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Applications, fluid mechanics, and colloidal science
of carbon-nanotube-based 3D printable inks

Beihan Zhao,? Vishal Sankar Sivasankar,® Swarup Kumar Subudhi,? Shayandev Sinha,”
Abhijit Dasgupta® and Siddhartha Das (=) *?

Additive manufacturing, also known as 3D printing (3DP), is a novel and developing technology, which has
a wide range of industrial and scientific applications. This technology has continuously progressed over
the past several decades, with improvement in productivity, resolution of the printed features, achieve-
ment of more and more complex shapes and topographies, scalability of the printed components and
devices, and discovery of new printing materials with multi-functional capabilities. Among these newly
developed printing materials, carbon-nanotubes (CNT) based inks, with their remarkable mechanical,
electrical, and thermal properties, have emerged as an extremely attractive option. Various formulae of
CNT-based ink have been developed, including CNT-nano-particle inks, CNT—polymer inks, and CNT-
based non-nanocomposite inks (i.e., CNT ink that is not in a form where CNT particles are suspended in a
polymer matrix). Various types of sensors as well as soft and smart electronic devices with a multitude of
applications have been fabricated with CNT-based inks by employing different 3DP methods including
syringe printing (SP), aerosol-jet printing (AJP), fused deposition modeling (FDM), and stereolithography
(SLA). Despite such progress, there is inadequate literature on the various fluid mechanics and colloidal
science aspects associated with the printability and property-tunability of nanoparticulate inks, specifically
CNT-based inks. This review article, therefore, will focus on the formulation, dispersion, and the associ-
ated fluid mechanics and the colloidal science of 3D printable CNT-based inks. This article will first focus
on the different examples where 3DP has been employed for printing CNT-based inks for a multitude of
applications. Following that, we shall highlight the various key fluid mechanics and colloidal science issues
that are central and vital to printing with such inks. Finally, the article will point out the open existing chal-
lenges and scope of future work on this topic.

gated, including polymers and resins (mostly for FDM, and
UV-3DP), metals powders (usually with SLS), ceramics (usually

Additive manufacturing (AM), or 3D-printing (3DP), as it is
popularly known, is a manufacturing process that builds an
object in a “bottom-up” layer-by-layer fashion as opposed to a
subtractive process where the final complex net form of a
product is achieved by removal of material from a larger raw
precursor of simpler shape. Numerous 3DP technologies have
been developed, including fused deposition modeling (FDM),
direct ink writing (DIW), stereolithography (SLA), selective
laser sintering (SLS), two-photon polymerization (TPP), electro-
hydrodynamic (EHD) 3D printing, and many more. The
various corresponding raw materials that are compatible with
different 3D printing technologies have been widely investi-
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fabricated with DIW method), carbon-based materials (compa-
tible with FDM, IJP, AJP, SP, etc.), and many others.' > Among
these materials, 3D-printable carbon inks, which consist of
volatile solutions with carbon-based materials in different
forms as fillers, have emerged extremely popular due to their
multi-functional capabilities as well as outstanding chemical
stability and electrical and mechanical properties. Commercial
3D-printable carbon inks that utilize graphene-based
materials,"*'® carbon-fiber,'*'®'” and carbon-nanotube based
materials'"">*~>> have been widely used for a multitude of 3DP
applications, such as robotics,'® fabrication of soft and wear-
able electronics'*** and energy-related devices (such as bat-
teries, heaters, and those with lighting applications),"** surgi-
cal and biomedical applications,>**® and many more.

One such example of carbon-based inks is the ink based on
dispersed carbon nanotubes (CNTs). Components and devices
printed with such CNT-based inks showcase outstanding elec-
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trical and mechanical performances. This has made CNT-
based inks one of the most promising inks with wide range of
potential applications. 3D printable CNT-based inks have been
extensively used in fabrication of multi-purpose sensors
(including helical liquid sensor, strain sensors, vapor or gas
sensors, temperature sensors, etc.).>*”° For example, Xiang
et al. used FDM (fused deposition modeling) to 3D print strain
sensors with CNT-AgNP (AgNP: silver nanoparticle) ink,®
Alshammari et al. developed a gas sensor by inkjet printing
polymer-MWCNT inks (MWCNT: multi-walled CNT),*” Liu
et al. fabricated hydrogen sensors using platinum (Pt) deco-
rated SWCNTs (SWCNT: single-walled CNT) by employing
aerosol-jet printing,*® Qin et al. inkjet-printed pH sensors for
electrochemical monitoring using functionalized SWCNTs,*
and Zhao et al. printed temperature sensors using CNT-GO
ink (GO: graphene oxide) that operated by leveraging the nega-
tive temperature coefficient of resistance of the CNTs.>* CNT-
based inks have also been employed to fabricate conductive
patterns, capacitors, transistors, RF devices, circuit patterns,
and parts of wearable electronics.>*™** Furthermore, research-
ers have investigated the application of CNT-based ink in fabri-
cating energy-related devices including heaters, batteries, and
lighting devices'® as well as several biomedical devices (e.g.,
devices involving the handling of the human neuroblastoma
cells** and antioxidant assays in blood bags*®).

Optimizations of the functionalities and thermofluidic pro-
perties of the CNT-based inks, which in turn dictate the per-
formances of the components printed with these inks, necessi-
tate a thorough understanding of the fluid mechanics and the
colloidal science aspects of CNT based inks. Printability, hom-
ogeneity of the printed traces, and functionalities of the com-
ponents printed with the CNT-based inks can be significantly
improved by understanding and tailoring the viscous and
viscoelastic behaviors of the ink, nature and mechanism of col-
loidal deposition and the resulting pattern formation (e.g., for-
mation or prevention of ‘coffee-stain’), and curing. Many
researchers have studied the rheological behavior (e.g., shear-
thinning effect) or pattern formation behavior (e.g. ‘coffee-
stain’ formation) of CNT-based suspensions and inks.*®™’
Despite that, there are only a handful of studies that have com-
prehensively reviewed both the current research status of CNT-
based inks (in terms of their applications) and the associated
issues of thermofluidics and colloid science.

In this review article, we fill this void and discuss different
CNT-based inks, their applications, the related governing
thermofluidics and colloidal science issues dictating their print-
ing, and the possible directions for future research studies.
Our goal is to provide a clear picture of the link between the
nanoscale properties of CNT-based inks and the performance
indicators that determine the quality of the print achieved
using the CNT-based inks [examples of these performance
indicators include: printability/jettability, wettability (surface
tension), deposition pattern (coffee stain), etc.]. In order to
achieve that, we have: (1) identified the material characteristics
that influence the performance indicators (i.e., the material
characteristics that make the ink suitable for 3D printing), (2)
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identified the nanoscale properties (such as the nanoparticle
size, nanoparticle shape/aspect ratio, solvent interactions,
surface functionalization, etc.) which affect various character-
istics of the ink (such as rheology, surface tension, dispersibil-
ity/stability, and coffee stain effect), and (3) provided a link
between each of the nanoscale properties and the ink material
rheological properties. First, in section B, we discuss two types
of CNT-based inks, those that contain a polymer matrix carrier
(termed CNT-nanocomposite here) and those that do not
(termed CNT non-nanocomposite here), their compositions,
the additive manufacturing methods employed to print with
these inks, and their applications. Following that, detailed
aspects of the fluid mechanics and colloidal science related
properties and effects of the CNT based inks are discussed in
section C. Finally, recent advances and current challenges in
CNT-based ink manufacturing and printing processes, like
CNT material dispersion in solvents, product defects control,
and surface tension and viscosity controls while printing are
discussed in section D.

Table 1 provides a list of acronyms (along with their
meaning) that are used in this paper.

B. 3D-printing with CNT-based inks

Extensive research has been focused on formulations of 3D
printable CNT-based nanocomposites, and several review
papers on generic nanoparticulate inks as well as CNT-based
inks have provided an overview of the CNT-based materials,
their applications, properties, manufacturing methods, and
suitability ~for additive manufacturing and printing
environments.**”** Fig. 1 summarizes some of the most impor-
tant applications/devices where CNT-based inks have been
used. Nayak et al., for example, reviewed different CNT-based
inks as well as other types of nanoparticulate inks for printing
electronic devices (e.g., integrated circuits, transistors, sensors,
capacitors) using inkjet printing. Additionally, they studied the
physical properties of the inkjet-generated droplets and the
interactions of these droplets with the substrate that eventually
controlled the printing process.”” In another review article,
Miyashiro et al. focused on the cellulose/nanocellulose - CNT
mixed materials and discussed their possible applications in
printing sensors, batteries, capacitors, and electromagnetic
shielding devices.>® Ghoshal et al. extensively reviewed the
additive manufacturing of polymer/CNT based nanocomposite
inks: they summarized the use of different kinds of polymers,
the existing printing methods for the CNT-based nano-
composites, the limit of 3DP CNT-polymer matrix inks, and
their different applications.>® Eshkalak et al. in their review
article focused specifically on the inkjet-printing method and
the different kinds of CNT-based inks that can be additively
manufactured using this method.”> Wang et al reviewed
general material and method options for additively manufac-
turing polymer matrix, in which CNT-polymer matrix was also
included.” Agarwala et al. evaluated the 3D printing of CNT/
polymer matrix and emphasized the electrical performances of
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Table 1 A list of different acronyms (and their meanings) used in this
paper

Acronyms Meanings

3DP 3D-printing

ABS Acrylonitrile butadiene styrene

AgNP Silver nanoparticle

AJP Aerosol-jet printing

AM Additive manufacturing

BSA Bovine serum albumin

CAD Computer-aided design

CCD Charged coupled device

CHP Cyclohexyl-pyrrolidone

CNF Cellulose nano fibers

CNT/MWCNT/ Carbon-nanotubes/multi-walled carbon-

SWCNT nanotubes/single-walled carbon-nanotubes

CTAB Cetrimonium bromide

Ccv Crystal violate

DCE 1,2-Dichloroethane

DCM Dichloromethane

DI Deionized

DLP Direct light processing

DLVO Derjaguin-Landau-Verwey-Overbeek

DMF Dimethylformamide

DNA Deoxyribonucleic acid

DOD Drop-on-demand

DSC Differential scanning calorimetry

DTAB Dodecyltrimethylammonium bromide

DW/DIW Direct writing/direct ink writing

EG Ethylene glycol

EHD Electrohydrodynamic

FDM Fused deposition modeling

FET Field-effect transistors

FTIR Fourier-transform infrared spectroscopy

GA Gum Arabic

GelMA Gelatin methacryloyl

GO/GNP Graphene oxide/graphene nanoplatelets

HA Hyaluronic acid

IC Indigo carmine

JP Inkjet printing

IPA Isopropyl alcohol

LDM Liquid deposition modeling

LDS Lithium dodecyl sulfate

LFP Lithium iron phosphate (LiFePo,)

LIRF Local-induced radio frequency

LTO Lithium-titanium (Li,Ti5015)

NMP N-Methyl-2-pyrrolidone

NP Nanoparticle

NP-10 Nonylphenol ethoxylate surfactant

Oh Ohnesorge number

PA Polyacrylamide

PABS Polyaminobenzene sulfonic acid

PBT Polybutylene terephthalate

PCA Phosphino-carboxylic acid

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate

PEG Poly(ethylene glycol)

PEGDA/ Poly(ethylene glycol) diacrylate/poly(ethylene

PEGMEMA glycol) methyl ether methacrylate

PFOA Perfluorooctanoic acid

PLA Polylactic acid, or polylactide

PMAS Poly(2-methoxyaniline-5-sulfonic acid)

PES Powder/polyether sulfone

PVP Polyvinylpyrrolidone

RAM Radar absorbing materials

Re Reynolds number

RF Radio frequency

rGO Reduced graphene oxide

sC Sodium cholate

SDBS/NaDDBS Sodium dodecylbenzene sulfonate

SDS Sodium dodecyl sulfate

SDSA Sodium dodecane sulphonic acid

SF Silk fibroin

SLA Stereolithography
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Table 1 (Contd.)
Acronyms Meanings
SLS Selective laser sintering
SP Syringe printing
TCF Transparent conductive film
TFT Thin-film transistors
TGA Thermogravimetric analysis
TPCL Three-phase contact line
TPP Two-photon polymerization
TPU Thermoplastic polyurethane
TTAB Tetradecyltrimethylammonium bromide
UV-3DP Ultraviolet 3D printing
vdw Van-der Waals
vOC Volatile organic compounds
WAXS Wide-angle X-Ray scattering
XHC Xylan hydrate crystal
We Weber number

CNT/polymer matrix.>® Moreover, Goh et al. conducted an in-
depth review on the mechanism, methods, and challenges for
achieving on-demand CNT alignment during 3D printing.
They also introduced the applications with aligned CNT
network and explained how the alignment can eventually
enhance the performances of the final printed product.*

These CNT-based inks are often characterized by low viscos-
ities and reversible shear-thinning properties, making them
compatible with multiple 3D printing methods. The additive
manufacturing techniques that have been employed to print
such CNT-based inks include direct ink writing [DIW, which
normally includes inkjet printing (IJP), aerosol jet printing
(AJP), and syringe printing (SP)],>7:?%30:33741:43745,59-64 gtereo-
lithography (SLA),*® fused deposition modeling (FDM),>®0¢8
digital light processing (DLP),*® liquid deposition modeling
(LDM),*” and many other non-traditional methods.

