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Figure 29 (a) Standard waveform and the screenshot of jetted droplets from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um with satellites issue; (b) modified waveform
and the screenshot of jetted droplets from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5um without satellites issue. These two waveforms are used to prove that
waveform modification is an effective way to supress satellite issues without
changing ink formulation. The modified waveform uses the optimised dwelling
time to create a strong negative pressure at the ejection phase of the waveform?!4®,
Thus, the tail of the jetted droplet could be controlled, and the suppression of
satellite issues could be achieved. ... 99
Figure 30 Dwelling time effect on the suppression of satellites issues on the
Microfab printhead; (a) the dwelling time is shorter than the dwelling efficient,
which promotes the formation of satellites; (b) the dwelling time equals the dwell
efficient, wherein droplets with the maximum volume and the highest velocity are
jetted out; and (c) the dwelling time is longer than the dwell efficient, which helps
the suppression of satellite issues'“®. Since the same type of unipolar trapezoidal
waveform has also been used in this project, a similar effect of dwelling efficient
could be found on the Dimatix printhead as well. However, the dwelling efficient
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room temperature and 60 °C, respectively. The UV time for the Si wafer was

maintained at 20 minutes for both inks as well. Four major drying issues could be
found from the above-printed patterns, which are CRE, first dot issue, missing
front issue, and waviness. No further application of these functional inks could be

achieved until the suppression of these drying issues. Black scale bar represents

Figure 32 Optical microscope images of (a) printed dots and lines and (b) printed
squares on Si wafer from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. 200 pm was

used as drop spacing for dots, and different spacing from 20 to 80 pum (9 data



points) was used as the drop spacing for lines. Then, 20, 25, and 80 um were used
as representative drop spacings for printed squares. The MPF was 1 kHz, and the

cartridge and platen temperatures were room temperature and 60 °C, respectively.

The UV time for the Si wafer was maintained at 20 minutes. The major concern at
this stage is to first find a suitable drop spacing for avoiding issues like bulges and
discrete depositions. Then, the effect of drop spacing on the major drying issues
was explored, especially for issues like the missing front and waviness, as their
shapes changed dramatically when various drop spacings were applied. Black
scale bar represents 200 M. .......ooiiiiiiieieee e 108
Figure 33 SEM images of the printed lines from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um with a drop spacing of 25 um. The cartridge and platen
temperatures are room temperature and 60 °C, respectively. The MPF is 1 kHz;
the UV time is 20 minutes. (a) and (b) are the magnified missing front zone and
concentrated dot area in the printed line; (c) is the magnified main body of the
printed line after the concentrated dot area; and (d-i), (d-ii) illustrate the
mechanisms of formed internal flows with different directions due to the Laplace
pressure. The area with a higher Laplace pressure could form a flow to the area
with a lower Laplace pressure®®?. In general, if the curvature radius of a newly
landed droplet is smaller than that of the liquid bead, then the droplet could have a
higher Laplace pressure and could form an internal flow against the printing
direction?® (d-i). However, the first dot issue could lead to an increase in droplet
surface tension or a decrease in droplet diameter, which also increases the Laplace
pressurel®®, Thus, an internal flow along with the printing direction could be
formed (d-ii), and it is responsible for the formation of missing front issues in the
printed lines and squares. Black scale bar represents 100 um for (a) and 20 um for
(1) BNA (€). ettt 112
Figure 34 Optical microscope images of printed lines on Si wafer from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um with different MPF. 25 pum was used as the
drop spacing for all printed lines. Then, the MPF were set to 1, 5, 10, 15, and 20

kHz. The cartridge and platen temperatures were room temperature and 60 °C,

respectively. The UV time for the Si wafer was maintained at 20 minutes. The
major concern at this stage is to find the effect of MPF on the drying issues. As a

result, the dried discrete larger spots also confirm the formation of a dual-ring
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structure in the final dried dots, which is a critical factor causing the waviness
issue. In addition, dried discrete larger spots also prove that the ink is absorbed

into bulges when the bulge issue is too strong. Black scale bar represents 200 pum.

Figure 35 Optical microscope images of printed dots, lines, and squares on a Si
wafer from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different cartridge
temperatures, including (a) printed patterns under room temperature; (b) printed

patterns under 40 °C; and (c) printed patterns under 60 °C. 200 pm was used for

the drop spacing for printing individual dots, while 25 um was used for the drop
spacing of lines and squares. The MPF was 1 kHz, and the platen temperature was

60 °C. The UV time for the Si wafer was maintained at 20 minutes. The major

concern at this stage is to find the effect of cartridge temperature on the drying
issues. The increase in cartridge temperature leads to a more serious first dot issue
due to the quickened evaporation rate around the nozzle. Similarly, the missing
front issue became worse when the cartridge temperature increased from room

temperature to 40 °C, but the trend stopped when the cartridge temperature further
increased to 60 °C due to the shortened droplet drying time on the substrate at

such high cartridge temperatures. Finally, although the evaporation rate of the
droplet could be strengthened by this increased cartridge temperature, the CRE
and waviness issues were not obviously affected. This indicates that the

Marangoni effect still dominates droplet drying. Black scale bar represents 200

Figure 36 Optical microscope images of printed dots and squares on a Si wafer
from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different platen
temperatures, including (a) printed patterns under room temperature; (b) printed

patterns under 40 °C; and (c) printed patterns under 60 °C. 200 pum was used for

the drop spacing for printing the individual dots, while 25 pum was used for the
drop spacing of squares. The MPF was 1 kHz, and the cartridge temperature was
room temperature. The UV time for the Si wafer was maintained at 20 minutes.
The major concern at this stage is finding the effect of platen temperature on
drying issues. The decrease in platen temperature raised another unexpected
drying issue in the printed square, wherein the flakes were transported to the

bottom and formed a concentrated bottom due to the Marangoni flow. This flow
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is caused by the low vapour pressure nature of EG: the DI water in the printed
square evaporates faster than the EG, and as the drying continues, more DI is left
in the bottom area, resulting in a high surface tension area that leads to the
formation of a Marangoni flow in the square. Black scale bar represents 200 pum.

Figure 37 Optical microscope images of printed dots and squares on a Si wafer
from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different UV times,
including (a) printed patterns with 0-min UV; (b) printed patterns with 5-mins
UV; (c) printed patterns with 20-mins UV; and (d) printed patterns with 90-mins
UV. 200 um was used for the drop spacing for printing the individual dots, while
25 um was used for drop spacing of squares. The MPF was 1 kHz, and the

cartridge and platen temperatures were room temperature and 60°C, respectively.

The major concern at this stage is finding the effect of UV time on the drying
issues. The increase in UV time made the substrate more hydrophilic, so the
droplet diameter was increased. 25 pum was set as the drop spacing for all printed
squares, which is a relatively larger drop spacing for samples using 0- and 5-
minutes UV and a smaller drop spacing for samples using 90-minutes UV. The
bulge and missing front issues became more serious in the printed square using
90-minutes UV but became supressed in the cases of 0- and 5-minutes UV. In
addition, the evaporation rate at the contact line area could be manipulated by
applying different UV times, as it changes the contact angle of the droplet as well
as the heat conduction from the substrate to the apex of the droplet!®>1%®, Black
scale bar represents 200 LM, ..o 123
Figure 38 Optical microscope images of dried dots from ink ‘0.1rGO, 0.01/1EG,
0.2 - 0.06Tr1’ with different Triton loadings ((a) for 0.2Tri; (b) for 0.1Tri; and (c)
for 0.06Tri). The effects of Triton loading on droplet drying are the major concern
at this stage. The UV time is 0 minutes, and the platen temperature is room
temperature. The dot diameter continuously decreased when Triton loading
dropped from 0.2 to 0.06 mg/ml. Simultaneously, the CRE was also supressed
when less Triton was used. The decreased Triton loading results in a strengthened
Marangoni effect to compete with CRE, as it would take a longer duration to
reach the CMC during the drying. Black scale bar represents 200 pum............... 130
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Figure 39 Optical microscope images of dried dots from ink ‘0.1 rGO, 0.01/1 —
1/1” EG, 0.06 Tri’ with different EG/DI ratios ((a) — (€) correspond to EG ratios
of 0.01/1, 0.05/1, 0.1/1, 0.5/1 and 1/1, respectively). The effects of the EG/DI
ratio on droplet drying are the concerns at this stage. The UV time is 0 minutes,
and the platen temperature is room temperature. The CRE effect was continuously
supressed when EG loading increased from 0.01/1 to 0.5/1, and it was
strengthened again when the EG/DI ratio was further increased to 1/1. The shapes
of the final dried dots were changed from ring-dominated structures to dual-ring
structures with a depletion zone when the EG/DI ratio was between 0.01/1 and
0.1/1; the dual-ring structure without a depletion zone could be observed in the
dried dots when the EG/DI ratio was above 0.5/1. Such changes to the dried dots
can be attributed to the change in the dominating solvent in the droplet when
different EG loading has been used. Greater EG extended the duration of the CRE
due to its low vapour pressure and increased loading, which makes the CRE
regain control of the droplet drying. Black scale bar represents 200 um............ 136
Figure 40 Major steps during the drying of droplets with different EG/DI ratios;
(1) particles uniformly distributed in the droplet; (2) formation of the Marangoni
and capillary flows; (3) the stop of the Marangoni flow; and (4) capillary flow
dominated droplet drying. The formation of a depletion zone is dependent on
whether the rest of the solvent can provide enough duration for CRE to transport
the particles back to the contact line again. ............ccccovevveveiie v 140
Figure 41 Optical microscope images of dried dots from ink ‘0.1 & 0.5’rGO,
0.5/1EG, 0.06Tri’ with different rGO loadings, including (a) 0.1 mg/ml rGO and
(b) 0.5 mg/ml rGO. The effects of rGO loading on droplet drying are the concerns
at this stage. The UV time is 0 minutes, and the platen temperature is room
temperature. The increase of rGO loading results in the strengthening of both the
CRE and Marangoni effect, as both wider ring stain and depletion zone could be
observed in the final dried dot with higher rGO loading. Since the CRE regains
control when the EG/DI ratio = 0.5/1, the increased rGO loading could strengthen
this effect and leave a more obvious ring stain. In the meantime, the increased
rGO loading would extend the duration of surfactant-induced Marangoni effect,
as more Triton would be absorbed onto the rGO surface. So, the depletion zone

could be observed again in this case. Black scale bar represents 200 pm. ......... 144
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Figure 42 Optical microscope images of dried dots from ink ‘0.1rGO, 0.5/1EG,
0.06Tri” with different UV times, including (a) 0-min UV and (b) 20-mins UV.
The effects of UV time on droplet drying are the concerns at this stage. The platen

temperature is 60°C. The increase in UV time improves the hydrophilicity of the

substrate. Then, the reduced contact angle results in an increase in the evaporation
rate of the contact line area. Thus, both the CRE and Marangoni effect could be
strengthened in this case. Due to the different vapour pressures of DI and EG, the
strengthening of the Marangoni effect is more obvious than the CRE and results
in a shaper centre disk in the dot dried on the substrate treated with longer UV
time. Black scale bar represents 200 M. ......ccoooiiiireiinienieiene e 147
Figure 43 Optical microscope images of the dried dots from ink ‘0.1rGO,
0.5/1EG, 0.06Tri’ with different platen temperatures, including (a) room
temperature and (b) 60 °C. The UV time is 0 minutes. The effects of the platen

temperature on droplet drying are the concerns at this stage. The increase in
temperature results in the acceleration of droplet evaporation, which is similar to
the effect of a longer UV time. Thus, both the CRE and Marangoni effect can be
strengthened. However, the higher platen temperature increases the evaporation
rate of EG as well. So, both a strengthened ring stain and a depletion zone could
be observed at the same time. Black scale bar represents 200 pm...................... 149
Figure 44 Optical microscope images of the dried dots from inks of ‘0.1 rGO,
0.01/1 - 1/1 EG, 0.2 — 0.06 Tri’. As for the ink formulations, the EG/DI ratios
change horizontally from 0.01/1 to 1/1 (a —€), and Triton loadings change
vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is maintained at
0.1 mg/ml. The UV time and platen temperature for the substrate are held at 0
minutes and room temperature, respectively. The aim of this stage is to check the
effects of modifiers on droplet drying. In general, lower Triton loading results in a
longer duration for droplets to reach CMC, which extends the duration of
surfactant-induced Marangoni effect and results in the suppression of the CRE.
The increase in the EG/DI ratio changes the shape of the dried dots from a ring-
dominated structure to a dual-ring structure with a depletion zone when the

EG/DI ratio changes from 0.01/1 to 0.1/1; the dot shape becomes a dual-ring
structure without a depletion zone when the EG/DI ratio is larger than 0.5/1. This

change is caused by the major solvent in the droplet. When the EG/DI ratio is
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between 0.01/1 and 0.1/1, DI is the major solvent, and the increase in EG results
in a longer Marangoni effect. However, the shortened CRE leads to the formation
of a depletion zone, as there is not enough time to transport all the rGO flakes
back to the edge. Once the EG/DI ratio is between 0.5/1 and 1/1, the major
solvent is EG in the droplet. The low vapour pressure of EG and its increased
loading in the droplet could make the CRE capable of transporting flakes back to
the edge and supressing the depletion zone. Black scale bar represents 200 pm.

Figure 45 Optical microscope images of dried dots from inks of ‘0.5 rGO, 0.01/1
—1/1 EG, 0.2-0.06 Tri’. As for the ink formulations, the EG/DI ratios change
horizontally from 0.01/1 to 1/1 (a —e), and Triton loadings change vertically from
0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is maintained at 0.5 mg/ml. The
UV time and platen temperature for the substrate are held at 0 minutes and room
temperature, respectively. The aim of this stage is to check the effects of rGO
loading on the effects of a modifier on the droplet drying. Similar effects of Triton
and EG have been found when rGO loading is changed from 0.1 to 0.5 mg/ml. In
general, the lower Triton loading extends the duration of the surfactant-induced
Marangoni effect to supress the CRE. The increase in the EG/DI ratio strengthens
the Marangoni effect when the EG/DI ratio changes from 0.01/1 to 0.1/1, and then
the dot CRE regains control of droplet drying when the EG/DI ratio is larger than
0.5/1. One of the major effects of increased rGO loading is the widening of
structures like ring stains and centre disks, so the depletion zone can be supressed
in this case. The other effect is that the duration of the surfactant-induced
Marangoni effect can be extended as more Triton is absorbed by the rGO flakes.
Thus, the depletion zone could be observed again in the droplet with EG/DI >
0.5/1. Black scale bar represents 200 M. ........ccoveieiiieieerieiiese e 157
Figure 46 Optical microscope images of dried dots from inks of ‘0.1 rGO, 0.01/1
—1/1EG, 0.06 — 0.2 Tri’. As for the ink formulations, the EG/DI ratios change
horizontally from 0.01/1 to 1/1 (a —e), and Triton loadings change vertically from
0.2 t0 0.06 mg/ml (1 — 3), while the rGO loading is maintained at 0.1 mg/ml. The
platen temperature for the substrate is kept at room temperature, while the UV
time is changed from 0 to 20 minutes. The aim of this stage is to check the effects
of UV time on the effects of modifiers on the droplet drying. Similar effects of

Triton and EG have been found when UV time is changed from 0 to 20 minutes.

15



In general, the longer UV time increases the hydrophilicity of the substrate, which
results in all the droplets having much larger dot diameters compared to those
droplets with 0-minute UV. The dot shapes changed from ring-dominated
structures to dual-rings with a depletion zone when EG /DI increased from 0.01/1
to 0.1/1 and further changed into dual-ring structures without a depletion zone
when EG/DI > 0.5/1. At the same time, the improved hydrophilicity decreases the
droplet contact angle, so both the ring stain and centre disk can be strengthened in
this case. Although the change of dot diameter between 0.06 and 0.2 mg/ml
Triton is not that obvious due to improved substrate hydrophilicity, the
strengthening of the ring stain and centre disk can still be observed in the case of
0.2 mg/ml Triton. Black scale bar represents 200 M.......cccooerererienenenieenienen, 160
Figure 47 Optimisation of co-solvents and surfactant-induced Marangoni effects
on inks of ‘0.1 rGO, 0.01/1 — 1/1 EG, 0.06 — 0.2 Tri’ dried on a Si wafer treated
with 0-mins UV Ozone at 60 °C. As for the ink formulations, the EG/DI ratios
change horizontally from 0.01/1 to 1/1 (a —e), and the Triton loadings change
vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is maintained at
0.1 mg/ml. The platen temperature for the substrate was changed from room

temperature to 60 °C, while the UV time was maintained at 0 minutes. The aim of

this stage is to check the effects of the platen temperature on the effects of
modifiers on the droplet drying. Similar effects of Triton and EG have been found

when platen temperature has been changed from room temperature to 60 °C. In

general, the higher platen temperature increases the evaporation rate of the
droplets dramatically, which results in all the droplets having both strengthened
ring stains and depletion zones. The dot shapes change from a ring-dominated
structure to a dual-ring with a depletion zone when EG /DI increases from 0.01/1
to 0.1/1. However, dots with EG/DI > 0.5/1 also have the dual-ring structure with

a depletion zone when 60 °C platen temperature has been applied. Thus, the

increased Triton loading can still strengthen both the CRE and Marangoni effect
at the same time due to the reduced contact angle caused by the reduced surface
tension. Black scale bar represents 200 M. ......ccccovveiieeiieiiie e 163
Figure 48 Printed dots, lines, and squares from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5um. The drop spacing = 200 pm for dots and 25 pm for lines and square; the

MPF = 1kHz; and the cartridge and platen temperatures are room temperature and
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60 °C, respectively. The first dot issue and missing front issue have been
supressed with the help of additional filtration and degassing settings. However,
the clear waviness issue can still be observed in the printed squares, which
indicates the formation of a dual-ring structure with a depletion zone in the dried
dots. Black scale bar represents 200 M. .........cccveieriieiieieseese e 167
Figure 49 Printed dots, lines, and squares from Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-
1.5um and Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um. The drop spacing = 200 um for
dots, and 24 and 35 pm for lines and squares; the MPF = 1kHz; and the cartridge
and platen temperatures are room temperature and 60 °C, respectively. The higher
EG loading and rGO loading were used to extend the duration of the CRE and
decrease the particle mobility, respectively. Although, the waviness issue in the
squares have been supressed, the concentrated bottom issue happened, which

severely degraded the pattern drying uniformity. Black scale bar represents 200

Figure 50 Printed dots, lines, and squares from Ink 4-(0.5rGO, 0/1EG, 0.2Tri)-
1.5um and Ink 5-(1rGO, 0/1EG, 0.2Tri)-1.5um. The drop spacing = 200 pm for
dots and 27 and 29 um for lines and squares; the MPF = 1kHz; and the cartridge
and platen temperatures are room temperature and 60 °C, respectively. The EG
was fully removed from the ink, and the DI water is the only solvent in the ink.
The competition between internal flows is the capillary flow vs. the surfacing
induced Marangoni flow. The printed patterns indicate that CRE dominates
during the drying of Ink 4-(0.5rGO, 0/1EG, 0.2Tri)-1.5um, while a stronger
surfactant-induced Marangoni effect was observed from Ink 5-(1rGO, 0/1EG,
0.2Tri)-1.5um. Black scale bar represents 200 M. ......ccooeverereneneneneeeeeeeen, 171
Figure 51 Printed dots, lines, and squares from Ink 6-(1rGO, 1/1EG, 0.3Tri)-
1.5um. The drop spacing = 200 um for dots, and 45, 50, and 32 pm for lines and
square on Si, PEN, and PlI, respectively; the MPF = 1kHz; and the cartridge and
platen temperatures are room temperature and 60 °C, respectively. The increased
Triton loading has brought the balance between the CRE and Marangoni effect in
the final printed patterns. No major drying issues are found in the printed patterns
and the ink is printed on transparent and flexible substrates to check whether this
result applies to substrates beyond Si wafer. Black scale bar represents 200 pm.
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Figure 52 Printed dots, lines, and squares from Ink 7-(1rGO, 1/1EG, 0.3Tri)-
6.5um. The drop spacing = 200 um for dots and 34 um for lines and squares; the
MPF = 1kHz; and the cartridge and platen temperatures are room temperature and
60 °C, respectively. The use of a large rGO flake size has degraded the
printability of the prepared ink. Although there are no major drying issues in the
printed patterns, the accuracy and uniformity of these patterns are not ideal. Black
scale bar represents 200 UM, .......ooiiiiiiieeee e 173
Figure 53 Sheet resistance of Ink 6-(1rGO, 1/1EG, 0.3Tri)-1.5um on various
substrates before and after annealing; (a) shows the sheet resistances of printed
squares from Ink 6-(1rGO, 1/1EG, 0.3Tri)-1.5um on Si wafer, PEN, and P1 with
different printed layers (prints) before thermal annealing; (b) shows the sheet
resistance of printed squares of the same samples after thermal annealing at 60 °C
for 1 hour; (c) shows the sheet resistance of printed squares of samples from (b)

on Si wafer and PI that went through an additional thermal annealing at 120 °C
for 1 hour. The smallest sheet resistance is 252.52 + 0.19 kQ/[], which is the

result from square sheets with 30 prints on PI after 1 hour of 120 °C annealing.
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Abstract

The graphene-related materials frequently used for flexible and transparent
electrodes (FTEs) — graphene oxide (GO) and graphene nanoplatelets — suffer
from the insulating nature or the limited flake size, which degrades the electrical
conductivity and limits the available range of substrate of FTEs. Another
derivative of graphene, reduced graphene oxide (rGO), is used in the project due
to its relative advantages in conductivity and flake size compared to the other two
materials.

This project aims to use the advantages of this material to prepare a series of
novel inkjet printable large rGO inks, which can overcome the above challenges
at the same time. This project also aims to be the first to formulate this type of ink
with water as the main solvent which make the ink more eco-friendly as well.

In this project, we used a team-made polyaromatic hydrocarbon stabiliser to
prepare large rGO water-based inks due to its high stabiliser/graphene ratio and
check inkjet printability of these inks on the picolitre printhead based on the
reported inkjet printability of ultra-large GO flakes through similar type of
printhead in microlitre. Then, advantages of rGO could be applied in the
preparation of printed FTEs with higher resolutions.

During the printing of these rGO inks, a new waveform was developed to
suppress the satellite issue due to their rheological properties. Two unique drying
issues were observed during exploration, missing front and waviness (in printed
squares only). The first dot problem, which is common in inkjet printing leads to
the first issue. The dual-ring structure with a depletion zone in dried dot, which
causes miss setting of drop spacing is the key of second issue. The satellites issue
can be suppressed by adding an extra filtering step before printing. To supress the
waviness, the effects of printer settings, ink formulations, and substrate treatments
on droplet drying were investigated. The strong Marangoni effect is the critical
factor causing this unique structure and it can be controlled by optimising ink
formulation and substrate treatments. Then, a guide of how to prepare this new
type of rGO ink without major issues was concluded in this project.

Finally, it was the first time that DMC-11610 printhead successfully printed a
rGO water-based ink with average flake size up to 1.5 pm. This achievement

expands the potential of rGO as a functional material for future printed FTEs.
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Chapter 1. Introduction

Graphene has been intensively studied since 2004 due to its remarkable
physicochemical propertiest. Graphene is a one-atom thick, two-dimensional
material in which sp? hybridised carbon atoms are configured in a hexagonal
structure. Figure 1 illustrates the structure of graphene and its function as the
building block for other carbon allotropes, such as Ceo (zero-dimensional), carbon
nanotube (one-dimensional), and graphite (three-dimensional)?. Graphene has
numerous fascinating properties, such as high strength and stiffness (up to 130
GPa tensile strength and 1 TPa Young’s modulus)?, up to 5300 W/mK thermal
conductivity at ambient temperature®, electron ballistic transport (at the
micrometre scale) in ambient condition®, and 2.3% of visible light absorption per
layer®. These properties make it a promising candidate for various applications in
areas such as energy storage’, composites®, sensors®, transistors??,
optoelectronicst!, and flexible electronics®?, among others. In particular, inkjet
printing of graphene-based flexible and transparent electrodes (FTES) has grown
in popularity in recent years'®.

Inkjet printing is one of the popular techniques to achieve low-cost, high-
efficiency, and mass production of electronic products. It has advantages in
printing speed, precision, and resolution compared to others. At the same time, it

can deposit material onto a substrate without any contact, making it an ideal tool

Figure 1 2D structure of graphene and its function as a building block for carbon allotropes in
other dimensions, such as graphite (3D), carbon nanotube (1D), and Fullerenes (OD)2.

29



for fabricating flexible electronics®*. Hence, it is used as the printing technique in
this project, and the terms ‘printed/printings’ used in this project all refer to inkjet
printing unless otherwise specified. Pristine graphene is not an ideal material for
the preparation of graphene-based inks due to its sophisticated production
method®®. Rather, graphene oxide (GO) and graphene nanoplatelets (GNPs) are
the most used materials in inkjet printing, as the techniques for mass production
of these two materials are established and cost-effective*1617,

GO-based inks have advantages like high graphene loading and large flake size?2.
However, the reduction of the process of printed GO is always necessary for this
type of ink. This process usually applies either high-temperature annealing or a
strong reducing agent, which severely limits the available substrates for the final
applications, especially for FTEs. GNP-based inks generally have better electrical
conductivity®3. However, aggressive production methods typically limit the flake
size of GNPs and lead to increased contact resistance of final printed patterns,
which further restricts the electrical, mechanical, and optical properties of final
FTEs®™.

By contrast, rGO-based inks may have the opportunity to combine the advantages
of both GO and GNPs at the same time3. Since GO is the precursor of rGO, rGO
capitalises on GO’s advantages, like hydrophilicity and flake size during ink
preparation. In the meantime, rGO’s electrical conductivity is better than GO’s, as
more sp? domains are restored in its structure. Additionally, the reported
printability of ultra-large GO flakes indicates that printing large 2D flakes from
small nozzles is possible with the help of laminar flow8. Thus, the formulation of
an inkjet printable large rGO water-based ink for picolitre printhead may be a new
route for preparing high-quality, printed FTES as no such type of ink has been
formulated yet. This project aims to be the first to investigate the printability of
large rGO flakes on Dimatix DMC-11610 printhead and to determine the
preparation of this type of water-based ink, as no inkjet printable large rGO
water-based inks have yet been reported. In addition, the use of water as the main
solvent can both reduce the difficulty of the annealing process and make the ink
more environmentally friendly.

Since the aim of this project is to formulate a series of novel large rGO water-
based inks suitable for inkjet printing of FTEs, several suggested criteria for the

ideal inks are proposed based on the existing requirementst®202:
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(1) rGO loading around 1 mg/ml;
(2) sheet resistance below 100 Q/c;
(3) visible light transparency of approximately 90%;
(4) stable sheet resistance after hundreds of bending cycles.
In order to achieve the goal of this project, four major steps have been conducted:
(1) Formulation and printing of Ink 1 (0.25 mg/ml rGO, 0.1/1 [by volume]
EG/DI, 0.1 mg/ml Triton X-100, short for ‘Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um’ in following sections) with different flake sizes;
(2) Suppression of drying issues of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um
via the printer settings and substrate modifications;
(3) Exploration of the suppression of the drying issues by various ink
formulations and substrate modifications;
(4) Printing of the inks formulated based on the guideline proposed from step
(3).
The aim of step (1) is to check the printability, specifically the upper limits of the
printable size, of inks loaded with large rGO flakes. Three major flake sizes (1.5,
5.8, and 11.8 um) of rGO are printed from Dimatix DMC-11610 printhead.
Meanwhile, a modified waveform is applied to suppress the satellites issue, so the
jetting stability of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um could be controlled
during the printing process. Finally, the successful printing of Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um serves as a milestone of this step.
Step (2) suppresses the drying issues found during the printing of Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um via different printer settings and substrate modifications.
Four major drying issues are discovered in this step, which are the coffee-ring
effect (CRE), first dot issue, missing front, and waviness. Various printer settings
and substrate modifications are selected to explore their effects on the suppression
of these issues. The maximum printing frequency (MPF), drop spacing, and UV
time are mainly used to explore the relationship between droplet coalescence and
drying issues. Subsequently, the cartridge and platen temperatures are used to
explore the relationship between the evaporation rate and drying issues. This
step’s milestone is to provide a set of optimised printer settings and substrate
modifications for future printing. Additionally, this step addresses the

mechanisms behind the missing front and waviness issues and suggests that the
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printer settings and substrate modifications only have limited effects on drying
issues.

Step (3) explores the relationship between ink formulation and drying issues. The
exploration is conducted by placing sessile droplets from various formulations on
the modified substrates. A new formulation and a certain combination of substrate
modifications are set as a reference point. The first exploration investigates how
changes in individual formulation and substrate modification factors affect the
drying of droplets. Then, the effects of the modifiers on droplet drying are
explored. The modifiers are the mixture of EG and Triton, used for modulating
the rheological properties of the inks. After that, the effects of rGO loading,
platen temperature, and UV time on the grouping effect of modifiers have been
further investigated. Thus, a guideline of how to formulate ideal inks concludes
this step.

In the final step, seven inks are formulated and printed based on the guidelines
from the previous step. The Ink 1 — 1.5 um (0.25rGO, 0.1/1EG, 0.1Tri) is used as
the starting point, as it is easy to compare the difference before and after the
application of the guidance. However, further exploration on reduction of
resistance, among other topics, could not be done due to the COVID-19
pandemic; thus, the project stops at this step.

All in all, this project is motivated by the high stabiliser/graphene ratio of
polyaromatic hydrocarbons stabiliser and the printability of ultra-large GO. So,
the aim is to prepare a series of novel inkjet printable large rGO inks to fill the
gap of printing large rGO flakes form picolitre printhead. Thus, both the
advantages of large flake size and properties of rGO could be applied in the

preparation of future FTEs.
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Chapter 2 Literature review

2.1 Synthesis of GO

2.1.1 GO structure and oxidation methods

LERF-KLINOWSKI

Figure 2 The GO structure proposed by Lerf and Klinowski, wherein the majority of hydroxyl and
epoxy groups are located on the basal plane, and most carboxylic acid groups are located at the
edge?.

GO is a popular option for the mass production of graphene due to its simplicity
and high yield. The preparation of GO can be divided into two steps: (1) oxidation
of graphite and (2) exfoliation of graphite oxide?3. Accurate structure prediction
of GO remains challenging due to limitations in analysis techniques, and it is
believed that its structure is largely dependent on the structure and oxidation
process of the graphite used?*?2. Figure 2 illustrates a widely accepted GO
structure, which is supported by transmission electron microscopy (TEM)
observations?>?, In this structure, graphene-like sp?> domains and distorted sp®
domains are randomly distributed throughout the structure, and the hydroxyl and
epoxy groups are concentrated on the basal plane, while carboxylic acid groups
are often located at the edges of the structure??,

Table 1 presents the evolution of the GO oxidation method. The first method —
Brodie’s method — was developed in 1859%’. In this technique, potassium chlorate
(KCI0Os3) and fuming HNOs are used to oxide the graphite. The collected
compound has a C:H:O ratio of 61.04: 1.85: 37.11. While this method is a pioneer
in GO research, it has many limitations, as it is a time-consuming process (usually
3 —4 days), and it releases toxic gas (mainly ClO.). Moreover, KCIOz is
potentially explosive, which greatly limits the safety of this method. Therefore, it
is no longer used widely. Following this, an improved method was proposed in
1898 by L. Staudenmaier?®.
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Method Brodie L. Hofmann Hummer Modified
(1859)?"  Staudenmaier (1937)%# (1958)%° Hummer
(1898)%8 (1999)%
Materials  Graphite; Graphite; Graphite; Graphite; Graphite;
Fuming  Fuming HNOg; Conc. HNOs; Conc. Conc. H2SOy;
HNO3; KCIOs3; KCIOs; H,SO4; KMnOy;
KCIO3 Conc. H2SO4 Conc. H2SO4 KMnOy; NaNOg;
NaNOs KzSzO4;
P20s
Pros Pioneer Simplification Improvements Short Short reaction
in the of the oxidation in safety reaction time time (up to
area process; (up to hours) hours);
Increase in the Improvements
oxidation in the yield of
degree of GO GO
Cons Long Long reaction Long reaction Toxic gases Toxic gases
reaction time (up to time (up to (ClO2, NOy); (ClO2, NOy);
time (up days); days); Potential Potential
to days); Toxic gas Toxic gas explosive explosive
Toxic (ClOy); (Cl02); intermediate intermediate
gas Potential Potential (Mn20O7); (Mn207)
(ClOy); explosive explosive Large
Potential (KCIO3) (KCIO3) amount of
explosive unoxidised
(KCIOs) graphite

Table 1 The evolution of historical methods used for GO synthesis is presented and compared
with information on the major materials used and the main limitations and advantages of these

methods.

The main differences between these two methods are the use of excessive

oxidising agent (KCIO3) and concentrated H2SOa4. With these, the oxidation

degree of graphite is further increased and can be completed in one step. Hence,

the preparation process is simplified. However, the drawbacks of this method

remain the same as Brodie’s method. Therefore, further modifications were

needed. The fuming HNOs3 used in the previous method was replaced with

concentrated HNOs in 1937 to improve the safety of the entire process by

Hofmann?®. Nonetheless, other limitations remain. The next widely used method

for GO research was proposed in 1958°C. Hummers and his colleagues used a

mixture of concentrated H.SO4, NaNOs, and KMnOjs to oxidise the graphite

powder. The oxidation time can be shortened to about 2 hours, and the fuming

nitric acid is avoided. Both the production time and safety of this method had

been improved compared to previous methods. However, the intermediate Mn2O-

is potentially explosive, which requires adequate control of the experiment. In the

meantime, the release of toxic gases (NOx) is still a challenge of this method. In

addition, Hummer’s method leaves a large amount of unoxidised graphite after

production, which limits the yield of GO. Therefore, various modifications have
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been applied to this method to overcome this issue, such as using K>S>04 and
P,Os to conduct a pre-oxidation of graphite®, adding additional KMnQO4*, or
using high-mesh graphite®, among others. All these methods are classified as
modified Hummer’s methods and have become common options for GO
production in recent years. Generally, these methods increase the oxidation
degree of graphite by pre-treating the material, adding additional oxidising agents,
or using exfoliated graphite. Thus, the final yield of GO is increased with these
methods. Furthermore, another improved Hummer’s method was reported in 2010
and is shown in figure 3'°.

The improved method demonstrates advantages in oxidation efficiency by
excluding the NaNOz and adding more KMnOs. Additionally, a ratio of 9:1 of
H2S04:H3PO4 mixture was used to improve the oxidation efficiency. The process
generates no toxic gases due to the absence of NaNOs, and the oxidation degree
has been improved compared to the original Hummers’ method. However, the
modified Hummer’s method is still challenged by the explosive intermediate
Mn207 and requires careful control of the experiment.

In all, the oxidation method for producing GO has been continuously improved.
The initial problems were the release of toxic gases, the use of explosives, and the
time-consuming process. After Hummer’s method was proposed, the oxidation

time reduced from days to hours.

