene types listed in the Table I are classified
according to the production methods and additives
of graphene inks. For printable pristine graphene
inks, there are two general strategies applied for
inkjet printing, shown schematically in Fig. 6a and
b. Graphene can be exfoliated directly in NMP and
subsequently printed,®'® while graphene can also
be stable with EC in most organic solvents.®®
According to Fig. 6¢c, it is obvious that graphene-
EC is better at electrical conductivity, when the
other performances are ignored. In conclusion, it is
obvious that the method used to produce graphene
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Table 1. Conductivity of different graphene type with different annealing method

Best electrical

No Graphene type Annealing process performance References
1 RGO 200°C for 12 h in Ny NA Le®
2 RGO 350°C for 1 h under a Hy/Ar o =170 S/m Lim*?
atmosphere
3 RGO ~ 200°C 10 min o ~ 800 S/m Kong®*
4 RGO 400°C for 3 h o =900 S/m Huan§55
5 RGO 80°C for 1 h ¢ = 1500 S/m Dua®
6 RGO Vapor deposition in hydrazine o = 5500 S/m Shin'*
7 RGO(AgNPs) 250°C for 30 min R=4x10>Qcm Li%¢
8 Exfoliated graphene (NMF) 170°C for 5 min o =100 S/m Torrisil®
9 Exfoliated graphene (NMF) NONE o = 3000 S/m Finn®
10 Exfoliated graphene (DMF) 375-400°C for 0.5-1 h in air o ~ 3400 S/m Li®
11 Exfoliated graphene (CO2) 300°C for 30 min o = 9240 S/m Gao®’
12 Exfoliated graphene (Ethanol and EC) 250°C for 30 min o = 25,000 S/m Secor®
13  Intercalation and liquid phase exfoliation of 400°C for 30 min Ry, = 30 kQ/OI Arapov®®
raw graphite
(a) (c) Low-Temperature Viscosity
Processing Tuning
Carrier Graphene
Modulation Loading
(b)

Conductivity

Electrical Printing Robustness,

Resolution

Graphene-NMP Formulation
Graphene-EC Formulation

Fig. 6. Two types of pristine graphene inks for printed electronics. (a, b) lllustration of two different chemistries for pristine graphene inks, NMP
(a) and Engb)' (c) lllustration of the quality comparison between graphene-NMP formulation and graphene-EC formulation. Reprinted with

permission.®® Copyright 2015 American Chemical Society.

inks affects the electrical conductivity; however, to
ensure the best route of graphene inks still needs a
large number of systematic experiments and sys-
tematic data analysis.

Substrate

The material used as substrate in inkjet printing
also influences the electrical conductivity.
Capasso”® observed that the difference of electrical
performance on different substrates is due primar-
ily to differences in substrate thermal properties.
According to Fig. 7,°! although the sheet resistance
changed with pulse energy, glass used as substrate

usually caused a higher sheet resistance, while the
sheet resistance of graphene dropped onto PET and
PEN is at a low degree. In addition, the surface
quality, especially whether coffee rings are formed,
influences the electrical properties of printed pat-
terns. The coffee ring is a physical phenomenon
produced after droplet evaporation, which is also an
essential process to acquire desired deposited pat-
terns.®” The coffee ring regularly arises as a defect
in inkjet printing, since it means heterogeneous
liquid deposition and heterogeneous particle size
distribution. As a result, there is still substantial
work underway to explore its mechanisms and
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Fig. 7. Versatility of IPL annealing for graphene patterns. (a) Sheet resistance change of graphene films for different substrates (PET, PEN, PI,
and glass) with the growth of pulse energy. (b) Optical microscopy images of lines on five different surfaces with a drop pitch of 35 um. Reprinted

with permission.® Copyright 2015 John Wiley and Sons.

Fig. 8. Dark-field optical micrograph of inkjet-printed drops on (a) plasma-cleaned, (b) pristine, and (c) HMDS-treated substrate. Reprinted with

permission.'® Copyright 2012 American Chemical Society.