From previous research, we can classify the CNT-based inks
into two broad categories: (i) CNT-based nanocomposites (NC)
ink, and (ii). CNT-based non-nanocomposite inks. For the first
category, the ink, which is a combination of CNT and polymers
or resins, such as CNT-PLA (PLA: polylactic acid), CNT-resin,
and CNT-PVP (PVP: polyvinylpyrrolidone), is employed to fabri-
cate nanocomposite structures. Such inks are characterized as
a multiphase material with one phase (solid phase) being of
micro- or nano-scale dimensions.>”***76%:6L.8570 gig 2 pro-
vides several example structures printed with CNT-based NC
inks, showing the resolution they can achieve.

Meanwhile, the CNT-based non-nanocomposite ink does
not manifest such multiphasic characteristics. In this case, the
ink consists of functionalized CNTs or CNTs in combination
with other carbon materials in a solvent with appropriate dis-
persion agents. For such inks, a detailed understanding of the
solvent properties, mechanism of the dispersants, and
methods to ensure the printability and optimization of the
functionality of ink become important. Accordingly, research
endeavors have focused on the self-assembly mechanisms,
CNT-weight-fraction dictate the hydrodynamic properties of
this ink, and the effects of substrates, printing conditions, and
ink concentrations.*>° Examples of such non-nanocomposite

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic summarizing the important applications/devices where CNT-based inks are used.

CNT inks mainly include combinations of CNT and other
carbon based materials, such as CNT/graphene oxide (GO) or
reduced graphene oxide (rGO) inks,***® or CNTs and (functio-
nalized) CNTs simply mixed with solvents and some
surfactants,?932:33:35,36,39-41,45,48,59,62 1 ONTs decorated with
metal nanoparticles (like silver nanoparticles®”®®> and plati-
num?®), or combination of CNT and nano-fibers.**

Given the extensive number of existing review articles dis-
cussing the 3D printing of CNT-based and related materials, in
the remainder of this section, we shall simply summarize
through Tables 2 and 3 the materials, the printing techniques,
and the targeted applications for 3D printing of CNT-based
nanocomposite and non-nanocomposite inks.

C. Fluid mechanics and colloidal
science of CNT inks

While there are several review articles on 3D printing of CNT
inks,>*’®”7 most of them have primarily focused on the

This journal is © The Royal Society of Chemistry 2022

aspects of materials or printing techniques with much less
attention on the fluid mechanics and the related colloidal
science issues dictating the 3D printing of CNT inks. Like any
other micro-nanoparticulate ink, the fluid properties and the
colloidal science aspects of the CNT ink significantly influence
its printability, the quality of the printed structures, printing-
speed limit, effectiveness in achieving desired shape and geo-
metries, and the functionalities (e.g., electrical conductivity,
sensitivity, and mechanical strength) of the printed
components.”>*®”® This is the most important section of this
review article. This section will first discuss the colloidal
science and fluid mechanics issues that dictate the printability
of a generic nanoparticle-based ink. With that background, we
shall subsequently discuss in separate subsections the shear
thinning behavior, the surface tension and wetting properties,
the sintering behavior, the colloidal stability, and the colloidal
properties (and the associated coffee-ring formation) of the
CNT-laden inks. Understanding these properties of the CNT-
laden inks is critical in dictating the printability of the ink as
well as the properties of the printed components.

Nanoscale, 2022, 14,14858-14894 | 14861
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Fig. 2 Examples of structures printed with CNT-nanocomposite inks. (a—f) High-resolution micro-/nano-structures printed using SWCNT/polymer
composites through TPP method. All parts of this figure have been reproduced from ref. 70 with permission from Elsevier, copyright 2013.

In the following subsection, we provide a general discussion
on how the macroscale ink properties affect the printability
and jettability of nanoparticle-based ink, and how these
macroscale properties get regulated by the nanoscale pro-
perties of the ink properties. In Fig. 3, we provide a schematic
representation of all the factors that affect the macroscopic
properties of the nanoparticle-based ink.

C.1. Colloidal science and fluid mechanics of generic
printable liquids

C.1.1. Printability and jettability for generalized printable
inks. Several studies have probed the methods for quantifying
the viscosity’® and printability®® of various liquids used as
inks in inkjet printing. For Newtonian liquids, Ohnesorge

number (Oh = \/%

cosity, density, and surface tension of the liquid, and L is the
characteristic length scale) could serve as an indicator of the
jettability of the liquids.®® Several studies have linked the fluid
properties of the ink to the droplet formation through the
Ohnesorge number (Oh) and have predicted or analyzed the
appropriate Z values (Z = 1/0Oh quantifies the ink printability)
for printing applications corresponding to different types of
solvents as well as the sizes and materials of the particulate

, where u, p, and o are the dynamic vis-

14862 | Nanoscale, 2022, 14, 14858-14894

matter for the case the particle-laden inks.*'®* 1 < Z < 10 is
the range of Z values for which a liquid is often considered
printable (therefore, here the Z value is serving as an indicator
of the merit or performance of the ink in terms of its printabil-
ity); this range in Z values was obtained by correlating the find-
ings of several experimental studies on different suspension
systems.”® In a research study by Jang et al., fluids with
different Z values (i.e., the inverse of the Ohnesorge numbers)
were compared and the drop formation driven by a pulse gen-
erating system was captured under a charge-coupled-device
(CCD) camera.®® In the range of Z values between 2 and 17, it
was found that the case with the largest Z value led to the for-
mation of a tail of separated droplets, while for the cases of
other Z values, the transient satellite drops successfully
merged with the primary droplets after a certain elapsed time
and formed a continuous filament.®* This is yet another
example where the Z value is serving as a merit or performance
indicator, highlighting its effect on the drop generation per-
formance. A detailed comparison of the length of this continu-
ous filament between the cases with different Z values, the
time scale associated with the trajectory of the filament tail,
the merging and the formation of a single droplet, the gene-
ration of the satellite drops, etc. have been shown in Fig. 4. In
this study, the authors concluded that the printable ink for a

This journal is © The Royal Society of Chemistry 2022
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Table 2 Examples of CNT-based nanocomposites (NC) 3D printable inks used in various applications

Ref.  Ink materials Application and additional features  Printing technique
26 CNT-polymer-AgNPs Strain sensor Fused deposition modeling
27 (PEDOT:PSS) wrapped CNT Gas sensor Inkjet printing
31 PLA-MWCNT Helical liquid sensor Solvent-cast 3D printing
34 Polyacrylamide (PA)-CNT Amperometric sensors Inkjet-printing
43 Polymer wrapped SWCNT Field-effect transistors Inkjet-printing
47 PLA-MWCNTSs Conductive structures Liquid deposition modeling
60 Polyvinylpyrrolidone (PVP)-wrapped MWNT  Conductive structures Meniscus-guided printing
61 (Functionalized) SWCNT-PMAS Transparent and conductive Inkjet printing
gas sensor
65 CNT-photopolymer Structures with radar absorbing Sterolithography (SLA)
features
66 CNT-PBT Conductive structures Fused deposition modeling
67 CNT-PLA Conductive structures (i). Fused deposition modeling for 3D printing;
(ii). Local-induced RF (LIRF) for welding to enhance
strength
68 PLA/MWCNT/GNP Conductive structures Fused deposition modeling
69 PEDGA/PEGMEMA-MWCNTSs Conductive structures Digital light processing
70 SWCNT-dispersed photo resin/SWCMT- High resolution conductive Two-photon polymerization (TPP) lithography
polymer composites structures
71 CNT-TPU Elastic strain sensors Fused deposition modeling
72 CNT-TPU Multiaxial force and strain Fused deposition modeling
sensors
73 MWNT-PVP composites Strain sensors Meniscus-guided printing

Table 3 Examples of CNT-based non-nanocomposite (nNC) 3D printable inks used in various applications

Ref. Ink materials Application and additional features Printing technique

28 Platinum (Pt) decorated SWCNTs Hydrogen sensors Aerosol jet printing

29 Functionalized SWCNT inks PH sensor Inkjet-printing

30 GO-CNT Temperature Sensors Syringe printing

32 MWCNTs in an aqueous suspension Electrode patterns Inkjet printing

33 MWCNT RF devices Inkjet printing

35 Functionalized SWCNTs Field-effect transistors Inkjet printing

36 Purified SWCNTs using DMF as solvent Thin-film transistors Inkjet printing

37 CNT + AgNP (solvent: sodium dodecylbenzene sulfonate Supercapacitors Direct ink writing
(SDBS) solution)

38 CNT/rGO Wearable thermoresponsive supercapacitors Direct ink writing

39 SWCMT-DMF Thin-film transistors Inkjet printing

40 MWCNT Conductive patterns Inkjet printing

41 Functionalized MWCNT aqueous solution Conductive patterns Inkjet printing

45 Functionalized CNT Amperometric sensors Inkjet-printing

58 CNT, dispersion agent (TNADIS), isopropyl Micro-capacitors Syringe printing
(IPA), and ethylene glycol (EG)

62 AgNP-CNTs Conductive patterns Aerosol-jet printing (AJP)

74 SWCNT inks Transparent conductive films Inkjet printing

75 CNT-DMF inks Micro-supercapacitors Syringe printing (a self-built

drop-on-demand (DOD) inkjet printing system should have a Z
value between 4 and 14.3* Again, this is an example where the
Z value is acting as a performance indicator: it helps to identify
the conditions where the DOD inkjet printing system is most
effective as a printer.

It has also been reported that the shear-thinning liquids
are suitable for inkjet printing as they successfully suppress
the formation of satellite drops.®® In the review article by Guo
et al., the liquid properties and printing performances were
linked.®® Guo et al also discussed the significance of the
factors such as the shear thinning properties and viscoelasti-
city in regulating the printability of non-Newtonian liquid
inks. Meanwhile, several studies investigated the flow behavior

This journal is © The Royal Society of Chemistry 2022

extrusion system)

by correlating the process-related shear stress to the shear
rate 86,87

Other than the fluid properties, the process parameters
such as drop ejection velocity (which determines the Weber
number, or the ratio of inertial force to surface tension force,

v2r . . N
expressed as We = p—, where p is the density of the fluid, v is
o

the fluid velocity, r is the drop radius, and o is the liquid
surface tension) also affect the printability of the ink.
Duineveld et al. found that the minimum Weber number for a
droplet to overcome the surface tension and to be ejected out
of the nozzle was 4.%% On the other hand, the maximum Weber
number that can prevent splashing can be expressed in the

Nanoscale, 2022, 14,14858-14894 | 14863
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Fig. 3 Schematic representation of the properties of the materials used as well as the process and environmental factors that affect the resultant

ink properties.

form of We>Re: = K(r), as pointed out by Stow and Hadfield.*
In a review paper by Abdolmaleki, the different conditions that
led to non-printable situations were discussed: these con-
ditions included splashing, excessively large viscosity, and
the formation of satellite drops. Based on these, the printable
region and the boundaries between the printable and the non-
printable regions were highlighted (also shown in the sche-
matic below in Fig. 5).°° Therefore, these Weber number and
Reynolds number values also serve as another set of perform-
ance indicators as they determine the phase space that demar-
cate between printable and non-printable conditions.

In other droplet-based printing processes like aerosol jet
printing (AJP) process, the droplets are created using the
process of atomization prior to ejection through nozzle. The
droplet formation through atomization significantly affects the
printing process. Commonly used atomization techniques are
ultrasonic and pneumatic atomization.”""*> Both the atomiza-
tion processes depend on the ink properties such as viscosity,
surface tension, as well as the external conditions such as gas
flow rate (pneumatic atomization), and vibration frequency
(ultrasonic atomization).

In ultrasonic atomization, high frequency vibration is used
to break a thin film of liquid to form fine droplets.>® Various ink
properties such as the ink viscosity, surface tension, and process
parameters like vibration frequency, and input flow rate (in the
atomization chamber) affect the ultrasonic atomization process.

Firstly, the effect of ink viscosity on droplet formation can
be explained by the capillary wave hypothesis based on
Rayleigh-Taylor instability. Avvaru et al. reported a decrease in
the droplet size with an increase in viscosity. They reported
that the capillary wave formation got retarded by the increase
in viscosity, which ensured that the growth rate of the surface
disturbance decreased.” Such a decrease led to the availability
of a lower volume of atomizing liquid at the peaks and crests

14864 | Nanoscale, 2022, 14, 14858-14894

of the capillary wave at the time of shearing, resulting in a
smaller droplet size.”*

The effect of surface tension on droplet formation was
reported in a study by Dalmoro et al.’® They explained that a
decrease in surface tension increased the number of capillary
waves per unit area, which resulted in an increase in the
number of droplets produced. At the same time, an increase in
the number of droplets for liquid films at the same flow rate
decreased the size of droplets. Similarly, an increase in the
vibration frequency also increased the number of capillary
waves leading to a decrease in the droplet size.