T Noy
Hummers 3 KMnO,,
H,S0,, 0.5
4 NaNO,
Gfr(,?g’ Improved 6 KMnO, Sifted/filtered L .
N 9:1 Oxidized materials
H,SO,/H,PO, HGO IGO HGO+
. Hummers
~_ modified 6 KMnO,
H,S0,, 0.5
NaNO,
T NOX Iinpr.o\{ed Humme_r;s. Hummers

po

Hydrophobic carbon material recovered
Figure 3 Illustration of GO synthesis via different Hummers’ methods, which are Hummers’
method and improved and modified Hummers’ methods. The minimal hydrophobic carbon

residuals are found in the improved method, which means it has the best oxidisation effect among
these three methods®®.
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Although Hummer's method still has limitations, like low yield, explosive
intermediates, and release of toxic gases, the short oxidation time has made it a

popular option in GO production.
2.1.2 Oxidation mechanisms and preparation of large GO

The mechanism of the modified Hummer’s method is presented in figure 4>*. The
process can generally be divided into three steps:

(1) intercalation of acid molecules;

(2) diffusion of oxidising agents;

(3) exfoliation of graphite oxide.
In the first step, an intercalation compound of sulfuric acid and graphite is
formed. The acid molecules intercalate into the layers of graphite from the edge to
the centre after mixing these two materials. Then, the oxidising agents diffuse
into the graphite interlayers and replace the acid molecules to oxidise the carbon
atoms in the graphite. Thus, the graphite oxide has been formed in this step.
Subsequently, the graphite oxide is transformed into GO by soaking it in water.
2 5’: o \

L

Stabge-1

L ]
o, 3 HSO,
GIC

[ ]
Graphite \

KMnO,/H,SO,
—

Oxidizing
e agent
® 0

KMnO,/H,SO,

Figure 4 Diagrams of how graphite is oxidised and transformed into GO. The microscopy images
and sample photos of different stages during the oxidation process are accompanied by
illustrations of the oxidation mechanism of each step. Intercalation (1 — 2), diffusion (3 — 4), and
exfoliation (4 — 5) are the three main steps of GO preparation in the modified Hummer’s method 3.
The acid molecules intercalate into the layers of graphite from edge to centre in the first step, and
then the oxidising agents diffuse into the graphite interlayers and replace the acid molecules to
oxidise the carbon atoms in graphite. The final step is to exfoliate the graphite oxide into GO by
soaking it in water.
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Graphite oxide has numerous oxygen-containing groups in its structure after its
oxidation and becomes extremely hydrophilic. Simultaneously, the interlayer
distance is increased due to the addition of these functional groups; this results in
weakened interactions between the layers. Therefore, the water molecules easily
penetrate the structure and exfoliate the graphite oxide3*. However, the exfoliation
efficiency of graphite oxide by water only is considered low, and additional
sonication is required unless the graphite is fully oxidized*®.
The pursuit of large GO flakes is also an important goal of this project, as it can
effectively reduce the contact resistance of the final printed pattern. The desired
characteristic of large GO flakes depend on their final application. For example,
for inkjet printing, any flake larger than 1/50 the size of the nozzle diameter is
considered a large flake®. Thus, flakes with a lateral size > 430 nm are denoted as
large for this project. The main restrictions of GO flake size are the oxidising
cutting and mechanical cutting of the flakes during the preparation process. Thus,
various methods have been used to obtain large GO flakes, which can be divided
into four categories®’:

(1) using large graphite flakes;

(2) optimising the oxidation process of GO;

(3) optimising the exfoliation process of GO;

(4) using expanded graphite.
The use of large graphite flakes is the most direct method to obtain large GO, as it
does not require any changes to the oxidation or exfoliation processes. The
combination of the typical modified Hummer’s method and sonication is enough
to obtain GO with average flake sizes up to approximately 36 um?2. In addition,
sieved graphite®® and mild sonication®? have also been applied to generate large
graphite flakes, and the average flake sizes of GO were approximately 38 um and
83 um, respectively. However, these methods yield low amounts of large GO, and
size-fractionation is time-consuming. In addition, the main reason large GO is
obtained in this method is attributed to the large size of the graphite flakes, but the
oxidising and mechanical cutting of GO flakes are not controlled.
The second method aims to optimise the oxidation process of GO by controlling
the oxidising cutting of GO. Two-step oxidation has been applied to achieve this
goal. In general, concentrated H,SO4 is used to conduct a pre-oxidation of used

graphite, and a mild sonication process is applied to perform a pre-exfoliation at
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this step. Then, the collected mixture goes through the modified Hummer’s
method with a less vigorous oxidation process. Thus, the oxidising cutting of GO
is controlled, and large GO flakes up to approximately 100 um can be
obtained®¥°, However, the low yield and the time-consuming size-fractionation
of large GO flakes remain challenges for this method. Notably, the use of two-
step oxidation minimises the oxidising cutting rather than increases the oxidation
degree, which is different from some modified Hummer’s methods®..

As for the mechanical cutting of flake size, small molecules like CO; and
tetrabutylammonium hydroxide (TBA) have been used to replace sonication to
achieve a gentle exfoliation process*+#?. In the case of CO, the rapid melting of
dry ice and the release of CO increase the pressure between the interlayer of
graphite oxide and exfoliate it without sonication. For TBA, the exfoliation
mechanism is based on the increased interlayer distance and weakened
interactions between layers due to the diffusion of TBA. Although the GO flake
sizes reach 18 pum and 35 pum for these two cases, the scalability and reaction time
for these two methods limit the mass production of GO.

Finally, the use of expanded graphite is also an effective way to obtain large GO
flakes. The advantage of this method is the increased distance between the
interlayers of expanded graphite. Thus, the oxidising agents are easy to diffuse
into the graphite and further promote the oxidation of graphite. Hence, fewer
oxidising agents are needed to obtain fully oxidised GO. The oxidising cutting
can be controlled in this case. Meanwhile, since the graphite is fully oxidised,
further mechanical exfoliation can be avoided as well due to the strong
hydrophilicity of the obtained GO*3. However, the yield and time-consuming
size-fractionation are still issues in producing expanded graphite. In general,
thermally expanded graphite maintains these challenges, as it rapidly releases gas
during the preparation process, while chemically expanded graphite has a chance
to suppress these issues due to its gentle expansion process**.

In all, although there are various methods to synthesise GO with flake sizes up to
hundreds of micrometres, the use of large graphite has been selected in this
project for its simplicity. The obtained GO flake size is large enough to be used in
the printhead as well.
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2.2 Reduction of GO

Reduction type Method C/O ratio Conductivity Ref.
(S/m)
Chemical Hydrazine 10.3 2400 ®
100 °C
24 hrs
Hydrazine & 125 9960 4%
ammonia
solution
95 °C
15 mins
Ascorbic acid N/A 800 <t
23 °C
24 hrs
Vitamin C & 12.5 7700 4
ammonia
solution
95 °C
15 mins
HI & acetic acid 15.27 7.85x10° ®
40 °C
24 hrs
Thermal Rapid heating by 10 2300 49
a pre-heated
furnace
1050 °Ciin
argon
30s
2200 °Cin N/A 1.57 x 10° S0
argon
30 mins
2700 °Cin > 1000 5.77 x 10° 51
argon
1hr
Microwave 700 W 2.75 274 =2
1 min
Table 2 Comparison of three major types of GO reduction methods. The C/O ratio and
conductivity of rGO are used as indexes to compare the reduction degrees of GO from these
methods.

Mass production of graphene is paramount for its commercialisation. The
reduction of GO into rGO is one of the most popular options. Reduction strategies
vary; the most common ones are chemical reduction, thermal reduction, and
microwave reduction®. Table 2 summarises the various reduction methods for
GO. The C/O ratios and conductivity of obtained films have been used as proxies

for the comparison of reduction degree.
2.2.1 Chemical reduction of GO

In terms of the chemical reduction of GO, several typical reducing agents are

introduced in this section, including hydrazine (N2H4)**, hydroiodic acid (HI)*,

39



and L-ascorbic acid (L-AA)*. These reducing agents can reduce GO either in
liquid or vapour forms under moderate conditions, which makes the process
simple and scalable. Once the oxygen-containing groups of GO have been
removed during reduction, the hydrophobicity of the material is increased. Then,
the rGO flakes tend to aggregate, and the brown GO dispersion becomes black
precipitates. This can also be used as a measure of GO reduction.

Hydrazine is a strong reductant often used to reduce GO. It is usually added
directly into the GO dispersion to achieve the reduction process. Ruoff et al.
added the hydrazine directly into the GO dispersion at 100 °C for 24 hours and
obtained the rGO film with a conductivity of 2400 S/m*. The conductivity of
rGO film could be further increased to 9960 S/m by additionally using ammonia
solution®®, which improves the stability of rGO dispersion after the use of
hydrazine. In addition, the conductivity of obtained rGO film could be increased
by adding more hydrazine into the GO dispersion. However, it was found that
excessive hydrazine results in the agglomeration of rGO dispersion, which should
be avoided®®. Although strong reducing agents like hydrazine are often used to
obtain a higher reduction degree of GO, it is a highly toxic chemical, so the
reduction process needs to be well controlled to ensure safety. Therefore, the
application of a green reductant like L-AA has been reported to avoid safety
issues. The reduction degree of GO in the methods based on L-AA is not
comparable to methods using strong reducing agents. However, these methods
make the reduction process user-friendly and green to the environment. Initially,
L-AA was simply mixed with the GO dispersion at room temperature*’. The
conductivity of obtained rGO film was 800 S/m. Since then, an improved method
has been developed to further increase the conductivity of rGO film to 7700 S/m,
which is similar to the ones reduced by hydrazine. In this method, the addition of
ammonia solution and the application of 95 °C temperatures during the reduction
process have effectively helped the reduction of GO*. In the meantime, the
improved stability of dispersion indicates that the final conductivity of rGO is not
only decided by its reduction degree but also affected by the interconnections
among the rGO flakes in the final thin film.

Apart from hydrazine and L-AA, hydroiodic acid (HI) is also worthy of noting. It
is also a strong reducing agent used for GO reduction. The conductivity of

obtained rGO paper reduced by HI can be one magnitude higher than that of
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hydrazine*. Apart from this, the obtained film also exhibits better mechanical
properties than the film reduced by hydrazine, likely due to the densification of
the obtained film. However, HI is still a strong and unstable acid, which could
easily form iodine vapour. Hence, safety is still a critical challenge for the

application of HI.
2.2.2 Thermal reduction of GO

In thermal reduction, GO is generally heated at high temperatures under a vacuum
with an inert or reducing atmosphere to remove oxygen-containing groups and
defects®”. The degree of reduction of GO is mainly dependent on the applied
temperature. The critical temperatures for thermal reduction and exfoliation are
reported to be between 127 °C and 2400 °C®8,

Figure 5 presents key temperatures that correspond to different reduction degrees
of GO. The initial thermal exfoliation of GO starts at 127 °C when the stacked
GO layers have been exfoliated by the sudden release of gases due to the
decomposition of oxygen-containing groups. Then, the sp® carbons are converted
into sp? carbons at 600 °C. When the temperature rises to 1000 °C, the hydroxyl
group content drops, and only < 2% of oxygen is left in the structure. Finally,

when the temperature reaches 2400 °C, the restoration of the sp? structure

2400 °C

Figure 5 Key temperatures during GO thermal reduction and GO structures at each point, which
start from 127 °C, where structures are left with many oxygen groups, to 2400 °C, where
structures are close to pristine graphene. Oxygen-containing groups have been removed by
thermal reduction, and the buckling behaviours in the GO structure are due to the carbon atoms
lost during the reduction. Such behaviour is supressed by the re-graphitisation of graphene at high
temperatures (2400 °C)%.
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(a) (b)

Figure 6 (a) lllustration of a thermally reduced GO flake with typical wrinkled structure; (b)
atomistic model of gas generation during the thermal reduction of GO; such loss of carbon atoms
during the release of gases leave GO flakes with a wrinkled structure®,

increases dramatically, and the re-graphitisation starts. An AFM scan of wrinkled
rGO and an atomistic model of gas generation during GO thermal reduction is
illustrated in figure 6*°. The CO/CO; gases are generated due to the
decomposition of oxygen-containing groups under high temperatures. Hence,
carbon atoms are lost in the basal plane of GO during this process, which results
in the formation of topographical defects. This also explains why the buckling
behaviours in figure 5 happen in thermally reduced GO. The buckling behaviours
continue until 2000 °C, at which point the oxygen-containing groups have been
almost fully removed, and the re-graphitisation starts. Consequently, the graphite-
like structure can be seen again. As table 2 demonstrates, the electrical
conductivities of thermally reduced GO vary from 2300 to 5.77 x 10° S/m*®5051,
All these methods have used temperatures up to 1000 °C, but the electrical
conductivities of rGO films are quite different. The preparation of GO into free-
standing graphene paper is considered an effective way to further improve the
electrical conductivity due to the improved interconnections among the flakes.
Although thermal reduction could reduce the GO effectively, it is still a time- and
energy-consuming technique. In addition, when the temperature is too high, most
flexible substrates like polymeric materials, paper, and fibre are not available.

Therefore, the application of thermal reduction is restrained in many situations.
2.2.3 Microwave reduction of GO

Microwave reduction has a similar mechanism to thermal reduction. The

graphene structure is an efficient microwave absorber, as it contains abundant
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delocalised © electrons®®. Therefore, when the microwave is applied to GO, the
sp? domains are effectively heated by the microwave. Thus, a thermal reduction
can be conducted in sp® domains next to these sp? domains, and the reported
electrical conductivity of rGO prepared using this method reaches 274 S/m®2.
Although the value is not as high as the rGO formed by the thermal reduction
method, the reduction time of this method is about 1 minute. Hence, microwave
reduction is a rapid way to prepare reduced GO, and it simultaneously exfoliates
the graphene due to the vigorous gas-releasing process. However, the vigorous
process brings similar limitations as thermal reduction.

Overall, the L-AA method has been chosen as the reduction method for this
project. Since the final application of the project is to print FTEs, the targeted
substrates will be mainly polymeric substrates. Thus, the high-temperature
annealing of thermal reduction is not feasible. For the same reason, microwave
reduction is also not suggested. Accordingly, chemical reduction is a more
practical approach. As highly oxidised GO usually contains carbonyl and ether
groups, which are difficult to remove by chemical-reducing agents®, the electrical
conductivities of chemically reduced GO may not be comparable to that of
thermally reduced GO. Nevertheless, the ‘green’ nature of L-AA makes it an ideal

option for this project.

2.3 Preparation of graphene-based dispersions and
inks

2.3.1 Preparation of graphene-based dispersions

Graphene-based dispersions are used in a wide variety of applications, ranging
from composites® to wearable electronics'? and more. Two main challenges must
be overcome to obtain high-quality graphene-based dispersions, namely van der
Waals forces between graphene layers and the hydrophobic nature of graphene.
The preparation of graphene-based dispersions can be generally divided into two
steps:

(1) exfoliation of graphene from the precursor;

(2) formation of a stable graphene-based dispersion.
In the first step, the graphene flakes should be exfoliated from the bulk materials,

and the interactions between graphene layers should be disrupted. This usually
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Figure 7 Surface energies or surface tensions that are favourable for graphene production via the
pure-solvents method®. Solvents that have surface energy within 70 — 80 mJ/m? or surface tension
within 40-50 mN/m are useful for the exfoliation of graphite.

requires external energy to be exerted on the bulk materials. As mentioned in the
previous section, GO requires much less energy, as its interlayer distance has
been expanded following oxidation®*. Nonetheless, the exfoliation of graphite still
requires vigorous processing, as the van der Waals forces between graphene
layers are strong'’. The most typical method used for the exfoliation of graphite is
sonication. Sonication has advantages in production scale, yield, condition
simplicity, and low cost. These benefits make sonication a popular choice for
graphene production for both lab and industry scales’. To maximise the
exfoliation effect, a similar surface energy difference between solvents and
graphite is preferred. Hernandez et al. investigated the relationship between
solvents with various surface energy and their corresponding graphite
concentration after sonication and estimated an optimal surface energy range for
many solvents®®. Solvents that have surface energy within 70 — 80 mJ/m? or
surface tension within 40 — 50 mN/m are considered favourable for exfoliating
graphite, as shown in figure 7. In addition, the mechanism of sonication-assisted
graphene exfoliation is depicted in figure 81’. The liquid cavitation initiates
bubbles in the solvent. When a large number of the bubbles around the graphite
collapse, micro jets and shock waves are generated and impact the graphite. These
numerous impacts exert intensive compressive stress on graphite and result in

strong normal tensile stress, which is reflected from the free interface of graphite.
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Figure 8 Mechanism of sonication on graphene exfoliation. The primary method of exfoliation
features collapsing bubbles that apply micro jets to compress the graphite, and the reflected forces
start to ‘peel’ the graphene off the graphite. Wedge and shear effects also contribute to graphene
exfoliation as well*’.

As such, the peeling of graphite starts. Furthermore, shear stress in the lateral
direction, caused by unbalanced compressive stress and the micro jets wedging
effect, also influences the exfoliation process. Since sonication is such a harsh
method for the exfoliation of graphene, the damage and oxidisation of the
graphene sheet are inevitable®,
Once the graphene flakes have been exfoliated from the bulk materials, the
formation of stable graphene-based dispersion starts. GO is a material with strong
hydrophilicity. Simultaneously, its carboxyl groups provide electrostatic repulsion
in water for its stabilisation. Therefore, water is an ideal solvent for the
preparation of highly concentrated GO dispersions®. However, the situation is
different for hydrophobic materials like rGO and GNPs. Their flakes easily re-
aggregate in water. In general, there are two strategies to fix this issue54°°:

(1) adding stabilisers between the graphene and solvent;

(2) matching the surface energies of graphene and the solvent.
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(a) Van der Waals attractive (vdW) (c) Steric repulsion

(d) Potential energy vs. distance
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Figure 9 Three main interactions in colloidal: (a) van der Waals forces, which are the aggregation
of nanoparticles at the most basic level; (b) steric repulsion, which is provided by the
macromolecules attached to the nanoparticles; (c) EDL, which is formed due to the surface charge
of nanoparticles; and (d) the curve of potential energy vs. distance, which indicates different
contributions of various stabilisation mechanisms as a function of a particle distance®®.

Figure 9 (a)—(c) show different types of particle interactions in the dispersion, and
(d) presents a plot of energy—distance that reports when the aggregation of
particles happens in solvent®®, The graphene flakes are easy to aggerate in the
solvent due to the strong van der Waals forces among the flakes. Two types of
repulsive interactions are usually used during the preparation of stable graphene
dispersions, namely electrostatic and steric repulsion. Steric repulsion is attributed
to the macromolecules attached to the graphene surface. These macromolecules
form a protective layer of graphene and keep the graphene spatially separated
from each other®’. In electrostatic repulsion, electrostatic double-layer (EDL)-
induced Coulomb repulsion is the key to preventing aggregation. Figure 10 (a)
illustrates EDL formation and zeta potential definitions for a negatively charged
graphene surface®®. The double layers refer to the stern and diffuse layers, where
one is the layer bound to the surface with oppositely charged ions, and the other is
a loose layer with attracted ions. The diffuse layer consists of free ions, and the
movements of these ions are influenced by both electrical attraction and thermal
motion. The potential of a slipping plane, as depicted in figure 10 (a), is defined
as zeta potential; the ions below this plane and graphene together are considered

one kinetic unit. A general range of sufficient stabilisation has been shown in
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Figure 10 (a) Illustration of EDL on a negatively charged graphene surface; the potential between
the slipping plane and the graphene surface is defined as zeta potential®; (b) the suggested
relationship between Zeta potential and a stabilised solvent, values between -30 and +30 mV
indicate the formulation of an unstable solvent®,

figure 10 (b), which indicates zeta potentials larger than 30 mV or smaller than -
30 mV provide a better stabilisation effect on graphene®. The first strategy to
avoid the aggregation of graphene by either electrostatic or steric means uses
stabilisers. Numerous factors influence the choice of stabilisers, and the selection
is also largely dependent on the final application. Therefore, some popular
stabilisers have been introduced below, including pyrene derivatives, polymers,
and surfactants (ionic and non-ionic). A comparison of graphene to stabiliser
ratios is shown in figure 11%4. It reports that pyrene derivatives result in the
highest graphene to stabiliser ratio compared to other stabilisers due to their
graphene-like structure. In other words, the amount needed for the pyrene
stabiliser to support the same loading of graphene dispersion is the least compared
to other types of stabilisers. Pyrene derivatives are one type of polyaromatic
hydrocarbons (PAHs), which have similar sp? domains to graphene. n—r stacking
is the key interaction between pyrene derivatives and graphene’®. These pyrene
derivatives are mostly used for the stabilisation of graphene and rGO, which have
large extended sp? domains in their structures. In addition, most pyrene
derivatives used in graphene dispersions are small molecules®"*, which also have
high graphene to stabiliser ratios. Additionally, the electronegativity of pyrene
derivatives has an influence on the strength of the n—n interaction. Sulfonyls,

which can be used to strengthen the n—m interaction, demonstrate the best
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Figure 11 A graphene to stabiliser ratio comparison of various types of stabilisers. The pyrene
derivatives have the highest graphene to stabiliser ratio compared to surfactants and polymers®,

dispersibility of graphene in aqueous solvents compared to other functional
groups like amines®. Furthermore, a designed analogue of sodium pyrene-1-
sulfonate (PSA) has been reported, which increased graphene concentration
around two times in water compared to that of other pyrene-stabilised graphene’?.
A design concept of a new pyrene stabiliser for graphene dispersion has been
proposed and is illustrated in figure 12. The figure shows that the addition of an
alkyl spacer (n-butyl chain in the reference) between the aromatic core and
sulfonate group can improve the parallel and binding strength between the pyrene
and graphene surfaces. The interaction between polar sulfonate residues and water
is also improved due to the conformational freedom from the spacer. Overall, the
structure changes of this analogue show a potential way to design a new graphene
stabiliser with a larger graphene to stabiliser ratio. In addition, another bis-pyrene
stabiliser has been reported, which could dramatically improve the exfoliation
efficiency and stabilisation of graphene. The bi-pyrene binding groups in the
stabiliser could also strengthen the m—r interaction between graphene and the
stabiliser and provide a high exfoliation efficiency and an improved stabilisation
of graphene”. Thus, the stabiliser based on pyrene derivatives shows great
potential in the preparation of highly concentrated graphene dispersion with a
small amount of stabiliser. However, the conductivity of this type of stabiliser is

limited and usually results in an increase of resistance of rGO/stabiliser
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compound’®. In addition, the strong interactions between stabilisers and graphene
make the removal of these molecules a challenge”. In terms of polymer
stabilisers, conductive polymers like polyvinylpyrrolidone (PVP)™, poly(3,4-
ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)”’, and polyvinyl
alcohol (PVA)’® can all stabilise and improve the electrical conductivity of
graphene-based dispersions. These polymers interact with graphene via n—n
interactions or van der Waals forces and maintain stable graphene-based
dispersions either sterically or electrostatically. Thus, conducting composite inks
can be formulated based on these dispersions’®. Non-conductive polymers like
ethyl cellulose (EC) are another popular option for graphene-based
dispersions/inks. The presence of EC sterically hinders the aggregation of
graphene by changing the ink into an emulsion system. Like conductive polymers,
printing stability is improved once EC has been used as a stabiliser. Additionally,
the viscosity of formulated ink can also be tuned using EC. The use of EC brings
advantages like long-term stability (up to 9 months) and a ‘green’ printing
process®.

However, the use of polymers as stabilisers for graphene-based inks also has
limitations. Polymers have strong interactions with the graphene, which make the
stabiliser hard to fully removed’. A high temperature is generally needed in the
annealing process and results in a limited range of available substrates.
Concurrently, polymers like PEDOT:PSS and PVA are sensitive to moisture.
Although the inks formulated based on these stabilisers have good conductivity at

the beginning, the long-term stability of the printed patterns is limited®82,
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Figure 12 The design concept of a novel pyrene stabiliser; the addition of a spacer exhibits the
potential to obtain a higher graphene to stabiliser ratio, as it can improve the parallel and binding
strength between the pyrene and graphene surfaces’.
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Figure 13 Illustration of how SDS monomers are absorbed onto a graphene surface; (a) & (b) the

formation of the SDS layer on the graphene surface; (¢) & (d) the formation of a micelle on the
graphene surface (critical surface aggregation concentration [csac]) and in the solvent bulk

(critical micelle concentration [cmc])®.

Surfactants are another significant family of stabilisers; they can be divided into
ionic and non-ionic surfactants. Sodium dodecyl sulfate (SDS) is a typical ionic

surfactant for graphene dispersion. Figure 13 illustrates step by step how SDS

monomers are absorbed onto the graphene surface 8. Hsieh et al. stressed that the

best dispersion stability could be achieved by increasing SDS loading up to ~40

uM. The other common type of surfactant is the non-ionic surfactant. A schematic

of a general non-ionic surfactant structure and its interactions with a graphene
surface is shown in figure 14%. Generally, the use of surfactants improves the
hydrophilicity of the graphene surface. Then, the interfacial energy between

graphene and solvent is reduced, and the graphene can be dispersed in the water

like GO does with the assistance of applied external energy. Attached surfactant

molecules also hinder the re-aggregation of the exfoliated graphene flakes. Smith

and his colleagues have concluded the working mechanisms of different types of

surfactants used to generate graphene-based inks®. They believed that the
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electrostatic repulsion dominates the stabilisation of graphene in the ionic
surfactants stabilised inks, while graphene stabilisation relies more on the steric
stabilisation in non-ionic surfactants.

Overall, the stabilisers mentioned above can all prevent the re-aggregation of
graphene (GNPs or rGO) and form stable dispersions. Pyrene derivatives yield
better stabiliser to graphene ratios compared to other types of stabilisers. Since
most stabilisers are hard to remove and most have an insulating nature (except
conductive polymers), the stabiliser residuals strongly limit the electrical
conductivity of the final deposited patterns’. Therefore, using a stabiliser with a
better stabiliser to graphene ratio is a route to improve the electrical conductivity
of the final deposited patterns. However, the stabiliser used in this project is a
team-made perylene derivative, which is a PAH designed based on the concept of
adding a spacer between the centre core and head group. The aim of using this
stabiliser is to capitalise on its high stabiliser to graphene ratio to form a stable
graphene dispersion with better electrical conductivity.

The second strategy to form stable graphene-based dispersions using either
electrostatic or steric means can be performed when the surface energies between
the graphene and solvent match. Thus, no stabilisers are needed to form a stable
dispersion in this strategy. Regarding GNPs and rGO, popular options for
preparing pure solvent, graphene-based dispersions contain N-methyl pyrrolidone
(NMP), dimethyl sulfoxide (DMSO), and dimethylformamide (DMF), among

0ther361'86’87

Non-ionic
surfactant

Hydrophilic
group

Steric
hindrance

Hydrophobic
group

Graphene

Figure 14 The typical structure of non-ionic surfactant and their interactions with a graphene
surface; the hydrophilic groups face the bulk solvent, and the hydrophobic groups attach to the
graphene surface. Steric repulsion is the main repulsion interaction provided by the non-ionic
surfactant is the steric repulsion®.
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It is believed that interfacial energy between the above solvents and graphene
plays an important role in both the exfoliation and dispersion processes. An
inequality that represents the surface energy relationship between solvent and
pristine graphene for stabilisation is presented below®:
Equation 1

Sgis =Yg —¥s —Ygs > 0
where Syss IS the spreading coefficient, yg IS the surface energy of graphene, ys IS
the surface energy of the solvent, and ygs is the interfacial energy between
graphene and solvent.
When Sgys is positive, the spontaneous wetting of graphene by the selected solvent
occurs. Consequently, the interaction between graphene and the solvent molecule
overcomes the interactions between the graphene sheets. The exfoliation of
graphene can be achieved in this case. As the wetting happens, the used solvents
generally have a stronger affinity to the surface of graphene and can provide
higher exfoliation efficiency and better stabilisation at the same time. Once the
graphene flakes have been exfoliated from the bulk materials, the next step is to
prevent aggregation. For the stabilisation of pure solvent graphene-based
dispersions, a molecular dynamics simulation reveals that steric hindrance is the
key to preventing graphene sheet aggregation®®. The interactions between
graphene sheets and solvent molecules must be stronger than that between solvent
molecules. Hence, the solvent molecules prefer to attach to graphene sheets and
prevent graphene aggregation. By selecting a suitable solvent like NMP and
combining it with a centrifugation technique, a dispersion with graphene loading
up to 60 mg/ml with long-term stability could be achieved®. However, the range
of solvents that have suitable graphene/solvent interfacial energy is limited, and
most of these solvents are either toxic or have high boiling points. Thus, safety
and the annealing process remain challenges in this case.
The covalent modification of graphene has been reported as another route to
improve its dispersibility in various solvents. The grafting of radicals on graphene
iIs a common method used in this area. The reactive species are used to modify
graphene surface energy, so the solubility of graphene can be altered via these
adducts. The typical reactive intermediates used are radicals, nitrenes, and aryne,
among others, and they can be grafted onto graphene surfaces via various
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methods such as free radical addition, cycloaddition reactions, and CH insertion®.
However, the functionalisation of graphene degrades the properties of graphene,
especially the electrical properties, as the integrity of its sp? structure has been
changed. Furthermore, the modification methods mentioned above all require
sophisticated processes, which limit their mass production and applications.

In all, the major challenge of preparing graphene dispersion based on a pure
solvent is matching the surface energies of graphene and solvent. This could be
done either by selecting suitable solvents or modifying the graphene. However,
the most suitable solvents are highly toxic, and the covalent modification of
graphene generally degrades its properties. Thus, the preparation of graphene

dispersion based on pure solvent is not suggested in this project.
2.3.2 Preparation of graphene-based inks

In general, the main challenges to formulating graphene-based inks are divided
into two parts:

(1) the preparation of a stable dispersion;

(2) the optimisation of the ink’s printability.
The details of the first challenge have been introduced in the previous section. As
for the second challenge, the printability of formulated inks can generally be
adjusted using modifiers. However, the printability of this research requires more
than that. Since the aim of this project is to print large rGO flakes, the printing of
large graphene flakes is also a critical challenge. Similarly, the ideal range of the
ink’s rheological properties required by the DMP-2831 printer is hard to reach, as
Dl is the major solvent, and the aimed application is printed FTEs. While the
modifiers could make the ink’s rheological properties fit the printer’s
requirements, the electrical properties of the printed FTEs are sacrificed when too
much non-conductive modifier is used. Thus, the modification of ink printability
using waveform is another commonly used method for inkjet printing of inks with
non-ideal rheological properties®. In this technique, less modifier can be used to
formulate the printable ink, which benefits the electrical conductivity of the final
printed patterns.
During the modification of rheological properties, additives are used to modify
the surface tension and viscosity of the ink so that these values can fall into the

suitable range of the selected printer. The inkjet printer used in this project is the
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DMP-2831 from Fujifilm. It has several suggested fluid properties for formulated
inks, including the following®:

(1) Surface tension: 28 — 42 mN/m at printing temperature;

(2) Viscosity: 10 — 12 mPa.s at printing temperature;

(3) Density: Specific gravity > 1.
There are two types of surfactants commonly used for modulating the surface
tension of formulated ink, which are ionic and non-ionic surfactants. Numerous
examples have been reported on the use of these surfactants during the
preparation of graphene-based inks, such as SC, SDS, SDBC, Triton X-100, and
Tween, among others®3. Notably, most can be used as both surfactants and
stabilisers to make graphene-based inks. In terms of the modulation of viscosity,
polymers are commonly used. The most reported polymers are EC, PVP, PVP,
PVA, and PEDOT:PSS, among others'3. Polymers also serve as both thickeners
and stabilisers to graphene-based inks. However, the removal of these polymers
for the final printed patterns is a challenge.
All these reported additives can tune the rheological properties of formulated inks
into a suitable range for the selected printer. However, a critical prerequisite must
be fulfilled during the selection of these additives, which is that the stabilisation
of the ink should not be disturbed by the added additives. Since the stabilisation
mechanism used in this project is electrostatic repulsion provided by a team-made
perylene stabiliser, non-ionic surfactants are preferred in this project. Triton X-
100 has been used as the surfactant in a water-based GNP ink and did not disturb
the electrostatic stabilisation provided by a pyrene stabiliser, which is suitable for
this project’. As for the selection of thickener, EG has been selected, as it can
increase the viscosity of formulated inks, and its residuals can be removed under
relatively mild annealing conditions®*. Thus, the electrical conductivity of
printed FTEs is further improved. It is worth noting that these two additives are
not the only options for the ink modifiers; any other option that does not interrupt
the stabilisation of the inks and improves the final properties of printed FTEs
would be favourable in this project.
In addition, the mechanism of printing large graphene flakes must be explained.
The benefit of using large graphene flakes has been mentioned in previous
sections. The large flake size is an effective way to improve the conductivity of

the final deposited graphene patterns due to its improved interconnections among
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the flakes®. As for inkjet printing, modifiers are usually required to modulate the
printability of formulated ink, but most of these additives are not conductive®®.
Therefore, the use of large graphene flakes is a promising option to improve the
conductivity of final printed patterns. However, the main challenge for this
method is the upper limit of the particle size able to be used in the printhead. In
general, the particle size used in inkjet printing should not be larger than 1/50 of
the diameter of the nozzle®®. Otherwise, nozzle clogging is unavoidable.
However, this guideline was revised in 2017, as Pei et al. had successfully printed
GO flakes with an average size larger than the radius of the nozzle diameter*®,
The paper indicated that GO could be aligned under a high shear rate and can
distribute in order along the flow in the pipe/nozzle during printing.
Simultaneously, the capillary force could also maintain the jetted droplet without
breaking, even when loaded with ultra-large GO flakes. The prerequisite to
achieving this successful printing is the formation of laminar flow during printing.
Thus, as long as the laminar flow has been formed, large GO flakes can be
aligned in the flow and have the opportunity to be expelled from the nozzle
without clogging. Thus, ultra-large GO flakes could be jetted out from the used
printhead in the project. However, it is worthy to note that the maximum average
flake size printable in this project is about the radius of the nozzle. In addition,
since the laminar flow improves the alignment of large flakes in the nozzle, a
small Reynolds number is preferred, as it could help the formation of laminar
flow in the pipeline®®. Thus, a higher viscosity of ink might be needed during the
ink formulation. However, DI water has been selected as the major solvent for
both Pei’s project and this work. Thus, the addition of thickener would help the
printing of large flakes. It is also worth noting that although water has a low
viscosity of ~1 mPa.s, the Reynolds numbers of inks formulated in Pei’s project
were all < 2000, so their flows could be considered laminar flows®.

Overall, this project provides a theory for printing large rGO flakes from the
reported literature that used the same type of printhead. With a similar 2D
material combined with the same printhead, ultra-large rGO may be printed

successfully, improving the electrical properties of printed FTEs.
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2.4 Inks and FTEs based on GO and rGO

2.4.1 Simple comparison of GO and rGO

GO and rGO are the most commonly used graphene derivatives. They are
produced to capitalise on the superior properties of graphene while expanding its
application. Since the properties of GO and rGO are strongly dependent on their
oxidation degree®, there are no standard properties. Generally, these two
materials are used in the form of flakes. Therefore, the flake size plays an
important role in the properties of their final applications®2. Thus, a simple
comparison of GO and rGO is presented in this section to evaluate how the
properties change with their oxidation degrees and sizes. Since the final
application of this project is FTEs, the electrical conductivity, optical
transparency, and mechanical flexibility of the flakes are the main concerns.
The ratio of sp? domains to sp® domains in the structure of GO and rGO
contributes to the conductivity. The sp? domains form conductive paths for
carriers, while the sp® domains are more like the transport barriers for carriers®.
GO has an insulating nature due to the high proportion of sp® domains in its
structure. As the reduction degree of GO increases, so too does its electrical
conductivity. The transportation of electrons in the reduced GO can be altered

from tunnelling and hopping to conduction when the sp? ratio is larger than 60%.
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Figure 15 The electrical conductivity of thermally reduced GO as a function of sp? proportion in
its structure. A 0.6 sp? proportion is proposed as the percolation threshold for GO conductivity.
Tunnelling and hopping dominate below this proportion, and percolation dominates after this
value®,

56



Figure 15 shows the proportion of sp? domains in the rGO structure, which has
been used as an indicator of the electrical conductivity of the final reduced GO®.
However, the final conductivity of the printed FTE is not determined solely by the
degree of reduction of GO. Since the electrode consists of numerous deposited
flakes, the resistance caused by the junctions among the flakes also plays a vital
role in the final properties of printed FTEs. As mentioned in previous sections, the
large flake size is an efficient way to reduce this resistance. Fewer junctions
emerge when large flakes are used, as fewer flakes are needed to form the
conduction path for the electrons®?.