prevention.”®?* To improve the electrical conduc-
tivity of graphene patterns, it is necessary to reduce
the possibility of coffee ring generation to create
better properties and a better electric conductivity.
However, according to Ref. 90 when the ink type is
pristine graphene, the coffee ring effect is not
observed in the printed electrodes, even if substrate
type is different, such as printing paper, glass, and
HMDS-treated PET. Torrisi et al.'® visualized the
inkjet-printed droplets with an optical microscope,
Fig. 8, which shows that the printed bright green—
blue colored drops in Fig. 8c at ~ 90 um in diameter
are smaller than the colored drops in Fig. 8a and b.
In addition, Fig. 8 also shows that coffee rings
emerge when printing on pristine SiO; and do not
exist on HMDS-treated SiOs5 substrate. Further-
more, influential factors in the deposition process
are substrate properties and coffee rings, as well as
flow characteristics of drops,! thermal conductivity
ratio between the substrate and liquid,®® surface
charge of the substrate and particle surfaces,” and
even the shape of the droplet particles.3”%6

Printed Thickness

Gao et al.®” ran a series of tests to verify the

relation between the electrical conductivity and the

number of printed layers and drew a conclusion,
shown in Fig. 9, that the resistance of graphene is
related to the number of printed layers. As a result,
the resistance is proportional to the thickness,
which confirms Eq. 1. As the printed layers
increase, the line thickness grows in proportion,
causing a decrease of resistivity, which means a
better electrical conductivity. So in the inkjet print-
ing process of graphene electronic components, the
number of printed layers ranges (in Gao’s report,
the range is 20-30), after surface quality is
achieved.

Annealing

Similar to the traditional manufacturing method,
the printed pattern usually cannot be used as an
electrode without post-treatment, which also plays
an important role in the electrical conductivity of
printed graphene. Annealing is a post-treatment
that changes the physical and sometimes chemical
properties of a material to increase its ductility and
reduce its hardness, making it more workable. The
gas environment of the annealing process also
affects the final performances of produced electron-
ics. For example, annealing in N2 or Ar causes
better properties than annealing in atmosphere
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Fig. 9. Inkjet-printed graphene conductive patterns. (a) Photograph of the printed patterns after various printing passes (from 3 to 40). (b—d)
Scanning electron microscopy (SEM) images of the printed patterns after 10, 30, and 40 printing passes, respectively. (e) Sheet resistance and
transmittance (at 2 = 550 nm) of the printed patterns with increasing numbers of printing passes. Reprinted with permission.®” Copyright 2014

American Chemical Society.
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Fig. 10. (a) Conductivity against the annealing temperature for a fixed annealing
duration for a fixed annealing temperature of 250°C. Reprinted with permission.®
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environment.””?® In the annealing process, the
material is first heated, then maintained at a
suitable temperature for a suitable amount of time,
and finally cooled. So the set of the temperature and
time is important to the result. A similar type of
graphene ink with different annealing temperature
and time causes different surface topography of
patterns.

References 99,100 obtained similar conclusions:
suitable temperature and time of annealing process,
250-350°C and more than 25 min, respectively, just
like the character in Fig. 10. Considering the
changes in annealing process, reasons can be ana-
lyzed. In Fig. 10a, based on a constant annealing
time, when the set temperature is lower than 250°C,
the post-treatment degree increases with the
increase in set temperature, resulting in a positive
change in conductivity; however, when the temper-
ature exceeds 400°C, undesired changes of material

cause poor resistivity. In Fig. 10b, with a fixed
annealing temperature of 250°C, in the first 25 min
of the annealing process, the post treatment is
ongoing as the time increases and is finished in
25 min, so after 25 min the resistivity basically no
longer changes with time. In conclusion, the tem-
perature and time of annealing process are also
important parameters for the conductivity of the
printed pattern.

APPLICATIONS

Because of its excellent properties, graphene has
been widely explored for applications in various
fields, and most effort has focused on the direction of
graphene-based electronics, as in companies such as
Intel and IBM.' With the traditional production
methods, graphene has already been applied in
electrical fields, such as gas'®'% and energy
storage,?® in photonics and flexible
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solar cells, supercapaci-

and light-emitting devices, *®> touch
screens,''* photodetectors,!5~118 electromagnetic
(EM) absorbers,''® and ultrafast lasers.'?%%! With
the development of nanotechnology, the trend of
materials research is towards microstructure. As a
result, advanced manufacturing technologies enter
the field of nanomaterials production. In the inkjet-
printed electronics process, graphene usually is the
main material or additive of the ink to obtain
superior electrical conductive properties. With its
material strength and flexibility, graphene ink can
be used in e-paper or wearable electronics'??
(Fig. 11a), extending the range of applications.
Given the large surface area and sensitivity to
doping, graphene is a logical material for sensing
applications.'?>'2* Graphene electrodes have also
been applied to detect various chemicals'?® (Fig. 11-
b), including nitrogen dioxide{ hydrogen peroxide,
carbon monoxide, and water, 2 because the elec-
tron transport through graphene is highly sensitive
to the adsorption of gas molecules.’*’ Printed
multifunctional integrated systems based on wear-
able graphene electronic/optoelectronic devices can
monitor bio-signals of the user in real time!'Z®
(Fig. 11c). Combining advanced manufacturing
techniques with highly conductive graphene, the
production of electronic devices has great potential
for development.

