Master Thesis
“Ink development of Nickel Cobalt Oxides for
printable supercapacitor electrodes”
Michalis Charalampakis
ΑΜ: 623

Supervisors: Dr. Binas V., Forth-IESL
Prof. Kiriakidis G., Dep. of Physics, UoC

Laboratory: TCMD, Forth-IESL

Heraklion, September 2019

MICHALIS CHARALAMPAKIS

2

The present master thesis of Mr. Michail Charalampakis took place in the Transparent
Conductive Materials & Devices Group (TCMD), IESL, Fondation of Research and
Technology Hellas & the University of Crete under the supervision of Dr. Binas Vassilios
and Prof. Kiriakidis Georgios

Evaluation committee: Prof. Iliopoulos E. Dep. Of Physics, Uoc
Prof. Kiriakidis G. Dep. Of Physics, Uoc
Prof. Chaniotakis N. Dep. Of Chemistry, Uoc

© Copyright 2019, Universiry of Crete

MICHALIS CHARALAMPAKIS

3

MICHALIS CHARALAMPAKIS

4

Table of Contents
Abstract ..................................................................................................................................... 9
Περίληψη .................................................................................................................................. 9
Table of figures ....................................................................................................................... 11
List of tables ............................................................................................................................ 13

Chapter 1 ................................................................................................................................. 15
Introduction - Literature review .............................................................................................. 15
1.1.

Energy crisis – Motivation ....................................................................................... 15

1.1.1.

Energy storage systems ................................................................................... 18

1.1.2.

Batteries .......................................................................................................... 18

1.2.

Supercapacitors ....................................................................................................... 19

1.2.1.

Design of supercapacitors ............................................................................... 21

1.2.2.

Types of supercapacitors ................................................................................. 22

1.2.3.

Electrode materials in supercapacitors ........................................................... 24

1.3.

Additive manufacturing & Inkjet printing for energy storage devices .................... 27

1.3.1.

Inkjet printing technique ................................................................................. 28

1.3.2.

Inkjet printed materials ................................................................................... 29

1.3.3.

Inkjet printed Nickel Cobalt oxide ................................................................... 30

1.4.

Our purpose............................................................................................................. 31

Chapter 2 ................................................................................................................................. 32
Experimental section ............................................................................................................... 32
2.1.

Nickel Cobalt oxide synthesis .................................................................................. 32

2.1.1.

Chemical reagents ........................................................................................... 32

2.1.2.

High temperature synthesis ............................................................................ 33

2.1.3.

Low temperature synthesis ............................................................................. 33

2.2.

Dispersion formulation ............................................................................................ 34

2.2.1.

Chemical reagents ........................................................................................... 34

2.2.2.

Dispersion synthesis ........................................................................................ 34

2.2.3.

Ball milling ....................................................................................................... 35

2.3.

Inkjet printing .......................................................................................................... 36

2.3.1.

Substrates and printing setup ......................................................................... 36

2.3.2.

Printing process ............................................................................................... 37

MICHALIS CHARALAMPAKIS

5

2.4.

Characterization techniques.................................................................................... 37

2.4.1.

X-ray Diffraction .............................................................................................. 37

2.4.2.

Scanning electron microscopy ......................................................................... 38

2.4.3.

Dynamic light scattering .................................................................................. 38

2.4.4.

Thermogravimetric analysis ............................................................................ 38

2.4.5.

Contact angle and Surface tension .................................................................. 39

2.4.6.

Viscometry ....................................................................................................... 40

Chapter 3 ................................................................................................................................. 41
Nickel Cobalt Oxide ................................................................................................................. 41
3.1.

High temperature synthesis .................................................................................... 41

3.1.1.

Structural characterization .............................................................................. 42

3.1.2.

Morphological characterization ...................................................................... 43

3.2.

Low temperature synthesis ..................................................................................... 44

3.2.1.

Structural characterization .............................................................................. 44

3.2.2.

Morphological characterization ...................................................................... 45

3.2.3.

Nickel Cobalt oxide powder selection ............................................................. 46

Chapter 4 ................................................................................................................................. 47
Ink development...................................................................................................................... 47
4.1.

Introduction ............................................................................................................. 47

4.2.

Effect of NCO loading .............................................................................................. 48

4.2.1.
4.3.

Dynamic light scattering .................................................................................. 49

Effect of Propylene Glycol ....................................................................................... 50

4.3.1.

Dynamic light scattering .................................................................................. 51

4.3.2.

Thermogravimetric analysis ............................................................................ 51

4.3.3.

