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Development of oxidation resistant conductive inks with low curing temperatures is a challenging problem
in printed electronics. The present work introduces a newly formulated room temperature curable
conducting ink using multiwalled carbon nanotubes (MWCNTSs) for printable electronic application. The
organic vehicle composition of the ink is meticulously controlled based on their rheological
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photopaper, cellulose acetate sheets and silicone rubber. A morphological study of the printed pattern

DOI: 10.1039/c7ra06260e was also performed using SEM and AFM. The electrical characterization of the ink printed on flexible
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1. Introduction

The conductive ink industry has been booming to ever greater
heights over the past few years.* There are mainly two kinds of
materials used for conductive inks: noble metal based (silver
and copper)>* and carbon based materials (graphite and
CNT).>® Each of these has their own defined features and
advantages. In general, printable metals are either exorbitantly
expensive (e.g. Au, Ag or Pt) or are subject to fast oxidation (e.g.
Cu) which limit their wide usage in printed electronics.” A
promising addition to this list is the carbon nanotube (CNT),
which is a lightweight inorganic structure with unique physical
and electrical properties relative to traditional conductive
materials.®

In order to integrate carbon nanotubes in device fabrication,
there are several techniques being used. Two of the major
approaches adopted to deposit nanotubes at the selected areas
of substrates are “grow in place” and “solution based printing”
methods.®" Being an additive process, printing of CNT is
considered as the simplest and cost effective method for
transferring CNTs onto the substrate. Printed CNT coatings/
thin films can be developed into solar cells, digital circuits,"
sensors'*™ and antennas.” Printing of functional inks can be
performed by numerous printing techniques like inkjet
printing, flexographic printing, screen printing, roll to roll
printing etc.” Among all these techniques, screen printing is the
most cost effective technique used where the ink poured on the
partially masked screen is squeegeed to move across, resulting
in its uniform transfer through the stencil openings, onto the
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substrates was studied and a sheet resistance of 0.5-13 Q sq~* for three strokes was reported.

substrate placed beneath it. Here, the alignment between the
fabric screen mask and the substrate is rather easy compared to
gravure printing, since the screen mask is semitransparent, and
both the mask and the substrate are planar.

Developing a stable and screen printable ink using CNT has
been a long time challenge, primarily due to the ink's prereq-
uisites such as to possess a low viscosity at high shear rate and
a fast viscosity recovery time.'*"” For achieving these require-
ments, the dispersion of the CNT and its flow characteristics
through the screen mesh have to be strictly controlled. Besides,
the stability of CNT suspension is difficult to achieve because of
the nanotubes’ inherent tendency to aggregate due to high Van
der Waals attractions resulting in the formation of bundles or
ropes. In 2009, Biswas et al. reported that highly stable CNT
dispersions are possible by judiciously employing sodium
dodecyl sulphate (SDS) and polyvinyl pyrrolidone (PVP) in the
vehicle." As known, PVP is a polymer containing amide groups
which can be cross-linked into a three-dimensional molecular
network, and can act as a dispersant and binder at the same
time. Furthermore, PVP being highly soluble in polar solvents
like ethanol, phase separation could be avoided during the ink
formulation. On the other hand, the dispersant, SDS has been
known as an efficient dispersant for CNT dispersions in recent
literature whose dispersion mechanism of CNT has been widely
studied.”

In the present paper, we report the development and prop-
erties of a novel conductive MWCNT ink formulation that can
be printed on different flexible substrates like Mylar®, cellulose
acetate, photopaper and silicone rubber, with high degree of
adhesion. The ink was formulated with proper rheological
profile for higher throughput coatings using the flat-bed screen
printing technique. The choice and proportion of organic
contents were tricky enough so as to enable curing of the ink at
room temperature. The microstructure, adhesion strength and
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electrical characteristics of the screen printed MWCNT patterns
were also investigated.

2. Experimental
2.1 Materials

High purity pristine MWCNTs were purchased from Nanoshell
Inc, USA. Anhydrous ethanol was purchased from Merck.
Sodium dodecyl sulphate (99.9%) and polyvinyl pyrrolidone
(MW 30,000) was procured from Sigma Aldrich.