electronics,
torgl1l:112
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OUTLOOK

Researchers in the fields of physics, chemistry,
and materials are committed to the exploration into
the numerous applications of graphene, with still
ongoing research activities. The main research
directions are listed as follows: exploring the prepa-
ration of large-area, high-quality graphene materi-
als and their industrialization, discovering the
excellent properties of graphene materials and their
potential application value, developing applications
that reflect the many “ideal” properties of graphene,
etc. Among all the studies, to choose and design a
suitable forming process is one of the most effective
focuses. With the development of the artificial
intelligence and automation industry, printed elec-
tronics, as the common product type of electronics
devices and systems, begins to occupy an increasing
market share. However, with different printing
technology, graphene materials are available for
different situations, such as screen printing for low-
resolution components or devices and with high-
viscosity paste, gravure printing on rigid substrates,
flexographic printing for thin functional layers, and
inkjet printing for laboratory research as well as
customized and specialized components or devices.

Among them, inkjet printing is probably one of
the most promising techniques to achieve the
research target of graphene, which does not mean
that there is no challenge. To find suitable graphene

(a)

Electrical

stimulation

—

PDMS

~—+ Gas sensitive film

Au/Cr electrode
Gap size: 250 um
Line width: 200 pm

| :I-t PET substrate

External electrode

(©) ateo, strain gauge Wi diitg

Thermal actuator transmission

lontophoresis electrode

Smartband
(w/ power supply)

Fig. 11. (a) Soft actuator of the RGO/PDMS bilayer actuator under electrical stimulation with printed RGO electrodes. Reprinted with
permission. 22 Copyright 2016 American Chemical Sociey, (b) Flexible RGO gas sensor. Reprinted with permission.'2® Copyright 2015 Elsevier,
(c) Wearable and transparent graphene electronic/optoelectronics system Reprinted with permission.'2® Copyright 2015 John Wiley and Sons.
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ink production methods requires a series of exper-
iments and research. When moving one step further
in the process chain to the actual deposition and
printing, another apparent challenge emerges. In
order to acquire the required inkjet printed pattern,
the rheological properties of the graphene ink must
be adjusted on demand, which means the require-
ments for the fundamental characters of graphene
ink, for example, well-defined sizes and thicknesses
of dispersed graphene nanosheets, tailored viscosi-
ties at both high- and low-boiling-point, as well as
nontoxic solvents. Furthermore, the resolution of
the printing process must be improved. As the last
step, post-treatment for inkjet-printed graphene,
usually annealing, has a great influence on the
applications with various temperature and time
length. In addition, the graphene ink production
also allows for some fine-tuning of electronic prop-
erties by the addition of molecules or polymers that
provide supplementary functions and/or control of
doping levels, thus, almost infinite possibilities
exist.

However, compared with traditional manufactur-
ing technologies, the printing technique is still at an
early stage of development. Although, based on
solution processing, it is easy to imagine the inte-
gration of various layered crystals in functional
devices, so it is still unclear whether this will finally
develop industrially relevant processes or products.
Several issues still must be overcome for the
optimization of graphene inkjet printing. The first
problem is that the surface quality of the printed
pattern is not always easy to guarantee, especially
with the coffee ring phenomenon, which cannot be
eliminated with quantitative design, but can be
improved by numerous pre-experiments. In addi-
tion, the solvent is essential for graphene ink
preparation, but it also causes some issues, such
as its toxicity and low viscosity which have a strong
effect on the jetting performance,!! the removal of
high-boiling-point solvent in annealing stage that
severely limits the type of substrate. Last but not
least, the issue with the scalability needs to be
faced. Compared to pristine graphene, the nanocom-
posites easily prepared from graphene or its deriva-
tives by modification with polymers, conducting
polymers, surfactants, and other nanomateri-
als'?*13% have superior electrical conductivity.?! As
a result, the research on conductive graphene
become much harder and more sophisticated.
Because, as in other rising materials, the industri-
alization of graphene is the goal of all efforts in
research, with further studies on the perfect real-
ization of inkjet-printed graphene’s electrical con-
ductivity, better procedure designs of graphene
production will emerge.
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