In terms of mechanical properties, the oxidation of graphene can significantly
change the hybrid state of the carbon atoms, which leads to many changes in its
performance. In addition, since the oxygen groups are attached to the basal plane
of the graphene, the lattice defects and higher surface roughness are induced
during the oxidation process, which degrades the properties of graphene. By using
an AFM probe to interact with suspended GO flakes, Rouff et al. measured the
Young's modulus of a suspended single-layer, double-layer, and triple-layer
graphene oxide and found them to be 156.5 + 23.4 GPa, 223.9 + 17.7 GPa, and
229.5 + 27.0 GPa, respectively®’. The strong interlayer bonding of graphene oxide
has been reported to effectively avoid interlayer sliding, so the Young's modulus
of few-layer graphene oxide is not very different from each other.

As for the oxidation degree, various molecular dynamics and molecular
mechanics simulations have been conducted to investigate the effect of oxidation
degree on GO’s mechanical properties. Zheng et al. showed that the Young's
modulus of graphene oxide decreases linearly with increased functionalisation
levels, and a decrease of 33% in the Young’s modulus could be reached at a 15%
degree of functionalisation. An increase in the proportion of sp* hybrid bonds is
believed to destroy the original © bond of graphene and results in a depreciation
of the mechanical properties®®. A similar result has been reported by Khoei et al.;
both the modulus and tensile strength are reduced with an increase in the
oxidation degree of GO. However, it was found that induced oxygen groups have
more influence on GO’s tensile strength than on its modulus. The induced oxygen
groups increase the C—C bond length and reduce the tensile strength severely®®.

Finally, another simulation has shown that the oxidation degree would affect not
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only the mechanical properties of GO but also the structure arrangement. Ordered
GO has higher mechanical properties compared to those of amorphous GO with
the same level of oxidation'®, In all, oxidation severely degrades the mechanical
properties of graphene due to the increased disorder of its structure. There is a
negative correlation between the oxidation degree of GO and its mechanical
properties. Thus, the use of rGO is an effective way to restore the desired
mechanical properties of graphene.

Regarding the effect of flake size, it has been reported that using large flakes is a
promising way to improve the mechanical properties of rGO-based films and
aerogels. The stronger interactions between adjacent rGO flakes can effectively
prevent the slipping effect during the deformation process. Thus, the occurrence
of cracks can be reduced!®, so a similar effect could also happen for printed
FTEs.

In terms of the optical transparency of GO and rGO, the aim of using these two
materials is to match the superior optical transparency of pristine graphene
(~97.7%)°. Many transparent electrodes based on rGO have been reported, and
the optical transparency of these electrodes ranges from 65% to 90%%%2,
Electrodes with high thickness result in better electrical conductivity but limited
optical transparency. Thus, using large rGO flakes would not only improve the
electrical conductivity of the final electrodes but also modify the optical
transparency, as fewer flakes are needed to achieve the same level of electrical
conductivity. It is well known that graphene has a broadband absorption of light
from UV to IR due to its unique conjugated m system in the structure!®®, Although
Gr only has 2.3% light absorption in visible light, its absorption reaches 40% in
the IR and microwave range'®. Therefore, its derivatives GO and rGO have been
widely used as optical transparent absorbers to take advantage of this property of
graphene. Xie et al. mixed GO with PVA to prepare an optical transparent hybrid
film for shielding UV light'®. The film maintained up to 40% transmittance of
visible light and absorbed over 97% of UV light at 300 nm. It is believed that the
ratio of the conjugated m system plays a vital role in absorption'®. The effect of
reduction degree on GO’s ability to absorb light has also been investigated. Marta
et al. mixed rGO with PVA to investigate the effect of reduction degree on light
absorption. The same amount of rGO with different reduction degrees was mixed

with the same volume of PVA in their project. The transmission spectra from UV
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to mid-infrared of prepared films have been measured. A negative correlation
exists between the transmittance of rGO to the reduction degree in all spectra. The
higher reduction degree of rGO would bring stronger absorption of the light from
UV to IR, which confirmed the effect conjugated n system. The stronger
reduction brings rGO close to pristine graphene, so a similar light absorption
ability and range can be found in rGO*’.

In conclusion, rGO is a promising alternative to pristine graphene. The reduction
degree determines whether its properties are more like graphene or GO.
Therefore, applications based on rGO can take advantage of GO and pristine

graphene at the same time, making it an ideal functional material for this project.
2.4.2 Inks and FTEs based on GO and rGO

GO and rGO are the most relevant materials in this project. There are two
strategies to prepare inkjet-printed FTEs based on GO and rGO. One use GO-
based inks to print the electrodes and reduces them to restore the properties of
graphene; the other uses rGO-based ink to print the FTEs directly. Water is the
most used solvent for both GO- and rGO-based inks, not only because it is a
‘green’ solvent but also because it is easy to remove after the deposition. In the
meantime, water is an ideal solvent to prepare the GO-based inks, as no stabiliser
is needed in this case®®. Table 3 summarises the different inkjet-printed FTEs
based on different GO and rGO inks with water as their main solvent.

In terms of printed FTEs based on GO, Huang et al. used GO with different layers
to prepare functional inks?!. The various GO samples were directly dispersed into
water to form stable inks. The viscosities were modified by modulating the GO
loadings, and the average flake size did not exceed 400 nm for all inks. The
electrodes were printed on flexible substrates like poly(ethylene terephthalate)
(PET), polyimide (PI), and others. Thermal reduction was used to restore the
conductivity of printed GO electrodes. Temperatures reaching 400 °C combined
with a mixture of argon and hydrogen gases (95:5) were used to assist the
reduction of GO. However, a conductivity of only 500 S/m was obtained from the
electrodes printed on PI. The flexibility of the printed electrode was tested by
measuring the resistance differences before and after hundreds of bending cycles.
There were no obvious changes in resistance after the bending test, which proved

sufficient flexibility of the printed electrodes.
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Material  Solvent/ Reduction  Flake Sheet Optical AR Ref.

Stabiliser / size resistance/ transparency
Annealing Conductivity
GO Water 400 °C <400 500 S/m - ~1 21
with H; nm
5%, argon
95%
Water 200 °C 530 12M Q/o 76% ~1 108
nm
Water 80 °C HBr - 150 K Q/o 84% - 109
Water Hydrazine  0.54 8.8 x 103 to - - 110
fumes at - 1.6 x 104 S/m
100 °C 2.2
um
Water HI Vapour, 35.9 2.48 x 10* - - 18
95 °C, ptm S/m
30min
rGO Water/ Ascorbic - 1500 S/m - - 111
Triton X- acid (pressed
100 80 °C pellet)
Water/ Hydrazine - 1000 S/m 83% - 112
PVA 80 °C +
350 °C
Water/PVP 500 °C ~608 359.88 S/m - - 113
nm

Table 3 A summary of inkjet-printed FTEs from GO and rGO water-based inks. The reduction
conditions, graphene flake size, electrical conductivity, and optical transparency of printed FTEs
are presented.

In 2012, Kong et al. prepared inkjet-printed GO-based FTEs using IR lamps as
the reduction method%. The lamp was placed 3 cm away from printed patterns,
and the temperature was maintained at ~200 °C to reduce the GO in the ambient.
The GO ink was also prepared by dispersing GO directly into water, and the
average flake size was controlled in this project as well. Electrodes with optimum
electrical and optical properties measured 12 MQ/o at a transparency of 76%. The
bending test was also used in this project to measure the flexibility. Although
there was some hysteresis, the resistance remained unchanged before and after the
test.

In addition to the use of thermal reduction to restore the electrical conductivity of
GO, chemical reduction is also important. A method of using diluted HBr acid to
reduce the printed GO electrodes at 80 °C was reported by Rogala and his co-
authors'®. Propylene glycol (PEG) was used as a thickener to prepare the GO ink.
PEG was chosen since it could be removed effectively by thermal annealing at a
relatively low temperature (120 °C). Thus, this expanded the range of available

flexible substrates. In the meantime, the printed electrodes exhibited a sheet
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resistance of 150 KQ/o with a transparency of 84%. The diluted strong acid
proved to be an effective way to restore the electrical conductivity of GO and
caused no damage to the polymeric substrate like PET.

The effect of GO’s size on inkjet-printed FTEs was explored by Kim and his co-
authors in 2016%°. The GO suspension was directly applied as the printable ink in
this project. Hydrazine fumes were used to reduce the printed GO-based FTEs at
100 °C. The electrical conductivity of the printed FTEs was improved from 8.8 x
10% to 1.6 x 10* S/m when the flake size changed from 0.5 to 2.2 pm. The
increased flake size effectively improved the conductivity of printed patterns due
to the reduced sheet-to-sheet junctions.

In 2017, Pei reported a GO ink that loaded with ultra-large flakes!®. The
maximum average flake size reached 35.9 pum, which is larger than the radius of
the nozzle used. The ink used ethylene glycol (EG) as the thickener. They found
that a conductivity of 2.48 x 10* S/m could be measured with an annealing
temperature below 100 °C and that the larger flake size results in smaller inter-
flake contact resistance. Thus, an improved electrical conductivity was obtained
in this study. However, a reduction process is still needed for the printed pattern
due to the insulting nature of GO. Although the annealing temperature has been
brought below 100 °C, the use of hydroiodic acid (HI) still limits the use of other
substrates. However, this method once again validated the advantage of
formulating graphene-based inks with large flake sizes.

Regarding printed electrodes based on rGO, Dua et al. prepared an rGO water-
based ink to print electrodes for vapour sensors in 2010, L-AA and Triton were
used as the reductant and stabiliser during the preparation of the ink. GO was
mixed with L-AA and reduced at 80 °C. Then, the rGO ink was prepared by
mixing the black precipitates with Triton directly under sonication. In this project,
measurements for the electrical, optical, or mechanical properties of the
electrodes were not taken. The only conductivity data were collected from the
pressed pellet of rGO right after the reduction step. Since a large amount of Triton
was used in this project, it is reasonable to assume that the conductivity of the
final printed electrode is not ideal for many electrical applications. Nonetheless,
this is a typical example of preparing rGO-based ink and FTEs. Briefly, the GO is
first reduced to restore the properties of graphene. Then, the stabiliser is needed

for the preparation of stable graphene dispersion. While the additives for
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adjusting fluid properties are not mentioned in this project, they are an important
factor as well. As mentioned in previous sections, the chemical reduction of GO is
not complete; there are still oxygen-containing groups remaining in rGO®. Thus,
the electrical conductivity is limited in this way. The use of a stabiliser could
further degrade the electrical properties of rGO-based inks and printed FTEs.
Therefore, the main challenge of rGO-based inks and FTEs is the electrical
conductivity.

Apart from using a surfactant to prepare the inkjet printable rGO-based inks,
some inks based on water-soluble polymers have been reported as well. Lim and
his co-authors reported an inkjet printable rGO/PVA ink in 20122, The GO
dispersion was first mixed with PVA. Then, hydrazine was used to reduce the
GO/PVA mixture at 80 °C to prepare the rGO ink. The PVA was used as both the
stabiliser and thickener for the ink. The best electrical conductivity and optical
transparency they reported were 1000 S/m and 83%, respectively. However, this
conductivity was achieved by an additional thermal reduction after the printing
process. Thus, the conductivity of the initially printed FTEs was still low.
Notably, the main solvent used in this project was a mixture of DMF and water,
which could also be a reason for such limited conductivity, as DMF has a high
boiling temperature.

In 2021, a commercial rGO water-based ink was used to print graphene lines with
high conductivity'*3. It is an aqueous ink that contains a mixture of rGO flakes
and PVP. Lian et al. characterised the rGO flakes (~608 nm average flake
diameter) and sonicated the ink before the inkjet printing process. The highest
electrical conductivity of the final electrodes was around 359.88 S/m. High-
temperature annealing was also applied in this project to remove the PVP
residuals from the printed patterns. In other words, the electrical conductivity of
the initial FTEs is still low.

As table 3 shows, the preparation of GO-based ink is much simpler than that of
rGO-based ink. The stabiliser is not necessary for GO-based ink when water is the
main solvent. On the other hand, the use of stabilisers is inevitable for rGO-based
ink, as the rGO is a hydrophobic material. However, the major difference between
these two types of inks is the reduction process. The reduction occurs after the

deposition of GO-based FTEs, while it usually happens during the preparation of
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rGO-based ink. This difference makes a huge impact on the inkjet printing of
FTEs.

As for GO-based FTEs, the reduction temperature is limited due to the substrate
used since the most flexible and transparent substrates are polymeric substrates.
This also explains why the FTEs reduced by thermal reduction have lower
electrical conductivity. Therefore, chemical reduction with strong reductants and
the use of large GO flakes have been applied to further improve the properties of
GO-based FTEs. However, the use of strong reductants jeopardises the safety of
the procedure, as many of them are toxic chemicals.

In terms of rGO-based FTEs, the harsh post-treatments can theoretically be
avoided, as the reduction usually happens during the ink formulation. This could
broaden the available range of polymeric substrates. However, as table 3
concludes, not many rGO-based FTEs have yet been reported. The main
challenge for rGO-based FTEs is currently their limited electrical conductivities.
Although GO has been reduced during the ink formulation, the addition of
stabilisers could strongly degrade the electrical conductivity of printed FTEs.
Thus, improvements to the electrical conductivity are the priority of rGO-based
FTEs. To fix this issue, another advantage of rGO must be exploited. Since GO is
the precursor of rGO, the preparation of rGO-based inks loaded with large flakes
is also possible. Thus, the improved interconnections in the printed FTEs could be
achieved in this case. In the meantime, the effect of stabilisers on the electrical
conductivity also needs to be considered. As mentioned in previous sections, the
selection of a stabiliser like a perylene derivative, which has a high stabiliser to
graphene ratio, is a promising option for the printed FTEs since less additive is
used in this case. Thus, by combining the advantages of large rGO flakes and
stabilisers with a high stabiliser to graphene ratio, there is a new possibility for

preparing rGO-based inks and FTEs; this is the novelty of this project.
2.5 Inkjet printing technique

2.5.1 Inkjet printing techniques

Inkjet printing is a widely used technique in graphics printing and publishing
industries'**. In recent years, the technology has been used beyond the traditional

industries and has become a versatile tool in the functional materials deposition
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area, especially in the electronic industry*™®. Inkjet printing has advantages in
time, materials, and energy consumption compared to conventional electronic
fabrication techniques, like vapour deposition and photolithographic etching®®.
The whole process of inkjet printing of entire functional materials can be defined
by the following steps: (1) formulation of applicable inks; (2) generation of
droplets; (3) deposition and interaction of droplets on substrates; and (4)
solidification of deposited droplets on substrates. Therefore, the challenges of
inkjet printing result from the above steps.

There are two types of mechanisms of droplet generation in inkjet printing: (1)
continuous inkjet (C1J) and (2) drop-on-demand (DOD) inkjet'!*. The schematic
diagrams of CIJ printing systems are presented in figure 16 (a). In terms of C1J
printing, a continuous ink flow is ejected from the nozzle under pressure. Then,
the flow breaks into droplets due to Rayleigh instability. The droplets are charged
by a charging device at the nozzle so that they can be deposited with control after
passing through a charged deflector. Since the droplets are continuously generated
due to the Rayleigh instability, unwanted droplets can be recycled to the gutter via
an electrical field applied by deflectors. As the recycled droplets have been
exposed to the environment, the ink in the gutter may not be reused in order to
maintain the ink quality. The above CI1J printing is also called binary printing
since the droplets are either deposited or recycled. Regarding DOD printing, the
droplets are only ejected when they are needed. This is the biggest difference
between these two techniques. The droplets are generated by propagating a pulse
in the chamber. The pulse suddenly changes the cavity volume in the chamber
and causes high pressure in this small space. Consequently, a droplet is ejected
from the nozzle due to the high pressure. DOD printing can be divided into
thermal DOD and piezoelectric DOD printing, which is depicted in figure 16 (b).
In thermal DOD printing, a thin film heater in the chamber heats the ink to its
boiling point when a current is applied. A bubble is generated and expanded after
the heating. The bubble collapses when the heater temperature is reduced after the

removal of the current.
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Figure 16 The schematic diagrams of (a) ClJ and (b) DOD printing systems; DOD printing can be
further divided into (i) thermal DOD and (ii) piezoelectric DOD printing*'4. The droplets are
continuously jetted out from the C1J system and can be selected for by the charged deflectors; by
contrast, they are jetted out on demand in the DOD system.

This expansion and collapse of the bubble generate a strong pulse in the chamber
and eject a droplet from the nozzle. In terms of piezoelectric DOD printing, the
change of cavity volume is actuated by a piezoelectric transducer in the chamber.
The piezoelectric transducer applies direct pressure to the ink and ejects droplets
from the nozzle.

Based on different actuation mechanisms, piezoelectric DOD printing can have
different modes, which are squeeze, bend, push, and shear modes (Figure 17 (a) —
(d), respectively)!’. Figure 17 (a) shows the ejection mechanism of squeeze
mode;

Ink first fills the chamber, which is surrounded by the piezo-ceramic tube. Then, a
pulse signal is applied to the tube and causes a rapid contraction of the tube.
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Therefore, a sudden decrease of volume in the chamber causes the ejection of a
droplet from the nozzle. The bend and push modes have similar printhead
structures. The droplet is ejected from the nozzle via either the bending of a
piezo-ceramic plate (Figure 17 (b)) or the expanding of a piezo-ceramic rod
(Figure 17 (c)). The last mode depicted in figure 17 (d) is the shear mode. The
voltage pulse effects on the piezo-ceramic causes first the upper part of the
channel to deform, followed by the lower part. Then, a chevron shape is formed in
the channel to eject a droplet from the nozzle.

CHJ printing has advantages in its printing frequency and lack of nozzle clogging,
but its recycling system for unwanted droplets introduces a risk of contamination.
Therefore, this technique is not widely used in the printing of functional
materials. As for DOD printing, thermal DOD printing shows advantages in
printhead cost but has a limited available ink range due to its high-temperature
process during printing. However, piezoelectric DOD printing shows more
advantages compared to the other two techniques. Its printheads have a longer
lifetime, and it is not limited by temperature. Thus, combining the above
advantages with digital controllability makes piezoelectric DOD printing a

promising technique for the printing of functional materials.
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Figure 17 Working modes of a piezoelectric DOD printer head in (a) squeeze mode; (b) bend
mode; (c) push mode; and (d) shear mode!’. The droplets are jetted out from the chamber by the
deformation of the piezoelectric elements, and the DMP-2831 printer uses shear mode in its
printhead.
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2.5.2 Formulation criteria for inkjet printable inks

The droplet formation sequence on a DOD printer is pictured in figure 188, Ink
is firstly ejected from the nozzle in the form of a liquid column. Then, it deforms
into a leading drop attached to a long tail. Finally, the tail either retracts into a
leading drop or breaks into satellites during flight. The formulation of printable
ink is complex, especially for inks loaded with functional materials that require
specific properties due to their applications. Although all components have an
effect on the final ink, several key factors impacting formulation are primarily
considered. First is the ink stability, which is the lifetime of ink against the
sedimentation. Second is inks’ rheological properties, which include surface
tension, viscosity, and density'®. Third is the optimisation between ink’s
printability and its performance. This section focuses on inks’ rheology
properties.

In the DOD printing system, both surface tension and viscosity determine the
formation of droplets and their spreading on the substrate. Generally, DOD
printing prefers Newtonian ink with low viscosity and high surface tension?°.
The low viscosity ensures enough time for ink to refill the chamber, and high
surface tension is used to hold ink in the nozzle and prevent dripping. However,
surface tension cannot be too high, as it would prevent droplet break-off from the

nozzle!?!,

200 ym

Figure 18 The stages of droplet formation in DOD printing, observed via high-speed photograph.
From bottom to top is the formation of the liquid column, formation of the leading drop attached
to a long tail, and formation of the droplet with retracted tail or satellites, respectively*!é,
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Several dimensionless parameters can be used to describe the jetting behaviour of
droplets and define the printable regime of the formulated ink, including
Reynolds number (Re), Weber number (We), and Ohnesorge (Oh) number/Z
number (Z)'!*. The equations (2 — 4) define the above numbers.
Equation 2

Re = vea

n

where v, p, and a are droplet velocity, ink density, and nozzle diameter, and n is
dynamic viscosity. The Re number indicates the ratio of the inertial forces to the
viscous force of a flow moving in a pipeline at a certain velocity. The flow is
given a velocity at the beginning, and the inertial force of the flow originates from
this momentum. The viscous force originates from the frictional shear force
between fluid layers of the flow and is the force that resists the moving flow®?,
Thus, higher viscosity could result in a laminar flow. This is because the strong
frictional shear force dampens the turbulence and random motions of the flow
caused by the inertial force. Thus, turbulence occurs when the viscosity of the
flow is too small; turbulence is believed to develop when Re > 2000%,

Equation 3

where vy is the ink surface tension, and the We number is the ratio of the inertial
force and the surface tension force of a droplet moving in a medium at a certain
velocity. The droplet becomes spherical due to its own surface tension. Higher
surface tension gives a stronger resistance to the inertial force. Thus, the droplet
could keep its spherical shape and not break up into satellites. In general, the
droplet maintains its shape when the We number is smaller than 10%?2,
Equation 4

1 Re (ypa)'/?
“Oh VWe
where Z is the inverse of the Oh number. The Oh number was first proposed by

Z

Wolfgang von Ohnesorge'? and was developed to guide the boundaries of a
printable regime of inkjet printable inks, as the Re and We numbers are not
accurate enough. Ohnesorge investigated the relationship between the viscosity,

inertia, and surface tension of different inks and explored the jetting behaviours of
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inks at different Re, We, and other dimensionless numbers'?. He proposed a new
dimensionless number and defined it as the ratio of the square root of the We
number to the Re number. This number is denoted as the Ohnesorge number. It is
the simplest dimensionless number he found to describe the boundaries of a
printable regime of inkjet printable inks. It describes the importance of the
viscous force as to the inertia force and surface tension of the ink. Thus, a larger
Oh number means the viscous force dominates, so higher energy is needed to jet
the ink from the nozzle. On the other hand, smaller Oh numbers mean a longer
ink column will be jetted out from the nozzle with the same amount of energy. In
this case, the satellites may become an issue for the ink*?®, However, its inverse,
the Z number, is more commonly used in practice. A widely accepted range of Z
number (1 < Z < 10) was proposed by Derby and his co-authors'?*, Ink with a Z
number out of this ideal range may be too viscous to jet or could confront the
satellites issue during printing.

However, numerous different ranges have been reported on different types of
printheads'!%1259! Thys, it indicates that the Z number range for printable ink is
not only decided by the ink’s rheological properties but also relies on the
printhead used in the project.

Apart from the Z number, there are two more factors that must be considered for
stable droplet ejection. One is the minimum energy for overcoming the ink/air
surface tension barrier, which can be indicated by droplet velocity (v). Equation 5

shows the minimum velocity required for droplet ejection?:

4y
Vmin = E

where 7 is ink surface tension, p and a are ink density and nozzle diameter,

Equation 5

respectively. Furthermore, a minimum We number for droplet ejection can be
predicted by the following equation!*:

Equation 6
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where v is ink surface tension, p and a are ink density and nozzle diameter,
respectively. The other factor is related to the impact of the droplet on the substrate.
In order to avoid droplet splashing, equation 7 predicts the maximum velocity:

Equation 7

Wel/2Rel/* > f(R)
where f(R) is a function of surface roughness; further research reported that the f(R)
for flat and smooth substrates is about 50.
Combining the proposed Z number range by Reis and Derby and these two factors
together, a map indicating suitable fluid properties for DOD printable inks is

determined in figure 191,
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Figure 19 A map for predicting suitable fluid properties for the formulation of DOD printable
inks. The droplets are too viscous to print when the Z number is smaller than 1, and satellites form
when the Z number is larger than 1014,
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2.5.3 Droplet impact, spreading, coalescence, and
solidification on substrates

After the ejection of droplets from the nozzle, the droplets impact and spread on
the substrate. Then, they interact with other droplets and form a designed pattern
after solidification.

The energy for droplet impact and dispersal on the substrate originates from
kinetic and gravitational energy after ejection. Since droplets in DOD printing
generally have a small volume (1 — 100 pl) and low density, the effect of
gravitational energy is negligible!**. Therefore, the inertial and capillary forces
dominate the impact and dispersal process. Figure 20 illustrates the droplet
interaction process with substrate!!#. The droplet first contacts the substrate with a
duration < 1 us and starts an inertial force and viscous force dominated impact-
driven spreading process. Then, the remaining energy keeps the droplet spreading
on the substrate for a relatively long time (0.1 — 1 ms); capillary force is the
dominating force at this point'?”. The droplet either reaches an equilibrium (single
droplet) or starts interacting with other droplets (droplets coalescence) after the
impact and spreading process.

For single droplet spreading equilibrium, equation 8 defines the droplet spreading
degree on the substrate; the droplet volume is considered constant before impact,
and the final equilibrium spread drop is assumed to leave a footprint on the
substrate!?®:

Equation 8

 degm s 8
Beqm - d - 0 0
0 tani (3 + tan? ?)

where Begm IS the ratio between equilibrium spread droplet diameter (deqm) and
droplet diameter during flight (do). 6 denotes the contact angle of the equilibrium
spread droplet. Thus, the size of a printed droplet can be manipulated by altering
the equilibrium spread droplet diameter and contact angle.
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Figure 20 Schematic illustration of the droplet interaction process with the substrate, from
impacting to equilibrium; the diameter and time are used as axis'*. The droplet first experiences
an inertial force and viscous force dominated impact-driven spreading process, and the capillary
force dominates for the rest of the droplet spreading on the substarte'?’.

In the case of functional ink printing, the droplets need to form continuous lines.
Therefore, adequate control of coalescence between overlapped droplets is
important. The droplets coalescence can be controlled by manipulating the drop
spacing. Figure 21 shows different behaviours of droplets coalescence from (a)
individual droplets to (c) smooth lines and (d) bulging by decreasing the drop
spacing'?®. Figure 21 (e) shows a ‘stacked coins’ phenomenon due to the fast
evaporation of ink between two adjacently printed droplets.

The solidification of droplets is an important process in obtaining uniform
patterns. The wetting status of a droplet on the substrate need to be addressed
before progressing to the pattern drying process. The wetting status of a droplet
changes from spreading to non-wetting with increasing contact angle on the
substrate, which is shown in figure 2213, The solidification process consists of
two simultaneous steps, which are solvent evaporation and solute transporting in
the droplet.

In terms of solvent evaporation, three modes have been determined, which are the
constant contact diameter (CCD) mode, the constant contact angle (CCA) mode,
and a mix of the two®3L. In the CCD mode, the droplet diameter remains
consistent while the droplet volume and contact angle decrease during
evaporation. The CCA mode is one where the droplet has no pinned contact line,
and both the volume and diameter of the droplet decrease during evaporation,
while the contact angle is consistent during the whole process. The mixed mode

means both the contact angle and diameter decrease during droplet drying.
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Figure 21 Droplet’s coalescence behaviours with decreases in drop spacing. The printed patterns
change from (a) individual drops to (c) smooth lines and further become (d) lines with bulges. A
special case, (e) ‘stacked coins’ (with a magnified image next to it), occurs when the fast
evaporation of ink between two adjacently printed droplets happened??.

As for the solute transportation of droplets, a schematic of different solute
transport mechanisms during the drying of a sessile droplet is shown in figure
2331, The droplet evaporation, evaporation flux, and capillary flow are the
outward flows. The previous two create an inward solute diffusion, while the
latter one is the main reason for the coffee-ring effect. Deegan found that the
solvent dries faster in the contact line area due to the formation of a thin layer of
liquid/vapour interface, and the evaporation rate from this contact line area to the
apex of the droplet continuously decreases. Thus, these factors lead to a radial
capillary flow, which brings the solvent from the centre to the contact line area to
compensate for the loss of solvent in the contact line area. Thus, the solutes have
been transported from the centre to the contact line area by this flow and form a

ring-like stain after the drying of the droplet®3?,
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Figure 22 Various droplet drying statuses on a solid substrate, from (a) spreading to (f) non-
wetting. The contact angle is smaller than 90° when droplets land on a hydrophilic substrate, and it
is larger than 90° when the substrate is hydrophobic*°.

Hence, two criteria must be fulfilled to form a coffee-ring stain; one is a pinned
contact line, and the other is edge-dominated evaporation**3. In order to supress
this drying issue, another internal flow named the Marangoni flow is induced
during droplet drying®L. This is an internal flow along the liquid/vapour interface,
which travels along the surface tension gradient from the contact line area to the
apex of the droplet. The flow is directed from the low surface tension area to the
high surface tension area. It can be induced by adding surfactants or co-solvents
to the droplet or applying a high temperature on the substrate'*. The surface
tension gradient can be created from the accumulation of surfactants, different
evaporation rates of used solvents, or surface tension reduction due to the applied
heat. Thus, the Marangoni flow is formed in this case, and the particles in the ring
stain are transported back to the droplet centre. As figure 23 shows, a convection
flow, which moves the solutes from the edge to the centre, represents the
Marangoni flow.

Gravity only needs to be considered when the droplet size is larger than 1 mm.
Hence, its effect on DOD-printed droplets is neglectable. Brownian movement
only affects solute transportation when the drying time is long enough; otherwise,
its effect can be neglected compared to other mechanisms®.

The suppression of CRE is the key step for obtaining uniform patterns. The ideal
methods for suppression are either reducing outward flow or introducing
convection flow into the droplet. The reduction of outward flow can be achieved
by using solvents with a low evaporation rate*3® or manipulating the

environmental humidity*%’. As for convection flow, Marangoni flow can be
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induced via the control of substrate temperature®®, the formulation of a co-
solvents system, or the addition of surfactants!3. The final step for inkjet printing
is annealing of printed patterns. This step is used to improve the properties of
printed patterns, especially the electrical properties of printed pattern. The
conductivity can be improved by removing solvents and unwanted residuals
through annealing. Additionally, the decomposition of polymer-based stabilisers
due to high temperatures could further improve conductivity®. Finally, the
optimised temperature for annealing is strongly dependent on the thermal stability

of the substrates and the nature of functional materials.
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Figure 23 Different solute transportation mechanisms during the evaporation of a sessile droplet;
the Deegan flow/capillary flow is the main cause of CRE, and the Marangoni flow is a convective
flow which is commonly used as a tool to supress the CRE, as it can transport particles from the
contact line back to the droplet centre!?,
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Chapter 3. Experimental materials and

methods

3.1 Preparation of GO and its dispersion

GO dispersions were prepared via a modified Hummers’ method*®. 1.5 grams of
graphite powder (Grade 9842, Graphexel Ltd.) was mixed with 200 ml of
concentrated sulfuric acid (95-98%, Sigma-Aldrich) via mechanical stirring, and
the ice bath was used to cool the temperature down. Then, a slow process
(typically around 30 minutes) of adding 1.5 g of KMnO4 (> 99.0%, Sigma-
Aldrich) into the above mixture was executed. The addition of KMnQO4 was
repeated once a day for four days. The mixture was continuously cooled via an ice
bath during the addition of KMnOs, and the system was maintained at room
temperature during the stirring. After the last addition of KMnQg, the mixture was
stirred for an additional 24 hours to obtain a highly viscous graphite oxide. Then,
the graphite oxide was gradually dispersed into an ice/water mixture (600 ml),
followed by the addition of H202 (35%, ~6 ml) until the absence of effervescence.
After that, the graphite oxide mixture was turned into a light-yellow suspension
and stirred for another 2 hours.

The separation of graphite oxide and acid was achieved via centrifuge (Sorvall
Legend XTR Centrifuge, Thermo Fisher Scientific) at 8 krpm for 30 mins. Then,
graphite oxide precipitate was collected and redispersed into (600 ml) HCI
solution (5%). Subsequently, a continuous centrifuge washing process was
performed on the above suspension. The suspension was centrifuged at 8 krpm for
30 mins; the precipitation was kept, and DI water was used to replace the
supernatant. The process was repeated until the PH of the supernatant became 6.
The final graphite oxide precipitate was then dispersed into DI water and
centrifuged for another 10 mins at 3 krpm to remove unexfoliated graphite oxide
before any further application. The concentration of the initial GO suspension was
measured by vacuum drying the initial suspension, and the concentration was ~10
mg/ml.

Regarding the preparation and size control of GO dispersion, the prepared GO

suspension was diluted to 3 mg/ml in DI water. Then, the GO dispersions with
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different average flake sizes were prepared by bath sonication (EImasonic P 70 H
Sonicator) with 100% power at 37 kHz for 12, 18, and 24 hours, respectively. The
ice bath was also used to maintain the temperature at 30 °C during the sonication

process. Thus, GO was exfoliated into a monolayer, and the average size of flakes

could also be controlled.

3.2 Preparation and printing of rGO-based inks
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Figure 24 Standard ink formulation process from the initial rGO dispersion to printable graphene
ink. Step (1) preparation of ‘initial rGO dispersion’; step (2) preparation of inkjet printable ink;
and step (3) inkjet printing of the formulated rGO ink.
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Figure 24 shows the standard preparation and printing process of rGO-based inks
in this project. The whole process can be divided into three steps, which are the
preparation of rGO dispersion, the formulation of the ink, and inkjet printing of
the ink.

In step (1), 9 mg of perylene stabiliser (team-made perylene derivative, not
commercially available, GO to stabiliser mass ratio of 1/1.5) was first dispersed
into 4 ml DI water via bath sonication with ice (ElImasonic P 70 H Sonicator, with
100% power at 37 kHz for 48 hours). Then, 2 ml of GO (3 mg/ml) was mixed
with the perylene suspension by vortex mixing (LP Vortex Mixer, Thermo Fisher
Scientific) at a speed of 500 rpm for 3 minutes.

In step (2), the above suspension was mixed with ascorbic acid (> 99.0%, Sigma-
Aldrich) in a GO/L-AA mass ratio of 1/7 via a vortex mixer for another 3 minutes
at a speed of 500 rpm. The formed mixture was placed in the oven (Model ED
115, BINDER GmbH) for a 72-hour thermal reduction at 80 °C. Then, a
continuous centrifuge washing process was performed to remove the excessive
perylene stabiliser in the mixture after the reduction process. During each
washing process, 2 ml of rGO dispersion was centrifuged at 6 krpm for 45
minutes, and 1.5 ml of the supernatant was discarded and replaced by DI water.
The final rGO sample was collected after the seventh round of washing, and the
1.5 ml supernatant was discarded; the rest of the mixture was labelled ‘final rGO
dispersion’ and was ready for the formulation of the rGO-based ink.

In step (3), the “final rGO dispersion” was mixed with 1.5 ml of modifier to form
the rGO-based inks. The modifiers were prepared by mixing different loadings of
EG (anhydrous, 99.8%, Sigma-Aldrich) and Triton X-100 (laboratory grade,
Sigma-Aldrich) with 1.5 ml DI water. The loadings of EG and Triton X-100 were
set based on existing literature'®™ at the beginning and altered based on the
results from later explorations. Then, the formulated ink was filtered with glass
wool (Fisher Scientific) and degassed via a bath sonicator before loading into the
cartridge. The material printer used in the project was Dimatix 2831 (Dimatix-
Fujifilm Inc.), and the cartridge used was DMC-11610 (10 pL). The waveform
needed to be modified before the formal printing. The modification focuses on
adjusting the durations of each segment in the standard waveform (designed by

Fujifilm Inc.) based on the jetting performance of loaded inks. The aim of this
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modification is to print the formulated ink without jetting issues, and it could be
further improved if a newly loaded ink has jetting issues.

It is worth noting how the ink formulated in this project was named. For example,
the full name of Ink 1 in the project is ‘0.25 mg/ml rGO, 0.1/1 (by volume)
EG/DI, 0.1 mg/ml Triton X-100’, in short ‘0.25rGO, 0.1/1EG, 0.1Tri’. The
average flake size is also added to the end, so the formal short name of Ink 1 is
expressed as ‘Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um’. The same nomenclature
is used for all the inks formulated in this project.