Contact angle & Surface tension ..................................................................... 52

4.3.4.

Scanning electron microscopy ......................................................................... 55

4.3.5.

Optimum Propylene glycol ratio ..................................................................... 56

4.4.

Effect of particle size ............................................................................................... 56

4.4.1.

Dynamic light scattering & Thermogravimetric analysis ................................. 58

4.4.2.

Contact angle & Surface tension ..................................................................... 59

4.4.3.

Scanning electron microscopy ......................................................................... 60

4.4.4.

Viscosity & pH measurements ......................................................................... 61

4.5.

Printable ink selection ............................................................................................. 61

MICHALIS CHARALAMPAKIS

6

Chapter 5 ................................................................................................................................. 63
Printable Nickel Cobalt oxide .................................................................................................. 63
5.1.

Printing parameters................................................................................................. 63

5.2.

Printing parameter optimization ............................................................................. 64

5.3.

Pattern characterization .......................................................................................... 68

Chapter 6 ................................................................................................................................. 71
Conclusions.............................................................................................................................. 71
References ............................................................................................................................... 73

MICHALIS CHARALAMPAKIS

7

MICHALIS CHARALAMPAKIS

8

Abstract
Nickel Cobalt Oxide (NCO) is a typical transition metal oxide material that has widely been
investigated as an electrode material for supercapacitor applications. Due to its multiple
oxidation states and high electronic conductivity for Faradaic redox reactions it is a suitable
material for pseudocapacitive based electrodes. In literature it has been synthesized in a
variety of different morphologies all exhibiting high specific capacitance and good
electrochemical properties. In this thesis we present a variety of different synthetic routes
with the goal to produce NCO nanoparticles that can be used as materials for the development
of the first NCO dispersion with the same qualities as a printable ink. A protocol for
synthesizing and characterizing nano-powder dispersions is being developed where the
physicochemical and rheological properties can be modified according to the desired values.
After achieving the suitable range designated by the inkjet printer manufacturer for successful
inkjet printing, the as formulated NCO ink was used for the fabrication of NCO films on ITO
glass substrates. By successfully optimizing all the printing parameters, excellent drop
formation and printing quality, repeatability and stability was achieved. Finally, multilayered
large size square thin films were deposited on the substrates to later be electrochemically
characterized and used as supercapacitor electrodes.

Περίληψη
Το οξείδιο Νικελίου Κοβαλτίου είναι ένα χαρακτηριστικό οξείδιο μετάλλου μετάβασης που
έχει ερευνηθεί εκτενώς ως υλικό για την παρασκευή ηλεκτροδίων υπερπυκνωτών. Χάρης τις
πολλαπλές οξειδωτικές του καταστάσεις και της υψηλής ηλεκτρονικής του αγωγιμότητας για
οξειδοαναγωγικές αντιδράσεις Φαραντεϊκού τύπου, αποτελεί κατάλληλο υλικό για
ηλεκτρόδια βασισμένα στην αρχή της ψευδοχωρητικότητας. Στην βιβλιογραφία, έχει γίνει η
σύνθεση του σε διάφορες μορφολογίες οι οποίες όλες έδειξαν υψηλή ειδική χωρητικότητα
και καλές ηλεκτροχημικές ιδιότητες. Σε αυτήν την μεταπτυχιακή εργασία, παρουσιάζουμε
μια ποικιλία διαφορετικών συνθετικών μεθόδων με σκοπό την σύνθεση νανοσωματιδίων
οξειδίου του Νικελίου Κοβαλτίου που να μπορούν να χρησιμοποιηθούν σαν υλικά για την
ανάπτυξη της πρώτης διασποράς αυτού, με τις ίδιες ιδιότητες όπως μια εκτυπώσιμη μελάνη.
Ένα πρωτόκολλο για την σύνθεση και τον χαρακτηρισμό διασπορών νανοσωματιδίων
αναπτύχθηκε όπου οι φυσικοχημικές και ρεολογικές ιδιότητες τους μπορούν να
τροποποιηθούν σύμφωνα με τις επιθυμητές τιμές. Αφού επιτευχθηκαν οι κατάλληλες τιμές
που προτείνει ο κατασκευαστής του εκτυπωτή για επιτυχή εκτύπωση, η παρασκευασμένη
μελάνη Νικελίου Κοβαλτίου χρησιμοποιήθηκε για την Παρασκευή λεπτών υμενίων πάνω σε
υποστρώματα γυαλιού με επίστρωση οξειδίου του Ινδίου και Κασσιτέρου. Με τη επιτυχή
παραμετροποίηση όλων των παραμέτρων εκτύπωσης, επετεύχθη εξαιρετικός σχηματισμός
σταγονιδίων, ποιότητα εκτύπωσης, επαναληψημότητα και σταθερότητα. Τέλος, λεπτά
υμένια μεγάλου μεγέθους και πολλαπλών στρωμάτων εναποτέθηκαν στα υποστρώματα για
μετέπειτα ηλεκτροχημικό χαρακτηρισμό και χρήση ως ηλεκτροδίων υπερπυκνωτών.
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Chapter 1
Introduction - Literature review
1.1. Energy crisis – Motivation
In recent years, rapid economic growth and development in many parts of the world
has led to an increase in global demand for energy. Among the different forms of energy,
electricity is undoubtedly the most important in the modern world. Ever since the last century
everyday life has been increasingly dependent on electricity, from our electronic devices,
home appliances, cars & lighting our cities to powering the industry sector.
In figure 1, a world map of the global annual electricity consumption by country for
2018 is shown, where the United States and China are in the lead with more than 3000 TWh
per year, followed by other developed countries such as Canada, Russia, Australia, etc. When
examining the annual worldwide consumption for the last 3 decades in figure 2, a steady
annual increase reveals the continuous need for more energy each year.
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Figure 1 - Electricity consumption breakdown by country (2018) [1]