Avvaru et al. also studied the effect of the input flow rate of
the ink (in the atomization chamber) and reported an increase
in droplet size with an increase in flow rate above a critical value
of flow rate (Qcit)- They hypothesized that with the increase in
the film thickness (in the vibrating atomization chamber) due to
an increase in the flow rate, it is easier for the droplets to detach
from the surface as other forces like gravitational forces become
significant compared to surface tension forces.”> Many research-
ers proposed an empirical relation for droplet size based on
modified non-dimensional parameters such as Ohnesorge
number, Weber number and intensity number.’*°”°® These
non-dimensional parameters were modified to account for the
frequency and the amplitude of ultrasonic vibrations.

In pneumatic atomization, the atomization process involves
shearing of the ink by using a high-velocity carrier gas.®>®°
Pneumatic atomizer is commonly used due to its capability
of accommodating liquids of wide range of viscosities
(1-1000 cp).’* There are not many studies that investigate the
effect of ink properties such as viscosity, surface tension, etc.
on the pneumatic atomization process within the AJP setup.
However, a few papers have studied the pneumatic atomization
process (independent of the AJP) separately.'’®'®’ Kumar
et al., for example, provided an extensive review of pneumatic

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Influence of Z value (related to viscous force, inertial force, and surface tension) on drop formation and trajectories of the ejected droplets
for (@) Z = 2.17; (b) Z = 3.57; (c) Z = 4.08; (d) Z = 6.57; (e) Z = 7.32; (f) Z = 13.68; (g). Z = 17.32. All the parts of this figure have been reproduced from

ref. 84 with permission from American Chemical Society, copyright 2009.

atomization, especially the effects of ink properties on the
drop size distribution.’®® In their experimental investigation
using glycine-water and glycine-alcohol solutions, they
reported an increase in the droplet size with viscosity owing to
the increase in the viscous force, which in turn increased the
resistance to detachment. They also reported an increase in
the drop size with an increase in the surface tension. They
attributed this increase to the jet size at the point of drop for-
mation. It was reported that the drop size decreased with a
decrease in flow rate, as the decrease in flow rate decreased the
total force driving the detachment of the drop.

In electrohydrodynamic (EHD) jet printing, the parameter
that affects the jettability has been widely researched because
of the capability of EHD to print objects with very high resolu-

This journal is © The Royal Society of Chemistry 2022

tion (up to the order of tens of nanometers).'®>"'°* EHD print-
ing uses electrostatic force to create droplets. With the appli-
cation of electric field, conducting liquids forms a cone-
shaped interface (from its usual spherical interface) called
Taylor-cone due to the rearrangement of charges in the liquid.
At a sufficiently large electric field, electrostatic stresses over-
come the surface tension to form droplets.'®'°> The droplet
formation and the fluid motion inside the Taylor cone
depends on various ink properties such as surface tension,
dielectric constant, ink viscosity, electrical conductivity,
etc.'%'% Mu et al. investigated the effect of dielectric constant
on the printability of various inks.'®” They observed that the
inks whose dielectric constant was below 7 were not printable
using the EHD jet printing even when a DC voltage as high as
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been reproduced from ref. 90 with permission from John Wiley and
Sons, copyright 2021.

1000 V was used. This dielectric constant value, therefore,
serves as a merit indicator determining the condition of print-
ing using EHD jet printing. They also observed that the jetting
voltage (voltage applied to form jet) is lower for inks of higher
dielectric constant for solvents with similar surface tension
values. Such dependence of the jetting voltage on the surface
tension of the fluid stemmed from the fact that the jet for-
mation became possible only when the applied electrostatic
force (resulting from the applied voltage) was large enough to
overcome the surface tension force. Many studies have probed
the scaling of the droplet size produced by electro-spraying
(the mechanism of droplet formation during EHD jet
printing)."*® % These studies reported the following scaling
for the droplet size (d): d ~ (e0e'Q/K)*"?, where ¢, is the permit-
tivity of free space, ¢ is the dielectric constant of the ink, Q is
the flow rate, and K is the electrical conductivity of the ink. As
it has been pointed out above, surface tension (y) of the ink is
critical in determining the jetting behavior in EHD jet print-

View Article Online
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ing: the applied electrostatic force, resulting from the applied
voltage, must overcome the surface tension at the meniscus of
the fluid to deform and form jet or microdroplets (based on
the jetting mode). To understand the significance of surface
tension on the EHD jetting process, Bae et al studied
the jetting mode formation for solvents of different surface
tension values (see Fig. 6).""" They demonstrated that irrespec-
tive of other parameters, liquid surface tension significantly
affected the ability to form jets using EHD. They also reported
the absence of jet formation when the surface tension of the
liquid was greater than 43 dyne per cm when a 1.2 kV voltage
was applied. Interestingly, increasing the electric field may not
result in a stable cone-jet for liquids with higher surface
tension. This is because the electric field required to overcome
the surface tension may result in an electric breakdown in the
gas that surrounds the jet."*>'"?

The effect of viscosity on EHD jetting and the drop size dis-
tribution were studied by a number of researchers.'**'*® For
example, Jayasinghe et al. studied drop formation using the
EHD process for a variety of liquids whose Newtonian viscosity
ranged from 1 mPa s to 1340 mPa s and reported a significant
influence of viscosity on the drop size."** By maintaining other
properties like conductivity constant, they reported an increase
in the size of the droplets with an increase in the viscosity
values. In another study, Yu et al. studied the effect of viscosity
and elastic properties of a viscoelastic drop on the stability of
the Taylor cones.'"®

The effect of conductivity is one of the most important pro-
perties that determines the jetting behavior: this stems from
the fact that conductivity determines the stability of electro-
spray given by Rayleigh limit."**"*'® The lower limit of the con-
ductivity to ensure the formation of a stable jet has been
reported by many studies: they identify this lower limit of the
conductivity to be in the range of 107 S m™" to 107" S m™".
However, there are studies which report EHD printing using
dielectric liquids of much lower conductivity of 107** § m~.*"7
Electrical conductivity not only affects the stability of droplet
formation but also plays an important role in determining size

Solvent Water EG DMSO DMF Acetone Ethanol IPA
1
e | ' ' ' ' '
%—j iabbﬁ;m\.w N-J
Surface
tension 72.8 48.4 42.9 34.4 23.9 22.0 20.9
(dyne/cm)

Fig. 6 Effect of surface tension on the jetting behavior. This figure has been reproduced from ref. 111 with permission from John Wiley and Sons,

copyright 2017.
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of the droplets produced. In a study by Tang et al,'" the
authors reported a monotonic decrease in the droplet size with
an increase in the electrical conductivity of the ink for various
flow rates: this is a finding that is consistent with scaling
reported in several other research studies.

Apart from the ink properties, the printing conditions like
the flow rate, applied voltage, etc. also determine the jetting
modes. For example, Lee et al. showed various jetting regimes
based on the type of jet ejected from the Taylor-cone.'*® They
reported the following six different jetting regimes observed for
various combinations of applied voltage and flow rate: dripping,
pulsating, cone-jet, tilted-jet, twin-jet, and multi-jet (see Fig. 7).

C.1.2. Rheological properties of generic particle-laden inks.
Nanoparticle (NP) based inks and suspensions, which consti-
tute the most important class of particle-laden inks and sus-
pensions, are mostly non-Newtonian liquids. One of the most
important factors that will dictate if such NP-laden inks will be
printable or not will be the “shear-thinning” properties of
these inks. Shear-thinning liquids are a class of non-
Newtonian liquids, which are characterized by their reversible
decrease in viscosity with an increase in the shear rate. The
shear-thinning characteristic makes a liquid 3D-printable as
this characteristic ensures that the viscosity of the liquid is
smaller when it passes through the print head, thereby avoid-
ing any clogging of the printing nozzle.*® At the same time, as
the liquid detaches from the nozzle and is no longer under an
applied shear, its viscosity increases, which in turn allows the
deposited liquid to remain in place on the printing substrate
without flowing (and thereby hold its shape). The shear-thin-
ning property of a liquid is often used to determine the print-
ability window and the printing speed limit for a particular
liquid.*®*”#" Furthermore, this behavior can minimize the
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generation of satellite droplets during printing, which in turn
enhances the resolution of the printed components. This was
identified by Hoath et al, who conducted printing using
aqueous PEDOT:PSS ink.®>''® On the contrary, ‘shear-thicken-
ing’ liquids are the liquids for which the viscosity increases
with the shear rate: these liquids will clog the printing nozzle
during the extrusion/deposition process and hence are less
favorable for application as 3D printable inks.'**'*! Several
studies have focused on maintaining the desired ink viscosity,
and accordingly, have considered using suspensions based
on graphene or graphene oxide and carbon-black or
CNTs.>1P254756:1227125 by o g, tested the apparent viscosity of
their different fabricated GO-based printable inks as a func-
tion of the shear rate and noticed a shear-thinning behavior in
all of them."® Such shear-thinning behavior has also been
observed in other types of nanoparticulate inks, such as GO,
GO/LiFe PO, (LFP), and GO/Li,Ti5;O,, (LTO) inks."?
Nanoparticle concentration, size, shape, hardness, molecular
weight, surface functionalization, surfactant chemistry, and
interactions with the solvent as well as the printing and environ-
mental conditions (e.g., melt viscosity for FDM printing inks)
are some of the factors that impact the viscosity and the shear-
thinning behavior of the ink. In Fig. 8, we show the relationship
between the various nanoscale properties and ink viscosity.
Several research studies on formulation of inks for additive
manufacturing focus on obtaining desired rheological pro-
perties by controlling the nanoparticle concentration (or solid
fraction) of the nanoparticles in the solvent. For instance, An
et al. studied the viscosity of two kinds of liquid-solid suspen-
sion systems [(i) oil-paraffin and ABS plastic system and (ii).
Fe-2.4%C melt during solidification] by considering the
effects of their solid fraction and solid particle shape (i.e., the
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ity of free space, ¢’ is the dielectric constant of the ink, p is the mass density of the ink, K is the electrical conductivity, V is the applied voltage, and D
is the nozzle diameter. Both the parts of this figure have been reproduced from ref. 118 with permission from American Chemical Society, copyright

2013.
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Fig. 8 Relation of nanoscale properties to macro-scale ink viscosity for
generic inks.

sphericity of the particles)."*® They noticed that with less than
15% of solid fraction, the system behaves as Newtonian fluid,
while it behaves like a non-Newtonian fluid when the solid
fraction becomes higher than 15%. The suspension viscosity
increased with the increase in particle fraction. Naficy et al.
studied the viscoelastic properties of graphene oxide (GO) dis-
persions, controlled the rheological properties of GO dis-
persion by adjusting the GO concentrations, and developed a
practical guideline for achieving rheology that is conducive for
printing 2D-materials (like GO) based inks.'”* Vallés et al.
studied and compared the rheological behaviors of GO in
aqueous system, GO in polymer matrix system, and an
aqueous dispersion of oxidized CNTs. They found that both
GO and CNT systems behaved as thixotropic materials.
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Moreover, different dynamic behaviors were observed in GO
systems: these systems respectively showed weak (strong),
transitional, and strong (weak) gel-like (fluid-like) behaviors
when the volume concentrations of GO were smaller than
0.03%, between 0.03% and 1.2%, and greater than 1.2%,
respectively."”® Ma et al®' and Hobbie et al.>® studied the
rheological behaviors of the CNT suspensions consisting of
different CNT concentrations and solvents. Hobbie et al
showed that the viscosity of the MWCNT suspension, at a
given shear rate, progressively increased as the MWCNT con-
centration (by mass) increased. They also noticed a more
obvious shear-thinning behavior in more concentrated
MWCNT suspensions.

On the other hand, Malkin et al. focused on the effect of
molecular weight on fluid viscosities.”*® In their study, a
system of nano-silica with different particle sizes or surface
areas in polymer matrix (with polymers of different molecular
weights) was studied. They noticed that suspensions consisting
of matrix of larger molecular weight polymers can demonstrate
viscoelastic properties and exhibit gel-like structures even for
overall low volume concentrations (e.g.,, 7%) of silica
nanoparticles.

The NP size distribution plays a crucial role in affecting the
ink viscosity. Liu et al. experimented on a dispersion of de-
ionized fruit sugar solution and spherical silica particles and
reported that the increase in the variance of the particle sizes
decreased the relative viscosity of the dispersion significantly
irrespective of the shear rates applied to the system.'*” Also, it
was reported that higher volume fraction of particles ensured a
better shear thinning behavior of the dispersion.