3.3 Characterisations of GO, rGO, and formulated
inks

As for the characterisations of flake sizes, the samples were all spin coated (WS-
650-23 Spin Coater, Laurell Technologies) on a cleaned Si wafer at 1000 rpm for
30 s. A standard cleaning process was applied to wash all the substrates before the
spin coating process. The substrate should be first sonicated in an acetone bath for
3 mins and then cleaned in an IPA sonibath for another 2 mins. Then, the cleaned
substrate was dried with a nitrogen gun.

SEM (Zeiss EVO60) was used to characterise the average flake size of rGO from
different initial rGO dispersions. The reason for using flakes from initial rGO
dispersion rather than printed dots is due to the folding issue of large flakes
during the inkjet printing process'®. ImageJ software was used to analyse the
average flake size. Horizontal pixels of 10 pm scale in the collected SEM images
were processed so that each pixel corresponded to a certain physical length.
During the measurement, the maximum length of each rGO flake measured in the
horizontal direction is referred to as its lateral size. Thus, the pixels of these
lengths can be converted to actual lengths by ImageJ. For each type of rGO, a
minimum of 600 individual flakes were measured so that the average flake size
could be calculated.

AFM (Dimension FastScan, Bruker) was used to characterise flake size with a
tapping mode. The thicknesses of GO and rGO/stabiliser were measured. The
rGO/stabiliser flakes were spin coated from the initial rGO dispersion to check

the thicknesses of flakes in the formulated ink. The GO flakes were spin coated
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on a Si wafer to check the thicknesses and layers of used GO. GO originates from
the prepared, diluted, and sonicated GO dispersions.

The Kratos Axis Ultra DLD XPS spectrometer was used to conduct X-ray
photoelectron spectroscopy (XPS) of washed GO/stabiliser and washed
rGO/stabiliser samples. Accordingly, the reduction of GO could be verified. The
samples for the XPS test were prepared by drop casting the samples onto cleaned
Si wafers. Vacuum drying was also used to avoid contamination of the samples
from the atmosphere.

As for the measurement of the rheological properties of the formulated inks, a
Discovery HR-2 rheometer from TA Instruments was used to conduct the
viscosity measurement. The geometry used was a 2° cone plate with a 60 mm
diameter and 54 pm truncation gap. The measurement process required a 20 mins
equilibration for each ink (usually ~2 ml) at 25 °C before running. The shear rate
ranged from 0 — 1000 s, and the test mode was set as both flow ramp and flow
sweep.

In terms of the surface tension measurement, a drop shape analyser (KRUSS
DSA100, GmbH) was used to measure the surface tension of the formulated ink.
The characterisation was carried out via a syringe with a 1.8 mm needle at 25 °C.
The pendant drop method was used to calculate the surface tension of the
formulated inks.

Regarding ink density, all ink densities were assumed as 1 mg/ul for the Z

number calculation.

3.4 Exploration on the suppression of drying issues

by printer settings and substrate modifications

There were several drying issues (CRE, first dot issue, missing front issue and
waviness) found during the printing of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um.
This section explores the effects of printer settings and substrate modifications on
these drying issues. A modified waveform and a cleaned Si wafer were used for
the printing of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. A Nikon Eclipse
LV100ND optical microscope (standard mode, no polarised light) captured

images of the printed patterns on cleaned Si wafers.
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The initial combination of printer settings and substrate modifications used to
print Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um were as follows:

(1) Drop spacing: 200 um for individual dots, 25 um for lines and films;

(2) Maximum printing frequency (MPF): 1 kHz;

(3) Cartridge temperature: room temperature;

(4) Platen temperature: 60 °C;

(5) UV time: 20 mins.
The UV Ozone cleaner used in this project was ProCleaner™ Plus from BioForce
Inc. The first three factors were the adjustable printer settings, and the latter two
factors were major substrate modifications used in the project. The drying issues
found during the printing of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um were
observed under the above settings and modifications. Table 4 presents different
printer settings and substrate modifications used for the suppression of drying
issues found in the printed patterns from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5pum.

Printer Drop 20 25 30 35 40 50 60 70 80
settings spacing
(Hm)

MPF (kHz) 1 5 10 15

Cartridge RT* 60
temperature
(&)

Substrate Platen RT* 60
modifications | temperature

(§(®)
UV time 0 20
(mins)
*RT stands for room temperature.

Table 4 Printer settings and substrate modifications used to supress the drying issues found in Ink
1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. The drop spacing and MPF are used to explore the
relationship between the drying issues and droplet coalescence; the cartridge and platen
temperature are used to explore the relationship between the drying issues and droplet evaporation

rate. Then, the UV time investigates the surface wettability effect on ink drying issues.
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3.5 Exploration on the suppression of drying issues

via ink formulations and substrate modifications

Various ink formulations have been prepared by mixing initial rGO dispersion
with corresponding modifiers to explore the suppression of drying issues. Since
the cost of the printhead used in this project is high, it was not cost-effective to
load and print every formulated ink. Thus, drying uniformity was investigated by
placing sessile droplets on controlled substrate in this section. 1 ul of droplet from
the formulated ink was manually placed on a cleaned and modified Si wafer. The
ink formulation ‘0.1 mg/ml rGO, 0.01/1 (by volume) EG/DI, 0.2 mg/ml Triton X-
100’ (short for 0.1rGO, 0.01/1EG, 0.2Tri; the same nomenclature is used for all
the formulations in this section) was used as the initial sample. rGO flakes with an
average size of 1.5 um were used for all the inks formulated in this section. 20
mins of UV and a platen temperature at room temperature were used as a starting
point and changed accordingly based on the findings of later exploration. Then,
two major steps were taken to achieve the full investigation:

(1) exploration of the individual formulation and substrate modification

factors on drying issues;
(2) exploration of the effect of modifiers on drying issues and the effects of

rGO loading, platen temperature, and UV time on this modifier’s effect.

Ink rGO 0.1 0.5
formulation loading
(mg/ml)
EG/DI 0.01/1 0.051 0.1/1 05/1 11
water
(By volume)
Triton X- 0.2 0.1 0.06
100 loading
(mg/ml)
Substrate Platen RT* 60
modifications | temperature
(°C)
UV time 0 20
(mins)
*RT stands for room temperature.

Table 5 The loadings of EG, Triton, and rGO used for the ink preparation and applied
modifications on the substrate (UV time and platen temperature) for droplet drying.
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In terms of step (1), table 5 shows a summary of loadings of EG, Triton, and rGO
for the ink preparation and the applied modifications on the substrate (UV time
and platen temperature) for the droplet drying.

Ink “0.1rGO, 0.01/1EG, 0.2Tri” with substrate modifications (0 min UV at room
temperature) was used as the formulation and settings for the start point in this
section.

Inks with different Triton loadings (0.1, 0.06 mg/ml) were formulated, and the
droplets were placed on substrates with the same modifications as a starting point.
After that, the formulation with the best drying uniformity was used for
exploration of the effect of EG, which was ink ‘0.1rGO, 0.01/1EG, 0.06Tri’.
Then, four more inks with different EG/DI ratios (0.05/1 — 1/1) were prepared.
The UV time was still 0 min for the substrate, and the platen temperature
remained at room temperature. Thus, the formulation with the best drying
uniformity was found in this case, which was ‘0.1rGO, 0.5/1EG, 0.06Tri’.

In the final phase of step (1), inks with different rGO loading (0.5 mg/ml) from
ink ‘0.1rGO, 0.5/1EG, 0.06Tri’ were prepared and dried under the same substrate
modifications again to explore the effect of rGO loading. Then, ink ‘0.1rGO,
0.5/1EG, 0.06Tri’ were dried on the substrates treated with different UV time (20
minutes) and platen temperatures (60 °C) so the effects of UV time and platen
temperature could be explored.

Triton loading 0.2 0.1 0.06
(mg/ml)
EG/DI ratio

0.01/1 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG,
0.2Tri 0.1Tri 0.06Tri

0.05/1 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG,
0.2Tri 0.1Tri 0.06Tri

0.1/1 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG,
0.27Tri 0.1Tri 0.06Tri

0.5/1 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG,
0.2Tri 0.1Tri 0.06Tri

1/1 0.1rGO, 1/1EG, 0.1rGO, 1/1EG, 0.1rGO, 1/1EG,

0.2Tri 0.1Tri 0.06Tri

*UV time and platen temperature maintained at 0 min and room temperature, rGO loadings
were 0.1 mg/ml for all inks .

Table 6 Formulations for exploring the collective effects of EG and Triton on droplet drying
uniformity. Only the loadings of EG and Triton were changed; other factors were kept the same as
the base conditions of this section.
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In step (2), the same base conditions from above were used. Since the addition of
the modifier aims to modulate the rheological properties of formulated ink into a
suitable range for inkjet printing, both loadings of EG and Triton could be
changed at the same time. To investigate the collective effect of EG and Triton on
droplet drying, 15 formulations were prepared based on the starting point and are
shown in table 6. It is worth noting that only the loadings of EG and Triton were
changed; the other factors (rGO loading, UV time, and platen temperature ) were
kept constant.

Afterwards, table 7 shows another 15 inks with the same EG and Triton loadings
as table 6, but the rGO loading was increased from 0.1 to 0.5 mg/ml to study the
effect of rGO loading on the collective effect of EG and Triton on droplet drying.
To investigate the effects of UV time and platen temperature on droplet drying,
15 inks with the same formulations as table 6 were prepared, but the UV time was
changed from 0 to 20 minutes. Additionally, 15 inks with the same formulations
as table 6 were prepared, but the platen temperature was changed from room
temperature to 60 °C. The details of these 30 formulations are summarised in
tables 8 and 9, respectively. In addition, rGO flake size was maintained at ~1.5
um for all formulations to exclude the effect of flake size on droplet drying.
Optical images were collected to observe the different effects of the above factors
on the drying uniformity.

Triton loading 0.2 0.1 0.06
(mg/ml)
EG/DI ratio

0.01/1 0.5rGO, 0.01/1EG, 0.5rGO, 0.01/1EG, 0.5rGO, 0.01/1EG,
0.2Tri 0.1Tri 0.06Tri

0.05/1 0.5rGO, 0.05/1EG, 0.5rGO, 0.05/1EG, 0.5rGO, 0.05/1EG,
0.2Tri 0.1Tri 0.06Tri

0.1/1 0.5rGO, 0.1/1EG, 0.5rGO, 0.1/1EG, 0.5rGO, 0.1/1EG,
0.27Tri 0.1Tri 0.06Tri

0.5/1 0.5rGO, 0.5/1EG, 0.5rGO, 0.5/1EG, 0.5rGO, 0.5/1EG,
0.2Tri 0.1Tri 0.06Tri

1/1 0.5rGO, 1/1EG, 0.5rGO, 1/1EG, 0.5rGO, 1/1EG,

0.2Tri 0.1Tri 0.06Tri

*UV time and platen temperature maintained at 0 min and room temperature, rGO loadings
were 0.5 mg/ml for all inks .

Table 7 Formulations for exploring the effect of rGO loading on the collective effects of EG and
Triton on droplet drying uniformity. These 15 inks have the same EG and Triton loadings, UV
time, and platen temperature as the inks prepared in table 6, but the rGO loading was increased

from 0.1 to 0.5 mg/ml.
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Triton loading 0.2 0.1 0.06
(mg/ml)
EG/DI ratio

0.01/1 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG,
0.2Tri 0.1Tri 0.06Tri

0.05/1 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG,
0.2Tri 0.1Tri 0.06Tri

0.1/1 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG,
0.27Tri 0.1Tri 0.06Tri

0.5/1 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG,
0.2Tri 0.1Tri 0.06Tri

1/1 0.1rGO, 1/1EG, 0.1rGO, 1/1EG, 0.1rGO, 1/1EG,

0.2Tri 0.1Tri 0.06Tri

*UV time and platen temperature maintained at 20 mins and room temperature, rGO loadings

were 0.1 mg/ml for all inks .

Table 8 Formulations for exploring the effect of UV time on the collective effects of EG and

Triton on droplet drying uniformity. These 15 inks have the same rGO, EG, and Triton loadings

and platen temperature as the inks prepared in table 6, but the UV time was increased from 0 to 20

mins.
Triton loading 0.2 0.1 0.06
(mg/ml)
EG/DI ratio

0.01/1 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG, 0.1rGO, 0.01/1EG,
0.2Tri 0.1Tri 0.06Tri

0.05/1 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG, 0.1rGO, 0.05/1EG,
0.2Tri 0.1Tri 0.06Tri

0.1/1 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG, 0.1rGO, 0.1/1EG,
0.2Tri 0.1Tri 0.06Tri

0.5/1 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG, 0.1rGO, 0.5/1EG,
0.2Tri 0.1Tri 0.06Tri

1/1 0.1rGO, 1/1EG, 0.1rGO, 1/1EG, 0.1rGO, 1/1EG,

0.2Tri 0.1Tri 0.06Tri

*UV time and platen temperature maintained at 0 min and 60 °C, rGO loadings were 0.1 mg/ml

for all inks .

Table 9 Formulations for exploring the effect of platen temperature on the collective effects of EG

and Triton on droplet drying uniformity. These 15 inks have the same rGO, EG, and Triton

loadings and UV time as inks prepared in table 6, but the platen temperature was increased from

room temperature to 60 °C.
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3.6 Inkjet printing of large rGO flakes

Seven inks were formulated based on the preparation process mentioned in
section 3.2 with corresponding modifiers. The rheological properties of these inks
were measured by the methods mentioned in section 3.3. Then, an evaluation of
the Z numbers of these inks was conducted based on the collected rheological
properties. The modified waveform was used to print inks with Z numbers out the
range between 1 and 10 to ensure that the droplets could be jetted stably.

As for the formal printing of these inks, the first step was to clean all the
substrates (Si wafer, PEN, and PI) with a standard cleaning process. All the
substrates were cleaned with a 3-minute acetone sonibath with another 2-minute
IPA sonibath, followed by a nitrogen gun blow to dry. Then, a 20-minute UV
Ozone treatment was applied on each substrate before the formal printing of ink
on it. All seven inks were used to print dots, lines, and squares to check pattern
drying uniformities under controlled printer settings and substrate modifications.
These modified printer settings and substrate modifications were determined from
the previous exploration sections. 200 um was used as the drop spacing for
printed dots, and X pum (X = radius of the dried droplet) was used for printed lines
and squares. The MPF was maintained at 1 kHz for the printing of all inks, while
the cartridge and platen temperatures were kept at room temperature and 60 °C,
respectively.

After the printing of these inks, the annealing of the printed patterns was
conducted. 80 °C and 120 °C were used based on the glass transition temperature
of the used substrate. For the samples printed on PET, 80 °C for 1 hour in the
oven (Model ED 115, BINDER GmbH) was applied for the annealing process.
Regarding the samples printed on Si wafer and PI, an addition of 120 °C for 1
hour was further applied. Then, a four-point-probe station from Jandel
Engineering combined with a Model 2182A Nanovoltmeter and a Series 2400
Source Measure Unit (Keithley) were used to measure the sheet resistances of
these annealed patterns.

In the end, the exploration of further reduction of sheet resistance and other
relevant properties could not be done due to the COVID-19 pandemic; the project

stopped at this step.
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Chapter 4. Results and discussions

4.1 Characterisation of GO and rGO

Figure 25 (a) — (c) show the SEM images of different types of rGO/stabiliser
flakes on Si wafer and their corresponding average flake sizes. As mentioned in
the experimental section, the final formulated inks were prepared by mixing the
‘initial rGO dispersions’ with the corresponding modifiers (mixture of DI water,
Triton, and EG), so the average flake size of initial rGO corresponds to the
average flake size of the formulated ink. The reason for using the average flake

size of the initial rGO dispersion is due to the inevitable folding issue of large

flakes during inkjet printing®®, so the accuracy of the average flake size of printed

ink is not reliable.
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Figure 25 (a) — (c) SEM images and corresponding histograms of the three types of GO prepared
in the project. The aim of reducing the flake size is to check the maximum printable flake size in

this project. The graphene with a flake size of ~1.5 um was first used to prepare the printable ink,
and then the larger flakes were used to replace this type of graphene in the same formulation to

check the upper limit of the printable flake size in this project.

Since the ‘formulated ink’ was prepared by final rGO dispersion mixed with
stabiliser, the size of used GO is the key to controlling the ink’s average flake
size. Therefore, the initial GO dispersion prepared by the modified Hummer’s
method was diluted into a GO dispersion with a concentration of 3 mg/ml. Then,
different sonication times (12, 18, and 24 hours) with the same frequency (37
kHz) were applied to this GO dispersion to reduce the flake size of GO at first.
The ice bath was used to maintain the temperature near room temperature. Thus,
GO dispersions with different average flake sizes could be prepared. Then, these
GO dispersions were used to prepare the ‘final rGO dispersions’ through the
method mentioned in the experimental section. Finally, these dispersions were
spin coated on a cleaned Si wafer for the flake size characterisation. The average
flake size corresponding to different sonication times were (a) 11.78 £ 0.78 um
(12 hours), (b) 5.77 £ 0.44 um (18 hours), and (c) 1.49 £ 0.16 pum (24 hours).

The aim of preparing the initial rGO dispersions with different average flake sizes
is to check the upper limit of the printable flake size on the printhead (DMC-
11610) used in this project. As the results reveal, the smallest average flake size is

~1.5 pum. Since the aim of this project is to print large graphene flakes, it is
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important to define ‘large’ as it relates to this project. It is commonly accepted
that the particle size for inkjet printing should not exceed 1/50 of the nozzle
diameter to avoid issues with clogging®®. Thus, the maximum material size for the
printhead (DMC-11610, nozzle diameter of about 21.5 um) used in this project is
0.43 um. Thus, any average flake size greater than this value is denoted as ‘large’.
Accordingly, all three types of rGO/stabiliser flakes prepared in the project are
considered ‘large’ graphene flakes.

Consequently, an average flake size of ~1.5 um was used to prepare inks in this
project. Since the challenges of this project were not only the printability of large
flakes but also the dying uniformity of prepped inks, this average flake size was
used as the standard size to prepare all types of inks at first. Once the balance
between the printability of large flakes and ink drying uniformity was achieved,
an even larger average flake size was used in inks with the same formulations to

check the upper limit of the printable flake size in this case.
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Figure 26 (a) AFM thickness check of GO (~1 nm) and rGO/stabiliser flakes (~2 nm); (b) XPS of
GO/stabiliser (left) and rGO/stabiliser (right), the C/O ratio changed from 2.50 to 3.07 after the
reduction. The AFM measurements have two aims; one is to confirm the layer and thickness of the
GO used in this project, and the other is to check the attachment of the stabiliser on rGO after the
reduction and washing processes via the thickness change. The XPS is used to check the reduction
degree of the rGO flakes used. Thus, the preparation of dispersions loaded with large monolayer
rGO flakes could be confirmed.

Figure 26 (a) shows the AFM results of measured GO and rGO/stabiliser flakes
from sonicated GO dispersions (12 hours) and the corresponding initial rGO
dispersion. The thickness of GO is ~1 nm, which is close to the reported thickness
of a monolayer of GO, Accordingly, the flakes in these sonicated dispersions
are confirmed as a monolayer of GO flakes. Thus, the monolayer rGO dispersions

could be prepared by using these GO dispersions. However, the thickness of
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rGO/stabiliser flakes is ~2 nm, which is even larger than the thickness of the used
GO flake. This could be explained by the attachment of stabiliser molecules on
both sides of the rGO flakes during the preparation of the initial rGO dispersion
process.

XPS has been used to characterise the reduction degree of rGO/stabiliser, and the
results are shown in figure 26 (b). Only one reduction method and corresponding
conditions were used to reduce GO in this project (GO/L-AA mass ratio of 1/7 at
80 °C for 72 hours). This is because the priority of the project is to print large
rGO ink without drying issues, and further improvement on reduction was not
conducted due to COVID-19. The same GO/stabiliser dispersion has been divided
into two portions. One is reduced through the steps mentioned in the experimental
section, and the other is maintained as a GO/stabiliser dispersion. As the XPS
results show, the peaks of C-O and C=0 components like hydroxyl (284.5 eV),
epoxide (286.6 eV), and carboxyl (288 — 299 eV) functionalities could be
observed in the C1s spectra of both GO and rGO. This is because they are the
chemicals with similar structures but different degrees of reduction. The C/O ratio
changed from 2.50 to 3.07 before and after the reduction process, which indicates
the removal of oxygen groups in rGO. In addition, some extra Raman
characterisations of GO and rGO reduced without the stabiliser under the same
reduction method and conditions used in the project have also been presented as
supplemental information and shows in the Appendix (figure S1).

In all, the initial rGO dispersions with different average flake sizes have been
prepared for the preparation of large rGO water-based inks. The thickness and
reduction degree of loaded rGO flakes have been characterised to give a better

understanding of the used materials in the formulated inks.

4.2 Formulation and inkjet printing of the initial
inks

4.2.1 Preparation of the initial inks

Using inkjet printable large rGO water-based ink to print FTEs is a novelty of this
project. This is the first time that such large rGO flakes are stably printed from a
DMP-2831 printer and that the effect of large rGO flakes on printed FTES is

studied. As mentioned in the review section, the rGO-based FTEs could avoid
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harsh post-treatment, which is beneficial to the selection of flexible and
transparent substrates. However, the majority of rGO-based FTEs suffer from low
electrical conductivity due to the use of stabiliser and the reduction degree of
GOML2113 g0 the use of large rGO flakes could provide a new solution to the
above challenge, as the large flake size could provide improved interconnections
among the flakes in printed FTEs and deliver better electrical conductivity.

Since this project uses large rGO with perylene stabiliser to prepare the inkjet
printable ink, two initial inks were designed based on the reported inkjet printable
water-based GNP ink’* and the inkjet printable ultra-large GO ink*8. The former
is a typical example of using PAHSs as the stabiliser for water-based graphene ink
to obtain a high stabiliser to graphene ratio; the latter is the first example to prove
the inkjet printability of large graphene flakes. These two examples are also the
origins of this project. In this project, Triton and EG are selected as the surfactant
and thickener, respectively. The Triton is used to avoid the interruption of
electrostatic stabilisation formed by the pyrene stabiliser, which is also suitable
for this project. The EG is selected as a common thickener for water-based ink,
and it is easy to remove with thermal annealing.

The full names of the two initial inks are ‘Ink 1-0.25 mg/ml rGO, 0.1/1 (by
volume) EG/DI, 0.1 mg/ml Triton X-100-1.5um” and ‘Ink 1-0.25 mg/ml rGO,
0.1/1 (by volume) EG/DI, 0.1 mg/ml Triton X-100-5.8um’. The 1.5 and 5.8 pm
denotations are the average flake sizes of used rGO. Furthermore, these two
names are shorted and expressed as Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um and
Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um, respectively. The same nomenclature is
used for the inks formulated in section 4.5 as well.

Since the initial inks have been formulated, table 10 shows the factors that are
significant for the printability and drying uniformity of prepared inks in this
project. The loadings of rGO, Triton, and EG are the factors that impact the
formulation and printability of these inks. The drop spacing and MPF control the
coalescence of jetted droplets. In general, the bulge issue forms when
inappropriate droplet spacing or MPF have been applied*?. Then, the UV time,
cartridge, and platen temperatures are the factors which potentially affect the
drying of the droplets deposited on the substrate®. The first three factors are more
related to the ink itself, while the latter factors are more related to the printer

settings and substrate modifications.
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Formulation- rGO 0.1 0.5

related loading

factors (mg/ml)

EG/DI 0.01/1 0.051 0.1/1 05/1 11
water ratio

(by volume)

Triton 0.2 0.1 0.06

loading

(mg/ml)

Printer Drop 20 25 30 35 40 50 60 70 80
settings spacing

(Lm)

MPF (kHz) 1 5 10 15

Cartridge RT* 60
temperature
(&)
Substrate Platen RT* 60
modifications | temperature
(§(®)
UV time 0 20
(mins)

*RT stands for room temperature.

Table 10 The three types of factors concerned in this project for the formulation, printing, and
drying of inkjet printable large rGO water-based inks; one is formulation-related factors, which
are rGO loading, Triton loading, and the EG/DI ratio, the second is printer settings, which are drop
spacing, MPF, and cartridge temperature, the last one is substrate modifications, which are UV
time and platen temperature. The first type of factors determines the formulation of the ink, the
second type affects the droplet coalescence on substrates, and the third type promotes the droplet
evaporation rate of deposited droplets®®. All these factors together have a collective effect on the

drying uniformity of the final printed patterns.
Table 11 presents the rheological properties of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-

1.5um and Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um. Both inks have the same
formulation; the main difference between these two inks is the average flake size
of rGO. As table 11 shows, the surface tensions of the two inks are quite similar
to each other. However, the viscosity of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um
is ~11.7% higher compared to that of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um.
Since the major difference between these two inks is the average flake size, the
increase in the viscosity can be explained by the use of larger flakes. The larger
flakes likely result in an increase in the interactions between the graphene layers
and a higher shear resistance to the change of flow between adjacent fluid

layers**!, Thus, the viscosity of the ink could be increased in this case.
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Ink 1-(0.25rGO, 0.1/1EG,

Ink 1-(0.25rGO, 0.1/1EG,

0.1Tri)-1.5um 0.1Tri)-5.8um
Surface tension 45.15+0.17 45.48 + 0.38
(mN/)
Viscosity at 1000 S_l 1.57+0.01 1.75+0.25
(mPa.s)
Density (mg/pl) 0.99 + 0.01 (set as 1) 0.99 + 0.01 (set as 1)
Droplet velocity (m/s) 6 6
Re number 82.17 73.44
We number 17.14 16.97
Z number 19.84 17.83

Table 11 Rheological properties and of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um and Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um. The ink with larger average flakes has a higher viscosity than
the ink with smaller average flakes. Both inks have Z numbers larger than 10, which is in the
range of printing satellites*.

Additionally, the graphs of the surface tension and viscosity of these two inks
have been added to the Appendix and are shown in figures S2.

In terms of the calculation of the dimensionless numbers for inkjet printing, the
droplet velocity has been set as 6 m/s, which is the preferred velocity for inkjet
printing®2. Plus, the densities of both inks are assumed to be 1 mg/ul (the same as
water density). Then, the Z numbers of both inks were calculated based on
equation 4, which are 19.84 and 17.83, respectively. Since the recommended Z
number range for inkjet printing is 1 < Z < 104, and the Z numbers of these two
inks are larger than 10, the viscosity is not high enough to supress the satellites.
Thus, the suppression of this jetting issue is the focus of the next section. In the
meantime, since the aim of this project is to formulate large rGO water-based inks
for printing FTEs, the major solvent for the ink is water, which has a low
viscosity (~1 mPa.s at 25°C) and a high surface tension (~72 mN/m at 25°C)**2. In
addition, in order to have better electrical conductivity, a thickener like EG, which
has relatively lower viscosity compared to other polymer thickeners, is preferred,
as it can easily be removed after annealing®’*. Therefore, the nature of water and
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the pursuit of high electrical conductivity makes the prepared inks have Z

numbers outside of the ideal range (1 < Z < 10).
4.2.2 Optimisation of jetting behaviours via the
modification of waveform

As mentioned in the previous section, both inks have Z numbers larger than 10, so
they are in the range of printing satellites'!*, as shown in figure 27. The Z number
is the inverse of the Oh number, so a large Z number indicates a small Oh
number!!4, A small Oh number means that the viscous force of the fluid is not
dominating the movement of the flow, so a long column of ink is easily jetted out
from the nozzle and forms satellites'?. There are two major routes to supressing
satellites; one is optimising the ink formulation into the ideal range®?, and the
other is modifying the waveform®.,

First, for the modification of ink’s rheological properties, the viscosity of the ink
plays a vital role in the issue. The low viscosity could result in the formation of
satellites due to the decreased viscous dissipation during the jetting process. No
dampening effect can be formed to supress the Rayleigh instability of printed
ligament, which results in the formation of satellites*'®143, Regarding the surface

tension, it also has been reported as a useful tool to supress satellite issues*.

\‘“\_ /, //
1000 |- Tceil Sblae,. -
E "‘L\‘~Sh”’g”
C /. “"“s_\
L ’I Il \\\‘\
[ ) ’ /1 ~a
r Z<1 S S
Too viscous s .
5 100 - S .
o : /7 /r
E F S1<Z<10/
c : /l //
g Z>10 (a)
I v % Satellites .e
10+ (b)
Eomm e e e e ]
II //
S Indufficient energy
1 1 |/|\\|||b/ 1 Lol 1 S N
0.1 1 10 100

Re number

Figure 27 The relative positions of the Z numbers of (a) Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um
and (b) Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um compared to the suggested range of Z numbers
for inkjet printable inks. The larger Z numbers indicate that both inks are not viscous enough to
dampen the Rayleigh instability and likely result in the formation of satellites.
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Figure 28 Schematic of a standard waveform of the DMP-2831 printer; there are five phases in
this standard waveform, which are (0) the standby phase, (1) the suction phase, (2) the ejection
phase, (3) the break-off phase, and (4) the recovery phase. The most important sections are phases
(1) and (2), which are in charge of the suction and ejection of the ink in the printhead chamber.

A higher surface tension results in a larger surface energy of the droplet, which
tends to minimise the surface area of the jetted droplet!*®. Thus, the droplet tail is
decreased in this case, and the suppression of satellites could be achieved.
However, the inks with extremely high surface tension or viscosity could still fail
at jetting as a result of the limitations of the printer itself. Hence, a balance is
needed between the ink formulation and printability; otherwise, the printhead is
easily blocked®®. Then, the optimising of ink formulation faces a practical
challenge, which is the high cost of the printhead. Therefore, this method is not
used at this stage.

Second, the effect of the waveform during inkjet printing is a determining factor
of droplet ejection when the ink and printhead have already been selected. There
are three main parameters in waveform design, which are amplitude, printing
frequency, and waveform shape®2. With the optimisation of these parameters, the
droplet size can be manipulated without changing the ink formulation while still
preventing satellites and nozzle clogging?:!#’. Generally, droplet velocity can be
increased with an increase in amplitude, while the other parameters need to be
adjusted based on the ink’s fluid properties.

Figure 28 shows the standard waveform of a DMP printer, which can be divided

into the following five phases*:
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(1) Phase 0: In the standby phase, there is a small voltage applied on the
piezo-transducer to slightly compress the chamber;

(2) Phase 1: The voltage applied in this phase is zero; the transducer is in a
neutral status and has not been pressed. Hence, the ink is pulled into the
chamber from the cartridge. The meniscus of the nozzle has been pulled
inwards as well;

(3) Phase 2: The full voltage is applied to the transducer in this phase, and the
volume of the ink in the chamber reaches its minimum. Hence, a droplet is
ejected from the nozzle;

(4) Phase 3: In the recovery phase, the voltage is partially decreased, and the
transducer relaxes. The droplet breaks off and forms a tail at this phase;

(5) Phase 4: In the recovery phase, the voltage keeps decreasing to the value
set at phase 0. Another refilling process of the ink starts, and the whole
system is ready for the next print.

The steepness of the slope is indicative of the energy that the printer applied upon
ejection, and the section with zero gradient represents the holding time of each
phase. The manipulation of the slope rate and phase time opens the opportunity to
print inks with extreme properties, such as high surface tension or viscosity.
Several inks reported with Z numbers between 2 and 24 had been printed out
successfully without any jetting issues through the same printer used in this
project!?>9  likely through the use of a modified waveform. Thus, this method

has been selected at this stage to supress the satellites issue.
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Figure 29 (a) Standard waveform and the screenshot of jetted droplets from Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um with satellites issue; (b) modified waveform and the screenshot of jetted
droplets from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um without satellites issue. These two
waveforms are used to prove that waveform modification is an effective way to supress satellite
issues without changing ink formulation. The modified waveform uses the optimised dwelling

time to create a strong negative pressure at the ejection phase of the waveform**®, Thus, the tail of
the jetted droplet could be controlled, and the suppression of satellite issues could be achieved.

Figure 29 shows screenshots of jetted droplets from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um under (a) standard and (b) modified waveforms. The satellites
issue is observed when a standard waveform is used, but normal droplets are

jetted out under a modified waveform.
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The unipolar trapezoidal waveform is generally recommended because of its
149

simplicity**. There are two major methods to supress the satellites via the
modification of the waveform. One is simply applying a longer falling session to
suppress the satellite issue™. It has been proved that a longer falling time creates
a stronger negative pressure to the point that a droplet is pinched off from the
nozzle. This stronger negative pressure reduces the length of the tail and results in
a suppression of satellites issues.

The other method is finding the optimised dwelling time, which is usually
denoted as dwelling efficient!*8. This method has been used to supress the satellite
issue in a different type of printhead (Microfab, MJ-ATP-01-60-8MX). The main
differences between this printhead and the one used in this project are the states of
the piezoelectric elements during printing. In the above paper, the rising session
of the printhead draws ink from the cartridge chamber, and the falling session
ejects the droplet. This is reversed in the printhead used in this project. In that
paper, the rising session first creates a negative pressure wave in the chamber.
This wave gradually propagates to the nozzle, and the strength of this wave is
weakened during the propagation due to the viscous damping effect of the ink.
Then, a smaller and slower droplet is formed following the arrival of this
weakened positive wave. After that, a larger and faster droplet is ejected, as the
arrival of the positive pressure in the falling session. The dwelling efficient means
the dwelling time that allows these two positive waves to meet in the nozzle at the
same time. Hence, the maximum volume and the highest velocity of the droplet
could be achieved.

Once the dwelling time is shorter than the efficient time, a larger and faster
droplet is ejected first, and the smaller and slower droplet follows. However, the
second droplet cannot catch up to the first droplet, and satellites are formed. On
the other hand, if the dwelling time is longer than the efficient time, the faster
droplet has the chance to catch up with the slower droplet and supresses the
satellites. However, the satellites could also be formed when the dwelling time is
too long, and the second droplet cannot catch up with the first droplet before it

lands.
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Figure 30 Dwelling time effect on the suppression of satellites issues on the Microfab printhead;
(a) the dwelling time is shorter than the dwelling efficient, which promotes the formation of
satellites; (b) the dwelling time equals the dwell efficient, wherein droplets with the maximum
volume and the highest velocity are jetted out; and (c) the dwelling time is longer than the dwell
efficient, which helps the suppression of satellite issues*®. Since the same type of unipolar
trapezoidal waveform has also been used in this project, a similar effect of dwelling efficient could
be found on the Dimatix printhead as well. However, the dwelling efficient in Dimatix printhead
is to strengthen the negative pressure and reduce the droplet tail to supress the satellite issue.

(c) Voltage

Figure 30 demonstrates the situations mentioned above*®:

(@) Dwelling time shorter than the dwelling efficient;

(b) Dwelling time equal to the dwelling efficient;

(c) Dwelling time larger than the dwelling efficient.
So, a similar mechanism could be used to explain the effect of the waveform in
this project since the state of the piezoelectric element in DMP-2831 is reversed
in the rising and falling sessions. The rising session directly ejects the droplet at
the beginning.
Hence, the first droplet is always large and fast. Even though the falling session
could create a positive wave and eject a droplet, which is small, slow, and
delayed, it is not likely to catch up with the previous droplet.
Nonetheless, it is interesting to highlight that if the negative pressure wave from
the rising session meets the negative wave created at the start of the falling
session at the same time, a strengthened negative pressure would be created.
Then, an effect similar to a longer falling session could be formed®°. Thus, the

droplet tail could be reduced, and the satellite issue may be supressed.
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As figure 29 (b) shows, the modified waveform has been simplified into three
sections, which are rising, dwelling, and falling. The states of each section could
be described based on the reported standard mechanisms as follows®?:

(1) The piezoelectric element relaxes at the beginning with zero voltage
applied and is ready to move into the rising section;

(2) The ink in the chamber is jetted out as the sudden rise of the applied
voltage starts the rising section. The steepness of this slope determines the
energy exerted on the initial ejection;

(3) In the dwelling section, the applied voltage has reached its maximum and
holds for a certain time. No further deflection of the piezoelectrical
element occurs in this section;

(4) The applied voltage starts to decrease at the start of the falling section, and
the droplet tail pinches off from the nozzle. This section applies the
negative pressure to eject the droplet. Finally, the ink refills the cartridge
after the ejection of a droplet, and another jetting process starts.