2.2 Instrumentation

The structure and microstructure of MWCNT and its printed
patterns were analysed by scanning electron microscopy (JEOL-
JSM 5600 LV, Tokyo, Japan), transmission electron microscopy
(FEI Tecnai G2 30S-TWIN operated at 300 kV, FEI Company,
Hillsboro, USA) and atomic force microscopy (Bruker Nano Inc.,
USA). The colloidal stability of the CNT ink was measured using
a rheometer (Brookfield, R/S Plus, MA, USA). The adhesion test for
printed pattern was done as per the ASTM standard (D 3359-97).
The electrical properties of the printed patterns were measured
using source meter by four probe method (Keithley 2450).

2.3 Ink formulation and printing

An ink composition contains four elements: solvent, filler,
dispersant and binder. Here an organic solvent based nanotube
ink was formulated with ethanol as the solvent. For filler,
commercially available multiwalled carbon nanotube (MWCNT,
99%, OD: <60 nm, length: 3-8 um) was used as received without
any further purification or treatment. To ensure proper disso-
lution of the mixture, the solubility of different dispersants and
binder was checked prior to development of the ink. Finally,
sodium dodecyl sulphate and polyvinyl pyrrolidone were
chosen as the suitable dispersant and binder respectively for the
ink formulation. The components of the ink such as SDS, PVP,
ethanol and MWCNT have to be mixed thoroughly to form
a stable homogeneous suspension. Generally used dispersion
methods like bath and probe sonication were precluded since
these methods would result in excessive evaporation of the
solvent. Decisively, a controlled magnetic stirring technique
was opted for blending the organic vehicle. The carbon nano-
tube ink preparation procedure begins with the addition of SDS
into 5 ml ethanol. The dispersant was added prior to the filler in
order to ensure proper suspension of the MWCNT and the
dispersant loading was optimized as 7.5 wt% of filler loading.
The MWCNT was added in to this mixture after 1 h of stirring
which was followed by the addition of PVP after 2 h. The PVP
loading was varied from 15 wt% to 50 wt% of CNT. The
complete mixture was thoroughly stirred for the next 24 h.
The MWCNT concentration in the ready-to-print ink was
found to be about 9 wt% with respect to the total solvent
content. The optimal concentration of the binder is required for
proper adhesion of the ink to the substrate. Further, it can
enhance the ink viscosity, debundle MWCNTSs, stabilize the inks
for a long time, and improve the printed device patterns. On the
other hand, there should not be too much PVP in the inks which
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may result in very high viscosity and deteriorate the electrical
conductivity.

The ink with optimal flow characteristics was screen printed
on different flexible substrates like paper, Mylar®, photopaper,
cellulose acetate sheet and silicone rubber using a semi-
automatic screen printer (XPRT2, Ekra, Asys group, Germany).
For printing, we used silk screens with mesh size 325 which is
tightly bound over a metallic frame of dimension 220 x 220 mm.

3. Results and discussion

As mentioned before, MWCNTs consists of multiple rolled
concentric graphene tubes which can be metallic or semi-
conducting. Fig. 1(a) and (b) represent TEM analysis of CNTs. It
is observed that the CNTs we tested are multiwalled with
diameter of the nanotubes ranging from 65-80 nm with lengths
in micrometer range. The walls of the CNTs are distorted which
may be attributed to the synthesis conditions. Fig. 1(a) repre-
sents a bamboo like CNT (BCNT). It is so called because nano-
tubes structure resembles the structure of bamboo. Here, the
graphite layers are misaligned with the primary MWNTs axis. It
is reported that bamboo defects consist of several transverse,
internal walls segmenting the interior of a MWNT into inde-
pendent pods or isolated volumes. Bamboo defects are often
quasi-periodic and by nucleating new shells they maintain
roughly constant outer diameters.*® As stated in the literature,
as the diameter of the nanotube increases, metallic nature of
the tube also predominates.

Rheological optimization of MWCNT ink is an important
reliability criterion. Viscosity is a crucial parameter in opti-
mizing the ink. Fig. 2 shows the viscosity studies of formulated
MWCNT ink. For screen printing purpose the viscosity must be
in the range of 1-10 Pa s which means the ink must neither be
too loose nor too viscous. This is because loose ink will result in
overflowing solvent, thus making it unprintable. On the other
hand, if the ink is too viscous, then it would be difficult to
spread it with the squeegee. As the amount of filler increases the
viscosity tends to increase and vice versa.>** In other words, as
more and more CNT is added, the ink becomes more concen-
trated and hence improves the viscosity. When the dispersant
increases, it tends to disperse the CNT more uniformly, weak-
ening the impact of agglomeration and thus decreasing the
viscosity.