The shape of a NP can significantly affect the interactions
with the solvent (for a non-NC ink) or the polymer (for a NC
ink). Barrie et al. studied the rheology of carbon-black aqueous
dispersions and noticed a shear-thinning behavior [see Fig. 9
(a and b)]. Additionally, they observed that the shape of the
carbon black particles impacted the viscosity under different
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(a and b) Viscosity—stress curve for carbon black aqueous suspensions with different particle shapes for (a) spherical particles and (b) frac-

tional particles. Both the parts of this figure have been reproduced from ref. 124 with permission from Elsevier, copyright 2004.
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polymer concentrations.'®* In general, fractal particles (with
an average diameter of 105 nm) exhibited a higher viscosity at
smaller shear rates and underwent a more prominent shear-
thinning at higher shear rates as compared to spherical par-
ticles (with an average diameter of 87 nm). The study of An
et al. on oil-paraffin and ABS plastic system showed a signifi-
cant dependence of viscosity on the degree of sphericity of
solid particle."®® For a constant solid fraction, the liquid con-
taining particles with a smaller degree of sphericity exhibited
higher apparent viscosities (see Fig. 10), as the friction forces
between particles of higher sphericity are smaller. Another
interesting observation reported was the dependence of vis-
cosity on particle hardness. Particles with higher hardness are
less prone to deformation due to collisions and thus exhibit
lower friction forces; therefore, liquid with particles of
increased hardness demonstrate a more reduced apparent vis-
cosity. Knauert et al. performed MD simulations to understand
the effect of NP morphology on the viscosity of NP-polymer
system."”® It was observed that the liquid with rod-like NPs
exhibited higher viscosities as compared to liquid with NPs of
icosahedron shapes and sheet-like shapes: such an effect was
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attributed to the phenomenon of ‘chain bridging’ of polymer
networks by the rod-like NPs.

Numerous studies have probed the rheological properties of
printable liquids (e.g., homogeneous fluids such as polymeric
solutions as well as the particle-laden fluids where the par-
ticles are suspended as dispersed phases in a background
solvent). Rheological properties of an ink represent its fluidic
behavior under certain shear rate and can indicate its print-
ability under certain feed rate and printing speed. Many
studies have investigated the applicable shear rates that could
be employed for printing and have evaluated the appropriate
viscosity values for the inks to extrude without clogging the
nozzle during the printing process.*® It is also noticed that for
printing continuous filaments, the ideal ink viscosity values
ranges from 10> to 10" Pa s at the shear rate of 1 s™*, while for
traditional inkjet printing the ideal ink viscosity values are
around 1072 Pa s at the shear rate of 1 s71.°%13%135 Also, the
relationship between the fluid properties of the ink and the
ink printability for the particle-laden inks has been widely
reviewed and investigated for different solvents (such as water
or organic solvents) serving as the continuous phase as well as

Degree of sphericity of solid particle

05 L —=—(0.76
D —e—0.80
D i —a— (.82
> 04
‘@
o] L
(&
n
S 03
c
9 L
S
2 02}
<

0.1

1 " 1 " 1 " 1 " 1 " 1 " 1 L

0.00 0.05 0.10

0.15 0.20 0.25 0.30 0.35

Solid fraction

Fig. 10
sphericity: 0.76 cooling rate: 5 °C min~
cooling rate: 8 °C min~, shear rate: 25.4 s%; (d). viscosity as function of

1

(a—c): Water-quenched Fe—-2.40%C alloy (solid fraction = 0.32) with different microstructures under different processing conditions: (a)
, shear rate: 12.7 s7%, (b) sphericity: 0.82; cooling rate: 5 °C min~?, shear rate: 25.4 s2, (c) sphericity: 0.80;

solid fraction for Fe—2.4%C melt with different sphericities. All the parts of

this figure have been reproduced from ref. 128 with permission from Elsevier, copyright 2018.
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different suspended materials including carbon-based
materials and metal nanoparticles (serving as the dispersed
phase).22‘46’47

Ma et al. compared chemically-treated CNT suspensions
with chemically-untreated ones and observed a significantly
larger shear-thinning behavior in the untreated CNT suspen-
sions.> Kim et al. used acid-treated MWNTs over untreated
MWNTs for improving their dispersibility in a solution, and
further used PVP polymer to make the ink 3D printable.®® The
effect of the surface functionalization of the NP on the vis-
cosity of the ink is specific to the type of functionalization and
its behavior in the given solvent or polymer matrix medium.
The mechanisms of these phenomena with respect to CNT
inks and their contribution to improving the stability of CNT-
based inks have been discussed in section C.2.

It was also observed that for a polymer-nanocomposite
system, the relative viscosity of the system increased with an
increase in the polymer chain lengths."*® MD simulations for
the system were conducted for different polymer chain lengths
N (10 < N < 40) at a constant shear rate, and it was observed
that the chain friction coefficient increased linearly with N, as
longer polymer chains are more prone to entanglements.

In some other cases, additives, or fillers can have impact on
the rheological properties of the suspension as well.'*® For
example, for cellulose nanofibrils (CNF) suspensions, addition
of an acid can impact the entanglement of nanofibril agglo-
merates, while the stiffness, viscosities, or particle agglomera-
tion behavior can be changed by changing the pH level (via
the addition of acid). Alves et al. studied the properties of
TEMPO-treated CNFs maintained at different pH levels
(ensured by changing the amount of the added phosphoric
acid), and they found that the system demonstrated a higher
yield stress and a larger viscosity at low pH values."*® Some
additives have been noticed to reduce the ink viscosity and
affect its rheological performance and printability. For
example, some commercial polymer-dispersing agents were
found to effectively lower the viscosity of graphene-based inks
[see Fig. 11(a and b)]. In addition, due to the reduced viscosity
caused by the addition of the dispensing agents, the ink was
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found to become compatible with a wider range of print para-
meter settings.'*’

Controlling the shear stresses to which the printable ink
gets subjected (by using different size of nozzles, which can
simultaneously change the volumetric flow and pressure drop
during the ink printing process), which interplayed with the
shear-thinning behavior of the printable inks (discussed in the
following sections), have been used to devise alternative print-
ing strategies for making the ink printable."*’

Some post treatments, such as thermal or mechanical treat-
ments, can be another method to tune the viscosity of the sus-
pension.'®® For identical material systems, different processing
methods, tools, or orders of each step will lead to different
final properties of the product. Taking vegetable suspensions
as an example, Lopez-Sanchez et al. studied the carrot, broc-
coli, and tomato suspensions, and it was found that for the
suspension with the same kind of materials, different thermal
and mechanical treatments resulted in different flow
viscosities."*®

Material and environmental conditions, such as ink con-
centration, pH level, and heating temperature, can induce
changes in the ink viscosity and the shear-thinning
behavior.’®***> (O’Mahony et al. reviewed the connection
between the rheology and the printability of different carbon-
based inks, and found out that several factors such as the
temperature, pressure, pH, shape of the particles, and the
surface tension impact the ink rheology.*®

C.1.3. Wetting properties of printable nano-particle laden
inks. Ink wettability, or the degree to which an ink wets a par-
ticular substrate, is another critical property for the ink to
remain stable (on that particular substrate) after being
printed/deposited.®*'*®'3713% Smaller ink surface tension
means a reduced internal cohesive force between the ink mole-
cules, which in turn will result in a higher wettability and
smaller contact angle on a given substrate, and therefore, a
larger propensity for the ink to remain stable on the substrate
after being printed/deposited. Moreover, in nozzle-based print-
ing processes, especially where a very small volume of liquid is
used, it is essential for the ink material to have lower surface
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tension to be able to eject the droplets from the nozzle.'*
Inappropriate surface tension values, combined with oscil-
latory kinetic energy, tend to generate unstable flow with dis-
continued droplets (i.e., in the form of satellite drops) during
the printing.3*%°

Surface tension of a nanoparticle-based ink depends on a
number of factors including particle concentration, surfactant,
type of the binder and filler material, etc. The effect of the con-
centration of the uncharged NP (in the absence of surfactants/
filler) on the ink’s surface tension can be significant. At dilute
NP concentrations, the surface tension seems to be relatively
unaffected. This can be attributed to the fact that at low NP
concentrations, ie., dilute solutions, the interaction forces
between the particle, namely the van der Waals interactions,
would not significantly impact the surface energy of the liquid.
On the other hand, at higher NP concentrations, where the
particles are much closer to each other, there could be signifi-
cant van der Waals attractive interactions which could essen-
tially lead to a change in the surface tension of the
liquid.*****> However, for some combinations of nanoparticle
and solvent, the surface tension has been found to decrease
with the increase in the NP concentration as shown by
Khaleduzzaman et al.'*?

The effect of particle size on the surface tension of the NP-
based ink has been studied by a number of researchers. These
studies show a clear increase in the surface tension with the
particle size, which could be attributed to increased van der
Waals force with particle radius.'*"'**'** However, it was
observed that the surface tension of nanofluids decreased with
an increase in temperature and also, with the increase in sur-
factant concentration.'**'*

Binder material is also known to have a significant impact
on the surface tension of the ink. For example, the inks con-
taining solvent-based binders (e.g., acetone-based) tend to
have lower surface tension as compared to inks containing
water-based binders.'*® The binder surface tension has a sig-
nificant influence on the width of the line printed with the ink
containing the binder;*** for example, an ink containing a
binder with a larger surface tension will result in smaller
printed line width. Moon et al compared the printed line
widths obtained with inks containing four different kinds of
binders and found the line width to be 800 pm for the ink con-
taining a binder with surface tension of 25 mN m™" and a vis-
cosity of 1.5 mPa s, while the line width was found to be less
than 400 pm for the ink containing a binder with a surface
tension of 50 mN m ™" and a viscosity of greater than 4 mPa s."*°

C.1.4. Coffee stain effect for generic particle-laden inks. An
effect that is intricately related to the drying of any micro-
nanoparticulate suspension is the formation of the “coffee
stain” or “coffee ring”. The drying process caused by the evap-
oration of the solvent from the deposited drop of the suspen-
sion triggers an advective transport within the drop directed
towards the three-phase contact line (TPCL). This flow drives
the particles inside the drop to get deposited at the TPCL. As a
result, once the drop is evaporated, most of the particles are
localized at the TPCL and hence gives the impression of a

This journal is © The Royal Society of Chemistry 2022
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ring-like deposit. Exactly same type of deposits (of the coffee
particles) occurs from an evaporating coffee drop and hence
the formation of this ring-like deposit is also known as the
“coffee stain” or “coffee ring” effect. There have been numer-
ous studies that have exploited the formation of such “coffee
ring” for a multitude of applications ranging from self-assem-
bly-driven fabrication of biological devices and fabrication of
conductive metal nanoparticle based patterns and CNT-based
structures.’**®7414% On the other hand, several studies have
pointed out the detrimental effects of the formation of “coffee
stain” in the quality of the 3D printed traces, devices, and com-
ponents and have developed strategies to arrest the coffee
stain formation and ensure a uniform evaporation-induced
deposition of the particles."*”"*° The presence of “coffee
stain” in 3D printed traces, devices, and components is known
to cause reduced performance in crystallization and inferior
field emission properties,""” lower adhesion strength in
printed NP-based traces,"*® and voids in printed structures.*®
The suppression of the coffee-stain effect can enhance the
quality of printed silver NP traces and minimize defects such
as the ‘trench formation’ by the printed traces (i.e., the scen-
ario where more particles are deposited on the edges of the
traces than the center of the traces, ensuring that the edges of
the traces contain more materials and hence are more raised
than the center of the traces).'"”

The coffee-stain phenomena could be affected by multiple
parameters including (a) printing process control such as
substrate  surface  roughness,"”"'**>  porosity = and
hydrophobicity,'**'*> introducing humidity cycling con-
ditions, vibration or acoustic waves,'**'** and controlling the
Marangoni flow or the interactions on the air-ink
interfaces;"*>'*® (b) the property of inks including particle con-
centrations,* types of solvents,">” and the microstructure of
ink particles such as their size and shape.?®*>371¢°

Zhang et al. analyzed the patterns formed from colloidal
droplets on different surface roughness.'>® They found that
increasing the substrate roughness could make the coffee-ring
formation more significant because the rough surfaces could
suppress the backflow of the capillary flow and prevent the
materials from recirculating to the center of the droplet.
Meanwhile, another research study claims that the use of a
hydrophobic surface can reduce contact-line pinning and
result in a deposition without a coffee-stain.’*> The effect of
the environmental conditions on the coffee-ring effect, such as
humidity or temperatures have also been studied. For example,
Marangoni flow generated by the surface tension gradient on a
surface with temperature perturbation can affect the formation
of coffee-stain.">* Ta et al. used a laser beam to create a local
hot spot, and the Marangoni flow generated by this local temp-
erature gradient ensured a flow directed towards the center of
the deposited droplet, which effectively suppressed the coffee-
ring effect.'® Post-processing (e.g. sintering) of printed nano-
particulate inks can also induce the formation of such coffee
stain effect and has been observed in numerous studies
employing different printing techniques and ink materials
(e.g., ceramic inks,”" metal nanoparticles-based inks,>® carbon-
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based inks such as CNT-based inks,*®”* etc.). Zhan et al. have
conducted a detailed review of inkjet-printed optoelectronics:
they discussed the formation of coffee-ring structures by
metal-based and CNT-based inks."®"

On the other hand, several properties of the ink, including
its concentration, surfactant and solvent type, and the micro-
structure of the particulate matter (such as shape and size)
present within the ink material, also have a certain impact on
the formation of coffee-stain. Shen et al. studied the evapor-
ation dynamics of droplets with and without surfactants and
proposed a method to suppress coffee-ring formation by con-
trolling the droplet size [see Fig. 12(a)]."®® Yunker et al. found
the impact of particle shape on the ‘coffee-ring’ formation. In
their case, a uniform deposition was achieved with ellipsoidal
particles (aspect ratio = 3.5), in which the shape-dependent
capillary interaction became significant, thereby enforcing the
ellipsoidal particles to localize at the air-water interface of the
evaporating drop and in the process overcome the coffee-stain
effect."® Oh et al. found that adding DMF to water facilitated

1 No Coffee Ring D
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more uniform patterns in inkjet-printed Al,O; droplets as com-
pared to the patterns obtained using only water as solvent [see
Fig. 12(b and ¢)].""” In Fig. 13, we have provided a schematic
identifying the different factors that affect the coffee-stain for-
mation in NP-based inks.