The modified waveform was obtained by trial and error. Briefly, the rising section
was set to 25 ps, with the firing voltage increased from 0 to 15 V. The dwelling
section time was 77 us, and the falling section time was 38 us. The firing voltage
was maintained at 15 V during the dwelling section and reduced to 0 V at the
falling section. In addition, a 169 ps idle section of 0 voltage was applied to
supress any unnecessary effects from pressure waves. The dwelling efficient was
found to be 77 us by the trial-and-error method. Both Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um and Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um could be jetted out
successfully without any satellites issue via this modified waveform.

In all, a formulation has been designed based on previous work. The inks have
satellites under the standard waveform due to their theological properties. The
satellites issue has been supressed using a modified waveform. The mechanism of
modification is to optimise dwelling and falling time in the waveform. Then, a
strong negative pressure is created to suppress satellites issue during printing.

Thus, the formulated inks could be jetted without changing their formulations.
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4.3 Suppression of drying issues via printer settings

and substrate modifications

(a) (b)

Figure 31 Optical microscope images of printed dots, lines, and squares on Si wafer from (a) Ink
1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5 pum and (b) Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8 um. The
patterns from the above inks were printed using 200 um as the drop spacing for dots and 25 pm as
the drop spacing for lines and squares. The MPF was 1 kHz, and the cartridge and platen
temperatures were room temperature and 60 °C, respectively. The UV time for the Si wafer was
maintained at 20 minutes for both inks as well. Four major drying issues could be found from the
above-printed patterns, which are CRE, first dot issue, missing front issue, and waviness. No
further application of these functional inks could be achieved until the suppression of these drying
issues. Black scale bar represents 200 pum.

Since the ink jetting behaviours have been optimised, the drying uniformity of the
printed patterns from both Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5 um and Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-5.8 um become the focus of this section. Figure 31
shows the optical microscope images of printed dots, lines, and squares of these
two inks on Si wafers. The printer settings and substrate modifications are as
follows:

(1) drop spacing = 200 um for dots and X um (X equal to the average radius

of printed dots) for lines and squares;
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(2) maximum printing frequency (MPF) = 1 kHz;

(3) cartridge temperature = room temperature (RT);

(4) platen temperature = 60 °C;

(5) UV Ozone time = 20 mins.
The above settings and modifications are adopted from Pei’s and Daryl’s works
as they originally formulated Ink 1, and both studies use the same type of printer
as is used in this project’®®. These settings will be termed the ‘initial settings’ for
the convenience of the coming discussion.
As figure 31 shows, individual dots could be observed when the drop spacing was
set to 200 um for both inks, and the average diameters of the printed dots from
Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5pum and Ink 1-(0.25rGO, 0.1/1EG, 0.17Tri)-
5.8um were 52.0 £ 2.1 um and 42.6 + 1.5 pm, respectively. So, dots from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um have a smaller average diameter compared to
those of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. This could be explained by the
higher viscosity of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um since more energy is
consumed by the higher viscous force during droplet spreading®®L.
As mentioned before, the average radius of printed dots usually suggested
determines the drop spacing for printing continuous patterns like lines and squares
at start®2. Thus, 25 um and 20 um have been set as the drop spacing for printing
the lines and squares of these two inks. The corresponding average line widths of
these two inks are about 122.5 + 1.6 um and 105.2 £ 1.1 um, respectively.
However, no uniform lines or squares could be observed in figure 31 for either
ink. In addition, it is worth noting that the droplet diameters of both inks are
smaller than the widths of their corresponding lines, which could be explained by
the coalescence of printed droplets. The liquid volume in the printed line is far
more than the liquid in a single droplet and results in further spreading of the ink
on the substrate'!*. There are four major drying issues in the printed dots, lines,
and squares in figure 31, which are:

(1) the coffee-ring effect (CRE);

(2) the first dot issue;

(3) the missing front issue;

(4) the waviness issue.
The first two are typical drying issues in inkjet printing®®?, while the missing front

and waviness issues are novel challenges found in this project. As mentioned in
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the literature review, the CRE is a phenomenon caused by capillary flow created
due to the different evaporation rates between the contact line and the apex of the
droplet*2. The evaporation rate in the three-phase contact line region is higher
than that of the apex region in a sessile droplet. Thus, more solvents are
consumed in the contact line region, so the solvents in other regions are moved by
capillary flow to replenish this loss. Thus, the transportation of solutes happens
simultaneously in this process, and a non-uniform ring-structure deposition of the
solutes is formed after drying. Therefore, as long as the pinned contact line and
the edge dominated evaporation occur during the evaporation of the droplet, the
CRE is inevitable!33,

The first dot issue could be observed in all printed patterns from both inks. The
graphene loadings of the first dots or beginning parts of printed lines and squares
are clearly higher than that of the rest of the printed dots, lines, and squares in the
same printing sequence. It is believed that the drying of ink around the nozzle
leads to this issue*®°2. The continuous evaporation of ink during the idle period
leads to a loss of solvent in the ink in and around the nozzle. This can either clog
the nozzle or make the material loading of the first several droplets vary from the
rest of the printed droplets in the same printing sequence®3. Thus, either the
nozzle clogs or the first dot issue occurs in this case. The common method to fix
this issue is to set a frequent washing cycle during the idle session®.

In terms of the missing front issue, empty sections could be observed at the front
part of printed lines and squares. This is a new phenomenon first found in this
project.

As for the waviness issue, the printed lines in a square have been transformed
from straight lines into lines with wavy edges, which is similar to the bulge issue.
However, as figure 31 shows, the individual lines printed with the same drop
spacing do not have such wavy edges. This phenomenon is unigue to this project
as well. The mechanisms behind these two issues are explored in the following
sections.

These four drying issues are the most critical challenges at this stage. These novel
large rGO inks cannot be further applied until the drying uniformity issues have
been supressed.

In general, there are two routes to supress drying issues during inkjet printing; one

is changing the ink formulation, and the other is modulating the printer settings
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and substrate modifications®®. Both routes can supress the drying issues
effectively. However, the change of formulation could alter the rheological
properties of the formulated inks and potentially cause printability issues in the
new ink, especially when large flakes are used, like in this project®. Thus, ink
reformulation is, again, not a cost-effective route. Thus, the modulation of printer
settings and substrate modifications is first explored in this section.
In order to supress the drying issues, four printer settings and two substrate
modifications have been explored. The settings and modifications can be divided
into three groups:

(1) drop spacing and maximum printing frequency (MPF);

(2) cartridge and platen temperatures;

(3) UV Ozone time.
As mentioned before, inappropriate drop spacing and MPF result in other drying
issues like a bulge and discrete depositions of ink, etct**. Thus, suitable drop
spacing and MPF must be established first; the relationship between drying issues
and these two settings can also be explored.
Regarding the cartridge temperature, it is a factor strongly related to the first dot
issue. The first dot issue implies a dissimilarity of material loadings in the very
first or the first several dots compared to the rest of the printed dots in the same
printing sequence, which is caused by unpreventable ink wetting and drying
around the nozzle during printing'®3. Therefore, printer settings like cartridge
temperature play an important role in this issue, as it strongly influences the
evaporation rate of ink around nozzle®.
In terms of platen temperature, it is often used to supress the CRE. It has been
reported that high platen temperature could either induce the thermal Marangoni
effect or employ the surface capture effect to supress the CRE***1°, During
droplet evaporation, high platen temperature leads to a decreasing gradient
temperature from the contact line to the apex of the droplet. Thus, a surface
tension difference could be formed in this case: if the surface tension in the apex
is higher than at the contact line, then a thermally induced Marangoni flow could
be formed™®*. Thus, the solute in the contact line area is transported back to the
droplet centre and supresses the CRE. Moreover, it has been reported that high
platen temperatures can result in the fast evaporation of a droplet, so the solutes in

the droplet would be captured by the droplet surface due to this fast evaporation
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and results in a uniformly dried droplet!®®. So, the effect of platen temperature is
also important in fixing drying issues.

Altering the UV time, in theory, changes the hydrophobicity of the substrate. On
the one hand, the higher substrate hydrophobicity could result in a lower contact
angle hysteresis. This weakened hysteresis could lead to the smoother receding of
the contact line, preventing the accumulation of the solutes in the fixed contact
that form the ring stain'®. On the other hand, the spreading of solvent can also
happen when the substrate is extremely hydrophilic, so the CRE could also be

supressed due to an absence of the contact line®’

. Thus, a change in the UV time
may also supress the drying issues.

Finally, the effects of the above settings and modifications on drying issues are
discussed in the following sections. Importantly, since Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um and Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um have similar drying
issues, Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um was excluded in following
sections because of its low storage stability. The ink routinely suffers from nozzle
clogging after 3 — 5 days of storage, which might be caused by the relatively

larger rGO flakes.
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4.3.1 Effects of drop spacing and MPF on suppressions of
drying issues

(a)

(b)

Figure 32 Optical microscope images of (a) printed dots and lines and (b) printed squares on Si
wafer from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. 200 um was used as drop spacing for dots,
and different spacing from 20 to 80 um (9 data points) was used as the drop spacing for lines.
Then, 20, 25, and 80 um were used as representative drop spacings for printed squares. The MPF
was 1 kHz, and the cartridge and platen temperatures were room temperature and 60 °C,
respectively. The UV time for the Si wafer was maintained at 20 minutes. The major concern at
this stage is to first find a suitable drop spacing for avoiding issues like bulges and discrete
depositions. Then, the effect of drop spacing on the major drying issues was explored, especially
for issues like the missing front and waviness, as their shapes changed dramatically when various
drop spacings were applied. Black scale bar represents 200 um.

The first aim of this section is to find suitable settings for avoiding issues like
bulges and discrete depositions of ink, among others. Additionally, the
relationship between drying issues and these two settings is discussed.

Figure 32 (a) and (b) show the printed individual dots, lines, and squares with
various drop spacings on a Si wafer using Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5um. The printer settings and substrate modifications are as follows:
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(1) drop spacings are 200 um for dots and 20 to 80 um for lines;

(2) drop spacings for squares are 20, 25, and 80 pum, respectively;

(3) maximum printing frequency is 1 kHz;

(4) cartridge temperature is room temperature;

(5) platen temperature is 60 °C;

(6) UV Ozone time is 20 minutes.
Different drop spacings were used for printing patterns, and other settings were
held constant from the initial settings.
As for printed lines in figure 32 (a), three major types of lines could be observed
when the drop spacing was changed from 20 to 80 um. When the drop spacing
was between 20 and 25 pm, continuous lines with the missing front issue could be
observed. The bulge issue could be found in the lines with 20 um drop spacing.
Then, when the drop spacing was between 25 and 35 um, uniform continuous
lines with the missing front issue could be seen. No bulge issue was found in
these lines, and the line width decreased from 122.5 + 1.6 pum to 103.8 £ 1.8 um
as the drop spacing increased from 25 to 35 um. Then, when the drop spacing was
between 40 and 80 um, the lines were transformed into discrete depositions, and
the missing front issue could still be observed until the drop spacing was 60 pum.
In terms of printed squares in figure 32 (b), 20, 25, and 80 um were used as the
representative drop spacings, respectively. The clear missing front, bulge, and
waviness issues could be observed in squares when drop spacings were 20 and 25
um, but they were supressed when drop spacing was 80 um. However, no
continuous square could be formed when 80 um was used as the drop spacing.
In addition, the individual dots printed with a drop spacing of 200 um from figure
32 (a) show that no misfiring of droplets could be observed from the printed
pattern, which indicates that the missing front issue is not caused by the droplet
misfiring during the printing process.
Furthermore, the size of the dots in the printed lines and squares with a drop
spacing of 80 pum is much larger than that of printed dots with a drop spacing of
200 pum. In theory, the individual dots should be observed when drop spacing is
larger than the dot diameter, as they are not connected!*. So, the dot diameter
with a drop spacing of 80 um should be similar to the dot diameter with a drop

spacing of 200 um as both these drop spacings are larger than the average dot
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diameter, which is about 52.0 £ 2.1 um. This indicates that the actual dot diameter
might vary from the final calculated one.

Based on the above results, we found that although manipulating the drop spacing
could avoid bulge and discrete deposition issues, the major drying issues still
were observed in the printed patterns. However, the above results still provide
some insight into the mechanisms behind these drying issues, especially the
missing front and waviness issues.

As figure 32 (a) reveals, the printed lines changed from lines with bulges to
continuous lines to discrete depositions when drop spacing increased from 20 to
80 um. This trend matches the model proposed by Yang, which is the model used
for predicting bulge behaviours of inkjet-printed lines with different drop
spacings when no contact receding happens®®. Bulges are the result of
competition between capillary flows which spreads the droplet and the axial flow
along the printing direction due to the pressure difference between the newly
deposited droplet and an existing bead. Duineveld found that as the drop spacing
decreases, more liquid is deposited in unit distance. Then, the volume increase
created by these new droplets, in turn, increases the contact angle and causes the
regional area to have a contact angle larger than the ink’s advancing contact
angle. Thus, the contact line moves, and a strengthened capillary flow is formed
to absorb the solvent from the adjacent droplets to form a bulge®®®. So, when the
drop spacing is increased, this issue can be supressed. However, when the drop
spacing is continuously increased, the disconnections of droplets happen
irregularly, which starts to form discrete depositions of ink. When drop spacing is
larger than the dot diameter, individual dots are seen.

Regarding the issue that the sizes of dots in printed lines with a drop spacing of
80 um are much larger than those of dots with a drop spacing of 200 um (Figure
32 (a)). In theory, the dots with a drop spacing of 80 pum should have a similar
size to the dots with a drop spacing of 200 um, as the average dot diameter is
about 52 um. Thus, the dots with a drop spacing of 80 um should be individual
dots as well. However, the discrete deposition of ink indicates that they are
connected together rather than individual dots, even at such large drop spacing.
So, the actual size of the dots is larger than the size observed from the dots printed
with a drop spacing of 200 um. Derby et al. found that the droplet can be turned

into an elliptical shape when the droplet has a low contact angle with the
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substrate, enabling the dot to spread and connect with another droplet even when
the drop spacing is larger than its diameter'?8, He believes this change of shape is
due to changes in the local surface energy caused by changes in vapour transport
in the region. Although this phenomenon could explain why the dots connect
despite a relatively large drop spacing, this change of shape still could not explain
why the waviness happened in the printed squares (drop spacing = 25 um), while
the lines printed with the same drop spacing are straight. Instead, literature report
by Tao, Z., et al. provides another view on the waviness issue!®. The ink used in
their project is a silver-based ink with PVP polymer as the stabiliser, which is
different from the ink used in our project. The separation phase of the solvent
took place during the droplet drying. The typical structure of their dried dots
consisted of a polymer-rich outer region and a particle-rich inner zone. In other
words, a dual-ring structure of the dried droplets was formed in this case. In order
to produce continuous lines for the silver region, a small drop spacing was always
used to print the patterns. Additionally, the squares printed in Tao’s project
exhibit the waviness issue, and the individual lines printed in his project also
show no wavy edge when the same drop spacing has been applied to squares. For
Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um, which contains modifiers like Triton
and EG, the Marangoni effect would be formed during the drying process. Thus,
the formation of a dual-ring structure could also lead to a concentrated dot/disk in
the centre. Therefore, the actual dot diameter could be larger than the diameter of
the centre dot/disk. This could explain why the droplets are still connected despite
a drop spacing of 80 um. At the same time, this could also explain why the
uniform line could be printed using a drop spacing of 25 um, while the square
printed with the same drop spacing exhibits the waviness issue. Since the drop
spacing set in the project is based on the final dried dot, which is supposed to be
smaller than the outer ring’s diameter, the bulge issue of the outer ring may be
formed in the printed lines and squares. Then, the bulge issue will affect the shape
of the line printed next to it. Thus, the waviness issue could be observed in the
square, while the straight individual line could be printed with the same drop

spacing. Thus, the origin of the waviness issue could be explained.
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Figure 33 SEM images of the printed lines from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5pum with a
drop spacing of 25 um. The cartridge and platen temperatures are room temperature and 60 °C,
respectively. The MPF is 1 kHz; the UV time is 20 minutes. (a) and (b) are the magnified missing
front zone and concentrated dot area in the printed line; (c) is the magnified main body of the
printed line after the concentrated dot area; and (d-i), (d-ii) illustrate the mechanisms of formed
internal flows with different directions due to the Laplace pressure. The area with a higher Laplace
pressure could form a flow to the area with a lower Laplace pressure®’. In general, if the curvature
radius of a newly landed droplet is smaller than that of the liquid bead, then the droplet could have
a higher Laplace pressure and could form an internal flow against the printing direction6? (d-i).
However, the first dot issue could lead to an increase in droplet surface tension or a decrease in
droplet diameter, which also increases the Laplace pressure’®3. Thus, an internal flow along with
the printing direction could be formed (d-ii), and it is responsible for the formation of missing
front issues in the printed lines and squares. Black scale bar represents 100 pm for (a) and 20 pm
for (b) and (c).
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Regarding the missing front issue that appears in printed lines and squares in
figure 32, no similar issue has yet been reported. The issue could be observed in
both printed lines and squares until the drop spacing is larger than 60 pm.
However, no continuous pattern could be obtained after such large drop spacing.
The missing front issue could be slightly suppressed when the drop spacing was
increased from 20 to 35 pum. The suppression effect of drop spacing on this issue
Is not obvious after 35 pum, however.

Figure 33 shows the SEM image of the printed lines from Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um with a drop spacing of 25 um, which illustrates (a) the
missing front zone, (b) the concentrated spot, (c) the main body of the printed
line, and (d-i), (d-ii) the mechanisms of formed internal flows with different
directions due to the Laplace pressure in the printed line. As figure 33 (b) shows,
an internal flow along with the printing direction should form, and it encounters
another internal flow going against the printing direction, forming a concentrated
spot at the intersection.

The flow against the printing direction is a common phenomenon in inkjet
printing; it is generated due to the Laplace pressure difference between a newly
landed droplet and existing liquid beads'®’. Since the curvature radius of the
newly landed droplet is smaller than that of the liquid bead, the droplet could have
a higher Laplace pressure. An internal flow against the printing direction could be
formed*2, which is depicted in figure 33 (d—i). This flow is also the main reason
for the formation of a bulge in the head of a printed line. As the same issue has
not yet been reported, two possible mechanisms are proposed here. One is the
misfiring of jetted droplets during the printing, and the other involves the Laplace
pressure induced flow along the printing direction.

The printed dots shown in figure 32 (a) reveal that there is no misfiring of the
droplets when drop spacing equals 200 pm, as all the droplets were printed in
position. Hence, the misfiring of droplets could be excluded.

Regarding the flow driven by the Laplace pressure, the printed liquid bead usually
has the smallest pressure compared to other sections of the line that are flatter®6?,
Therefore, the internal flow along the printing direction could only be formed
when the Laplace pressure in the first several droplets is higher than that of a
newly landed droplet. The equation for calculating the Laplace pressure is AP =

2y/r, where P is the Laplace pressure, y is the surface tension of the droplet, and r
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is the curvature radius of the droplet!®, When the surface tension has been
increased, or the curvature radius has been decreased, then the Laplace pressure
increases and results in a flow from the high-pressure region to the lower one.
Thus, the first dot issue could be an important contributor to the missing front
issue. The increased rGO loading resulted in the rise of the ink’s surface tension.
This is because higher graphene loading absorbs more Triton molecules in the
droplet, as Trion is not only the surfactant of ink but also a stabiliser to the
graphene!t. Thus, more Triton molecules could be absorbed into graphene, and
less Triton would appear in the liquid-vapour interface, so the surface tension
would increase in this case. This higher surface tension could lead to a larger
Laplace pressure based on the above equation. Thus, the Laplace pressure in the
first dot region may increase, causing an internal flow along the printing direction
to be formed, as illustrated in figure 33 (d-ii).

Figure 32 (a) shows that the missing front issue could be strengthened when drop
spacing is decreased from 25 to 20 um since the decrease of drop spacing could
strengthen the bulge issue'®®. The stronger capillary flow from the bulge could
absorb the ink at the front section, causing the missing front issue to become even
worse in this case. Thus, both the missing front and bulge issues would become

more serious in the case of smaller drop spacing.

Figure 34 Optical microscope images of printed lines on Si wafer from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um with different MPF. 25 um was used as the drop spacing for all printed lines. Then,
the MPF were set to 1, 5, 10, 15, and 20 kHz. The cartridge and platen temperatures were room
temperature and 60 °C, respectively. The UV time for the Si wafer was maintained at 20 minutes.
The major concern at this stage is to find the effect of MPF on the drying issues. As a result, the
dried discrete larger spots also confirm the formation of a dual-ring structure in the final dried
dots, which is a critical factor causing the waviness issue. In addition, dried discrete larger spots
also prove that the ink is absorbed into bulges when the bulge issue is too strong. Black scale bar
represents 200 pm.
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As for the effect of maximum printing frequency, it is important to know that the
printhead used in this project can only provide a range from 1 to 20 kHz*2. Figure
34 shows the lines printed on a Si wafer from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5um with various maximum printing frequencies. The printer settings and
substrate treatments are as follows:

(1) drop spacing: 25 pm;

(2) maximum printing frequency: 1 — 20 kHz;

(3) cartridge temperature: room temperature;

(4) platen temperature: 60 °C;

(5) UV Ozone: 20 minutes.
Five different MPF have been used, while other settings remained the same from
the initial conditions.
As figure 34 shows, the continuous lines could only be observed when MPF was
1 kHz with a drop spacing of 25 um. The lines with higher printing frequencies
have been transformed into a series of discrete larger spots. As Duineveld
proposed, the increase in MPF could increase the amount of ink deposited in the
unit time, so the volume of printed dots could be suddenly expanded, resulting in
an increase in the contact angle, which is similar to the effect of using small drop
spacing®®®. When the contact angle is larger than the advancing contact angle of
the ink, the contact line moves, and a strengthened capillary flow absorbs the ink
from adjacent droplets to form bulges. This result proves that 1 kHz is the most
suitable option for Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. In addition, there are
clearly multi-ring structures and concentrated centre dots in these discrete large
spots. Thus, these structures could also prove the assumption presented in the
previous section that the dual-ring structure due to the Marangoni effect
transpired during the ink drying.
Overall, this section reviewed the effect that specifically drop spacing and MPF
have on common and unique drying issues that are important to resolve. The
bulge and discrete deposition of ink could be avoided by using suitable drop
spacing and MPF. However, these adjustments could not effectively suppress all
drying issues. The reasons for missing front and waviness issues have also been
explained in this section. The waviness issue could be mainly caused by the dual-
ring structure of the dried dot caused by the Marangoni effect. Since the drop

spacing is usually set as the radius of the dried dot — which is smaller than that of
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outer ring — to form a continuous line, the bulge issue happens in the outer ring.
The printed lines in the square are affected by the structure of the outer ring, and
the waviness issue is formed. In addition, the larger drop spacing could not
suppress this issue, as forming a continuous rGO line is also necessary for
printing, and no continuous line could be formed when the drop spacing is too
large. The missing front issue could be mainly caused by the Laplace pressure
difference between different sections in the printed line. As the first dot issue is
inevitable, the increased rGO loading in the first several droplets results in an
increase in the surface tension of the region. Therefore, a higher Laplace pressure
would create an internal flow along with the printing direction and cause the
missing front issue.

Finally, the suggested drop spacing and MPF for further exploration are 25 um
and 1 kHz, respectively.
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4.3.2 Effect of cartridge and platen temperatures on

suppression of drying issues

(@) (b) (c)

Figure 35 Optical microscope images of printed dots, lines, and squares on a Si wafer from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different cartridge temperatures, including (a) printed
patterns under room temperature; (b) printed patterns under 40 °C; and (c) printed patterns under
60 °C. 200 pum was used for the drop spacing for printing individual dots, while 25 um was used
for the drop spacing of lines and squares. The MPF was 1 kHz, and the platen temperature was
60 °C. The UV time for the Si wafer was maintained at 20 minutes. The major concern at this
stage is to find the effect of cartridge temperature on the drying issues. The increase in cartridge
temperature leads to a more serious first dot issue due to the quickened evaporation rate around
the nozzle. Similarly, the missing front issue became worse when the cartridge temperature
increased from room temperature to 40 °C, but the trend stopped when the cartridge temperature
further increased to 60 °C due to the shortened droplet drying time on the substrate at such high
cartridge temperatures. Finally, although the evaporation rate of the droplet could be strengthened
by this increased cartridge temperature, the CRE and waviness issues were not obviously affected.
This indicates that the Marangoni effect still dominates droplet drying. Black scale bar represents
200 pm.

Figure 35 shows the patterns printed on Si wafer from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um with various cartridge temperatures. The printer settings and
substrate treatments are as follows:

(1) drop spacing: 200 pm for dots and 25 um for lines and squares;

(2) maximum printing frequency: 1 kHz;

(3) cartridge temperature: room temperature to 60 °C;

(4) platen temperature: 60 °C;

(5) UV Ozone: 20 minutes.
Varying cartridge temperatures (room temperature, 40, and 60 °C) were used for
printing patterns, and other settings were kept the same as the initial conditions so

117



that the effect of cartridge temperature on pattern drying could be explored. The
maximum cartridge temperature in the Dimatix-2831 printer is 60 °C%,

As the cartridge temperature increased, the average dot diameter too increased
from 52.0 £ 2.1 um to 65.9 + 1.4 um. Consequently, the first dot loading issue
became more serious in the printed dots and lines when the cartridge temperature
was raised from room temperature to 60 °C. However, the same trend for the first
dot issue could not be found in printed squares due to the missing front issue.
The missing front issue became more serious in all printed patterns when the
cartridge temperature increased from room temperature to 40 °C, but the situation
did not worsen when the temperature was further increased to 60 °C.

Regarding the CRE and waviness issue, no obvious effect of cartridge
temperature was found based on the printed patterns.

The increase in cartridge temperature could lead to a decrease in droplet viscosity
and an acceleration of ink drying around the nozzle®. The reason for the
increased dot diameter could be explained by the decreased viscosity of the
droplet. Therefore, smaller viscous dispassion is obtained during the spreading of
the droplet. Then, an increase in the cartridge temperature has a similar effect to
decreasing drop spacing, as the drop spacing was fixed at 25 um at this stage.

As mentioned before, the first dot issue is the main source of the missing front
issue, as more dried rGO flakes are added in the first several droplets and result in
an increase of surface tension of these droplets. The higher cartridge temperature
results in a faster evaporation of ink around the nozzle3®, so the first dot issue can
become more serious in this case. The printed individual dots from figure 35
prove this trend. The missing front issue was theoretically to become more serious
as the cartridge temperature raised. However, that trend was only observed when
temperature increased from room temperature to 40 °C and did not worsen when
cartridge temperature reached 60 °C. This could be explained by the shortened
lifetime of a droplet due to the higher applied temperature. Since the platen
temperature was set at 60 °C, the droplets jetted with the cartridge temperature
below this point underwent a heating process to reach the maximum evaporation
rate, while the droplets at 60 °C did not need such a process. Thus, the lifetime of
this type of droplet would be shorter than the others. So, although the missing

front issue should theoretically be more serious when the cartridge temperature is
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60 °C, this shortened droplet lifetime potentially supresses this issue as the flow
may not have time to push rGO flakes any further before the droplet dries.
Notably, the CRE and waviness issues have not been affected by the increased
cartridge temperature. The first dot issue and the shortened lifetime of the droplets
proved that the evaporation rate of the droplets was increased. However, no clear
coffee-ring structure could be seen in the printed dots, and the waviness issue was
not influenced either. Thus, the possible explanation is that the Marangoni effect
still dominated the drying process for the current ink formulation. The Marangoni
effect is a major method to supress the CRE in this project. It can be induced by
heating substrate, adding surfactant, or using co-solvents*3. The origin of this
flow is the surface tension gradient formed from the contact line to the apex of the
droplet. However, the impact of the thermally induced Marangoni effect is usually
neglected when the surfactant or co-solvents induced Marangoni effect are
present in the same droplet, as the latter two are much stronger than the former
one®34, Since Triton and Ethylene glycol (EG) are used in this project, the effect
of the thermal Marangoni effect induced by substrate heating is neglected. Thus,
the main competition is between CRE, and surfactant and co-solvents induced
Marangoni effects. Plus, the addition of modifiers is an effective way to modulate
the drying uniformity and printability of the ink at the same time®3. In terms of the
surfactant and co-solvents induced Marangoni effects, they are strongly related to
the evaporation rate in the contact line area. The surfactant induced Marangoni
effect is caused by the accumulation of surfactants in the contact line area due to
the capillary flow from CRE'**. So, more surfactants are transported into the
contact line area, which results in reduced surface tension at that region. Then, a
decreasing surface tension gradient is formed from the apex to the contact line,
and the corresponding Marangoni flow is produced. The mechanism for co-
solvents induced Marangoni effect is slightly different from the above. The
evaporation rate in the contact line area is the highest among the other regions in
the droplet, so when two solvents have different vapour pressures and surface
tensions, a surface tension gradient is formed when the volatile solvent has a
higher surface tension!3*. The local surface tension drops when a more volatile
solvent has evaporated. Thus, the evaporation rate at the contact line affects both
the strengths of surfactant-induced and co-solvents-induced Marangoni effects.

So, when the cartridge temperature increased, the evaporation rate increased, and
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Figure 36 Optical microscope images of printed dots and squares on a Si wafer from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different platen temperatures, including (a) printed
patterns under room temperature; (b) printed patterns under 40 °C; and (c) printed patterns under
60 °C. 200 pm was used for the drop spacing for printing the individual dots, while 25 pm was
used for the drop spacing of squares. The MPF was 1 kHz, and the cartridge temperature was
room temperature. The UV time for the Si wafer was maintained at 20 minutes. The major
concern at this stage is finding the effect of platen temperature on drying issues. The decrease in
platen temperature raised another unexpected drying issue in the printed square, wherein the flakes
were transported to the bottom and formed a concentrated bottom due to the Marangoni flow. This
flow is caused by the low vapour pressure nature of EG: the DI water in the printed square
evaporates faster than the EG, and as the drying continues, more DI is left in the bottom area,
resulting in a high surface tension area that leads to the formation of a Marangoni flow in the
square. Black scale bar represents 200 pm.

CRE should also be strengthened. Simultaneously, more surfactants accumulate in
the contact line area, and more DI water is consumed in this area as well due to
the strengthened CRE. Thus, both surfactant-induced and co-solvents-induced
Marangoni effects would become stronger as well. So, the Marangoni effect could
still dominate the droplet drying and form dual-ring structures.
In all, increasing cartridge temperature mainly causes more serious first front
issues and increases the dot diameter. Although it could accelerate the
evaporation rate, the Marangoni effects change with this increased cartridge
temperature simultaneously. Thus, its effects on CRE and waviness issues are not
obvious.
Figure 36 shows the patterns printed on a Si wafer from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um with various platen temperatures. The printer settings and substrate
treatments are as follows:

(1) drop spacing: 200 pm for dots and 25 um for lines and squares;

(2) maximum printing frequency: 1 kHz;

(3) cartridge temperature: room temperature;

(4) platen temperature: room temperature to 60 °C;
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(5) UV Ozone: 20 minutes.
Different platen temperatures (room temperature, 40, and 60°C) were used for
printing patterns, while the other settings were kept the same as the initial
conditions so that the effect of platen temperature on pattern drying could be
explored. The maximum platen temperature in the Dimatix-2831 printer is 60 °C,
as well®,
The average dot diameter was decreased from 67.3 £ 1.4 uym to 52.0 £ 2.1 um as
the platen temperature raised from room temperature to 60 °C. The typical
waviness issue in the square could only be observed when the temperature was
60 °C; squares printed below this temperature did not form uniform squares.
These squares have large empty areas, and the flakes in these areas have been
transported to the base, which results in a concentrated bottom in the printed
squares.
The decreased dot diameter could be explained by the accelerated evaporation
rate due to the higher platen temperature. Lim et al. found that a large volume loss
of volatile solvent with a smaller viscosity in a binary system results in a sudden
increase in droplet viscosity®*. This project uses an EG/DI system, in which DI
water has a higher vapour pressure and lower viscosity compared to that of EG42,
Although the ink formulation did not change as to the samples in figure 36, the
increased platen temperature increased the evaporation rate of the ink. With the
sudden increase of droplet viscosity that occurred when the platen temperature
reached 60 °C, a smaller dot diameter could be observed.
As for the drying issue in the printed square, a lower platen temperature would
result in a slower evaporation of both EG and DI water, leaving more DI solvent
in the printed squares. As the drying continues, the top part of the thin film
quickly dries, and the amount of solvents in this part become less compared to
that of the newly printed part. Thus, a typical premise of co-solvents induced
Marangoni effect has been formed in this case!3*. Assuming the thin film as a
whole, there is less DI water in the top region due to the longer evaporation time,
which results in a smaller surface tension compared to that of the bottom region.
Hence, a Marangoni flow is created from the contact line to the apex due to the
surface tension gradient. rGO flakes would be transported to the bottom by the
flow, resulting in a concentrated bottom. It is necessary to clarify that the missing

front issue could still happen. However, since most of the flakes have been
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transported to the bottom of the printed square due to the Marangoni effect, it is
difficult to tell whether the Marangoni or Laplace pressure-driven flow dominates
the transport of the flakes, especially at the front sections of the printed squares.
In all, 60 °C for platen temperatures is necessary for printing squares. The drying

issues, however, have not been suppressed via the temperature settings yet.
4.3.3 Effects of UV time on suppression of drying issues

Figure 37 shows the patterns printed on a Si wafer from Ink 1-(0.25rGO, 0.1/1EG,
0.1Tri)-1.5um with various UV Ozone times. The printer settings and substrate
treatments are as follows:

(1) drop spacing: 200 pum for dots and 25 pm for lines and squares;

(2) maximum printing frequency: 1 kHz;

(3) cartridge temperature: room temperature;

(4) platen temperature: 60 °C;

(5) UV Ozone: 0 to 90 minutes.
Four different UV times (0, 5, 20, and 90 minutes, respectively) were used for
printing patterns, and other settings were held constant so that the effect of UV
time on the drying of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um could be studied.
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Figure 37 Optical microscope images of printed dots and squares on a Si wafer from Ink 1-
(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um under different UV times, including (a) printed patterns with O-
min UV; (b) printed patterns with 5-mins UV; (c) printed patterns with 20-mins UV; and (d)
printed patterns with 90-mins UV. 200 pum was used for the drop spacing for printing the
individual dots, while 25 um was used for drop spacing of squares. The MPF was 1 kHz, and the
cartridge and platen temperatures were room temperature and 60°C, respectively. The major
concern at this stage is finding the effect of UV time on the drying issues. The increase in UV time
made the substrate more hydrophilic, so the droplet diameter was increased. 25 um was set as the
drop spacing for all printed squares, which is a relatively larger drop spacing for samples using 0-
and 5-minutes UV and a smaller drop spacing for samples using 90-minutes UV. The bulge and
missing front issues became more serious in the printed square using 90-minutes UV but became
supressed in the cases of 0- and 5-minutes UV. In addition, the evaporation rate at the contact line
area could be manipulated by applying different UV times, as it changes the contact angle of the
droplet as well as the heat conduction from the substrate to the apex of the droplet®51%6, Black
scale bar represents 200 pm.

The average dot diameters for samples using 0- and 5-minutes UV are 42.5+ 1.9
pum and 45.4 + 1.3 um, respectively. By contrast, the dot diameter for samples
from 20- and 90-minutes UV are 52.0 £ 2.1 um and 50.4 £ 2.6 um, respectively.
The dots from 0-, 5-, and 90-minutes show clear dual structures, while the dots
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from 20 minutes exhibit the best uniformity with no obvious dual-ring structure.
As previously mentioned, the measured dot diameter is smaller than the actual dot
diameter, so the decrease of dot diameter in samples from 20-minutes UV to 90-
minutes UV could be explained by a strengthened Marangoni flow, which
transported more flakes back to the droplet centre. In addition, the positions of
these centre dots are randomly distributed within the dual-ring structure in the
samples using 0-, 5-, and 90-minutes UV, which is a common phenomenon
produced by the Marangoni effect'**.