Figure 2 - Worldwide electricity consumption (1990-2018) [1]

To meet these demands, primary electric energy production is still mainly based on
non-renewable energy resources such as coal and fossil fuels. Specifically, during the past 40
years, around 82% of the total global primary energy supply is being produced through the
combustion of fossil fuels [2]. These practices generate massive amounts of greenhouse gas
emissions such as carbon dioxide (CO2) and methane (CH4) which have been proved to
contribute to global warming and climate change

Figure 3 - CO2 release sources & top 10 contributing countries for 2016 [2]

The need to reduce consumption of non-renewable energy resources and transition
to renewable alternatives such as solar, wind, hydrokinetic, biomass etc. has never been more
pressing. However, when it comes to renewable energy harvesting technologies, even though
significant progress has been made in many fields, limitations still exist.
For example such a limitation is high cost as proven in 2007, when the European Union
implemented an energy policy strategy focused on increasing renewable energy by
encouraging firms to implement sustainable energy systems where a study found that the
total expense ratio had negatively affected this transition [3]. In addition, other factors such
as relative low efficiencies in comparison to traditional energy sources pose even more
restrictions. In figure 4, the best research-cell efficiencies for photovoltaic cells (PVs) through
the years shows the progress being made in the solar energy field. By 2016 efficiencies up to
40% have been reached in lab conditions [4], but when looking at commercially available
models efficiencies range only as high as 15-20%.
MICHALIS CHARALAMPAKIS
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Figure 4 - Best research-cell efficiencies (1976-2016) [4]

With the exception of biofuels, most renewable energy sources produce and supply
electricity (electric power). Such examples are photovoltaics, wind turbines, hydropower
stations etc. It is very important to note that electricity is consumed at the same time as is
generated. This means that as demand varies, the proper amount must always be provided
something that is not possible if solely relying on them. Due to their seasonal or intermittent
nature, power supply cannot always meet demands.
Let’s take for example wind turbines. What would happen during a day where winds
are weak while at the same time having a high demand of electricity? Or on the contrary, what
if the demand is low and there is an excess of energy being produced?

Figure 5 - Energy storage development strategy towards a more sustainable renewable energy source model

These questions reveal an inherent problem that comes with almost every renewable
green energy resource and that is a non-constant energy supply. In order to be able to
transition into a new age of non-traditional energy sources, the need for development of short
and long-term energy storage systems is unquestionable.
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1.1.1. Energy storage systems
Energy storage systems (ESSs) can facilitate the integration of renewable energy
systems by creating new smart grid concepts [5] where ESSs are used to store excess energy
and act as backup when more power is needed. This way the previously mentioned
fluctuations related to power production can be eliminated making renewable energy sources
a truly possible alternative. Effectively, they represent a key component for adaptation of
diverse new technologies.
When it comes to electric energy, it is known that it can hardly be stored without first
converting it into another form of energy. In general energy can be stored via a number of
methods such as chemical, electrochemical, electric and mechanical [6]. Table 1 presents a
variety of energy storage technologies for every major category as found in literature.
Table 1 - Energy storage technologies

Energy Form
Hydrogen (H)
Synthetic natural gas (SNG)