C.1.5. Sintering of printable inks. Sintering is a post-proces-
sing technique (employed after the printing/deposition of the
particle-based inks) that can be leveraged to achieve higher
quality print with desired trace properties. For example, sinter-
ing can be used for accelerating the evaporation of solvents,
removing voids, bridging nanoparticles, removing unwanted
binders and additives,”® etc. Insufficient sintering will leave
gaps between the nanoparticles, and hence hamper the electri-
cal performance of the printed parts.'®*

Thermal sintering, which is one of the most commonly
used sintering methods in additive manufacturing for metal-
based nanoparticle inks, involves applying a high temperature
(150 °C-650 °C)*** to heat the printed samples and degrade
(and evaporate) the binder or surfactants. The sintering

Droplet Size (um)
Coffee Ring 1q0

Fig. 12 Examples of suppressing coffee-stain effect by using (a) a smaller droplet diameter (droplet diameters increased from 3 to 100 pm) and (b
and c) AlL,Os dispersion with different solvent composites (b) water-only solvent (showing coffee-stain effect) and (c) water/DMF mixed solvent
(showing no coffee-stain effect). Part (a) this figure has been reproduced from ref. 160 with permission from American Chemical Society, copyright
2010. Parts (b) and (c) of this figure have been reproduced from ref. 157 with permission from Elsevier, copyright 2011.
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Fig. 13 Schematic identifying the various factors that affect the coffee-ring formation in generic particulate inks during 3D printing.

process is also important to ensure that the metal nano-
particles lose the stabilizing ligands that are grafted on the NP
surface and in the process these NPs come in close enough
proximity in the dried sample enabling the attainment of a
desirable electrical conductivity of the printed traces. However,
due to the high temperatures associated with the thermal sin-
tering process, the choices of the substrates (where the con-
ducting traces can be printed) have been limited, and extensive
research has been conducted to develop NP-based conductive
ink with reduced binder or surfactant content that enables
thermal sintering at a reduced temperature.'**'*”
ing method capable of avoiding the overheating of the material
system is photonic sintering, which uses laser or lamps to
selectively deliver the energy,'®® and this method has been
employed for sintering traces printed with gold nanoparticle
inks'®® and silver NP inks.'®” The morphology differences in
metal-based nanoparticle inks may require different sintering
processes, which in turn may also affect the performances of
the printed products. It was noticed that the silver nano-
particles with a higher surface to volume ratio tend to have
smaller melting temperatures.'®® The electrical performance of
the silver-nanoparticle inks also varies as a function of the NP
shapes; for example, Yang et al. found that the pattern printed
with an ink containing a mixture of silver nanoplates, and
nanoparticles have higher conductivity as compared to the
pattern printed with an ink containing only spherical silver
nanoparticles.'®’

Other alternative sintering approaches that can be used to
remove binders or surfactants after printing include microwave
sintering,"”® plasma sintering,'”" electrical sintering,"”” etc.

The following sections will primarily focus on the shear-
thinning property (rheology), the stability, the wettability (or
drop contact angle), and the coffee-stain phenomenon of CNT-
based liquid drops and CNT-based 3D printable inks. The con-
nection of the fluid properties of the ink to the printability

One sinter-

This journal is © The Royal Society of Chemistry 2022

and functionalities of the ink will be discussed in detail. The
viscosity range of CNT inks under steady or increased shear
rates will be listed, and methods to adjust it will be discussed.
Following that, discussions will be provided on the coffee
rings (observed in 3D printed CNT composites) and the related
characterizations.

C.2. Rheology and stability of CNT-based inks

In this section, we shall discuss the rheological behavior and
stability of two categories of CNT-based inks: (i) 3D printable
CNT-based NC (nanocomposite) inks, and (ii) 3D printable
CNT-based nNC (non-nanocomposite) inks. We provide a sche-
matic representation of all the factors that affect the macro-
scopic properties of the CNT-based ink in Fig. 14.

C.2.1 Rheology of CNT-based inks. ‘Shear-thinning’ behavior
has been commonly observed in CNT suspensions and has
been widely reported in the literature. Hu et al. reviewed the
appropriate fluidic properties that dictated the fabrication of
CNT thin-films using CNT suspensions.'”® They pointed out
the range of viscosities of CNT suspensions, methods to adjust
the viscosities, and the effect of these viscosity values on thin
film fabrication. Hobbie and Fry measured the rheological pro-
perties of non-Brownian CNT suspensions with different CNT
loadings from 0 to 10% weight ratio. They noticed that under
identical shear rates, the viscosity increased by several orders
of magnitude for the case when the suspension became more
concentrated.” Ma et al. studied the relationship between the
rheological behavior and the CNT agglomerates.”* They com-
pared the effects of CNT treatment on the viscoelastic pro-
perties of CNT dispersions suspended in a Newtonian liquid
matrix. They noticed a higher level of viscoelasticity in non-
treated CNT dispersions, while the treated-CNT dispersions
showed a smaller shear-thinning behavior. They explained
their results by in situ monitoring of CNT microstructure.
Yokozeki et al. quantified the microstructure of MWCNT/epoxy
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Fig. 14 Schematic representation of the properties of materials used and the process and environmental factors that affect the resultant CNT-ink

properties.

suspensions with different MWCNT mass fractions under
different temperature and shear rates."*' They studied the
agglomerate formation for the 0.1 wt% suspension of MWCNT
at 25 °C and 60 °C and found that the agglomerates are
sparser at 60 °C (see Fig. 15).

Shear-thinning behavior has also been widely observed in
CNT-based NC inks. A variety of different models have been
introduced for determining the printability window and for

b)

analyzing the corresponding rheological properties of CNT-
based 3D printable NC inks.*”*® Examples of shear-thinning
behavior of CNT-based NC inks are shown in Fig. 16(a and b).
For example, studies have related shear-rate to shear-stress
using a capillary flow model and have identified a mechanism
to estimate the allowable shear stress for 3D-printing process.
As already discussed above, the shear-thinning properties of a
printing ink ensure the appropriate flowability of the ink

0.1s"

Fig. 15 Microstructure of epoxy—CNT suspension (0.1 wt% MWCNT) under different shear rates at (a) 25 °C and (b) at 60 °C. Both the parts of this
figure have been reproduced from ref. 131 with permission from Elsevier, copyright 2012.
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Fig. 16 Examples of CNT-based ink viscosity plot as a function of shear rate for (a) MWCNT-PVP ink, (b) MWCNT-PLA nanocomposite ink with
different PLA concentration, (c) CNT-GO inks considering different ink concentrations, (d) CNT/CNF inks under different pH level. Part (a) of this

figure has been reproduced from ref. 60 with permission from American

Chemical Society, copyright 2016. Part (b) of this figure has been repro-

duced from ref. 47 with permission from Elsevier, copyright 2015. Part (c) of this figure has been reproduced from ref. 30 with permission from
Royal Society of Chemistry, copyright 2019. Part (d) of this figure has been reproduced from ref. 176 with permission from Elsevier, copyright 2018.

during printing at high shear stresses (or high shear rates) and
acquiring of a stable, non-flowing structure (by the ink) after
extrusion.?® This ‘shear-thinning’ fluidic property has been
widely tested and measured in the context of the application
of 3D printable CNT-based NC inks.

Similar shear-thinning behavior has been observed in CNT-
based nNC inks such as CNT-solvent-only inks,>®”>'"* CNT-
graphene inks, CNT-GO inks [one example is shown in
Fig. 16(c)], CNT-rGO (rGO: reduced GO) inks,****'”® and CNT-
nanocellulose ink [see Fig. 16(d)]."”® In Table 4, we have sum-
marized the viscosity values of the CNT-based 3D printable
inks, the corresponding shear rate ranges to which the inks
have been subjected, and the ink compositions reported in
different publications.

As pointed out in section C.1.2, the viscosity of the CNT-
based inks can be modified by altering the following aspects
of the NP system: NP concentration, polymer concentration
(CNT based NC inks), type of solvent, NP aspect ratio, tempera-
ture, stabilization methods, fabrication methods.

Firstly, the NP concentration affects the viscosity of the
generic particle-laden inks: similar behavior is observed for
CNT-based inks. With an increase in the CNT concentration,
the viscosity of the ink increases as has been shown in mul-

This journal is © The Royal Society of Chemistry 2022

tiple studies.>***>%%13! [vanova and Kotsilkova parametrically

studied the impact of using CNT or graphene additives on the
rheological behavior of 3D printable PLA NC inks.>® They
measured the complex viscosity as a function of the angular
frequency for six different weight ratios of CNT or graphene
additives and noticed that the addition of MWCNT with a
higher aspect ratio resulted in the steady-state viscosity (1)
demonstrating a more significant shear-thinning behavior
(quantified by smaller values of n in the relationship
n = Koy" !, where K, is the flow consistency index and 7 is the
shear rate). It was observed that the complex viscosity
increased with the increase in the concentration of MWCNTSs
(from 1.5% to 12% by weight).

Next, the viscosity of the CNT-based NC inks was found to
increase with an increase in the polymer matrix concentration.
The MWCNT/PLA NC ink developed by Postiglione et al
exhibited a decreasing apparent viscosity as a function of
shear rate [see Fig. 16(b)].*” They related the increasing shear
stress to an increasing shear rate for inks having different PLA
and MWCNT concentrations. They also determined appropri-
ate process conditions for specific inks by estimating the
corresponding shear stress for certain printing speeds with the
printing speeds being directly related to the shear-rate. PLA
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Table 4 Examples of viscosity testing results of several printable CNT inks under specific testing conditions and printable ink concentrations

Shear rate
Ref. Ink composite (increasing) Viscosity (decreasing)
30  CNT-GO 0.001-100 s~* ~100-0.01 Pa s (at 5.5 mg ml™)
38 CNT-rGO 0.1-100 s7* 106.5-0.5 Pa s
42 (1). GelMA/ 0.01-100 s~ (1). ~1-0.001 Pa s

DNA-MWCNT
(2). HA/DNA-SWCNT
47  CNT-PLA

. (2). ~10000-1 Pa s
0.001-1000 s~

Viscosity at 107'-10" s™" shear rate ~5000-200 Pa s (25 wt% PLA); ~8000-800 Pa s (30 wt%

PLA); ~30 000-1000 Pa s (35 wt% PLA);

~0.125-0.075 Pa s (6 wt% of CNT); ~0.16-0.09 Pa s (7 wt% of CNT); ~0.2-0.1 Pa s (8 wt% of

shear rate: 12.64 mPa s (0 wt% PVP) 37.99 mPa s (10 wt% PVP)

61.86 mPa s (17 wt% PVP) 88.38 mPa s (25 wt% PVP)

(1). 31 Pa's (0 wt% CNT) 2010 Pa s (1.5 wt% CNT)

(2). 15 Pa s (0 wt% CNT) 1370 Pa s (1.5 wt% CNT)

53  MWCNT-PLA 0.05-1000 s~* ~100 000-1 Pa s
59  CNT/IPA/EG 1-100 57"
CNT)
60  PVP-MWCNT 1-100 57" Viscosity at 107" s7*
69  (1). PEGDA-CNT 1-100 57" Viscosity at 1 s~ shear rate
(2). PEGDA:
PEGMEMA-CNT
75  CNT-DMF 1-100s7" 50-10 mPa s
175 CNT-GO 0.1-1000 57" 3000-0.25 Pa s
176 SWCNT-CNF 0.001-500 s~* 100 000-1 Pa s
177 MWCNT-PLA: 0.05-10s~" (1). ~4000-1000 Pa s

(1). solution-blended
(2). Melt-mixed

concentrations of 25%, 30%, and 35% by weight were con-
sidered for experiments, and it was observed that the viscosity
of the ink increased with an increase in the concentration of
the PLA polymer matrix.