As for the printed squares, the drop spacing was set as 25 um for consistency.
This was a relatively large drop spacing for printed squares using 0- and 5-
minutes UV and a relatively small drop spacing for printed squares using 90-
minutes UV.

The first dot issue could be observed in all printed squares, though it was slightly
supressed in the 90-minutes UV sample. Clear examples of the missing front issue
could be found for samples using 20- and 90-minutes UV, and a clear bulge issue
could be seen in the case of 90-minutes UV.

In all, the change in UV time does not obviously affect the suppression of drying
issues. However, the above results still provide valuable insights into improving
the drying uniformity of printed patterns.

First, the difference among the printed squares under different UV times must be
explained. The printed squares from 0- and 5-minutes UV have further confirmed
the effect of large drop spacing. Based on the discussion on the effect of drop
spacing, the missing front issue could be caused by an imbalanced Laplace
pressure between the first several droplets and the main liquid bead. When drop
spacing is small, the bulge issue worsens the missing front issue, as ink in the
front section is absorbed by the capillary flow from the bulge®®°.

In this section, the printed squares undergoing 0- and 5-minutes UV have smaller
average dot diameters compared to those of printed squares from 20- and 90-
minutes UV despite the drop spacing being held constant for all printed squares.
Thus, the increased drop spacing was applied for the printed squares from 0- and
5-minutes UV. The contribution of the bulge issue to the missing front is
weakened, and this could explain why the missing front issue can be supressed in

these two cases.
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In addition, the waviness issue could also be suppressed when the drop spacing
was increased, as the bulge issue usually happens in small drop spacing'*. This
explains why the missing front and waviness issues have been supressed in the
cases of 0- and 5-minutes UV. However, the cost of these suppressions is the
discrete depositions of ink due to the large drop spacing. For a similar reason, the
suppression of the first dot issue in the case of 90-minutes UV could be explained
as the effect of small drop spacing. The small drop spacing could lead to a
strengthened bulge issue!'4, wherein the flakes in the first dot could be transported
into the bulge due to the increased capillary flow there. However, the bulge issue
is a serious one for the drying uniformity of printed patterns and definitely needs
to be avoided.

The main effect of UV time is to change the hydrophobicity of the substrate so
that the contact angle of the deposited droplet is modulated®. As the UV time
increases, the substrate becomes more hydrophilic, and the contact angle
decreases continuously**. Assume that the volume conservation of droplets before
and after the deposition is such that the dot diameter continuously increases as the
contact angle decreases. Then, the heat conduction from the substrate to the apex
of a droplet would be accelerated, which results in an increase in the evaporation
rate of the droplet'®>1®, Thus, the drying uniformity of droplets could be
manipulated by changing the UV time since it affects the evaporation rate at the
contact line area as well. When the UV time is less, the contact angle is high, and
the thermal conduction is limited, so the evaporation rate at the contact line area is
supressed. Thus, both the accumulation of surfactant and the evaporation of co-
solvents are not accelerated. The CRE, surfactant-induced, and co-solvents
induced Marangoni effects are all supressed. A similar mechanism could be
applied to the case with longer UV time treatment. The contact angle could be
reduced due to the longer UV time, which results in increased heat conduction
from the substrate. Thus, the evaporation rate is increased, and both the
accumulation of surfactant and the evaporation of co-solvents are accelerated. So,
the CRE, surfactant-induced, and co-solvents induced Marangoni effects could all
be strengthened.

Although the change of UV time could affect the evaporation rate in the contact
line area, its effect on the competition between CRE and surfactant-induced and

co-solvents induced Marangoni effects is hard to distinguish as they could all be
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changed simultaneously. However, based on the dried dots, the Marangoni effect
still dominates the drying process in all different UV times, as the dual-ring
structure happened to all samples.

As for the printed dots, the random distribution of centre dots is a minor issue
compared to the formation of the dual-ring structure. Although much literature
mentioned this random distribution, they did not do further exploration on it, as
they consider the formation of a dual-ring structure a successful suppression of
CRE* However, the dual-ring structure is hypothesised as the critical reason
behind the waviness issue in printing squares for this project. Thus, a balanced
competition needs to be found between the CRE and Marangoni effect to form a
single uniform dot. Then, the ideal lines and squares can be printed.

In conclusion, the reasons causing the missing front and waviness issues are
explained in this section. The first dot issues and the formation of a dual-ring
structure are believed to play vital roles in these two unique issues.

Drop spacing and MPF can be used to avoid issues like bulges and discrete
depositions of ink. Notably, a smaller drop spacing may worsen the missing front
issue.

The cartridge and platen temperatures are effective tools in modulating the
evaporation rate of deposited droplets. As for the cartridge temperature, the first
dot issue worsens when the cartridge temperature increases, but the trend stops
when the cartridge temperature is further increased, as the lifetime of deposited
ink is shortened. Relatedly, the increase in cartridge temperature can continuously
increase the dot diameter due to the reduced ink viscosity. In addition, the
exploration of the cartridge temperature also found that the CRE and Marangoni
effects can be tuned simultaneously. Thus, issues like a dual-ring structure could
not be modulated by this method. Regarding the platen temperature, lower platen
temperature produces very serious drying issues, as the printed squares were
drying as a thin film as a whole rather than in individual lines. A Marangoni
effect likely brings the flakes transported to the bottom part of the square, and no
uniform pattern could be obtained.

Then, the exploration of UV time confirmed that the CRE and Marangoni effects
could be modulated simultaneously. The modulation of the evaporation rate via a

change in the contact angle could not suppress the formation of the dual-ring
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structure either. Therefore, a balance between the CRE and Marangoni effect still
must be found, and further exploration of the ideal ink formulation is needed.
However, a suggested series of printer settings and modifications are still
concluded and can be used as a reference point for future modified ink printing.
The details of the suggested printer settings and substrate treatments are as
follows:
(1) drop spacing = 200 um for dots and 25 pum for lines and squares on Si
wafer;
(2) maximum printing frequency = 1 kHz;
(3) cartridge and platen temperatures = room temperature and 60 °C,
respectively;
(4) UV time = 20 minutes.

4.4 Exploration on droplet drying uniformity via
Ink formulation, printer setting, and substrate

modification

Two critical issues have been found in the previous section. One is the serious
first dot issue; the other is the ME dominated drying process. The former causes
the missing front issue, and the latter leads to the waviness issue due to the dual-
ring structure of printed droplets. The first dot issue can be controlled by using
regular cleaning cycles and setting an extra filtration process®. As for the
waviness issue, the previous exploration found that printer settings and substrate
modifications have limited effects on its suppression. Thus, further exploration of
finding the balance between CRE and ME via ink formulation is the focus of this
section.

This exploration concentrates on the drying of sessile droplets rather than the
printing of formulated inks. The printability challenges of formulated inks and the
high cost of the printhead are the main reasons for investigating in this way. There
are numerous factors affecting the drying of a sessile droplet, such as droplet
drying mode (constant contact angle mode, constant contact radius mode, or a
mix of the two), solute concentration, shape, size, and material interactions with
other interfaces (interactions from particles to particles, particles to substrates,
and particles to liquid). Then, the atmospheric conditions like relative humidity
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and ambient temperature and pressure also show their effects on droplet drying®**.
Apart from those factors, the substrate effects (wettability and temperature) and
fluid composition (surfactant and thickener) also play critical roles during droplet
drying®®’.
However, the effects of fluid composition, especially the loadings of used
surfactant and thickener (co-solvents), are the major focus of this section, as they
are the main components of modifiers used in this project. The inclusion of a
modifier could not only adjust the rheological properties of ink but also induce the
Marangoni flow at the same time. Thus, it is an effective way to modulate the
printability and drying uniformity of prepared ink spontaneously. However, there
is a huge volume difference between the droplet printed from the DMP-2831
printer (~10 pL) and the droplet used on this drying exploration (~1 pL).
Nonetheless, it was reported that microliter droplets could have similar or even
identical drying processes compared to picolitre droplets'®®. Additionally, instead
of exploring the specific formulation that can balance the CRE and Marangoni
effects, the trends in droplet drying in response to changes in the fluid
composition are the focus of this exploration. Plus, phenomena like contact line
receding can be directly observed from the drying of 1 ul droplet. Finally, this
section concludes with a guide on formulating inks with ideal drying uniformity
based on the previous printable inks.
In this section, the formulation of ‘0.1rGO, 0.01/1EG, 0.2Tri’ has been used as
the starting point of the formulation. The reasons for selecting this base ink are as
follows:

(1) 0.1 mg/ml rGO, easy to observe the dried patterns;

(2) 0.01/1 EG, the co-solvents induced Marangoni effect (C-ME) exists, but

the strength is limited;
(3) 0.2 mg/ml Triton, the surfactant-induced Marangoni effect (S-ME) exists,
but the strength is limited;

(4) 25 °C platen temperature, avoids the change in evaporation rate;

(5) 0-minute UV time, avoids the change in evaporation rate.
Since the use of modifiers in this project is to tune the printability of the ink and
the droplet drying uniformity at the same time, both C-ME and S-ME have been
kept in this baseline ink, as the majority of formulated inks in this project would

have these two effects spontaneously. Then, two major steps were taken to satisfy
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this exploration based on this origin point. One explores the drying uniformity of
sessile droplets by changing the individual factors, and the other investigates the
effects of modifiers on the droplet drying uniformity. Additionally, the
investigation of the effects of rGO loading, UV time, and platen temperature on

the modifiers’ effects has also been contacted.
4.4.1 Effects of individual factors on droplet drying
uniformity

As mentioned before, factors like droplet drying mode, properties of solutes,
atmospheric conditions, substrate effects, and fluid composition could all affect
the drying of a sessile droplet**4%’. However, the exploration of all these factors
is not the focus of this step. The main concern of this step is to find the effects of
different loadings of surfactant (Triton X-100) and thickener/co-solvent (Ethylene
glycol) on droplet drying. Triton X-100 and ethylene glycol are the main
components used for preparing the modifier for this project. Since the inks in this
project were prepared by mixing ‘final rGO dispersions’ with corresponding
modifiers, the rGO loading is the remaining factor that determines the ink
composition. UV time and platen temperature are the tools used to modify the
substrate. Thus, their effects on droplet drying are also important to know. In this
section, the exploration is conducted by changing the individual factors. However,
each new formulation and corresponding UV time and platen temperature in this
section are designed based on the best result from the previous step; the base ink
(0.1rGO, 0.01/1EG, 0.2Tri) is used as the starting point.

The droplet drying mode can be directly observed from the drying process of 1 ul
of droplet. The CCD mode was the drying mode for all droplets deposited in this
project. Then, the atmospheric conditions (ambient conditions) and solute shape
(2D flakes) and size (~1.5 um, average flake size) were all held constant to
minimise their effects on the droplet drying. As for the interactions among
particles to other interfaces, while the same type of rGO flakes has been used
throughout the experiment, its interactions with the other interfaces could be
affected by the used surfactant*®. The corresponding details will be discussed in

the surfactant section.
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Figure 38 Optical microscope images of dried dots from ink ‘0.1rGO, 0.01/1EG, 0.2 — 0.06Tri’
with different Triton loadings ((a) for 0.2Tri; (b) for 0.1Tri; and (c) for 0.06Tri). The effects of
Triton loading on droplet drying are the major concern at this stage. The UV time is 0 minutes,
and the platen temperature is room temperature. The dot diameter continuously decreased when
Triton loading dropped from 0.2 to 0.06 mg/ml. Simultaneously, the CRE was also supressed
when less Triton was used. The decreased Triton loading results in a strengthened Marangoni
effect to compete with CRE, as it would take a longer duration to reach the CMC during the

drying. Black scale bar represents 200 pm.

In order to test the effect of Triton X-100 loading on the drying of sessile
droplets, the experiment was conducted in the following way:

(1) a1 pl droplet from ink ‘0.1rGO, 0.01/1EG, 0.2Tri” was gently deposited
on a Si wafer treated with 0-minute UV and dried at room temperature;

(2) the other two droplets from inks with different Triton X-100 loadings (0.1
and 0.06 mg/ml) have also been deposited on the Si wafer following the
same process;

(3) the EG (0.01/1) and rGO (0.1 mg/ml) loadings were kept the same in all
three droplets, and the UV time (0 minutes) and platen temperature (room
temperature) were also not changed. The only difference among these
three 1 ul droplets was the Triton loading.

The optical microscope images of the corresponding dried dots are shown in
figure 38. The dried dots have been labelled as (a), (b), and (c), which come from
inks of 0.1rGO, 0.01/1EG, ‘0.2 — 0.06’Tri, and dry on the Si wafer treated with 0-
minute UV at room temperature. It is worth mentioning that the sizes of the dried
dots are quite large, so the full dots could not be captured even with the minimum
magnification of the microscope (similar occasions happened throughout this part
of the investigation).

130



0.2 mg/ml Triton 0.1 mg/ml Triton 0.06 mg/ml Triton

W (um) 86.22 +3.72 54.08 +3.18 53.06 + 4.32
R (um) 1.78x103+12.54  135x103+18.79  1.34x10°+18.89
WI/R 0.05 0.04 0.04

Table 12 Values of W, R, and their ratio of dried dots from the formulations with different Triton
loadings. The diameters and W/R ratios of these three dots were decreased when less Triton was
used in the ink.

These three images were taken under the same magnification, and their sizes were
supposed to be different as various loadings of Triton X-100 were used.

The average width of the ring stains and the average radius of the dots have been
referred to as W and R, respectively. Since the dried dots are not perfect circles, at
least 20 data points for each dot were collected for the calculation of W and R.
The WIR ratio has been collected as a reference number to evaluate the drying
uniformity of the dried dot. A larger W/R ratio indicates a wider ring width
compared to the radius of the dried dot. The values of W, R, and their ratio of
these three dots are presented in table 12.

As figure 38 shows, the dot radius decreases from ~1.78 x 10% um to ~1.35 x 103
pum, and the W/R ratio changes from 0.05 to 0.04 when the Triton loading
increases from 0.2 to 0.06 mg/ml. Although the dots with 0.1 and 0.06 mg/ml
Triton have same W/R ratios, more rGO flakes could be observed in the interior
area of the dot with 0.06 mg/ml Triton. Thus, the CRE was continuously
supressed when Triton was changed from 0.2 to 0.06 mg/ml.

Triton is a non-ionic surfactant often used in the preparation of graphene-based
functional ink®. The mechanism behind the increased dot diameter when more
Triton has been used is due to the adsorption of surfactant at solid-vapour
interface on a hydrophobic substrate (0-minute UV on Si wafer), so the
wettability of the contact area beyond the contact line could be altered into a
hydrophilic form, and the wetting area could become larger'®. As for the
hydrophilic substrate, since the main solvent of the ink in this project is water, the
spreading of the droplet on the substrate would be further strengthened. However,

an anti-surfactant behaviour needs to be addressed when using a hydrophilic
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substrate, as the addition of surfactant leads to poor wetting of the droplet on the

hydrophilic substrate®®

. This usually happens in the case of oppositely charged
surfactants and substrates. The surfactant would be directly absorbed onto the
substrate, and the area beyond the contact line would be changed to be
hydrophobic due to the exposure of the hydrophobic head to the air, which results
in a poor wetting effect of the droplet. However, since the surfactant used in this
project is Triton X-100, such an effect could be avoided. In addition, there is an
upper limit for the effect of Triton loading on the droplet surface tension, which is
called critical micelle concentration (CMC)*8, This is the point where the surface
tension of the ink stops changing with the increase of added surfactant. The
surfactant starts to form micelles in this case rather than modulate the surface
energy of the droplet.

As for the suppression of CRE, figure 38 shows that CRE has been supressed
when the Triton loading decreases. There are two major effects of surfactant
loading on the drying of a sessile droplet!®®. One is the surfactant-induced
Marangoni flow; the other is its effect on particle interactions with other
interfaces.

As mentioned before, using competition between convective Marangoni flow and
radial capillary flow during droplet drying is a common method to acquire
uniform patterns!34,

In this section, the strengthened Marangoni flow is due to a decrease in surfactant
loading. During the droplet drying, the Triton molecules are transported and
accumulate at the contact line area due to the capillary flow. Thus, the loading of
Triton increased in this area and resulted in a decrease in the surface tension in the
area as well. A surface tension gradient then forms between the apex and the
contact line of the droplet, and a convective Marangoni flow is formed as well*34,
However, the effect of CMC must be mentioned as well. Since the surfactant-
induced Marangoni flow originates from the surface tension gradient between the
contact line and the apex of the droplet, this flow would be stopped when the
surface tension gradient ceases to exist. This explains why the surfactant-induced
Marangoni effect has been strengthened when Triton loading is low. As Triton
loading decreased from 0.2 to 0.06 mg/ml, the duration for droplets to reach the
CMC became longer. Therefore, a stronger surfactant-induced Marangoni effect

could be obtained. Thus, the CRE can be further supressed when Triton loading is
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decreased. It is worth noting that the surfactant-induced Marangoni effect has also
been reported to occur in loadings much greater than its CMC in the water (~0.2
mg/ml)17°. Triton X-100 is not only a popular surfactant in the industry but also a
common stabiliser used for graphene-based ink!!t. Therefore, the Triton
molecules would also be absorbed on the graphene/liquid interface, so the actual
CMC of Triton in the ink could be larger since not only the liquid/vapour but also
the liquid/solid interfaces absorbed surfactants.

Regarding the effect of surfactant loading on particle interactions with other
interfaces, there are three aspects that need to be mentioned, which are particle-to-
particle interactions, particle-to-liquid/vapour interface interactions, and particle-
to-substrate interactions, respectively.

The particle-to-particle interaction in the ink follows the DLVO theory®. In this,
the electrostatic and van der Waals interactions are the repulsive and attractive
forces among the particles. In this project, the rGO flakes are stabilised by the
perylene stabiliser, which is negatively charged and provides a repulsive force.
Triton X-100 is a non-ionic surfactant mainly used to modulate the droplet
surface tension. It also attaches to rGO via the hydrophobic bonding and n—n
interaction to stabilise the rGO"L. It has been reported that when the surfactant
concentration is close to its CMC, the distance between particles increases, so the
van der Waals interactions are reduced. Thus, the sticking force between particles
is reduced, which results in a small sticking probability. Thus, the particles tend to
be transported to the contact line area and support the formation of ring stain'’2.
Therefore, the higher Triton loading could strengthen the CRE, which also
matches the results we observed in figure 38.

The particle-to-liquid/vapour interface interaction is controlled by two
mechanisms; one is the possibility that particles are transported to the
liquid/vapour interface, and the other is the ability of the liquid/vapour interface
to capture these particles'®®. The strong particle-to-liquid/vapour interface
interactions could suppress CRE as the particles are transported to the
liquid/vapour interface and are captured by the interface. However, there is a
prerequisite for this interaction to have an effect on droplet drying, which is the
wettability of the particle surface. The surfactant type and concentration
determine the wettability of the particle surface and also establish whether

particles remain in the solvent or are transported to the liquid/vapour interface®,
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If the particles remain in the solvent, then the capture effect from the
liquid/vapour interface does not supress the CRE. In this project, Triton X-100
molecules are absorbed onto rGO via the hydrophobic bonding and n—n
interaction’?. In this, the hydrophilic heads are exposed to the solvent bulk,
which results in a hydrophilic surface of particles. Consequently, the rGO flakes
prefer to stay in the solvent rather than the liquid/vapour interface. Thus, the
particle interaction with the liquid/vapour interface would not affect the CRE in
this case.

The particle-to-substrate interaction is similar to the particle-to-particle
interaction, which can also be explained by DLVO theory®. In general, the
oppositely charged particles and substrate could result in a uniformly dried
pattern, as there is a low mobility of particles in the droplet due to the electrostatic
attraction between particles and substrate. On the other hand, the like-charged
particles and substrate would have an enhanced repulsion in between, which
favours the formation of ring stains due to the improved mobility of the
particles!®®, However, some special cases also should be mentioned. In terms of
oppositely charged particles and substrate, there is a chance that either the
substrate or particles are neutralised when the surfactant loading is at an
intermediate concentration (in the case of electrostatically adsorbed surfactant).
Then, the particles could be either transported to the liquid/vapour interface or
stay in the solvent, depending on its surface wettability. When the surfactant
loading is further increased to its CMC or above, either the particles or substrate
reverses its charge due to the double-layer adsorption’3. Thus, the attraction
between particles and substrate could be tuned into repulsion, promoting the CRE.
In terms of this project, perylene stabiliser is negatively charged, and the substrate
is also slightly negative due to the cleaning process. The aim of washing the
rGO/stabiliser dispersion seven times during its preparation is to remove the
excess stabiliser from the prepared dispersion. So, the case that can reverse either
charge of substrate or particle via formation of the double-layer adsorption is not
considered either. Triton X-100 is a non-ionic surfactant that uses hydrophobic
bonding and n-m interactions to attach to the rGO!", so the particle surface can be
turned into a hydrophilic form. Thus, repulsion is the interaction between particles

and substrate in this project, which favours the formation of ring stains.
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In all, on the one hand, the surfactant-induced Marangoni effect can be
strengthened to compete with CRE when less Triton X-100 is used due to the
longer duration to reach CMC. On the other hand, although the interactions
between particles to particles, liquid/vapour interface, and substrate can be tuned
by the loading of added surfactant, the surfactant used in this project is not ideal
at manipulating these interactions except in tuning the particle surface into a
hydrophilic form. Thus, the particle mobility in the droplet could be less affected
by these particle interactions with other interfaces and give the internal flows
more chance to manipulate their movements during the drying.
A lower Triton loading is preferred in this case as it can induce a stronger
Marangoni effect to compete with the CRE during droplet drying. The 0.06
mg/ml Triton X-100 would be used as the surfactant loading in the next part of
the exploration, as it has the best suppression on CRE. Thus, the base ink for the
next part is ‘0.1rGO, 0.01/1EG, 0.06Tri with O-minute UV at room temperature’.
In order to test the effect of the EG/DI ratio on the drying of sessile droplets, the
experiment was conducted in the following way:
(1) a 1 ul droplet from ink ‘0.1rGO, 0.01/1EG, 0.06Tri’ was gently deposited
on a Si wafer treated with 0-minute UV and dried at room temperature;
(2) the other four droplets from inks with different EG/DI ratios (0.05/1,
0.1/1, 0.5/1 and 1/1) were also deposited on the Si wafer following the
same process;
(3) the Triton X-100 (0.06 mg/ml) and rGO (0.1 mg/ml) loadings were held
constant in all five droplets, and the UV time (0 minutes) and platen
temperature (room temperature) were also not changed. The only

difference among these five droplets is the EG/DI ratio.
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Figure 39 Optical microscope images of dried dots from ink ‘0.1 rGO, 0.01/1 — 1/1” EG, 0.06 Tri’
with different EG/DI ratios ((a) — (€) correspond to EG ratios of 0.01/1, 0.05/1, 0.1/1, 0.5/1 and
1/1, respectively). The effects of the EG/DI ratio on droplet drying are the concerns at this stage.
The UV time is 0 minutes, and the platen temperature is room temperature. The CRE effect was
continuously supressed when EG loading increased from 0.01/1 to 0.5/1, and it was strengthened
again when the EG/DI ratio was further increased to 1/1. The shapes of the final dried dots were
changed from ring-dominated structures to dual-ring structures with a depletion zone when the
EG/DI ratio was between 0.01/1 and 0.1/1; the dual-ring structure without a depletion zone could
be observed in the dried dots when the EG/DI ratio was above 0.5/1. Such changes to the dried
dots can be attributed to the change in the dominating solvent in the droplet when different EG
loading has been used. Greater EG extended the duration of the CRE due to its low vapour
pressure and increased loading, which makes the CRE regain control of the droplet drying. Black

scale bar represents 200 pm.

The optical microscope images of the corresponding dried dots are pictured in
figure 39. The dried dots have been labelled as (a), (b), (c), (d), and (e), which
come from inks of 0.1 rGO, ‘0.01/1 — 1/1” EG, 0.06 Tri, and dry on a Si wafer
treated with 0-minute UV at room temperature. The values of W and R and their
ratios of these five dots are summarised in table 13.

Since the loading of Triton X-100 was maintained at 0.06 mg/ml, the surfactant-
induced Marangoni effect exists in all five droplets but ceases once its
concentration in the droplet reaches the CMC. The effect of EG loading on the
droplet drying uniformity is the focus of this section.

As figure 39 shows, the dot diameter has decreased continuously from ~1.34 x
10% pm to ~1.16 x 10% um when the EG/DI ratio increased from 0.01/1 to 0.5/1,
and it lightly increased when the EG/DI ratio reached 1/1. In theory, the dot
diameter should become larger as more EG reduces the surface tension of the
droplets and results in a smaller contact angle. Thus, the dot diameter should be
larger based on the volume conservation. However, the findings go in the
opposite direction. As mentioned before, when DI is the major solvent, the large

volume loss of volatile solvent with smaller viscosity in a binary system results in
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164 Thus, the dot diameter could decrease

a sudden increase in droplet viscosity
with an increase in EG loading, as more energy could be consumed by the higher
viscous dissipation. However, when EG is the major solvent, such a phenomenon
Is not happening, and the dot diameter increases again when more EG is used.
This could be explained by the change of viscosity not being as obvious compared
to the case where EG is the major solvent. So, a lower contact angle could result
in a larger dot diameter again.

The W values have a different trend. They decreased from ~53.06 um to ~13.27
pum when the EG/DI ratio increased from 0.01/1 to 0.5/1, and they increased to
~23.47 um when the ratio further increased to 1/1. A similar trend has been found
in the calculated W/R values, in which the minimum value was ~0.01 when
EG/DI = 0.5/1. As for the shape of the dried dots, the coffee-ring effect with
particles uniformly distributed in the interior area could be observed when EG/DI
= 0.01/1. Then, the clear dual-ring structures with a depletion zone in between
were observed from the dots with EG/DI = 0.05/1 and 0.1/1. After that, the dots
with EG/DI = 0.5/1 and 1/1 have the dual-ring structure without a depletion zone
in between, and the best drying uniformity was found when EG/DI = 0.5/1. The
liquid composition, like the EG/DI binary system in this case, has a strong
influence on the competition between internal flows and the drying dynamics of
the droplet®®*.

The continuous decrease in the dot diameter could be explained by the increased

viscosity of the droplet due to the addition of EG.

0.01/1 0.05/1 0.111 0.5/1 1/1
EG EG EG EG EG

W (um) 53.06+4.32 2245+391 2245+239 1327+3.77 2347+241

R (um) 1.34x10° +  1.22x10%+ 1.16x10° + 1.16x10% + 1.16x10% +
18.89 21.67 22.78 31.01 23.76

WIR 0.04 0.02 0.02 0.01 0.02

Table 13 Values of W, R, and their ratios of dried dots from the formulations with different EG/DI
ratios. The diameters of these dots continuously decreased with greater proportions of EG in the
ink until EG/DI > 0.5/1. Additionally, the W/R ratios of these dots first increased with the increase

in EG loading and reduced again when the EG ratio was larger than 0.5/1.
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The ethylene glycol has a viscosity of ~16 mPa.s at 25 °C, which is much higher
than that of DI water (~1 mPa.s at 25 °C)'*2. So, when the EG/DI ratio increased
from 0.01/1 to 1/1, the increased droplet viscosity resulted in a higher viscous
dispassion to the droplet spreading and left a smaller dot diameter. At the same
time, the droplets become closer in composition to EG as its loading increases in
the formulation. The initial contact angle of the droplet should decrease as EG
(~47 mN/m at 25 °C) has a smaller surface tension compared to that of DI water
(~72 mN/m at 25 °C)*2, Then, it is important to note that this reduction of contact
angle results in an increase in the evaporation rate as well'®>1%, Based on the
formation mechanisms of surfactant-induced Marangoni effect and co-solvents
induced Marangoni effect, the increased evaporation rate could make the
accumulation of Triton in the contact line area faster and stimulate more
evaporation of water in this area as well. So, both CRE and Marangoni effects
could be strengthened at the same time, and the strengthened ring stain and centre
disk should theoretically be observed when EG increases. However, this trend
was not observed in figure 39. This could be explained by the change of EG
loading in the EG/DI binary system. Although the evaporation rate could be
increased as the contact angle decreased, there is a volume difference between the
loaded EG and DI among these droplets. When the contact angle decreases with
increased EG loadings, the evaporation rates of DI and EG should increase.
However, the increased loading of EG would dominate the drying process, and
the CRE would thus dominate again due to the low vapour pressure of EG*?, so
such a trend could not be observed in figure 39.

As for the formation of dual-ring structures and a depletion zone, two possible
mechanisms have been reported. One is the contact line receding due to the
decrease in the contact angle as the evaporation continues. Then, the contact line
can be fixed again during this process, and the depletion zone is created in this
case!’®. Since there was no contact reeding observed throughout the experiment,
this mechanism could be excluded.

The other mechanisms, such as dual-ring structure and depletion zone, are a result
of competition between the CRE and the Marangoni effect'3:17>176 The
Marangoni effect is usually used to supress the CRE while the droplet dries, as it
can transport the particles from the ring stain back to the droplet centre. The dual-

ring structure is a common phenomenon when the Marangoni effect is applied to
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modulate droplet drying*®*. However, the dual-ring structure with a depletion
zone in between is a special case, and it can induce drying issues like ‘waviness’
found in this project, as the drop spacing could not be set correctly in this case.
Talbot et al. reported two binary systems (Ethanol (EtOH)/DI and EG/DI) to
explore this special case’>1’®, They were mainly focused on the competition
between co-solvents induced Marangoni effect and CRE. The relationship
between the strength, duration, and direction of the Marangoni effect and the
formation of dual-ring structures with a depletion zone has been studied based on
these two binary systems. In order to observe the effect of the Marangoni effect,
they used a hydrophobic polymer as a tracer. This increases the possibility for
particles to be transported to the liquid/vapour interface, which might supress the
CRE¥8, However, their results indicated that this suppression effect did not
happen. The competition between the CRE and the Marangoni effect could be
observed under a high-speed camera, so the mechanisms they found could be used
as a reference point in this project. Firstly, they found that no matter the
application of EtOH (higher vapour pressure than DI water) or EG (lower vapour
pressure than DI water), the strength of the co-solvents induced Marangoni effect
is always stronger when smaller loadings of EtOH or EG are used. This strength
becomes smaller when the EtOH or EG loading is increased in the droplet.
Secondly, they found that the formation of the dual-ring structure with a depletion
zone in the EG/DI system is strongly related to the duration of CRE for the whole
drying process. The shortened CRE supports the formation of a depletion zone in
the dual-ring structure. Thirdly, the direction of co-solvents induced Marangoni
effect determines the circulatory region in the droplet. When the Marangoni flow
is from the apex to the contact line, it will directly compete with the capillary
flow, pushing the circulatory region to the droplet centre. On the other hand, the
circulatory region would be in between the two rings when the Marangoni flow
travels from the contact line to the apex. This also helps the formation of the
depletion zone.

Back to the shape of the dried dot, figure 39 shows the shape changed from ring-
dominated to dual-ring with a depletion zone when EG loading increased, and it
converted to a dual-ring structure without a depletion zone when the EG/DI ratio

was further increased above 0.5/1. Since the Triton loading is held constant in all
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these fives dots, the main changes of these dots are caused by the increased EG
loading in the droplets.
As discussed before, the movement of particles in this project is mainly
influenced by the competition of internal flows within the droplet during drying.
Combining the dried dots from figure 39 with what Talbot et al. reported*’>7,
the effects of the EG/DI ratio on the droplet drying can be described. Figure 40
illustrates four major steps during the drying of droplets with different EG/DI
ratios:

(1) the particles are uniformly distributed in the droplet;

(2) the formation of a circulatory region in the droplet;

(3) the stop of the Marangoni flow;

(4) capillary flow dominated droplet drying.
Since different EG/DI ratios have been used in these five dots, both the strength
and duration of the Marangoni effect are changed, and the final step of the drying
process could be divided into DI dominated drying, and EG dominated drying,
depending on the EG/DI ratio!”>1"®, The details of these four steps in these two
cases are described as follows:
In step (1), the particles are uniformly distributed in the droplet at the beginning,
and evaporation of the droplet starts.
In step (2), the capillary flow due to faster evaporation at the contact line area

brings the particles to the edge. Then, the ring stain is formed in this area.
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Figure 40 Major steps during the drying of droplets with different EG/DI ratios; (1) particles
uniformly distributed in the droplet; (2) formation of the Marangoni and capillary flows; (3) the
stop of the Marangoni flow; and (4) capillary flow dominated droplet drying. The formation of a
depletion zone is dependent on whether the rest of the solvent can provide enough duration for
CRE to transport the particles back to the contact line again.
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At the same time, the accumulated surfactants and evaporated DI water make the
surface tension in this area drop dramatically, so a surface tension gradient is
formed®*. Thus, the Marangoni flow from the contact line area to the apex of the
droplet is formed. It is hypothesised that the circulatory region would be formed
in the area between the outer ring and the centre disk of the droplet when the
direction of the Marangoni flow is from the contact line to the apex!’®. So, the
particles are continuously transported from the droplet centre to the edge via
capillary flow, and the particles in the edge are transported back to the centre by
the Marangoni flow at the same time. In addition, the strength of co-solvents
induced Marangoni effect is strongly related to the EG/DI ratio’®. It decreases
when higher EG loading has been applied, so the strength of co-solvents induced
Marangoni flow continuously decreases when the EG/DI ratio changes from
0.01/1 to 1/1. However, the duration change of this Marangoni effect with EG
loading is slightly complex. There is a critical point in the EG volume (Vcritical)
which switches the drying from DI dominated to EG dominated. In the case of DI
dominated drying, the more EG loaded, the strength of the Marangoni flow
decreases, but the duration of the Marangoni effect becomes longer. In the case of
EG dominated drying, the higher EG loading also reduces the strength of the
Marangoni flow, but the duration of the Marangoni effect decreases as the EG
further dominates the droplet drying. In the former case, it is difficult to
distinguish the change of the Marangoni effect, as its strength and duration
change in the opposite direction. As for the latter case, both the strength and
duration of the Marangoni effect decrease. Thus, the relationship between Vritical
and the range of EG/DI ratio (0.01/1 to 1/1) is important in this step. If the Vritical
< (0.01/1 to 1/1), every ratio used in this project would be in the range of EG
dominated drying. In that case, the increase of EG loading would result in a
continuous decrease of both strength and duration of the Marangoni effect. Thus,
the depletion zone would not be observed when EG loading was increased.
However, if the Vriticat > (0.01/1 to 1/1), then the DI water would dominate the
drying. This possibility should be excluded since Talbot et al. found that, in the
case of EG/DI = 1/1, it only took ~2 s to evaporate all the DI water, while it took
~232 s to fully evaporate all the EG''®. Thus, the Vriticar Should be in between
0.01/1 and 1/1. In this range, the strength of the co-solvents induced Marangoni

flow should decrease continuously as the EG loading increases. The duration of
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this Marangoni flow should increase at first and then decrease again when EG
loading is over the Vritical.

In step (3), the Marangoni flow is stopped in two cases. One is that the co-solvent
with higher evaporation rate (DI water in this project) has been fully evaporated
(under the assumption that CMC has not yet been reached); the other is that the
CMC of surfactant has been reached in the droplet due to the volume loss of
solvent during the evaporation. Thus, there is no surface tension gradient in this
case.