Fig. 2(a) represents the change in viscosity with increase in
binder. In this work, the binder used was PVP. Here, this

Fig. 1

(a) and (b) shows TEM of multiwalled carbon nanotube.
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Fig. 2 (a) Viscosity of CNT inks with 15, 30, 45 and 50 wt% PVP loading and (b) viscosity of the ready-to-print CNT ink.

Fig. 3 (a) and (b) shows surface morphology of printed CNT patterns,
(c) describes the thickness of the CNT cross section.

fluorine free polymer can act both as dispersant and binder,
which can facilitate better dispersion of CNT bundles into a 3D
continuous network. When the PVP weight loading is increased
from 15 to 45 wt%, there is decrease in the viscosity. This is
because it is the dispersion effect of PVP that dominates more in
this case. But as the weight loading is increased to 50 wt%, there
is an increase in viscosity implying that it starts behaving as
a binder. The optimized concentration of PVP was observed to
be 50 wt% with respect to filler loading. In Fig. 2(b), the final
viscosity of the optimized ink is obtained as 2.09 Pa s. This ink
possesses ideal flow characteristics suitable for screen printing.

The SEM analysis (Fig. 3) of the printed pattern was per-
formed to understand the surface morphology and thickness of

Fig. 4 (a) and (b) shows the optical images of printed patterns taken
after the adhesion test.

44078 | RSC Adv., 2017, 7, 44076-44081

Fig. 5 (a) and (b) AFM of printed MWCNT patterns taken at different
magnifications.

the printed pattern. Fig. 3(a) and (b) show uniformly distributed
CNT networks as seen from the surface of the printed area.
Here, the CNTs form connected networks which enhance the

Fig. 6 (a) CNT screen printed on Mylar®, (b) flexibility of screen
printed CNT pattern, (c) CNT screen printed on silicone rubber and (d)
CNT pattern screen printed on photopaper.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7

conducting nature of the printed pattern. It is signified from the
images that the surface coverage is not due to the CNTs alone
but a cluster of as grown CNTs and the binding material.
Fig. 3(c) depicts the cross sectional view of the printed area
which helps us to understand the thickness of the printed
pattern. It was observed that the apparent thickness falls in the
range 20-25 um.

The RMS surface roughness quantifies the deviations from
the mean surface, which helps to understand how the pattern
appears to be, after the evaporation of the solvents. Atomic force
microscopy was adopted to study the surface roughness of the
printed pattern surface which is presented in Fig. 4. Different
areas of the sample have been analysed and a couple of typical
tapping mode micrographs are given in Fig. 4(a) and (b). The
RMS surface roughness obtained was 64.4 nm, which is
comparable to the roughness value reported in the literature.*
A more uniform surface would result in uniform sheet resis-
tance, as the resistance is entirely depended on the connectivity
of CNTs.

The adhesion test was done as per the ASTM standard (D
3359-97) and a few optical micrographs recorded after the test is
shown in Fig. 5. Adhesion is one of the key properties that
contribute to the electrical conductivity. For example, if the
MWCNT networks are not adhered among themselves

(a) I-V plot of printed CNT pattern, (b) CNT patch antenna pattern printed on silicone rubber substrate.

uniformly and to the surface of the substrate, it would result in
poor electrical conductivity. Our adhesion test revealed that the
adhesion was witnessed to be of Grade 4. In the present inves-
tigation, scotch™ tape was then used to detach some loosely
bound MWCNTSs. Conventional peel-off method to measure
adhesion fails in carbon nanotube (CNT) film mainly due to ill-
defined detached portions of the entangled CNTs. It was noted
that small flakes of the coatings were detached from the surface
which is less than 5% of the printed area as shown by the optical
images in Fig. 5(a) and (b). Despite that, the overall peel off
strength of the MWCNT coating on these substrates is well
above the requirement for a high performance coating, which is
ideal for flexible electronic applications against flexing as well
as wear and tear.