The solvent type for CNT-based fluid can also affect the
rheological behavior, and based on different material concen-
trations, it is possible for CNT-based fluids or inks to behave
as either Newtonian or non-Newtonian liquids. Chen et al.'”®
found different rheological behaviors in MWCNTs dispersed
separately in water, silicon oil, glycerol, and ethylene glycol,
but they claimed Newtonian rheological behavior for each of
these cases. However, in a research study by Ruan et al., a
shear-thinning behavior of MWCNT dispersions in ethylene
glycol was noticed.'”® Pétschke et al. studied the fluidic pro-
perties of 0.5, 1, 2, and 5 wt% of MWCNT-polycarbonate com-
posites, in which they noticed that the dispersions with CNT
concentration larger than 2 wt% exhibited non-Newtonian
rheological behaviors."*?

Another feature of the CNTs is their 1D rod-like geometry,
which influences the rheological property of the CNT-laden
inks. In reference to the comparison of the NP-polymer com-
posite behavior as shown in a study by Knauert et al.,">® CNT-
laden inks exhibit higher viscosities as compared to graphene-
sheet laden inks, for a given mass fraction (of the dispersant)
and a finite chain length of polymers in the matrix. Based on
the differences in tube diameter or length, or different func-
tional groups attached to the tubes, the aspect ratio of the
CNTs can cover a large range. As discussed in the previous
section C.1, for NP-based fluids, the particle aspect ratio is one
of the key parameters that can affect the viscosity or rheologi-
cal performance of the fluid containing these particles.
Omrani et al. studied the MWCNT in DI water for different
nanotube diameters and lengths (i.e., different aspect ratios

14876 | Nanoscale, 2022, 14, 14858-14894

(2). ~50 000-1000 Pa s

ranging from 10 to 3750) and found that for all the cases the
dispersion exhibited Newtonian behavior.”?° It was also
observed that the dynamic viscosity decreased non-linearly
with an increase in the aspect ratio of the CNTs.

Mechanical, physical, and chemical methods that are typi-
cally applied to make CNTs more dispersible in various kinds
of solvents alter their rheological properties and ink
printabilities."®* '8¢ Ultrasonication process, which is one of
the common mechanical methods applied for dispersing CNT-
based inks, can alter the rheological behavior of the CNT-
based fluids as well as the length of the tubes and their
agglomeration sizes. Ruan et al.'”® found that the shear-thin-
ning behavior for MWCNT-ethylene glycol fluids varied as a
function of the time of ultrasonication to which the fluid was
subjected to. For example, the fluid exhibited a more pro-
nounced shear-thinning behavior after being ultrasonicated
for 40 minutes, as compared to the case when it was not sub-
jected to any ultrasonication [see Fig. 17(a)]. Specifically, they
described the manner in which the agglomeration was
reduced by the sonication process in two stages: in the first
stage, the CNT agglomerates were loosened, while in the
second stage, the entangled CNTs were broken. Moreover, for
CNT-based suspensions or inks, they noticed that the length
of the CNTs decreased with an increase in the sonication time
[see Fig. 17(b)], while the aspect ratio of the CNT tubes
decreased in the presence of a greater sonication energy [see
Fig. 17(c)]. Surfactants used for the stabilization of CNT inks
(section C.2.2 discusses the stabilization of CNT inks in detail)
have a significant effect on the rheology of CNT inks."®”"%°
For instance, addition of Triton X-100 surfactant to the
SWNT-SBDS dispersion increased the zero-shear viscosity by 3
orders of magnitude and increased the high-shear viscosity by
nearly 5 times the value in the absence of Triton X-100 surfac-
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Fig. 17 (a). Shear-thinning properties for CNT-EG fluids as a function of sonication time; (b). nanotube length as a function of sonication time; (c).
CNT aspect ratio as a function of sonication energy. All the parts of this figure have been reproduced from ref. 179.

tant. Such a massive increase in the viscosity could be attribu-
ted to synergistic association between the surfactants'®” or due
to morphological change in the surfactant.'®®"#® We have pro-
vided a schematic illustrating the role of surfactants on the
different properties of the ink, including the viscosity, disper-
sity, and surface tension in Fig. 18.

Yokozeki et al. experimented on MWCNT-epoxy nano-
composite inks of different MWCNT concentrations at
ambient temperatures of 25 °C, 40 °C, and 60 °C."*' They
observed that the ink viscosity decreased in all the cases with

q‘S,NT_ETEI%ISIC.'!N
Functonalized CNT
dispersion drop on a
substrate
VISCOSITY
ﬁ 333,3? CNT
Svee
Surfactant molecules STABILITY
attached to CNT

an increase in temperature. Similar observations were reported
by Omrani et al. for -COOH functionalized MWCNTSs in dis-
tilled water."?°

Furthermore, Spinelli et al. compared the rheological be-
havior of PLA/MWCNT and PLA/GNP printable NC inks fabri-
cated using two separate methods: solution blending and melt
mixing. Compared to the Newtonian fluid behavior of pristine
PLA, both types of NC inks containing high concentrations of
GNP and MWCNT fillers demonstrated distinct shear-thinning

behaviors.'”” They also noticed Newtonian viscosity plateau in

Solvophilic head
pushes the CNTs
away from the inter-
face (towards bulk)

Cross-linking of
chains resulting in
change in viscosity

[ &=

Electrostatic & steric

repulsion overcomes
van der Waals attrac-
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Fig. 18 Schematic illustrating the role of surfactants in modifying the surface tension, viscosity, and stability of CNT-based ink droplets containing

functionalized-CNT particles.
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GNP/PLA systems under low shear rates, but pseudo-plastic
flow behavior in MWCNT/PLA systems under the same shear
rates. Different viscosity values were observed in specimens
depending on the fabrication method (solution blending or
melt mixing). The GNP/PLA NC ink fabricated by the solution
blending system exhibited a larger viscosity as compared to
the MWCNT/PLA ink having the same filler percentage. On the
other hand, a MWCNT/PLA NC ink fabricated using the melt
mixing method demonstrated a much larger viscosity.
Moreover, under the melt mixing method, the viscosity of
MWCNT/PLA ink increased over 10 times with filler content
increasing from 1.5% to 6%, while the viscosity for GNP/PLA
ink increased less than 5 times under the same filler content
change [see Fig. 19(a and b)]."””

C.2.2 Stabilization of CNT inks. Dispersity of CNT is typically
poor in pure solvents (especially water or organic solvents like
IPA), or polymer matrices, because of the strong n-n inter-
actions between the CNTs which leads to aggregation of par-
ticles into bundles or rope. Such aggregation is undesirable as
it results in a non-uniform concentration of CNTs in the ink,
thereby affecting the print quality. It also affects the shelf life
of the CNT-based inks and also causes blockage in the print-
ing nozzle."**'! To avoid aggregation, colloidal stabilization
is typically achieved by controlling the interparticle forces
(potential) and by providing means of altering the system to
overcome the attractive interparticle forces, often described by
the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory."??
Stable colloid suspensions of CNT can be achieved by means
of (1) mechanical treatments, (2) dispersion in solvents, (3)
covalent functionalization of CNTs, and (4) addition of exter-
nal surfactants/stimuli.

Firstly, mechanical techniques rely on using mechanical
forces to disperse the CNT particles and de-bundle the CNT
clusters. Mechanical techniques include ultrasonication which
uses ultrasonic transducers, ball-milling, calendaring, stir and
melt compounding.®3194
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Secondly, obtaining stable dispersion of CNTs through dis-
persing in solvents depends on identifying solvents in which
the CNTs are thermodynamically soluble, i.e. identifying sol-
vents that when combined with CNT possesses a negative
value of free energy of mixing.'®> Some of the commonly used
solvents include hexamethylphosphoramide, N-methyl-2-pyrro-
lidone (NMP), dimethylformamide (DMF), cyclopentanone,
tetramethylene sulfoxide,'®™°” acids such as cholic acid,'®*
taurocholic acid,'®* and deoxycholic acid,'®* super-acids,'*®'*°
and cyclohexyl-pyrrolidone (CHP).*>*°° However, in many sol-
vents the stability of the dispersed CNTs is observed only for
smaller concentrations of CNT.>**

Thirdly, covalent functionalization of CNTs have been used
to stabilize the CNT based inks. Such functionalization works
on the principle of modifying the sidewall or the terminal sur-
faces of the carbon nanotubes by covalent attachment of the
functional groups such as -COOH, -OH, -COOR, -NH,,
-S03H,'*?%72% which in turn improved the solubility of CNT
particles in the selected solvent. Typically, such covalent modi-
fications of the CNT walls disturb the = electron configuration,
as there is conversion of = (sp?) to o (sp®) which affects the
electrical performances of CNTs.”

Finally, the most common method used for colloidal stabi-
lization of CNT-based inks is the non-covalent functionali-
zation where external additives (such as polymers and surfac-
tants) are added to the solution. These external additives are
categorized into non-ionic surfactants, ionic-surfactants, and
biopolymers. These surfactant molecules interact with the
CNTs through either adsorption or wrapping and achieve
stabilization by altering strong =n-n interactions between
different CNTs. For non-ionic surfactants, typically steric inter-
actions between the chains of the surfactants prevents the
aggregation of the CNTs. For ionic surfactants, the electrostatic
repulsion between the adsorbed surfactant molecules, in
addition to the steric interactions, prevent the CNT aggregate
formation.
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Fig. 19 (a and b) Viscosity vs. shear rate for CNT or GNP fillers impregnated PLA and prepared through (a) solution-blended method and (b) melt-
mixed method, tested under at 200 °C. Both the parts of this figure have been reproduced from ref. 177.
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Other than amphiphilic surfactant molecules or biopoly-
mers, additives such as organic dyes are also sometimes used
to improve the stability of the CNTs in the solvent. These
organic dyes have strong n-n interactions with the CNT sur-
faces and hence prevent aggregation. Some of the additives
include organic dyes such as crystal violate (CV)"** and indigo
carmine (IC),"® these additives enhancing the CNT dispersi-
bility in both organic solvents and water. Other external stimu-
lus like irradiation with microwave,>*° electron beam,*!
plasma,>"* and gamma radiation,”"® has also been used to
increase the CNT dispersity by modifying the CNT surface via
the alteration of the C=C bonds.

The dispersity of colloids achieved through surfactants
depends on several parameters including surfactant concen-
tration, chain length, size of head group, zeta potential (ionic
surfactant), molecular structure (presence or absence of aro-
matic groups to promote directional stacking), etc. For a given
initial CNT concentration, the surfactant performance enhances
with surfactant concentration (especially for the amphiphilic
surfactant molecules), until it reaches an optimal level after
which the performance decreases with increase in surfactant
concentration. This is because with an increase in the surfac-
tant concentration initially, the dispersity increases as more
surface area gets covered with the surfactant. The limited
adsorption sites on the CNT surface means that the adsorption
becomes saturated at certain surfactant concentration above
which reverse micellization occurs. Such reverse micellization
promotes aggregation of CNTs: hence the dispersity decreases
above such critical surfactant concentration.?"?** Other
studies, found that the agglomeration and the sedimentation
could be reduced by increasing the ratio of surfactant to
CNTs.>'* Almanassra et al. compared the viscosity and stability
of CNT-water nanofluids in presence of three types of surfac-
tants [namely, Gum Arabic (GA), sodium dodecyl sulfate (SDS),
and polyvinyl pyrrolidone (PVP)] for different CNT weight per-
centages as well as different CNT to surfactant ratios. The

(a)
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highest suspension stability was found for the case with
CNT: SDS-surfactant = 1:1 (for different weight percentages of
CNT) (shown below in Fig. 20). This behavior seems to be in
contrast to what was observed in other studies. Such a behavior
could result from the fact that the studied range of concen-
tration was smaller than the critical surfactant concentration
before which reverse micellization occurs. Similar non-mono-
tonic agglomeration behavior was shown in a CNT-epoxy com-
posite where PVP was used as a surfactant. The authors
reported optimal stability with reduced aggregation at 1.5% wt
concentration of PVP, while extensive aggregation was noted at
2.0% wt concentration of PVP.>'®

The length of the surfactant molecule’s tail also plays a sig-
nificant role in the adsorption of the surfactant molecule to
the CNT surface and hence the dispersion process. Longer tail
ensures larger spatial volume and hence has larger steric hin-
derance which promotes intermolecular repulsion and hence
dispersion.”"” In ionic surfactants, the surfactant molecules
adsorbed onto the CNT surface possesses charge on its head-
group, where electric double layer is eventually formed. The
extent of charge on the surfactant is quantified by means of
zeta potential. For the case of larger zeta potential values, the
electrostatic repulsions between the surfactant molecules will
be larger leading to better dispersion.>®*

Finally, certain molecular configurations of the surfactants
can promote adsorption and hence dispersion. For instance,
the surfactant molecules with aromatic groups can adsorb
strongly to the CNT surfaces. Benzene ring in the surfactant
molecule will interact with the delocalized n-electrons of
MWCNTs via n-n stacking which will enhance the adsorption
of the surfactants.”***'¥2*® Many commonly used surfactants
molecules such as SDBS, pyrene, anthracene, silk sercin, cur-
cumin ensure very good dispersion of the CNT molecules
owing to this reason. The mechanism of interaction of
different types of surfactant molecules with CNTs is provided
in Table 5.