In step (4), there is only capillary flow left after the Marangoni flow ends. Then,
the capillary flow starts to transport particles from the centre disk to the edge. In
the case of DI dominated drying, when the remaining volume of DI water is large
enough, the CRE in this step could bring most of the particles from the centre disk
to the edge area; in this case, a depletion zone could be supressed. On the other
hand, when the remaining volume of DI water is not large enough, the typical
dual-ring structure with a depletion zone could be observed in the dried dot, as the
CRE does not have time to move particles to cover this depletion zone. Regarding
the case of EG dominated drying, both the strength of the Marangoni flow and its
duration are supressed. Then, only a narrow depletion zone is formed, if one is
formed at all since it might not be able to form a depletion zone due to the
weakened Marangoni flow. Then, the long duration of EG dominated drying
could easily supress this narrow depletion zone. Thus, the dried dot could be in
the structure of a typical dual-ring without a depletion zone.

Thus, the shapes of the dried dots from figure 39 can be explained. When EG/DI
= 0.01/1, although the strength of the co-solvents indued Marangoni flow should
be strongest among the five dots, the major solvent is DI water. So, the CRE
could still transport all the particles back to the contact line area, leaving a ring-
dominated structure. When EG/DI further increased to 0.05/1 and 0.1/1, the dual-
ring structure with depletion zone could be observed. As discussed above, this
structure would happen as the duration of DI dominated CRE is not long enough.
In that case, the CRE could not transport the particles to cover the depletion zone.
Once the EG/DI ratio is larger than 0.5/1, the major solvent becomes EG, so the
strengthened CRE could help the suppression of the depletion zone and leave the

dual-ring structure without a depletion zone.
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In all, the EG/DI ratio in the droplet could have significant influences on the
droplet drying. In the EG/DI binary system, EG has smaller vapour pressure with
lower surface tension, and the DI water has higher vapour pressure with higher
surface tension. So, DI water theoretically evaporates at the contact line area first
and forms a Marangoni flow from the contact line area to the apex of the droplet.
Then, this direction of the Marangoni flow helps the formation of the circulatory
region in between the outer ring and centre disk. When the EG/DI ratio changed
from 0.01/1 to 1/1, the strength of the co-solvents induced Marangoni flow
decreased continuously, but the duration of the Marangoni effect might increase
at first when DI is the major solvent, though it could reduce again when EG is the
major solvent. Then, after the stop of the Marangoni effect, the duration of the
remaining CRE determines the shape of the final dried dot. When DI is the major
solvent, the dual-ring structure with a depletion zone could be formed when CRE
duration is not long enough. Then, the depletion zone could be supressed when
EG is the major solvent, as it could extend the CRE duration for the droplet
drying.
The droplet with an EG/DI ratio of 0.5/1 shows the best uniformity among these
dried dots. So, this ratio is used as the EG loading in the next exploration; the
starting point for the next step is ‘0.1rGO, 0.5/1EG, 0.06Tri with 0-minute UV at
room temperature’.
The above explorations show the effects of Triton and EG loadings on droplet
drying. A droplet with an acceptable drying uniformity has been found and is
used as the starting point in the coming sections. Thus, a further exploration of the
effects of rGO loading, UV time, and platen temperature is conducted to provide a
guide on how to formulate the ink and modify the substrate for improving droplet
drying uniformity.
In order to test the effect of rGO loading on the drying of sessile droplets, the
experiment was conducted in the following way:

(1) a 1 pul droplet from ink ‘0.1rGO, 0.5/1EG, 0.06Tri” was gently deposited

on a Si wafer treated with 0-minute UV and dried at room temperature;
(2) another droplet from an ink with different rGO loading of 0.5 mg/ml was
deposited on the Si wafer following the same process;
(3) the Triton X-100 (0.06 mg/ml) and EG/DI ratio (0.5/1) were held constant

in these two droplets, and the UV time (0 minutes) and platen temperature
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(room temperature) were also not changed. The only difference among
these two 1 pl droplets is the rGO loading.
The optical microscope images of the corresponding dried dots are shown in
figure 41. The dried dots have been labelled as (a) and (b) and come from inks of
‘0.1 & 0.5’rGO, 0.5/1EG, 0.06Tri, and dried on Si wafers treated with 0-minute
UV at room temperature. The values of W and R and their ratios of these two dots

are summarised in table 14.

(a) (b)

Figure 41 Optical microscope images of dried dots from ink ‘0.1 & 0.5’rGO, 0.5/1EG, 0.06Tri’
with different rGO loadings, including (a) 0.1 mg/ml rGO and (b) 0.5 mg/ml rGO. The effects of
rGO loading on droplet drying are the concerns at this stage. The UV time is 0 minutes, and the
platen temperature is room temperature. The increase of rGO loading results in the strengthening
of both the CRE and Marangoni effect, as both wider ring stain and depletion zone could be
observed in the final dried dot with higher rGO loading. Since the CRE regains control when the
EG/DI ratio = 0.5/1, the increased rGO loading could strengthen this effect and leave a more
obvious ring stain. In the meantime, the increased rGO loading would extend the duration of
surfactant-induced Marangoni effect, as more Triton would be absorbed onto the rGO surface. So,
the depletion zone could be observed again in this case. Black scale bar represents 200 pm.
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0.1 mg/ml 0.5 mg/ml

rGO rGO
W (um) 13.27 £ 3.77 91.84 +4.01
R (um) 1.16x10% + 31.01 0.99x10% + 12.31
W/R 0.01 0.09

Table 14 Values of W, R, and their ratios of dried dots from the formulations with different rGO
loadings. The dot diameter decreased when rGO loading increased from 0.1 to 0.5 mg/ml.
Conversely, the increase in ring stain width results in an increase in the W/R ratio, which indicates
a stronger CRE in the dried dot.

As figure 41 shows, the dot diameter has slightly decreased from ~1.16 x 10% um
to ~0.99 x 10% um when the rGO loading increased from 0.1 to 0.5 mg/ml.
However, the W values reveal an opposite trend: It increased from ~13.27 um to
~91.84 pum when rGO loading increased from 0.1 to 0.5 mg/ml. Thus, the W/R
ratios increased from 0.01 to 0.09 due to this rGO loading change. As for the
shape of the dried dots, the clear ring stain could be observed in the dried dot with
0.5 mg/ml rGO.

The increased rGO loading results in an increase in the surface tension and
viscosity of the droplet. The higher surface tension could be caused by the
absorption of Triton onto the rGO surface, as it is also a common stabiliser to
graphene!!!. So, when the rGO loading increased in the droplet, the Triton could
be absorbed onto graphene surface as well. Then, the Triton on the liquid/vapour
interface could be reduced, resulting in an increase in the surface tension. At the
same time, the higher contact angle could result in a decreased evaporation rate at
the contact line area'®>1%, Since both surfactant and co-solvents induced
Marangoni effects originate from the higher evaporation rate at the contact line
area, the reduced evaporation rate at the contact line area could reduce the
strength of both the CRE and Marangoni effect at the same time. On the other
hand, the drying mode of these two droplets is the CCD mode, so the contact
angle continuously decreases during the evaporation process, and the strength of
the CRE and Marangoni effect is continuously increasing and competing with
each other during this process. So, both the CRE and Marangoni effect should be

supressed at the start, and they would be accelerated as the evaporation continues.
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Although the base ink used here is from the dot with the best drying uniformity
from the previous exploration on the effect of EG, based on the discussion from
the previous section, the CRE regains control of the drying process when the EG
ratio is higher than 0.5/1. So, the CRE is stronger than the Marangoni effect in
this case. Since more Triton molecules can be absorbed onto the rGO surface, the
less amount of Triton in the solvent would also extend the duration of surfactant-
induced Marangoni effect during droplet drying. So, this explains why two
narrow depletion zone could be observed in the final dried dot. Furthermore, the
effect of particle concentration in droplet drying is still controversial in the related
literature. It could help the formation of uniform dried patterns by simply
increasing particle concentration'’’. However, there are also some examples
demonstrating that the high concentration of particles could degrade the pattern
uniformity by introducing stick-slip behaviour in the dried dot'’®, Furthermore,
there is also a report documenting that the increase in particle concentration
leaves a mild or no effect on the formation of ring stains but increases its
thickness!’™. Thus, the effect of particle concentration might change case by case.
As discussed before, the particles have hydrophilic surfaces, and they are like
charges with the substrate in this project. In other words, they prefer to stay in the
solvent and do not tend to stick with the substrate either. Thus, the transportation
of particles in this project is strongly influenced by the competition of internal
flows in the droplet.
In order to test the effect of UV time on the drying of sessile droplets, the
experiment was conducted in the following way:
(1) a1 ul droplet from ink ‘0.1rGO, 0.5/1EG, 0.06Tri’ was gently deposited
on a Si wafer treated with 0-minute UV and dried at room temperature;
(2) another droplet from the same ink was deposited on the same type of
substrate treated with different UV times (20 minutes) at room
temperature;
(3) the only difference between these two 1 ul droplets is the UV time for the

substrate.
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(a) (b)

Figure 42 Optical microscope images of dried dots from ink ‘0.1rGO, 0.5/1EG, 0.06Tri’ with
different UV times, including (a) 0-min UV and (b) 20-mins UV. The effects of UV time on
droplet drying are the concerns at this stage. The platen temperature is 60°C. The increase in UV
time improves the hydrophilicity of the substrate. Then, the reduced contact angle results in an
increase in the evaporation rate of the contact line area. Thus, both the CRE and Marangoni effect
could be strengthened in this case. Due to the different vapour pressures of DI and EG, the
strengthening of the Marangoni effect is more obvious than the CRE and results in a shaper centre
disk in the dot dried on the substrate treated with longer UV time. Black scale bar represents 200
pm.

The optical microscope images of the corresponding dried dots are presented in

figure 42. The dried dots have been labelled as (a) and (b) and come from inks of
0.1rGO, 0.5/1EG, 0.06Tri, dry on a substrate with ‘0 & 20’ UV at room
temperature, respectively. The values of W and R and their ratios of these two

dots have been summarised in table 15.
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UV = 0 minutes UV =20 minutes

W (um) 13.27 £3.77 16.33 +3.51
R (um) 1.16x10% + 31.01 1.41x10% + 21.78
WIR 0.01 0.01

Table 15 Values of W, R, and their ratios of the dried dots from the formulations with different
UV Ozone times. The dot diameter increased dramatically when UV time increased from 0 to 20
minutes. At the same time, the W/R ratios of both dots indicate that the CRE in their cases is
supressed.

As figure 42 shows, the dot diameter increased from ~1.16 x 10° um to ~1.41 x
103 pm when the UV time increased from 0 to 20 minutes. The W/R ratios of
these two dots are both close to 0.01. As for the shape of dried dots, the centre
disk of the dot with longer UV time is sharper, and it is further spread on the
substrate as well. The main effect of the UV Ozone treatment on the substrate is
to control its surface wettability. The longer UV time could make the substrate
more hydrophilic. When the substrate is hydrophobic, the droplet recedes and
dries as a small and concentrated dot due to the substrate’s strong
hydrophobicity'3. On the other hand, a larger droplet could be obtained when a
longer UV time was applied on the substrate. This explains why the dot diameter
increased dramatically in the case of 20-minutes UV. Then, the droplet would
have a smaller contact angle in this case as the droplet widely spreads on the
substrate. Thus, the evaporation rate at the contact line area could be increased,
and the capillary flow could be strengthened in this case'®>1%¢. At the same time,
the strengthened capillary flow transports more Triton to the contact line area, and
more DI water is evaporated in this area as well. Consequently, the surface
tension in the contact line area drops significantly due to this increased
evaporation rate, and the strength of the Marangoni flow is increased as well. As
previously mentioned, the major solvent of the droplet turned into EG when the
EG/DI ratio > 0.5/1. So, the CRE dominated the drying process in this case.
However, based on the dried dot from figure 42 (b), the centre disk is much
sharper and larger than the dot from figure 42 (a), which indicates that the

Marangoni effect has been strengthened in this case. In the meantime, the CRE
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should also be strengthened in this case as well. However, the change in the W/R
ratio and the dot from figure 42 (b) indicate that the strengthening of CRE is not
obvious. This could be explained by the low vapour pressure nature of EG, so the
capillary flow in EG might be strengthened to a limited extent compared to that of
DI water. So, the CRE did not become more obvious while the strengthening of
the Marangoni effect could be observed.
In order to test the effect of the platen temperature on the drying of sessile
droplets, the experiment was conducted in the following way:
(1) a 1 pl droplet from ink ‘0.1rGO, 0.5/1EG, 0.06Tri’ was gently deposited
on a Si wafer treated with 0-minute UV and dried at room temperature;
(2) another droplet from the same ink was deposited on the Si wafer treated
with O-minute UV at 60 °C;
(3) the only difference between these two 1 pl droplets is the platen
temperature for the substrate.
The optical microscope images of the corresponding dried dots are shown in
figure 43. The dried dots have been labelled as (a) and (b) and come from inks of
0.1 rGO, 0.5/1 EG, 0.06 Tri, dried on the substrate with 0-min UV at ‘room
temperature & 60 °C’, respectively. The values of W and R and their ratios of

these two dots have been shown in table 16.

(a) (b)

Figure 43 Optical microscope images of the dried dots from ink ‘0.1rGO, 0.5/1EG, 0.06Tri’ with
different platen temperatures, including (a) room temperature and (b) 60 °C. The UV time is 0
minutes. The effects of the platen temperature on droplet drying are the concerns at this stage. The
increase in temperature results in the acceleration of droplet evaporation, which is similar to the
effect of a longer UV time. Thus, both the CRE and Marangoni effect can be strengthened.
However, the higher platen temperature increases the evaporation rate of EG as well. So, both a
strengthened ring stain and a depletion zone could be observed at the same time. Black scale bar
represents 200 pm.
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RT 60 °C

W (um) 13.27 £3.77 81.63 + 4.55
R (um) 1.16x10° + 31.01 1.15x103 + 31.01
WIR 0.01 0.07

Table 16 Values of W, R, and their ratios of the dried dots from the formulations with different
platen temperatures. The increased platen temperature results in a wider ring stain, while the
change in dot diameter is not obvious. Thus, an increase of W/R ratio was observed.

As figure 43 shows, the dot diameter has slightly decreased from ~1.16 x 10% um
to ~1.15 x 10% um when the platen temperature increased from room temperature
to 60 °C. However, the ring width increased dramatically from ~13.27 um to
81.63 pm. Similarly, the W/R ratios of these two dots increased from 0.01 to 0.07.
As for the shape of the dried dots, the increased platen temperature results in the
formation of a dual-ring structure again, and the ring stain has been strengthened
in this case as well.

The increased platen temperature could accelerate droplet evaporation. Although
the thermally induced Marangoni effect is generally mentioned when the substrate
has been heated, its strength is not at the same magnitude as the surfactant-
induced and co-solvents induced Marangoni effects'®*. So, the major effect of
increased platen temperature is believed to be the increase in the droplet
evaporation rate. Similar to the case of increasing UV time, an increased
evaporation rate could strengthen both the CRE and Marangoni effect at the same
time. But in this case, the evaporation rate of EG has been increased dramatically
based on the final dried dot from figure 43 (b). On the one hand, more particles
have been transported to the contact line area and formed a stronger ring stain. On
the other hand, the strengthened Marangoni effect could bring more particles to
the dot centre. The sample formed a depletion zone, which means the duration of
CRE has been shortened in this case. The CRE and Marangoni effect can be
strengthened spontaneously when a high platen temperature is applied. In the
meantime, the increased evaporation rate shortens the duration of the CRE only

section and results in a formation of another depletion zone.
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In all, the results indicate that a higher platen temperature increases the
evaporation rate dramatically compared to that of longer UV time. The increased
evaporation rate could strengthen both the CRE and Marangoni effect at the same
time. In addition, the duration of the CRE only section could also be shortened
dramatically, which results in the formation of a depletion zone and proves the
formation mechanism behind the depletion zone again.

In conclusion, the effects of individual factors on the droplet drying uniformity
have been explored in this section. The series of Triton loadings, EG/DI ratios,
rGO loading, UV time, and platen temperatures have been used to find an ink
formulation with the best drying uniformity under a certain UV time and platen
temperature. The effects of the above factors on the droplet drying could be
concluded as follows:

(1) the decrease of Triton loading can help the suppression of CRE, as it takes
a longer duration to reach CMC with less Triton;

(2) the reduction of Triton loading could increase the contact angle at the
beginning, as it increases the surface tension of the droplet, so the whole
drying process becomes longer due to the lower initial evaporation rate;

(3) the increase in the EG/DI ratio could divide the droplet drying into two
categories: one is DI water dominated drying, which forms the ring-
dominated structure or dual-ring structure with a depletion zone depending
on the duration of DI dominated CRE; the other is EG dominated drying,
wherein the CRE regains control of the droplet drying due to EG’s
increased amount and low vapour pressure nature, which support the
suppression of a depletion zone in the dual-ring structure;

(4) the increase of rGO loading results in a similar effect to using less Triton,
which can reduce the dot diameter and extend the duration of the
surfactant-induced Marangoni effect;

(5) the longer UV time and higher platen temperature both accelerate the
evaporation rate of droplets to different extents. On the one hand, the
strengthened Marangoni effect is more obvious than CRE in samples
treated with longer UV times, as the low vapour pressure of EG limits the
strengthening of CRE in this case. On the other hand, higher platen
temperature could bring the dual-ring structure with a depletion zone back

and strengthen the ring stain at the same time.
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4.4.2 Effects of modifiers on droplet drying uniformity

The above exploration only focuses on the effects of individual factors, but the
situation becomes much more complex in the preparation of functional inks. For
this project, the final ink was prepared by mixing the initial rGO dispersion with a
modifier. The modifier in this project is a mixture of DI water, Triton, and EG in
a designed ratio. Since different loadings of Triton and EG are needed to
modulate the rheological properties of the prepared ink and make the ink inkjet
printable, exploration of the effects of modifiers on droplet drying uniformity is
needed. Various Triton loadings (0.2 to 0.06 mg/ml) and EG loadings (0.01/1 to
1/1) were investigated. Then, the effects of rGO loading, UV time, and platen
temperature on this system were also considered as well. Finally, a guideline was
developed from above explorations for the preparation of inkjet printable large
rGO water-based inks. 0.06 mg/ml Triton was chosen based on a reported similar
water-based GNP ink”, and 0.2 mg/ml Triton was selected, as this value is close
to its CMC in water'’®. The range of EG loading was adopted from Talbot’s
project for comparison®’>176, Additionally, figures 44 through 47 focus on the
centre of the dry dot instead of the annular region for consistency, as many dots
lack images of the annular region.

Figure 44 shows formulations starting from ‘0.1rGO, 0.01/1EG, 0.2Tri’ (a-1).
Then, the rGO loading was maintained at 0.1 mg/ml, the UV was kept at 0
minutes, and the platen temperature was room temperature. The EG loadings were
set as 0.01/1, 0.05/1, 0.1/1, 0.5/1, and 1/1 by volume (labelled as a, b, ¢, d, and e,
respectively). The Triton X-100 loadings were set as 0.2, 0.1, and 0.06 mg/ml
(labelled as 1, 2, and 3, respectively). The values of W and R and their ratios are

summarised in table 17.
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Figure 44 Optical microscope images of the dried dots from inks of ‘0.1 rGO, 0.01/1 — 1/1 EG, 0.2
—0.06 Tri’. As for the ink formulations, the EG/DI ratios change horizontally from 0.01/1 to 1/1 (a
—e), and Triton loadings change vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading
is maintained at 0.1 mg/ml. The UV time and platen temperature for the substrate are held at 0
minutes and room temperature, respectively. The aim of this stage is to check the effects of
modifiers on droplet drying. In general, lower Triton loading results in a longer duration for
droplets to reach CMC, which extends the duration of surfactant-induced Marangoni effect and
results in the suppression of the CRE. The increase in the EG/DI ratio changes the shape of the
dried dots from a ring-dominated structure to a dual-ring structure with a depletion zone when the
EG/DI ratio changes from 0.01/1 to 0.1/1; the dot shape becomes a dual-ring structure without a
depletion zone when the EG/DI ratio is larger than 0.5/1. This change is caused by the major
solvent in the droplet. When the EG/DI ratio is between 0.01/1 and 0.1/1, DI is the major solvent,
and the increase in EG results in a longer Marangoni effect. However, the shortened CRE leads to
the formation of a depletion zone, as there is not enough time to transport all the rGO flakes back
to the edge. Once the EG/DI ratio is between 0.5/1 and 1/1, the major solvent is EG in the droplet.
The low vapour pressure of EG and its increased loading in the droplet could make the CRE
capable of transporting flakes back to the edge and supressing the depletion zone. Black scale bar

represents 200 pm.
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al bl cl d1l el

W (um) 86.22 + 54.08 + 47.96 34.69 + 61.22 +
3.72 2.34 3.31 4.54 5.41
R(um) 1.78x10%+ 1.52x10%+ 1.56x10%+ 1.33x10%+ 1.38x10°+
12.54 31.09 23.21 24.31 27.67
W/R 0.05 0.04 0.03 0.03 0.04
a2 b2 c2 d2 e2
W (um) 54.08 + 44.90 + 20.41 13.27 = 59.18 +
3.18 3.89 3.89 3.44 3.59
R(um) 1.35x10%+ 1.32x10%+ 1.46x10%+ 1.17x10%+ 1.26x10°
18.79 27.63 45.31 23.47 +31.99
W/R 0.04 0.03 0.01 0.01 0.05
a3 b3 c3 d3 e3
W (um) 53.06 + 2245+ 22.45 + 13.27 + 23.47
4.32 3.91 2.39 3.77 2.41
R(um) 1.34x103+ 1.22x10%+ 1.16x10%+ 1.16 + 1.16 +
18.89 21.67 22.78 31.01 23.76
W/R 0.04 0.02 0.02 0.01 0.02

Table 17 Values of W, R, and their ratios of the droplets dried from inks of ‘0.1 rGO, 0.01/1 — 1/1
EG, 0.06 — 0.2 Tri’ dried on Si wafer treated with 0-min UV at room temperature. The dot radius
of the above droplets generally decreases when more EG or less Triton have been loaded in the
droplet. There is only one exception: the dot radius is slightly increased when the EG/DI ratio
increases from 0.5/1 to 1/1. The ring width is supressed when less Triton has been used; it would
be supressed when the EG/DI ratio has increased from 0.01/1 to 0.5/1, and it would be supressed
again when the EG/DI ratio reaches 1/1.

The third row of figure 44 (rows a-3 to e-3) shows the dots that are the same
samples discussed in the previous section. The ring-dominated structure was
observed in a-3 due to the water dominated drying process. Then, the dual-ring
structure with a depletion zone could be observed when the EG/DI ratio increased
to 0.05/1 and 0.1/1, respectively. This type of dried dot could be explained by the
shortened duration of water dominated CRE. In this, the particles do not have
time to reach the edge, and the depletion zone is formed. When the EG/DI ratio
was further increased above 0.5/1, the EG became the major solvent in the
droplet. Thus, the CRE regains control of the drying process due to its increased
loading and low vapour pressure nature. Thus, the dual-ring structure without a
depletion zone is seen in dots a-4 and a-5.

A similar trend can be observed in the other two rows of figure 44. The shape of

the dried dots was changed from a ring-dominated structure to a dual-ring
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structure with a depletion zone when the EG/DI ratio increased from 0.01/1 to
0.1/1. Then, the dots further changed into a dual-ring structure without a depletion
zone when the EG/Di ratio increased above 0.5/1.

It is worth noting the increase in dot size when the EG/DI ratio changed from
0.5/1 to 1/1. As mentioned before, the dot diameter should be larger when more
EG has been used, as the surface tension of the droplet should be smaller when
more EG is included. However, in a binary system (EG/DI system in this project),
when the major solvent with less viscosity is more volatile, then a sudden increase
in viscosity could be achieved due to the large volume loss of the volatile
solvent!®*. Thus, the dot diameter decreases with increases in EG loading, as more
energy can be consumed by the higher viscous dissipation. However, when EG is
the major solvent, such a phenomenon is supressed, and the dot diameter
increases again when more EG is used. This could be explained by the fact that
the change of viscosity is not that obvious when EG is the major solvent. So, a
lower contact angle could result in a larger dot diameter again.

Regarding the effect of Triton, both the centre disk and the ring stains of dots in
the same column (same EG/DI ratio) have been strengthened when the Triton
loadings increased from 0.06 to 0.2 mg/ml, except the dots from a-3 to a-1. There
is no centre disk in this column; only the strengthening of the ring stain could be
observed when the Triton loading increased. The major difference among these
three rows is the Triton loadings; the Triton loading increased from the bottom
(row 3) to the top (row 1). As discussed before, the higher Triton loading could
shorten the duration of the Marangoni effect as the surfactant could easily reach
its CMC during evaporation. At the same time, the higher loading of Triton can
improve the wetting of the droplet on the substrate, so the diameter of the droplet
can be increased, and a lower contact angle can be obtained at the same time.
Thus, the evaporation rate can be increased due to the reduced contact angle®>16,
So, more Triton could be transported into the contact line area, and more DI water
would evaporate from this area as well. Thus, the Marangoni effect could also be
strengthened in this case. Theoretically, then, both the ring stain and centre disk
should become more obvious when the Triton loading is higher (e.g., 0.2 mg/ml)
compared to the dot with lower Triton loading. However, the Marangoni flow is
stopped once the CMC is reached. The higher loading of Triton thus results in a

shorter duration of the Marangoni effect. It is worth noting that although both the
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strength and duration of EG induced Marangoni flow should decrease when
higher EG loading has been used!’®, the centre disk could still be observed. This
could be explained by a lesser volume loss in the cases of EG/DI > 0.5/1, so the
surfactant-induced Marangoni effect could take effect in these cases and help the
formation of the centre disk, as the surfactant-induced Marangoni effect lasted
longer when the volume lost is less.

In all, the decreased Triton loading results in a strengthened Marangoni effect and
an extended evaporation process due to the lower evaporation rate at high contact
angle. When the higher Triton loading has been applied, both the CRE and
Marangoni effect are strengthened due to the higher evaporation rate originating
from the reduced contact angle.

As for the effect of EG loading, the increase in EG loading first shortens the
duration of CRE in the case of DI dominated drying, so the ring-dominated
structure is turned into a dual-ring structure with a depletion zone. Then, the EG
becomes the major solvent as EG loading continues to increase. So, the CRE
regains control of drying, and the dual-ring structure without a depletion zone is
formed in this case.

Figure 45 shows formulations starting from ‘0.5rGO, 0.01/1EG, 0.2Tri’ (a-1).
Then, the rGO loading was maintained at 0.5 mg/ml, the UV was kept at 0 min,
and the platen temperature was 25 °C. The EG loadings were set as 0.01/1, 0.05/1,
0.1/1, 0.5/1, and 1/1 by weight (labelled as a, b, c, d, and e, respectively). The
Triton X-100 loadings were set as 0.2, 0.1, and 0.06 mg/ml (labelled as 1, 2, and

3, respectively). The values of W, R, and their ratios are shown in table 18.
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Figure 45 Optical microscope images of dried dots from inks of ‘0.5 rGO, 0.01/1 — 1/1 EG, 0.2 —
0.06 Tri’. As for the ink formulations, the EG/DI ratios change horizontally from 0.01/1 to 1/1 (a —
e), and Triton loadings change vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is
maintained at 0.5 mg/ml. The UV time and platen temperature for the substrate are held at 0
minutes and room temperature, respectively. The aim of this stage is to check the effects of rGO
loading on the effects of a modifier on the droplet drying. Similar effects of Triton and EG have
been found when rGO loading is changed from 0.1 to 0.5 mg/ml. In general, the lower Triton
loading extends the duration of the surfactant-induced Marangoni effect to supress the CRE. The
increase in the EG/DI ratio strengthens the Marangoni effect when the EG/DI ratio changes from
0.01/1 to 0.1/1, and then the dot CRE regains control of droplet drying when the EG/DI ratio is
larger than 0.5/1. One of the major effects of increased rGO loading is the widening of structures
like ring stains and centre disks, so the depletion zone can be supressed in this case. The other
effect is that the duration of the surfactant-induced Marangoni effect can be extended as more
Triton is absorbed by the rGO flakes. Thus, the depletion zone could be observed again in the
droplet with EG/DI > 0.5/1. Black scale bar represents 200 pum.
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al bl cl d1l el
W (um) 174.49 + 382.65 + 85.71 + 105.10 + 95.92 +
31.09 36.97 33.99 23.78 28.98
R(um) 1.27x10%+ 1.14x10%+ 1.08x10%+ 1.06x10%+ 1.10x10°*
39.78 42.90 41.23 37.45 40.90
W/R 0.12 0.33 0.10 0.08 0.09
a2 b2 c2 d2 e2
W (um) 80.1 + 98.47 + 54.08 + 71.94 + 95.41 +
23.33 29.09 31.01 27.67 33.30
R(um) 1.19x10%+ 1.13x10%+ 1.10x10%+ 1.07x10%+ 1.06x10°+
41.09 43.12 42.27 34.21 41.21
WI/R 0.07 0.09 0.07 0.05 0.09
a3 b3 c3 d3 e3
W (um) 70.92 + 501.02 + 75 +21.22 91.84 + 113.78 +
27.89 29.13 4,01 31.09
R(um) 1.17x103# 1.17x10%% 1.04x10%+ 0.99x103+  1.02x10%+
37.26 34.57 38.98 12.31 46.66
W/R 0.06 0.43 0.07 0.09 0.11

Table 18 Values of W, R, and their ratios of the droplets dried from inks of ‘0.5 rGO, 0.01/1 — 1/1
EG, 0.06 — 0.2 Tri’ dried on a Si wafer treated with 0-min UV at room temperature. The dot radius
of the above droplets generally decreases when more EG or less Triton have been loaded in the
droplet. The one exception is that the dot radius is slightly increased when the EG/DI ratio
increases from 0.5/1 to 1/1. The ring width of droplets changed dramatically, and no clear trend
could be found when higher rGO loading was used, as more flakes decreased particle mobility.

Similar effects of EG and Triton on droplet drying uniformity have been found in

figure 45 compared to the effects found in figure 44. Froma—1toe -1 in the
same row, the dot diameter decreased from 1.27x10° + 39.78 to 1.06x10° + 37.45
at first when EG/DI changed from 0.01/1 to 0.5/1 and then slightly increased to

1.10x10% + 40.90 pm as the EG loading increased. Similar trends could be found

in all these three rows. Similarly, the width of all ring stains and centre disks

become larger and more concentrated when more rGO is used. Talbot et al. found

a similar phenomenon in their project as well’, wherein higher particle loading

resulted in a decrease in their mobility during drying and in the formation of

wider ring stains and centre disks. This also increases the difficulty in

distinguishing the width of the depletion zone between the ring stain and the

centre disk and results in a suppression of the depletion zone as well.

In addition, another issue needs to be mentioned, which is the formation of the

depletion zone in the droplets with EG > 0.5/1. As discussed before, the depletion
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zone is formed when the CRE duration is not long enough to push all the particles
back to the edge when DI is the major solvent. However, this issue can be
supressed when EG becomes the major solvent, as the CRE dominated by EG has
a chance to push all the particles back due to its low vapour pressure and
increased loading. However, since Triton is not only a surfactant but also a
stabiliser to graphene!!!, the higher rGO loading would absorb more Triton onto
the graphene/liquid interface and result in a similar effect to using less Triton; this
extends the duration to reach the CMC in the droplet. So, the surfactant-induced
Marangoni effect on all droplets from figure 45 is strengthened in this case. Thus,
more flakes should be transported back to the droplet centre due to this
strengthened Marangoni effect. There is a chance that the resulting EG dominated
CRE could not push all the flakes back to the edge again due to this increased
flake loading, so the depletion zone could still be observed when the EG/DI

ratio > 0.5/1. In addition, figure 45 shows that all dots in the first row, especially
the dots with dual-ring structures, show more clear depletion zone in their
structures compared to that of dots that have the same EG/DI ratio but less Triton
loading. As mentioned in the previous section, the increased Triton loading results
in a smaller surface tension of the droplet, so a smaller contact angle is obtained
in this case. Then, the evaporation rate could be increased due to the reduced
contact angle!®>%.So, more Triton can be transported into the contact line area,
and more DI water evaporates from this area as well. Thus, the Marangoni effect
can also be strengthened in this case. So, both the ring stain and centre disk
should become more obvious when Triton loading is higher. However, the
Marangoni flow is stopped once the CMC is reached. Thus, the higher loading of

Triton results in a shorter duration of the Marangoni effect.
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Figure 46 Optical microscope images of dried dots from inks of ‘0.1 rGO, 0.01/1 — 1/1 EG, 0.06 —
0.2 Tri’. As for the ink formulations, the EG/DI ratios change horizontally from 0.01/1 to 1/1 (a —
e), and Triton loadings change vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is
maintained at 0.1 mg/ml. The platen temperature for the substrate is kept at room temperature,
while the UV time is changed from 0 to 20 minutes. The aim of this stage is to check the effects of
UV time on the effects of modifiers on the droplet drying. Similar effects of Triton and EG have
been found when UV time is changed from 0 to 20 minutes. In general, the longer UV time
increases the hydrophilicity of the substrate, which results in all the droplets having much larger
dot diameters compared to those droplets with 0-minute UV. The dot shapes changed from ring-
dominated structures to dual-rings with a depletion zone when EG /DI increased from 0.01/1 to
0.1/1 and further changed into dual-ring structures without a depletion zone when EG/DI > 0.5/1.
At the same time, the improved hydrophilicity decreases the droplet contact angle, so both the ring
stain and centre disk can be strengthened in this case. Although the change of dot diameter
between 0.06 and 0.2 mg/ml Triton is not that obvious due to improved substrate hydrophilicity,
the strengthening of the ring stain and centre disk can still be observed in the case of 0.2 mg/ml
Triton. Black scale bar represents 200 pum.

Figure 46 shows formulations starting from ‘0.1rGO, 0.01/1EG, 0.2Tri’ (a-1).
Then, the rGO loading was maintained at 0.1 mg/ml, the UV was kept at 20
minutes, and the platen temperature was 25 °C. The EG loadings were set as
0.01/1, 0.05/1, 0.1/1, 0.5/1, and 1/1 by weight (labelled as a, b, c, d, and e,
respectively). The Triton X-100 loadings were set as 0.2, 0.1, and 0.06 mg/ml
(labelled as 1, 2, and 3, respectively). The values of W and R and their ratios are

shown in table 19.
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al bl cl d1l el
W (um) 85.71 + 32.65 + 38.78 + N/A 70.41 +
13.1 10.01 11.23 13.21
R(um) 1.48x10%+ 1.46x10%+ 1.44x10%+ N/A 1.72x10° +
21.22 22.28 25.18 22.43
W/R 0.06 0.02 0.03 N/A 0.04
a2 b2 c2 d2 e2
W (um) 57.14 + 46.94 + 28.57 24.49 + 46.94 +
19.89 11.90 8.97 10.06 11.47
R(um) 1.44x10%+ 1.33x10%+ 1.43x10%+ 1.41x10%+ 1.48x10°+
23.14 25.43 23.58 25.61 22.65
WI/R 0.04 0.04 0.02 0.02 0.03
a3 b3 c3 d3 e3
W (um) 30.62 + 18.37 + 22.45 + 16.33 + 53.06 +
17.71 6.22 11.21 3.51 11.15
R(um) 1.31x10%+ 1.31x10%+ 1.33x10%+ 1.41x10%+ 1.34x10°+
21.31 19.89 23.77 21.78 23.78
W/R 0.02 0.01 0.02 0.01 0.04

Table 19 Values of W, R, and their ratios of the droplets dried from inks of ‘0.1 rGO, 0.01/1 — 1/1
EG, 0.06 — 0.2 Tri’ dried on a Si wafer with 20-mins UV at room temperature. The diameters of
dots, which have EG/DI ratios > 0.5/1, are larger than the dots in the same row with the same
Triton loading when 20-minutes UV was applied.

Similar effects of EG and Triton on the suppression of the CRE are observed in
figure 46 compared to figure 44. The effect of EG on the droplet drying can be
divided into two sections; one is from 0.01/1 to 0.1/1, and the other is from 0.5/1
to 1/1. In the first section, the CRE is continuously supressed as the EG loading
increases. Hence, the duration of co-solvents induced Marangoni effect increases
as a higher EG loading is used, and the dual-ring structure with a depletion zone
can be formed in this case. In the meantime, the decreased Triton loading also
supports the suppression of the ring stains. So, the CRE should be supressed from
top to bottom.