Fig. 6(a) shows the CNT patterns screen printed on Mylar®
while Fig. 6(b) and (c) testifies the flexibility of printed
substrate. Obviously, the flexibility is a necessary condition for
practical device fabrication which demands for rollable and
foldable devices. Fig. 6(d) shows the pattern printed on a typical
photopaper.

Sheet resistance is another important parameter used to
characterize a conducting ink. The sheet resistance of the
printed pattern was measured using a four probe measurement
set up and the I-V plot is as shown in Fig. 7(a). The sheet

Table 1 Comparison of present ink with various CNT and silver inks and coating methods published in literature

Ink Printing method Sheet resistance (conductivity) Ref.
1 SWCNT ink Meyers rod <1Qsq '(125Scem ™) 24
2 SWCNT ink Transfer and filtration method 30 Qsq! 25
3 SWCNT ink Transfer printing 200 Qsq " 26
4 MWCNT ink Flexographic printing 0.12 to 3.00 kQ sq " 27
5 SWCNT ink Inkjet printing 132 Qsq " 28
6 SWCNT ink Meyers rod 10Qsq " 29
7 Silver ink Inkjet printing 38Qsq " 30
8 Copper foil Commercial film 0.001 Q sq~* 31
9 Silver ink Screen printing 50 mQ sq " 32
10 Silver ink Spray deposition 50 Qsq " 33
11 Silver ink Screen printing (4.67 x 10" Sem™) 34
11 Silver coating Electroless deposition 0.1 mQ sq* 35
12 Silver ink Direct write process 1-10 Qsq ! 36
13 MWCNT ink Screen printing 0.5-13 Qsq ' Present work

This journal is © The Royal Society of Chemistry 2017
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resistance was found to vary from sample to sample, depending
on the connectivity of the CNT network. A well-connected CNT
network of three strokes attained a sheet resistance of
0.5 Q sq'. At the same time, a sheet resistance of 13 Q sq ™ * was
obtained in another three stroke printed sample which is
believed to have an inferior network connection. The electrical
conductivity of the printed pattern depends also on the adhe-
sion of the CNT network to the substrate. A least adhered
pattern would emanate in a highly resistive network. It was
concluded that it would require higher weight loading of binder
in order to print the ink on silicone rubber substrate for proper
adhesion when compared to the other rough substrates like
cellulose acetate, Mylar® and photopaper. The sheet resistance
of the present ink was comparable with those reported in recent
literature. Table 1 shows the comparison based on sheet resis-
tance and printing method for other nanocarbon inks and silver
based inks.

The newly developed ink bypasses the high temperature
curing, which is a pre-requisite for majority of the MWCNT
based inks. Since the present formulation enables efficient 3D
networked connected structure for MWCNT, it could offer
improved electrical conductivity. This in turn, helps us to
design facile development of conductive circuits employing
MWCNT. As shown in Fig. 7(b), typical circuits like microwave
patch antennas could be designed and screen printed using this
facile methodology.

4. Conclusions

Development of novel conducting inks is a new direction in the
field of printed electronics. Most of the commercial conductive
inks available in the market are made of noble metals and
requires stringent operating conditions to protect them from
imminent oxidation. Furthermore, a majority of the inks
require an annealing at temperature around 140 °C, in order to
dispel away the high volatile vehicle holding the conductive
filler particles, which is disadvantageous. Due to these reasons,
the development of a room temperature curable ink, which does
not suffer from oxidation problem, is a challenging task in
flexible electronics. In the present work, a room temperature
curable conducting MWCNT ink was formulated using suitable
solvents, dispersants and binders. Here flatbed screen printing
is the technique employed to print CNT ink on various flexible
substrates like paper, Mylar®, cellulose acetate sheet and pho-
topaper. Characterization of the CNT were done using TEM
which indicated the presence of as grown MWCNT with dis-
torted walls and many of them assume the structure of bamboo-
like CNTs (BCNTs). The CNT ink printed on flexible substrates
exhibited outstanding adhesion characteristics as per ASTM
standard D3359-97 and sheet resistance in the range of 0.5-
13 Q sq~ " with minimum surface roughness (<65 nm).
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