1 wt% CNT

0.5wt% CNT

0.3 wt% CNT 0.1 wt% CNT

Fig. 20 Stability of CNT-water inks under different conditions. (a) 36 h stability of the CNT-water suspensions with 0.5 wt% CNT and
CNT : surfactant = 1: 0.2; (b) 6-month stability with of the CNT-water suspensions (for different CNT weight percentages) with CNT : SDS-surfactant
=1:1. Both the parts of this figure have been reproduced from ref. 215 with permission from Elsevier, copyright 2020.
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Table 5 Table of surfactants and their effect on NP-solvent dispersions
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Compound Interaction mechanism Ref.

Non-ionic surfactant

PVP Wrapping of polymer around nanotubes provide steric stabilization 229-232

Pyrene n-nstacking of benzene ring in the polyaromatic polymer promotes adsorption to CNT 210-220 and 233
Anthracene 219, 221 and 222
Terphenyl 221 and 223
Triton X-100, X-114, Adsorption through interaction of the aromatic ring with CNT surface through n-stacking 224-228

X-165, X-304
Tween-80,60,20
NP-10

Pluronic

Ionic surfactant
SDS

interactions
Adsorption through hydrophobic tail - CNT interaction

Hydrophobic interaction of tail with CNT. Large hydrophobic-hydrophilic component ratio
leads to lower driving force for micellization.

Hydrophobic tail consisting of carboxyl groups attaches to the CNT surface and the
hydrophilic sulfonic head groups dissolves in water to enhance the dispersity of CNTs.

SDBS/NaDDBS Interaction of the localized = electrons of CNT with benzene ring in the SDBS leading to n-=
stacking promoting adsorption of SDBS to CNT.

SDSA Hydrophobic tail - CNT interactions

SC

LDS Adsorption through solvatophobic tails and through “cation-n” complex at the CNT surface.

PFOA

CTAB Hydrophobic tail-CNT interactions. Bromide ion shielding of head groups helps adsorption

DTAB close to each other. Wrapping around CNT at larger CNT diameter.

TTAB

Biopolymers

Xylan hydrate crystal

Carboxymethylization of XHC surface with carboxyls enables the amphiphilic molecule to

(XHCQ) adsorb to CNT surface and provide stability.

Silk fibroin (SF) Hydrophobic interaction of non-polar moieties in SF with CNT surface
Curcumin Strong n—x interaction between the aromatic groups

Sericin

Strong n—x interaction between the aromatic groups in sericin (in the side chain groups of
amino acid residues) and the CNTs prevents aggregation of CNTs. Columbic repulsion due to

217,234 and 235
214
236-240

190, 214, 217, 229
and 241-243

191, 214 and 244-252

219 and 253-255
201 and 256-259
201 and 260-263
263 and 264

214, 259 and 265-267

267 and 268
201 and 269-271

186
191 and 272-274

223 and 275
191, 272 and 276

the negative charges on the silk sericin-CNT (SSCNT) also enhances stabilization.

Bovine serum albumin
(BSA)

C.3. Surface tension of the CNT-laden liquid drops

The wettability of the CNT-based nNC inks has been drawing
attention in the context of understanding their printability
and the resulting post-printing behavior on different surfaces.
For example, Dinh et al. inkjet-printed patterns of MWCNTSs
dispersed in water in the presence of some surfactants and
characterized the evaporation driven self-assembly behavior of
the MWCNTs.*® Wang et al. studied the interactions between
MWCNT droplets and glass substrates (cleaned with ethanol)
and found a drop equilibrium contact angle of 10 + 1° and a
drop advancing contact angle of 15 = 1°.*° To study the hydro-
dynamic properties and interaction between the droplet
(droplet of this nNC CNT ink) and the substrate, Yu et al. tested
the ink droplet contact angle with different CNT weight content
to indicate the printability: they reported that the contact angle
increased from 47.4° to 52.3° on gas-treated basal plane when
the CNT content increased from 6 wt% to 8 wt%.>° Kwon et al.
inkjet-printed electrode patterns on paper using MWCNT
aqueous suspension and continuously monitored the droplet
contact angle as a function of time (see Fig. 21).*>

As discussed before, the wettability of the ink on a specific
surface depends on the energy of interaction between the ink
and the surface. It is mentioned in the previous section C.2.
that the dispersibility of CNT-based inks is usually low in mul-

14880 | Nanoscale, 2022, 14, 14858-14894

Positive non-polar patches of protein interaction with hydrophobic CNT surface

191, 277 and 278

tiple kinds of solvents: the dispersibility of CNTs in those sol-
vents dictates the surface tension and hence the wettability (on
different surfaces) of the corresponding CNT-solvent ink.
Moreover, different treatments, or the presence of specific
functional groups (with different hydrophobic zones) on the
CNTs can also affect the wettability of the corresponding CNT-
based inks. Also, there are instances where a mixture of sol-
vents has been used to meet the surface tension and viscosity
requirements of the CNT-based inks. For example, Lin et al.
dispersed CNTs into the mixture of glycerol and water (weight
ratio 1:3) to obtain a desirable surface tension of the ink.>”®
Berrada et al. compared the surface tension of CNT-based
nanofluids in DI water with the surface tension of CNT-based
nanofluids dispersed in Tyfocor without any surfactant and
identified an opposite relationship between the mass concen-
tration and surface tension in these two cases, which could be
attributed to the differences in affinity of functionalized CNTs
between DI water and Tyfocor.>%°

Surface tension decreases with an increasing wt% of the
functionalized MWCNTs in DI solution as functionalized
MWCNTSs bear hydrophobic zones due to which affinity with
air/water interface is expected to increase, leading to reduction
of surface tension with an increase in the concentration of the
MWCNTSs (see Fig. 22).>*° In case of Tyfocor solution, however,
the covering of hydrophobic surfaces of MWCNTs by the

This journal is © The Royal Society of Chemistry 2022
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Fig. 21 (a)-(i) Images showing wetting dynamics of a 1 uL MWCNT ink drop on paper as a function of time and (j) measured contact angle. All the
parts of this figure have been reproduced from ref. 32 with permission from Elsevier, copyright 2013.
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Fig. 22 Surface tension of CNT-based nanofluids using different base fluid: (a). DI water; (b). Tyfocor. Both the parts of this figure have been repro-

duced from ref. 280 with permission from Elsevier, copyright 2019.

polymer chains of propylene glycol increases the affinity
between MWCNTs and Tyfocor leading to an increase in
surface tension with the concentration of NPs.

Environmental temperature and particle sizes are among
several factors that contribute to the surface tension of CNT-
based fluids. For charged nanoparticulate fluids, larger nano-
particle size normally leads to a higher surface tension due to
smaller surface charge density.*®' For CNT-based inks, the par-
ticle size or the length and diameters of CNTs can be modified
through the methods mentioned in the previous section.

This journal is © The Royal Society of Chemistry 2022

Meanwhile, it is widely noticed that increasing the tempera-
ture can result in decreasing the fluid surface tension.***%*
Mei et al., for example, showed that the surface tension of
CNT-suspended nano-fuels always decreased with an increase
in temperature for different values of CNT particle size and
mass concentration.>®®

C.4. Sintering and drying of 3D-printed CNT-based inks

For CNT inks, the thermal assisted sintering process is some-
times evitable, but it has been noted in several studies that the
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electrical performances of the CNT-based printed products
will change after several rounds of thermal cycling.?®® Also
there are a few studies probing the behavior of CNT-alloy or
CNT-wood plastic composites during selective laser sintering
(SLS) 3D printing. Zhang et al. 3D printed CNT-wood powder/
polyether sulfone (PES) composite using selective laser sinter-
ing method, followed by microwave irradiation based post-
printing treatment.”®” The authors found that the interfacial
bonding between PES and CNT could be enhanced through
microwave treatment, and the overall bending strength of the
printed component was improved. Qi et al. printed CNT
coated PA11/BaTiO; powders using SLS and found those
CNT-coated powders have wider sintering window as well as
better radiation absorption capabilities, as compared to con-
ventional powders.”®® Duan et al. studied the effects of CNT
content during microwave sintering on Cu/CNT composite
and found that the product with 0.5 wt% of CNTs exhibited
optimal properties. They also noticed agglomerations of
CNTs (and hence a lesser control on their micro-structures
during sintering) when its weight percentage was over 1%.>%°
Zhang et al. sintered CNT-Al,0; composites under different
volume ratio of MWCNTs, and identified that by using
pressure-less sintering method it was possible to avoid degra-
dation of CNTs during sintering.”*® Yuan et al. employed SLS
based 3D printing to print CNT-coated polyamide powders
and noticed that the presence of the CNT improved both
thermal and mechanical properties of fabricated
composites.>®’

For most of the cases in 3D printing CNT-based inks,
especially for those applying inkjet or syringe printing
methods, evaporation process would be sufficient to provide
functional products with acceptable qualities. The main chal-
lenge here is to be able to achieve uniform material depo-
sition across the printed patterns. One common phenom-
enon is the ‘coffee-ring’ formation after sintering or evapor-
ation-driven curing, and this will be discussed in the follow-
ing section C.5.
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C.5. Coffee-ring formation by the CNT drops

‘Coffee-ring’ formation after sintering and/or evaporation
process can be widely seen in experiments with carbon-based
suspensions as well as with printable SWCNT/MWCNT-based
inl(S.28’30'40’48’57

In this section, we shall first list the “coffee-stain” phenom-
enon observed in different kinds of CNT-rich droplets, includ-
ing CNT-suspensions and CNT-based NC or nNC 3D printable
inks. We also provide a schematic that shows the different
factors that affect the coffee-stain formation in CNT-based
inks in Fig. 23. Second, we shall discuss the different issues
and problems associated with the formation of such “coffee-
stain” and the directions of utilizing such “coffee stain” effect
to achieve desired properties of the printed patterns. Finally,
we shall discuss different methods employed to suppress or
precisely control the “coffee stain” formation in different
kinds of CNT-based ink systems.

Wang et al. inkjet-printed MWCNT networks for fabricating
conductive films and found that the coffee-stain formation
was an important factor that affected the film quality. They
studied the manner in which the droplet spacing affects the
morphology of printed traces, thereby designing an optimum
spacing for uniform ‘ring’ edge formation after evaporation.*
Dinh et al. noticed the coffee-ring structure of MWCNT pat-
terns and utilized this structure to form the conductive twin
lines [see Fig. 24(a—c)].*® Liu et al. found coffee-stain formation
in dried SWCNT patterns on silicon substrate.”® Zhao et al.
compared the patterns formed by evaporated droplets of CNT,
GO, and CNT/GO, and coffee-ring structures were noticed only
in CNT-only inks but not in GO suspensions.*’

In order to improve the product quality and achieve the
desired deposited CNT pattern, three methods have been
tested to ensure the arrest of such post-printing coffee-stain
effect. Wang et al. studied coffee-stain formation on substrates
maintained at different temperatures and found that the
coffee staining formed in MWCNT droplets could be sup-

Coffee-Ring Effect in

Conductive pattern design
m (ring connection or
conductve twin line 4874

CNT-related printing

Fig. 23 Schematic of different factors at play that affect the “coffee stain” formation in CNT-based inks.
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Fig. 24 Characterizations of coffee-stain formed in the MWCNT and SWCNT inks. (a—c) AFM images indicating coffee-stain phenomena in printed
MWCNT lines (showing agglomerate position and direction). Both the parts of this figure have been reproduced from ref. 48 with permission from

Elsevier, copyright 2016.

pressed by increasing substrate temperature.’” They con-
sidered substrates maintained at room temperature, at 60 °C,
and at 70 °C, and found that the most uniform deposition
profile was obtained for the case of Tsypstrate = 70 °C. This is
not consistent with some other experimental results using
polymer solution and it is probably due to the variation in the
droplet surface tension caused by a local variation in tempera-
ture and droplet composition.>*>°® Results similar to Wang
et al. were observed in the study by Dinh et al*® that con-
sidered the morphology of MWCNT patterns. This study
further optimized those printing parameters (e.g., drop
spacing and substrate temperatures) and achieved accurate
fabrication of conductive twin-line by leveraging the ‘coffee-
stain’ effect (see Fig. 25). Majumder et al. reported coffee-stain
formation in dried droplets of SWCNT suspension (with SDBS
as solvents). They noticed that a rapid heating method could
suppress the formation of the ‘coffee-ring’.’” Liu et al. found
that for same materials and substrate, the patterns deposited
by drop-casting formed coffee-ring structure, while the one de-
posited through AJP showed less obvious agglomerations. This
indicated to the possibility of eliminating coffee-ring for-
mation through different fabrication methods.”® Dou and
Derby hypothesized that substrate porosity might also impact