The major differences are the sizes of the dots: those in columns 4 and 5 in figure
46 are much larger than the dots in the same row. As discussed before, when EG
is the major solvent, the sudden change of viscosity due to the large loss in
volume of DI is not that effective’®4, so the increased EG loading results in a

decrease in the contact angle and a larger dot diameter. However, in the case of

161



the longer UV, the spreading of droplets seems to be strengthened more
effectively.

In the meantime, the centre disk can still be observed in these six droplets, even
with such a large dot diameter. The longer UV time improves the wettability of
the substrate, and the spreading of the droplets with EG as their major solvent has
been improved dramatically in this case. The main purpose of increasing UV time
is to improve the hydrophilicity of the substrate surface. The droplet that lands on
such a substrate would have a smaller contact angle and result in a larger dot
diameter. Hence, the evaporation rate would be increased as the heat conduction
from substrate to droplet has been enhanced®>1%, So, this increased evaporation
rate could result in a faster accumulation of Triton and evaporation of DI water at
the contact line area and result in the strengthening of the surfactant-induced and
co-solvents induced effects at the same time. However, this strengthening is
different from the above case, which extends the duration of the surfactant-
induced Marangoni effect. In this case, the strengthening is due to the faster
evaporation, so the strengthening is more related to the strength of the Marangoni
flow rather than the duration, as a higher surface tension difference can be created
in this case due to the higher contact line evaporation rate’>76, Thus, the centre
disks can still be observed even though dot diameter increased dramatically.
However, while the ring stain could be observed, the ring stain did not become
more serious in these six droplets. This indicates that the extent of the increased
evaporation rates by UV and platen temperature is different. The longer UV time
could not cause the EG evaporation rate to change dramatically, so the change of
the Marangoni effect is more dramatic compared to that of the CRE. Thus, the
centre disk can be strengthened, but the strengthening of CRE is not that obvious
in this case.

Figure 47 shows formulations starting from ‘0.1rGO, 0.01/1EG, 0.2Tri’ (a-1). The
rGO loading was maintained at 0.1 mg/ml, the UV was kept at 0 minutes, and the
platen temperature was 60 °C for all the above formulations. The EG loadings
were set as 0.01/1, 0.05/1, 0.1/1, 0.5/1, and 1/1 by weight (labelled as a, b, c, d,
and e, respectively). The Triton X-100 loadings were set as 0.2, 0.1, and 0.06
mg/ml (labelled as 1, 2, and 3, respectively). The values of W, R, and their ratios

are shown in table 20.
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Figure 47 Optimisation of co-solvents and surfactant-induced Marangoni effects on inks of ‘0.1
rGO, 0.01/1 — 1/1 EG, 0.06 — 0.2 Tri’ dried on a Si wafer treated with 0-mins UV Ozone at 60 °C.
As for the ink formulations, the EG/DI ratios change horizontally from 0.01/1 to 1/1 (a —e¢), and
the Triton loadings change vertically from 0.2 to 0.06 mg/ml (1 — 3), while the rGO loading is
maintained at 0.1 mg/ml. The platen temperature for the substrate was changed from room
temperature to 60 °C, while the UV time was maintained at 0 minutes. The aim of this stage is to
check the effects of the platen temperature on the effects of modifiers on the droplet drying.
Similar effects of Triton and EG have been found when platen temperature has been changed from
room temperature to 60 °C. In general, the higher platen temperature increases the evaporation rate
of the droplets dramatically, which results in all the droplets having both strengthened ring stains
and depletion zones. The dot shapes change from a ring-dominated structure to a dual-ring with a
depletion zone when EG /DI increases from 0.01/1 to 0.1/1. However, dots with EG/DI > 0.5/1
also have the dual-ring structure with a depletion zone when 60 °C platen temperature has been
applied. Thus, the increased Triton loading can still strengthen both the CRE and Marangoni effect
at the same time due to the reduced contact angle caused by the reduced surface tension. Black
scale bar represents 200 um.
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al bl cl d1l el

W (um) 117.86 + 32.14 + 61.22 + 59.18 + 178.06 +
21.22 11.10 12.11 13.37 38.78
R(um) 1.48x10%+ 1.47x10%+ 1.46x10%+ 1.26x10%+ 1.39x10°+
33.23 21.18 22.23 25.11 45.71
W/R 0.08 0.02 0.04 0.05 0.13
a2 b2 c2 d2 e2
W (um) 67.35 + 71.43 + 59.18 + 97.96 + 227.55 +
12.20 13.77 12.34 11.29 34.54
R (um) 1.48x10%+ 1.50x10%+ 1.49x10%+ 1.22x10%+ 1.27x10°+
25.38 26.68 28.17 27.65 46.77
W/R 0.05 0.05 0.04 0.08 0.18
a3 b3 c3 d3 e3
W (um) 328.57 + 138.78 + 54,59 + 81.63 + 358.67 +
23.28 11.29 14.57 4,55 35.12
R(um) 1.41x103+ 1.26x10%+ 1.23x10%+ 1.21x10%% 1.23 %
25.37 26.53 29.87 31.01 32.28
WI/R 0.23 0.11 0.04 0.07 0.29

Table 20 Values of W, R, and their ratios of the droplets dried from inks of ‘0.1 rGO, 0.01/1 — 1/1
EG, 0.06 — 0.2 Tri’ on a Si wafer treated with 0-mins UV Ozone at 60 °C. The diameters of dots
decreased with increasing EG/DI ratios from 0.01/1 to 0.5/1 but increased again when EG/DI ratio
= 1/1. The dot diameter could be increased when a higher concentration of Triton has been used in
the droplet.

Similar effects of EG and Triton on the suppression of the CRE have been
observed in figure 47 compared to that of figure 44. However, this time, the
depletion zone can be observed in the droplets with EG/DI ratio > 0.5/1. As
discussed before, this dual-ring structure with a depletion zone could be explained
by the shortened duration of the CRE only section, as it does not have enough
time to transport all the flakes back to the edge before the droplet dries. In this
section, the different degrees of increase of evaporation rate at the contact line by
UV time and platen temperature are proved again.

At the same time, the effect of Triton loading can still be observed, as more Triton
leads to a short duration of the surfactant-induced Marangoni effect, so there is no
surface tension gradient when the loading of Triton reaches the CMC. Then, the
CRE dominates the rest of the droplet drying, which results in a strengthened ring

stain compared to the droplets with the same EG/DI ratio in the same column.
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It is also worth noting that the strength of the thermally induced Marangoni effect
is not in the same magnitude for the surfactant or co-solvents induced Marangoni
effect!3. So, the major effect of higher platen temperature is its enhancement of
the droplet evaporation, as both Triton and EG exist in the droplet.

In all, the higher platen temperature strengthens the Marangoni effect and brings
back the dual-ring structures with a depletion zone, even in droplets with EG/DI >
0.5/1. Thus, this would degrade the drying uniformity of droplets. However, as
discussed in the previous sections, the high platen temperature is necessary
because lower platen temperatures cause unexpected drying issues, such as a
concentrated bottom caused by the Marangoni effect in the printed square.

In conclusion, the effects of modifier on the droplet drying uniformity can be
summarised as follows:

(1) the decrease in Triton loading can extend the duration of the surfactant-
induced Marangoni effect, as it would take a longer duration to reach the
CMC during evaporation;

(2) the increase in Triton loading can reduce the surface tension of the droplet
and result in a smaller contact angle of the droplet. Thus, the evaporation
rate increases in the contact line area and results in a strengthening of CRE
and Marangoni effect;

(3) the increase in EG loading divides the droplet drying into two categories.
One is DI dominated drying, in which the increase of EG loading reduces
the duration of the CRE only section, so the capillary flow does not have
time to transport all the particles back to the edge; the dual-ring structure
with depletion zone is formed in this case. The other is EG dominated
drying, in which the increase of EG loading extends the duration of the
CRE only section, so capillary flow can have enough time to transport
particles back to the edge again; the dual-ring structure without a depletion
zone is formed in this case;

(4) the effect of higher rGO loading is not obvious on the droplet drying,
except that it can extend the duration of the surfactant-induced Marangoni
effect and decrease the particle mobility (as seen by a wider ring satin and
a larger centre disk in all formulations);

(5) the effects of longer UV time and higher platen temperature can both

increase the evaporation rate of the droplets to different extents. So, both
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can strengthen the CRE and Marangoni at the same time. However, the
higher platen temperature reverts to the dual-ring structure with a
depletion zone again, as it could shorten the drying of EG.
These conclusions are quite similar to what was found in the previous section
(section 4.41), which proves the consistency of the findings on the used ranges of
modifier loadings, rGO loadings, UV time, and platen temperatures. Thus, they

are used as guidelines for the preparation of aimed inks in the coming section.

4.5 Inkjet printing of large rGO flakes

Four major drying issues were found in the inkjet printing of Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um in section 4.3, which are the CRE, first dot issue, missing
front issue, and waviness.

As discussed before, the serious first dot issue can cause the rGO loadings in the
first several dots to become higher than the rest of the dots in the same printing
sequence. The additional rGO flakes results in an increase in the droplet surface
tension, as they can absorb more Triton molecules in the droplets!, Then, the
amount of Triton in the liquid/vapour interface lessens, and the droplet surface
tension increases in this case. Then, the Laplace pressure in these first several
droplets is higher than the main section of printed line'®3. Thus, a flow along the
printing direction is formed and pushes the flakes along the printing direction to
form the missing front.

As for the CRE and waviness issues, previous sections proved that the printer
settings and substrate modifications (UV time and platen temperature) only have
mild effects on their suppression. In addition, an unexpected drying issue
happened when the platen temperature dipped below 60 °C, which was the
concentrated bottom of printed square due to the Marangoni effect. In terms of the
origin of the waviness issue, it comes from the dual-ring structure with a
depletion zone in the dried dot. So, the inappropriate drop spacing was set based
on the centre disk rather than the outer ring. Thus, the bulge issue could happen to
the outer ring structure and result in the waviness issue while the line printed with
the same drop spacing remained straight. Then, two major explorations were
conducted in section 4.4 to find different factors’ effects on droplet drying
uniformity and to try to propose a guideline for the ink formulation that can avoid
the dual-ring structure with a depletion zone.
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Thus, another 6 inks were formulated based on Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-
1.5um with the help of an initial guideline and optimised printer settings. The
details of how to develop these seven inks are discussed in this section.
Additionally, the rheological properties and Z numbers of these seven inks have
been collected and added to the appendix (Table S1). In the meantime, the graphs
of the surface tension and viscosity of these seven inks have been added to the
Appendix and are shown in figures S3 and S4. All seven of these inks have Z
numbers larger than 10, which are in the range of jetting satellites. The issue has
been supressed by using a modified waveform developed in section 4.4.2,
allowing all inks to be stably jetted out without any issues.
The Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um from section 4.3 has been used as
the starting point for this section. The printer settings and substrate treatments
used in this section are optimised combinations adopted from the conclusions
drawn from section 4.3 for consistency:

(1) drop spacing: 200 pum for dots and radius of dried dot for lines and square;

(2) maximum printing frequency: 1 kHz;

(3) cartridge temperature: room temperature;

(4) platen temperature: 60 °C;

(5) UV time: 20 minutes for all substrates;

(6) Substrates: Si wafer for all inks, the glass and polyimide (PI) would be

used for inks without major drying issues.

All the inks prepared and printed in this section include an extra filtration process
with glass wool and a degassing process before they were loaded into the
cartridge. The aim of this step is to supress the first dot issue and missing front

issue’?,

Figure 48 Printed dots, lines, and squares from Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. The drop
spacing = 200 um for dots and 25 um for lines and square; the MPF = 1kHz; and the cartridge and
platen temperatures are room temperature and 60 °C, respectively. The first dot issue and missing
front issue have been supressed with the help of additional filtration and degassing settings.
However, the clear waviness issue can still be observed in the printed squares, which indicates the
formation of a dual-ring structure with a depletion zone in the dried dots. Black scale bar
represents 200 pm.
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As figure 48 shows, the first dot issue and missing front issue have been
supressed after the extra filtration and degassing process. This also proves the
previous conclusion in section 4.3 that the missing front issue stems from the first
dot issue.

Based on the printed dots and lines from figure 48, the average dot diameter is
~52.07 £ 1.22 um, and the average line is ~115.28 + 2.13 um. The line width in
the square is ~66.64 + 1.27 um, which means that individual printed lines have a
larger average width than the average line width in the square. However, the
actual width of the line in the square is at least double its appeared width. This is
because half of the printed line in the square has been covered by the line printed
next to it.

Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um has Triton loading of about 0.1 mg/ml
and an EG/DI ratio of about 0.1/1, the UV time for the substrate is 20 minutes,
and the platen temperature is 60 °C. Based on previous explorations, the major
solvent should be DI water-based on its EG/DI ratio, and the 20 minutes UV time
and high platen temperature would increase the evaporation rate at the contact
line area dramatically. So, both the surfactant and co-solvents induced Marangoni
effects would be strengthened at the same time. In the meantime, this increase in
the evaporation rate further decreases the duration of CRE, which further helps
the formation of the dual-ring structure with a depletion zone. This also explains
why the printer settings and substrate modifications could only have mild effects
on the suppression of the waviness issue.

As the exploration section discussed, extending the duration of the CRE to the
whole droplet drying process is an effective way to supress the depletion zone. In
order to take advantage of the co-solvents induced Marangoni effect at the same
time, an ink (Ink 2) with more EG loading was prepared. Although the droplet
with the best drying uniformity was obtained by using the EG/DI ratio = 0.5/1, the
droplet was dried on the substrate treated with 0-minute UV at room temperature.
Thus, the EG/DI ratio = 1/1 was selected for the preparation of Ink 2, and the
formulation of this ink is Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-1.5um.

At the same time, using lower platen temperature is also a route to extending the
duration of the CRE, as the evaporation rate in the contact line can be decreased

in this case. However, the previous result in section 4.3.2 proved that using lower
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platen temperature would instigate other unexpected drying issues in the printed
films. This should be avoided.

In addition, as discussed in the exploration section, although the increase of rGO
loading could extend the duration of the surfactant-induced Marangoni effect, it
has a chance to reduce the mobility of particles during the drying and widen both
the ring stain and centre disk. This is another way to supress the depletion zone.
Thus, Ink 3 has been prepared based on Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-1.5um in
this step, and the formulation is Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um. It is
worthy to note that Triton of Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um has been
increased from 0.1 to 0.2 mg/ml, as the ink with 0.1 mg/ml Triton could not be
jetted out.

Figure 49 shows the printed dots, lines, and thin film based on the optimised
printer settings and substrate treatments from Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-
1.5um and Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um. The dot diameter and line
width of Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-1.5um are 48.98 + 1.15 and 81.63 +
2.21 pm, respectively. The waviness issue was supressed in the printed square.
However, the concentrated bottom was formed in this case. This could be
explained by the low vapour pressure of EG, which leads to a long drying
process, even with platen temperature set at 60 °C. The printed square dried as a
thin film rather than individual lines. In such a thin film, the top part was printed

and dried first. Thus, less DI is in this part and results in a smaller surface tension.

Figure 49 Printed dots, lines, and squares from Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-1.5pm and Ink 3-
(0.5rGO, 1/1EG, 0.2Tri)-1.5um. The drop spacing = 200 pm for dots, and 24 and 35 um for lines
and squares; the MPF = 1kHz; and the cartridge and platen temperatures are room temperature and
60 °C, respectively. The higher EG loading and rGO loading were used to extend the duration of
the CRE and decrease the particle mobility, respectively. Although, the waviness issue in the
squares have been supressed, the concentrated bottom issue happened, which severely degraded
the pattern drying uniformity. Black scale bar represents 200 pum.
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Consequently, a surface tension gradient was formed and induced a Marangoni
flow form the top to the bottom of the square and transported the rGO to the
bottom*®*, The same drying issue happened to Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-
1.5um as well, the decrease of particle mobility may help the suppression of the
depletion zone, but the concentrated bottom degrades the pattern drying
uniformity severely.

It is worthy to note that the dot diameter and line width of Ink 3-(0.5rGO, 1/1EG,
0.2Tri)-1.5um are 70.41 £ 2.33 and 97.96 £ 2.67 um, respectively. The increase
of these two values from Ink 2-(0.25rGO, 1/1EG, 0.1Tri)-1.5um to Ink 3-
(0.5rGO, 1/1EG, 0.2Tri)-1.5um can be attributed to the increase of Triton loading
in Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um.

In all, although the higher EG loading can supress the waviness issue, the
increased EG loading introduces other drying issues in the printed square. Further
modification on the ink formulation is still needed.

Thus, another way of extending the duration of the CRE was tried using DI as the
major solvent. Since there is major difference in the vapour pressures between EG
and DI water'’®, there would be only DI water in the new ink formulated at this
step to ensure the duration of the CRE is long enough. Ink 4 was designed based
on Ink 3-(0.5rGO, 1/1EG, 0.2Tri)-1.5um; the formulation is Ink 4-(0.5rGO,
0/1EG, 0.2Tri)-1.5um. Thus, the main competition between the internal flow has
been changed from surfactant and co-solvents induced Marangoni flows vs.
capillary flow to the surfactant-induced Marangoni flow vs. the capillary flow.
Since there is only one solvent in the droplet, the CRE would not be stopped until
the droplet dried. Thus, the uniformity of the final dried pattern is decided by the
competition between these two flows. As mentioned before, there are two types of
factors could affect the strength and duration of surfactant-induced Marangoni
flow during the droplet drying®®*1>16_One is the factors that alter the
evaporation rate of the droplet contact line area, like UV time, platen temperature,
and so forth. The other type is the factors that affect the duration of the droplet to
reach the CMC, like Triton loading and rGO loading, among others. So, there are
numerous ways to find the balance between these two flows. However, since the
aim of this project is to prepare large rGO water-based ink for FTEs, the addition
of less additives and more graphene loadings in the ink is preferred in the premise

of ink printability of prepared ink. Thus, Ink 5 has been designed based on Ink 4-
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(0.5rGO, 0/1EG, 0.2Tri)-1.5um with higher rGO loading. The formulation is Ink
5-(1rGO, 0/1EG, 0.2Tri)-1.5um.

Figure 50 shows printed patterns from Ink 4-(0.5rGO, 0/1EG, 0.2Tri)-1.5um
under the optimised printer settings and substrate treatments. The dot diameter
and line width for Ink 4-(0.5rGO, 0/1EG, 0.2Tri)-1.5um are 54.08 £ 2.18 and
66.33 £ 2.31 um, respectively. The CRE became more serious, especially in the
printed lines. Thus, the CRE is too strong in this case. At the same time, based on
the conclusions from section 4.4, both an increase in rGO loading and a decrease
in Triton loading could extend the duration of surfactant-induced Marangoni
effect. So, a stronger Marangoni effect should be seen, as a higher loading of rGO
was selected in this case; this does not match the dried dots from figure 50. A
dual-ring structure could be seen in the dried dots from Ink 5-(1rGO, 0/1EG,
0.2Tri)-1.5um. The addition of more rGO consumed the Triton molecules in the
droplet, resulting in a strengthened surfactant-induced Marangoni effect. This
explains why the clear multi-ring structure could be observed in the final dots. So,
the results indicate that the Marangoni effect is too strong in this case, and the
balance between CRE and S-ME has not yet been found.

Then, a new ink was formulated based on Ink 5-(1rGO, 0/1EG, 0.2Tri)-1.5um,
but with more Triton. The formulation of this ink is Ink 6-(1rGO, 1/1EG, 0.3Tri)-
1.5pum.

Figure 50 Printed dots, lines, and squares from Ink 4-(0.5rGO, 0/1EG, 0.2Tri)-1.5um and Ink 5-
(1rGO, 0/1EG, 0.2Tri)-1.5um. The drop spacing = 200 pm for dots and 27 and 29 um for lines
and squares; the MPF = 1kHz; and the cartridge and platen temperatures are room temperature and
60 °C, respectively. The EG was fully removed from the ink, and the DI water is the only solvent
in the ink. The competition between internal flows is the capillary flow vs. the surfacing induced
Marangoni flow. The printed patterns indicate that CRE dominates during the drying of Ink 4-
(0.5rGO, 0/1EG, 0.2Tri)-1.5um, while a stronger surfactant-induced Marangoni effect was
observed from Ink 5-(1rGO, 0/1EG, 0.2Tri)-1.5um. Black scale bar represents 200 pm.
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Figure 51 Printed dots, lines, and squares from Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um. The drop
spacing = 200 um for dots, and 45, 50, and 32 pum for lines and square on Si, PEN, and PI,
respectively; the MPF = 1kHz; and the cartridge and platen temperatures are room temperature
and 60 °C, respectively. The increased Triton loading has brought the balance between the CRE
and Marangoni effect in the final printed patterns. No major drying issues are found in the printed
patterns and the ink is printed on transparent and flexible substrates to check whether this result
applies to substrates beyond Si wafer. Black scale bar represents 200 pm.

Figure 51 shows the printed patterns of Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um on
various substrates. The ink is formulated based on Ink 5-(1rGO, 0/1EG, 0.2Tri)-
1.5 pm but with higher Triton loading. The dot diameter and line width are 89.80
+2.27 and 125.51 + 4.22 pym on Si wafer, 79.59 £ 2.78 and 114.29 + 3.25um on
PEN, and 63.78 + 2.01and 71.43 £ 1.19 um on PI.

The dots, lines, and squares were uniformly printed. The major drying issues were
supressed. The balance between the CRE and Marangoni effect was reached. Ink
5-(1rGO, 0/1EG, 0.2Tri)-1.5um showed a strong surfactant-induced Marangoni
effect during the drying; in order to supress this Marangoni effect, more Triton
was used in the formulation of Ink 6. Thus, the Triton makes it easier to reach the
CMC as the evaporation progresses. Then, the Marangoni effect was supressed in
this case. It is worth noting that this is not the only way to find a balance between
the CRE and S-ME. In addition, the previous exploration proves that more Triton
results in a decrease in the contact angle and results in an acceleration of the
evaporation rate. Then, both CRE and ME would be strengthened, which could
lead to the formation of a depletion zone again. However, this is a conclusion
based on the presence of EG in the solvent system, where the CRE still exists

when one solvent has been fully evaporated. Then, the duration of the rest of the
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CRE would decide whether a depletion zone forms or not. However, there is only
water in Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um, which could avoid the above issue.
Finally, an ink with same formulation of Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um but
with larger rGO flakes has been prepared and named Ink 7-(1rGO, 0/1EG,
0.3Tri)-6.5um.

Figure 52 shows that the dot diameter and line width are 67.35 + 2.73 and 78.57 £
3.69 pum. The patterns are relatively uniform, and the major drying issues have
been supressed. However, the jetting stability and pattern regularity have been
downgraded. Moreover, the large flake has also brought a storage stability issue.
The printhead usually blocked after 3 — 5 days of storage.

Finally, since the ink without any drying issues has been formulated, a series of
sheet resistance measurements on the printed squares based on Ink 6-(1rGO,
0/1EG, 0.3Tri)-1.5um was conducted and is shown in figure 53.

Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um were printed on various substrates (Si, PEN,
and P1) to evaluate its electrical properties. The 5 cm x 5 cm squares with various
repeated prints (1 to 30 prints) were printed on these substrates. The sheet
resistances of the printed squares were measured by the 4-probe method.

The sheet resistances of all printed squares under room temperature and annealed
at 60 °C for 1 hour were collected and are shown in figure 53 (a) and (b). Then,
the sheet resistances of the printed squares on Si and Pl annealed at 120 °C for 1
hour are shown in figure 53 (c).

The higher annealing temperature improved the electrical property of the printed
film. The smallest sheet resistance is 252.52 + 0.19 kQ/o, which is the result from
the square with 30 prints on the PI after 1 hour of 120 °C annealing.

As the results indicate, the electrical properties of printed film from Ink 6 are not

ideal. This could be mainly caused by the higher loading of Triton in Ink 6.

Figure 52 Printed dots, lines, and squares from Ink 7-(1rGO, 0/1EG, 0.3Tri)-6.5um. The drop
spacing = 200 um for dots and 34 um for lines and squares; the MPF = 1kHz; and the cartridge
and platen temperatures are room temperature and 60 °C, respectively. The use of a large rGO
flake size has degraded the printability of the prepared ink. Although there are no major drying
issues in the printed patterns, the accuracy and uniformity of these patterns are not ideal. Black
scale bar represents 200 pm.
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Figure 53 Sheet resistance of Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um on various substrates before and
after annealing; (a) shows the sheet resistances of printed squares from Ink 6-(1rGO, 1/1EG,
0.3Tri)-1.5um on Si wafer, PEN, and Pl with different printed layers (prints) before thermal
annealing; (b) shows the sheet resistance of printed squares of the same samples after thermal
annealing at 60 °C for 1 hour; (c) shows the sheet resistance of printed squares of samples from
(b) on Si wafer and PI that went through an additional thermal annealing at 120 °C for 1 hour. The
smallest sheet resistance is 252.52 + 0.19 kQ/o, which is the result from square sheets with 30
prints on PI after 1 hour of 120 °C annealing.
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In all, although the electrical property of the formulated Ink 6-(1rGO, 0/1EG,
0.3Tri)-1.5um is not ideal, a large rGO water-based ink has been formulated and
successfully printed without major drying issues. This is the first time that such
water-based ink with such large rGO flakes has been formulated. This
achievement directly proves the printability of high-resolution FTEs with large
rGO flakes. At the same time, it is worth noting that Ink 6 is not the only option
for the final printable ink. There could be other ways of find the balance between
the surfactant-induced Marangoni effect and CRE. However, this section revels
important challenges that need to be confronted for the preparation of large rGO
water-based inks with acceptable drying uniformity in the future.

At the beginning, Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um was prepared based on
the reported similar inks 374, Four major drying issues were found during the
printing of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um. The first dot issue and
missing front issue were supressed via using extra filtration and a degassing
process. However, the CRE and waviness issues remained. Since the waviness is
believed to be caused by the dual-ring structure with a depletion zone, different
inks were prepared to supress this depletion zone. Although the issue has been
fixed by increasing the EG loading in the droplet, this solution brings the
concentrated bottom issue to the printed square, which is not acceptable to pattern
drying uniformity. It is interesting to point out that such an issue happens to Ink
1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um when the platen temperature falls below

60 °C as well, and it is believed that this is caused by the low vapour nature of
EG. Thus, this revels that although the EG/DI binary system could bring the co-
solvents induced Marangoni effect to compete with the CRE, this system could
easily bring in dual-ring structures with a depletion zone to the dried dots or lead
to a long drying process of the printed square. The former would cause the
waviness issue in the printed squares, while the latter would bring the
concentrated bottom issue to the printed squares. Although the ink could dry
uniformly by using the surfactant-induced Marangoni effect only, this is
important to highlight this fact clearly, as many researchers believe the EG/DI an
effective method to supress the CRE in the dried droplets 34, However, there is a
gap between the uniformly dried dot and printed continuous patterns.

In addition, since the reported GNP and GO inks 874 do not have such issues, it is

important to note the reason behind that. As for the former one, although the ink
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has similar formulation to the ones used in this project, the xanthan gum has been
used as the binder control the re-dispersion of particles on the interface during the
drying process. Thus, no waviness has been observed. In terms of the latter,
although some dual-ring structures with a depletion zone can be observed in the
droplet with 2 um flakes, the ultra-large GO flakes could effectively cover the
depletion zone. Hence, no such waviness issue was observed in that project,
either. Regarding this project, as previously discussed, the particles have a
hydrophilic surface and strong interactions with other interfaces. In other words,
the transportation of these flakes is strongly influenced by the internal flows.
Thus, the dual-ring structure with a depletion zone causes this unique waviness in
this project.

All in all, this project provides new insight into the important factors for the

preparation of similar inks in the future.
Chapter 5. Conclusion and future work

As mentioned at the beginning, there are numerous types of inkjet printable
water-based graphene inks. The most commonly used materials are GNP and GO.
GNP has advantages in its electrical properties, but the use of stabilisers and
limitations on flake size are disadvantages'®. By contrast, GO boasts large flake
sizes and superior dispersibility in water; this gives it an advantage in reducing
the contact resistance among the flakes and simplicity in ink preparation®®,
However, the reduction process limits the available range of flexible and
transparent substrates, which is not an ideal option for printing FTEs.
In this project, an inkjet printable large rGO water-based ink (Ink 6-(1rGO,
0/1EG, 0.3Tri)-1.5um) has been successfully formulated and printed without
major drying issues. This is the first time that a water-based ink with large rGO
flakes (~1.5 pum) is printed from a nozzle with a diameter of ~21.5 pum. This ink
offers two major advantages for the preparation of inkjet-printed FTESs:

(1) less contact resistance due to the large rGO flakes;

(2) a simple annealing process, which broadens the available range of flexible

and transparent substrates, as no further reduction is needed.
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Although the electrical conductivity of the final printed thin film is not ideal, the
successful printing of such an ink still contributes insight into potential methods
for future inkjet-printed FTEs.

Three key steps were taken to prepare this inkjet printable large rGO water-based
ink.

In the first step, Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-1.5um was prepared based on
reported similar inks!’4. Four major drying issues were found during its printing.
Two of them — the CRE and the first dot issue — are common issues; the other two
are unique and include the missing front issue and the waviness issue. A series of
different printer settings and substrate modifications were applied to explore these
issues, and the reasons behind the two unique drying issues were discovered to be
the first dot issue and a dual-ring structure with a depletion zone in a dried dot,
respectively. The former could be suppressed by the extra filtration and degassing
process®?, but the latter requires the ink to be reformulated.

In the second step, a series of explorations on the effects of individual factors
(loadings of Triton, EG, rGO, UV time, and platen temperature) and the
comprehensive effects of modifiers (mixture of Triton, EG, and DI) have been
conducted to study how they influence the droplet drying. The conclusions are as
follows:

(1) the decrease in Triton loading could extend the duration of the surfactant-
induced Marangoni effect, as it takes a longer duration to reach the CMC
during evaporation;

(2) the increase in Triton loading reduces the surface tension of droplets and
results in a smaller contact angle of the droplet. Thus, the evaporation rate
would increase in the contact line area, which results in a strengthening of
CRE and the Marangoni effect;

(3) the increase in EG loading divides the droplet drying into two categories.
One is DI dominated drying, in which the increase of EG loading reduces
the duration of the CRE only section, so the capillary flow does not have
time to transport all the particles back to the edge, and the dual-ring
structure with a depletion zone is formed in this case. The other is EG
dominated drying, in which the increase of EG loading extends the

duration of the CRE only section, so the capillary flow has enough time to
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transport particles back to the edge again, and the dual-ring structure
without a depletion zone is formed in this case;

(4) the effect of higher rGO loading on the droplet drying is not obvious,
except that it could extend the duration of surfactant-induced Marangoni
effect and decrease the particle mobility (wider ring satin and larger centre
disk in all formulations);

(5) the effects of longer UV time and higher platen temperature both increase
the evaporation rate of droplets by different extents, thus strengthening the
CRE and Marangoni at the same time. However, higher platen
temperature could further return the dual-ring structure with a depletion
zone, as it shortens the drying of EG.

These conclusions have been used to guide the formulation of inks in the final
step. In addition, it has been found that letting the duration of the coffee ring
effect dominate the droplet drying will be an effective way to find the equilibrium
point, rather than changing the strength of the capillary or Marangoni flow.

In the third step, seven inks have been prepared based on Ink 1-(0.25rGO,
0.1/1EG, 0.1Tri)-1.5um and the conclusions above. Although the final ink (Ink 6-
(1rGO, 0/1EG, 0.3Tri)-1.5um) has been successfully printed without drying issue,
the most important finding in this step is the gap between the uniformly dried
droplet and the uniformly dried printed continuous pattern (e.g., square).
Although the droplet dried uniformly following the above guideline, the printed
square from the same ink with the same printer settings and substrate
modifications exhibited serious concentrated bottom issues. Then, Ink 6-(1rGO,
0/1EG, 0.3Tri)-1.5um discarded the co-solvents induced Marangoni effect to
achieve the balance between CRE and Marangoni effect. It is worth noting that
Ink 6-(1rGO, 0/1EG, 0.3Tri)-1.5um is not the only possible formulation of large
rGO water-based inkjet printable ink; more formulations or substrate treatments
could be used or applied as long as the balance between CRE and Marangoni
effect is achieved as the premise of printability.

In terms of future work, all the printable inks in this project have a Z number
larger than 10 due to their high surface tension and low viscosity. By using the
modified waveform, the ink with such rheological properties and large flakes
could be stably jetted out. Thus, there is a possibility to print large rGO water-
based inks without the addition of EG or Triton by further modifying the
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waveform. In the meantime, the viscosity could be controlled by using larger
flakes or higher rGO loading in the future. So, a series of inks with larger rGO
flakes and water only could be prepared in the future. The start point could be Ink
6-(1rGO, 0/1EG, 0.3Tri)-1.5um with the optimised printer settings and substrate
modifications. The main conflicts would be optimisation of rGO loading and
average flake size via waveform. Since most of the stabilisers are insulating
materials, the addition of Triton would further degrade the electrical conductivity
of the final ink, then the advantage of using larger flakes to reduce the contact
resistance is not obvious. If this proposal is achieved, then there will be a new

future for graphene-based inkjet-printed FTEs.
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Appendix
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Figure S 1 The Raman results of GO and rGO without stabiliser reduced at 80°C for 72 hours by
L-AA. The Ip/lg increases from 1.0 to 1.2 after the reduction process. This increase indicates a
higher ratio of sp? domain in the rGO, which proves the restoration of graphene structure after the
reduction.
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Figure S 2 The graphs of the surface tension and viscosity of Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)—
1.5um and Ink 1-(0.25rGO, 0.1/1EG, 0.1Tri)-5.8um. The average surface tensions of Ink 1 — 1.5
pm and Ink 1 —5.8 pm are 45.15 = 0.17 mN/m and 45.58 + 0.38 m/Nm. The average viscosities of
these two inks are 1.57 £ 0.01 mPa.s and 1.75 = 0.25 mPa.s at 1000 1/s.
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No. Ink Surface  Viscosity  Density Re We Z
formulation  tension (mPa.s) (mg/ul)

(mN/m)
1 0.25rGO, 45.15 1.57 1 82.17 1714 1984
0.1/1 EG/DI, * +
0.17Tri, 1.5 0.17 0.01
pm
2 0.25 rGO, 43.14 1.80 1 71.67 1794  16.92
1/1 EG/DI, * +
0.17Tri, 15 0.13 0.01
pm
3 0.5rGO, 1/1 44.26 2.06 1 62.62 1749 1497
EG/DI, 0.2 * +
Tri, 1.5 pm 1.23 0.01
4 0.5rGO, 0/1 46.68 1.72 1 75.00 1658 1842
EG/DI, 0.2 * *
Tri, 1.5um 2.40 0.01
5 1rGO, 0/1 48.27 1.80 1 71.67 16.03 17.90
EG/DI, 0.2 * i
Tri, 1.5 um 1.90 0.01
6 1rGO, 0/1 44.56 1.81 1 7127 1737 17.10
EG, 0.3 Tri, * +
1.5um 2.09 0.01
7 1rGO, 0/1 45.06 1.90 1 67.89 17.17  16.38
EG, 0.3 Tri, * +
6.5 um 1.93 0.06

Table S 1 The rheological properties and Z numbers of seven inks. All the inks have Z humbers
larger than 10, which indicate the damping effect of these inks are not strong enough to supress
the Rayleigh instability.
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Figure S 3 The graphs of the surface tension of seven inks. All the inks have the surface tensions
close to that of ideal fluid for DMP-2831 printer (28 — 42 mN/m at printing temperature).
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Figure S 4 The graphs of the viscosity of seven inks. All the inks have the viscosities around 2
mPa.s at 1000 1/s, which much less than that of ideal fluid for DMP-2831 printer (10 — 12 mPa.s
at printing temperature).
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