Chemical

Electrochemical

Electric

Biofuels
Thermo-chemical storage
Primary cell or battery (Nonrechargeable)
Secondary cell or battery
(Rechargeable)
Reserve cell
Fuel cell
Supercapacitor*

Mechanical

Capacitor
Supercapacitor*
Superconducting
magnetic storage
Flywheel system
Pumped hydro storage
(PHS)
Compressed air storage
(CAS)

*Supercapacitors use both forms depending on their type

Out of all the above energy storage technologies, batteries represent one of the most
interesting since they can not only apply to assisting integration of renewable energy
resources but also in the increasingly large electronic consumer market. In particular, there
has been a great demand for electrochemical storage in a wide variety of fields ranging from
high power output devices like electric cars to mobile electronics and consumer products. In
addition, portability is another increasingly desired aspect of storage as devices tend to
become smaller in size but more powerful.

1.1.2. Batteries
Battery types are generally separated into two main categories, primary and
secondary. Primary batteries are non-rechargeable made of electrochemical cells whose
electrochemical reaction cannot be reversed. They are commonly used in standalone
applications where charging is impractical or impossible. They have high specific energy and
the systems in which they are used are designed to consume a low amount of power allowing
them to last as long as possible.
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On the other hand, secondary batteries are electrochemical cells whose reactions can
be reversed by applying a certain voltage in the reverse direction. They are widely used in
many applications ranging from portable electronic devices to electric vehicles and backup
generators. There are categorized into four major chemistries i) Li-ion, ii) Nickel-Cadmium iii)
Nickel-Hydride and iv) Lead acid. Their properties are dependent on their chemistry as
exhibited in figure 6.

Figure 6 - Energy densities for rechargeable cells based on their chemistry [7]

In the last years, major energy issues such as sustainability, recyclability and
protection of the environment has led to research of different materials for use in battery
systems. The key to advances in energy storage lies in both finding novel materials as well as
more efficient ways to store energy. As a result a great amount of research and interest has
been given to a similar type of energy storage device, the supercapacitor.

1.2. Supercapacitors
A supercapacitor (SC) also called an ultracapacitor, is a high-capacity capacitor with a
capacitance value much higher than other capacitors that bridges the gap between
electrolytic capacitors and rechargeable batteries. It can store large amounts of energy,
typically 10 to 100 times more energy per unit volume or mass compared to electrolytic
capacitors. Unlike ordinary capacitors, supercapacitors do not use the conventional solid
dielectric but an electrolyte solution. The electrolyte forms an ionic conductive connection
between two electrodes which distinguishes them from conventional electrolytic capacitors

Figure 7 - Ragone plot of electrochemical storage devices & the number of publications per year including the
keyword "supercapacitor" [8]
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where the electrolyte (or conducting polymer) is actually part of the cathode. It can also
accept and deliver charge much faster as well as tolerate many more charge and discharge
cycles than any typical rechargeable battery. In figure 8, a comparison of the properties of a
typical battery and SC are presented.

Figure 8 – Property comparison of the average values for a typical battery and supercapacitor [9]

Supercapacitors can be used alone or in combination with another energy storage
options (i.e. batteries) to offer improved power efficiency and enhanced cycle life for
applications such as hybrid vehicles, cranes, trains, and elevators. They are also attractive
candidates as high-performance electrochemical ESSs due to their ability to withstand very
high power outputs.
Beyond low energy density, recent advancements in SCs in terms of electrode
materials and electrolytes hold significant potential to fill the gap between batteries, fuel cells
and existing electrolytic-capacitor technology [8]. Improving their energy density could make
them appealing candidates for a wider range of consumer electronics (wearables, portables,
etc). Currently, commercial supercapacitors are being used in the automotive, industrial &
energy sectors as well as consumer electronics and appliances.

Figure 9 - Supercapacitor 2016 market share by end-user [10]
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1.2.1. Design of supercapacitors
The design of supercapacitors consists of two electrodes separated by an ionpermeable membrane (separator) and an electrolyte in between than ionically connects both
electrodes (figure 10). When the electrodes are polarized by an applied voltage, ions in the
electrolyte form electric double layers of opposite polarity to the electrodes polarity. For a
positively polarized electrode, a negative layer of ions will form at the electrode/electrolyte
interface along with a charge balancing layer of positive ions adsorbing onto the negative
layer. The opposite is true for a negatively polarized electrode.