This journal is © The Royal Society of Chemistry 2022

the formation of the coffee-stain and they tested their hypoth-
esis with several types of metal-nanoparticle based inks.'*>

Researchers have also investigated the effect of nanoparticle
shape on the evaporation-induced pattern formation and its
role in 3D printing. For example, Zhao et al. found that an ink
formulation containing only CNT and DI water would certainly
result in a coffee-stain formation.® However, mixing it
with other materials, like flake-like graphene-oxide (GO)
nanosheets, could ensure a suppression of the coffee stain
effect, which was explained by the shape-dependent arrest
of the ‘coffee-ring’ effect introduced earlier.'*® Through
microscopy and surface profilometry measurements, this study
clearly demonstrated that the ink with only CNT nanoparticles
presented the most obvious coffee-ring formation, while the
GO solution had no formation of coffee-stain (see Fig. 26).
Therefore, an optimized ink formulation, with an appropriate
GO:CNT weight percentage combination, simultaneously
ensured an improved printability (by the flake-like GO induced
arrest of the coffee ring effect) as well as the capability to print
temperature sensors that utilized the negative temperature
coefficient of resistance property of the CNTs.>%?%¢

There are also examples of studies that have actually
utilized the coffee-stain effect to fabricate conductive
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Fig. 25 Optical microscopic images of the ‘coffee-ring’ formed in printed MWCNT lines at substrate temperatures of (a) 35 °C, (b) 50 °C, and (c)
60 °C and droplet spacing of (d) 110 pm, (e) 90 pm, and (f) 60 pm. All the parts of this figure have been reproduced from ref. 48 with permission

from Elsevier, copyright 2016.

patterns.*®”* Shimoni et al, for example, inkjet-printed

SWCNT-based inks on PET substrate for fabricating transpar-
ent conductive films. They utilized the features of ‘coffee-ring’
formation and connected each individual CNT ring by precise
deposition to form a conductive pattern. By printing films con-
sisting of 1 to 12 printed CNT layers, they observed an almost-
linear relationship between the number of layers printed and
the sheet resistance. In their case, a sheet resistance of 156 Q
sq~" and a transparency of 81% were achieved (see Fig. 27).”*
Dinh et al also utilized this structure for printing conductive
twin lines, which helped them in the alignment of those con-
ductive twin lines formed by the edges.*®

Several other studies probed methods for the suppression
of the ‘coffee-ring’ in CNT-polymer or CNT-resin system. %>
Denneulin et al. compared the inkjet printing results of func-
tional SWCNT aqueous ink and SWCNT-PEDOT:PSS ink and
noticed a much more uniform distribution of the CNT par-
ticles across the printed traces for the SWCNT-PEDOT:PSS ink
(see Fig. 28).>°> They suspected that this effect might be due
to the Marangoni flow and the presence of the polymer
chain affecting the particle migration. Mioni¢ et al. studied a
CNT-SU8 epoxy composite ink and found that no coffee-ring
structure was formed.'®> They hypothesized that the coffee-
stain was eliminated due to the fact that the SU8 epoxy resin
cured slower than other solvents and maintained a liquid state
for a longer duration of time.

14884 | Nanoscale, 2022, 14, 14858-14894

In Table 6, we summarize the different studies that have
considered the suppression or utilization of the coffee stain
effect for CNT-based inks.

D. Open challenges and questions

One of the major challenges associated with the printing of
CNT-based inks is obtaining a uniform dispersion of the CNTs
in the solvent. These CNTs tend to attract each other strongly
due to the large van der Waals (vdW) forces causing their
agglomeration.>®” Agglomeration is highly undesirable as it
could result in poor-quality prints by clogging the printing
nozzles and causing nonuniform deposition. Various tech-
niques have been employed by researchers to overcome this
difficulty, including the use of surfactants and biopolymers in
the solvent in which CNTs are dispersed, functionalizing the
CNT surfaces, etc. (please see section C.2.2. for more discus-
sions). Kim et al., for example, provided an extensive review of
the surface modifications of the CNTs that will aid in the dis-
persion of CNTs in the surrounding liquid medium. A popular
technique of surface modification is the functionalization the
CNT walls with functional groups such as -OH, -COOH, -COH
which enable a proper dispersion of CNTs in various solvents.
These surface modifications change the CNT-CNT vdW inter-
actions and prevent the agglomeration and clustering.>*®

This journal is © The Royal Society of Chemistry 2022
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Fig. 26 (a—d, i) Top-view microscopic images of dried pure SWCNT droplets (coffee stain observed): (a—d, ii) surface height profile across the
droplet diameter; (e—h, i) top-view microscopic images of dried GO droplets (no coffee stain observed): (a—d, ii) surface height profile across the
droplet diameter. All the parts of this figure have been reproduced from ref. 30 with permission from Royal Society of Chemistry, copyright 2019.

Other techniques include dispersing CNTs in organic solvents
such as NMP (NMP: N-methyl-2-pyrrolidone) and DCE (DCE:
1,2-dichloroethane),>*® or the use of dispersants such as SDS
(SDS: sodium dodecyl sulfate)**® and (NaDDBS: sodium dode-
cylbenzene sulfonate)’*" in water-based solvents. A continuing
topic of active interest is the identification of appropriate func-
tionalizing agents and/or dispersing agents that will simul-
taneously ensure: (a) most effective dispersion of CNTs in sol-
vents; (b) easy printability of the resulting CNT-based ink with
different printing methods; and (c) desirable deposition pat-
terns after sintering.

A critical barrier in CNT-based inkjet printing is the control
of the surface tension. Section C.3. has provided extensive dis-
cussions on the modification of the surface tension of the
CNT-based inks by altering the solvent (in which the CNTs are
dispersed), functionalization of the CNT surface, CNT sizes,
environmental temperature, etc. Surface tension plays an
important role in dictating two issues: (1) the droplet release
from the tip of the nozzle; and (2) the wetting of the surface.
First, at the exit of the nozzle, for the ink to be ejected prop-
erly, the surface tension of the liquid has to be low.'*°
Surfactants such as SDS, NaDDBS can be used to decrease the
surface tension of the ink.**> Second, a favorable wettability of
the ink on the substrate is extremely important to have a high-
quality print with robust interfacial adhesion to the substrate.

This journal is © The Royal Society of Chemistry 2022

The surface energies of the CNT-based inks and the printing
substrate as well as the interactions of the CNT-based ink and
the substrate dictate this wettability. Therefore, with a prior
knowledge of the substrate on which the printing is to be con-
ducted, one needs to carefully choose the material compo-
sition of the ink. Choice of this material combination of the
ink also enables a control of the CNT-ink viscosity that plays a
very significant role in the printing process. Viscosity of the
ink (and the corresponding shear-thinning nature of the ink)
has to be maintained within a certain range known as “print-
ability window”, as mentioned earlier (please see section C.1).
The range is so selected as to prevent excess fluidity on one
side and blockage of the printer head (lack of fluidity) on the
other end. In addition, the effect of various CNT properties on
the surface tension doesn’t follow a general trend and is
utterly specific to the combined effect of all the factors at play.
Such examples have been discussed in section C.3. What can
be helpful is a handbook on controlling the surface tension of
a fabricated ink.

A big drawback of the existing fabrication approaches for
CNT-based inks as well as other general nanoparticulate inks
stems from the fact that often these approaches rely on an ad
hoc, iterative, trial-and-error approaches with regards to the
material selection. For example, the vast number of examples
discussed in sections from C.2 to C.5 identify the different

Nanoscale, 2022, 14,14858-14894 | 14885
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Fig. 27 (a) Printed SWNT conductive patterns. (b) Application of CNT-TCF as electroluminescent (EL) device. (c) SEM images showing the connec-
tion between each ring, which performed similar structures in connection between CNTs different rings and connection between CNTs in the same
ring. All the parts of this figure have been reproduced from ref. 74 with permission from Royal Society of Chemistry, copyright 2014.

fluid mechanics properties (jettability, printability, rheology),
colloidal properties (formation of coffee stain, morphology
specific properties), and sintering properties of the CNT-based
inks. However, virtually all the studies achieve these specific
properties through a trial-and-error method without any
mechanistic design-based approach. Under these circum-
stances, a useful alternative will be to employ sophisticated
multiscale simulations to assist the initial predictions of the
role of different dispersants and solvents to ensure the best
quality prints with CNT-based inks. Such simulations will
consist of sophisticated molecular dynamics simulations that
quantify the structure of the CNT-dispersant particles (e.g.,
CNT-GO particles in Zhao et al.*®) in the solvent and use that
information in a CFD (computational fluid dynamics) simu-
lation for quantifying the structure of CNT-based printed pat-
terns. These simulations will be easy to run and will help to
significantly downsize the choice of materials that could be
used with the CNTs to develop CNT-based inks with desired
properties.

Besides that, only limited researches focused on the
heating assisted sintering process on CNT based inks. Of
course, these studies too, employ no design-based approach in
optimizing the sintering performance of the CNT-based inks.
One of the possible approaches that will be beneficial will be
to use multiscale simulations (as identified in the previous
paragraph) to identify the effect of sintering on the evapor-

14886 | Nanoscale, 2022, 14, 14858-14894

ation profile of the deposited CNT-laden drop and from that
quantify (1) the final structure of the CNT-based patterns (with
explicit quantification of the position and size of the CNT par-
ticles constituting the pattern) and (2) the overall macroscale
properties of these patterns by using multi-phase averaging
models (e.g., Mori-Tanaka model®**®). Of course, for the simu-
lation efforts described here as well as in the previous para-
graph, it will be immensely helpful to obtain the exact shape
and size of the CNT particles (or aggregates) within the ink
itself by employing sophisticated nanoscale imaging tech-
niques such liquid phase transmission electron microscopy®®*
and compare the findings with the predictions (on the size
and shape of the CNT particles) made by the MD simulations
(please see the previous paragraph).

Throughout the article, we have tried to establish the
relation between the nanoscale properties of the materials
involved in the fabrication of the ink as well as the process
and environmental factors. These relations have been dis-
cussed in detail by identifying the various mechanisms dictat-
ing the colloidal sciences and fluid mechanics aspects of the
CNT-laden ink. However, these are true in a setting where only
one of these parameters is varied. In a scenario where multiple
parameters are varied, the resultant effect on the ink pro-
perties is hard to predict, and as mentioned in the previous
paragraph, mostly becomes a trial-and-error approach at
achieving the desired ink properties.

This journal is © The Royal Society of Chemistry 2022
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Fig. 28 Coffee stain formation/suppression in inkjet printable (a) SWCNT aqueous ink and (b) SWCNT-polymer ink (i.e., SWCNT-PEDOT:PSS ink). (c)
and (d) Schematic demonstration of formation/suppression of coffee-stain for the cases shown in (a) and (b), respectively. All the parts of this figure
have been reproduced from ref. 292 with permission from Elsevier, copyright 2011.

Table 6 Examples of suppressions and utilizations of coffee-stain structure in CNT-based inks

Ref. Ink composites

Methods to suppress or utilize coffee-stain formation

28  Platinum (Pt) decorated SWCNTSs
30 CNT/GO

capillary interaction
40 MWCNT
48  MWCNT (with TirtonX-100 as

surfactant)
74 SWCNT
PET forms
57 SWCNT

162 CNT-SUS ink
solvents being evaporated.
292 PEDOT-PSS/functionalized SWCNT

Implied the AJP method to avoid un-expected agglomeration
Suppressed the coffee-stain formation by interplay with particle shape and induce long-range

Suppressed coffee-ring formation by increasing substrate temperature
Utilized the coffee-ring structure to form high-resolution of conductive twin lines

Utilized coffee-ring structures to connect each droplet and form conductive patterns on transparent

Rapid heating reduced the formation of ‘coffee-stain’
The presence of Su-8 could reduce coffee-stain effect because it remained as a liquid form after

Reduction in coffee stain effect by: (1). Recirculation flow introduced by ethylene glycol

(2). Impeding of migration of CNT by polymer chains

(3). Viscosity adjustments

E. Conclusions

3D-printable CNT-based inks have a plethora of applications
relevant for a variety of industries. This article reviewed recent
progress in development of CNT-based nanocomposite and
CNT-based non-nanocomposite inks. Current progress in CNT
based ink materials, printing process, and its applications were
discussed. Furthermore, fluid mechanics and colloidal science
issues of CNT-based inks, which significantly affect the ink
printability and pattern formation as well as the properties of

This journal is © The Royal Society of Chemistry 2022

the components and devices printed with these CNT-based
inks, have been discussed. The printability windows of inks
using different printing techniques have been discussed and
the suppression or the utilization of the coffee-stain formation
and their advantages and disadvantages have been presented.
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