Figure 10 - Schematic illustration of a typical supercapacitor cell

In greater detail, the two layers of polarized ions that are generated at the electrodes
interfaces are called Helmholtz double layer. One layer is within the solid electrode (at the
surfaces of crystal grains from which it is made that are in contact with the electrolyte) and
the other, with opposite polarity, forms from dissolved and solvated ions distributed in the
electrolyte that have moved towards the polarized electrode. These two layers of polarized
ions are separated by a monolayer of solvent molecules. The molecular monolayer forms the
inner Helmholtz plane (IHP). It adheres by physical adsorption on the electrode surface and
separates the oppositely polarized ions from each other, forming a molecular dielectric.

Figure 11 – Illustration of ionic charge separation during charge and Helmholtz double layer formation [11]
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1.2.2. Types of supercapacitors
Electric energy is stored in supercapacitors via two storage principles, electrostatic
double-layer capacitance (EDLC) and electrochemical pseudocapacitance. The distribution of
the two types of capacitance depends on the material and structure of the electrodes. This
way, there can be three types of supercapacitors as shown below in figure 12.

Supercapacitors

Double-layer capacitors

Pseudocapacitors

Hybrid capacitors

Figure 12 - Supercapacitor types depending on the storage mechanism

1.2.2.1.

Electrostatic double-layer capacitors

Electrostatic Double-layer capacitors (EDLCs) use carbon electrodes or derivatives
with much higher electrostatic double-layer capacitance than electrochemical
pseudocapacitance, achieving separation of charge in a Helmholtz double layer at the
interface between the surface of a conductive electrode and an electrolyte (Surface area A).
The separation of charge is in the order of a few angstroms (d = 0.3-0.8 nm), much smaller
than a conventional capacitor.
Capacitance for each electrode:

C=ε

𝚨
𝐝

d ~(0.3-0.8) nm
Total capacitance:

Ctot =

𝑪𝟏 𝑪𝟐
𝑪𝟏 +𝑪𝟐

Figure 13 - Simplified view of the Helmholtz double-layer for an EDLC [12]
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1.2.2.2.

Pseudocapacitors

Electrochemical pseudocapacitors use metal oxide or conducting polymer electrodes
with high amount of electrochemical pseudocapacitance additional to the double layer
capacitance. Pseudocapacitance is achieved by Faradaic electron charge transfer with redox
reactions, intercalation or electrosorption. Pseudocapacitance can originate when specifically
adsorbed ions out of the electrolyte pervade the double-layer. This pseudocapacitance stores
electrical energy by means of reversible faradaic redox reactions on the surface of suitable
electrodes in an electrochemical capacitor with an electric double-layer.
Pseudocapacitance is accompanied with an electron charge-transfer between
electrolyte and electrode coming from a de-solvated and adsorbed ion whereby only one
electron per charge unit is participating. This faradaic charge transfer originates by a very fast
sequence of reversible redox, intercalation or electrosorption processes. The adsorbed ion
has no chemical reaction with the atoms of the electrode (no chemical bonds arise) since only
a charge-transfer take place.

Figure 14 - Simplified view of the double-layer with specifically adsorbed ions due to faradaic electron charge
transfer redox reactions [13]

1.2.2.3.

Hybrid capacitors

As their name suggests, hybrid capacitors use electrodes with different
characteristics, one exhibiting mostly electrostatic capacitance and the other mostly
electrochemical capacitance effectively combining both charge storage mechanisms to obtain
a cell with much larger capacitance or operating voltage windows.

Figure 15 – Schematic illustration of typical stacked supercapacitor designs [14]
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1.2.3. Electrode materials in supercapacitors
Electrode materials used in SCs depend on the type of SC storage principle. For EDLCs,
the most commonly used material is carbon or carbon derivatives such as activated carbon,
carbon fiber-cloth, carbide-derived carbon, carbon aerogel, graphite or graphene and carbon
nanotubes. Carbon based electrodes exhibit predominantly electrostatic double layer
capacitance, due to their very high specific surface area (>2000 m2/g) which is where the
Helmholtz double layer is formed. Though, a small amount of pseudocapacitance may be
present depending on pore size distribution.
For electrodes in pseudocapacitors, metal oxides such as MnO2 are typical materials
used since they have the electrochemical signature of a capacitive electrode (linear
dependence on the current versus voltage curve) as well as exhibiting faradaic behavior. Here,
the charge transfer originates from electron-transfer mechanisms of reversible redox
reactions rather than accumulation of ions in the electrode-electrolyte interface. Research
was focused more on transition metal oxides (TMOs) such as MnO2 rather than noble metal
oxides like RnO2 since they have a lower cost.
Composite electrodes for hybrid-type supercapacitors are constructed from carbonbased material with incorporated or deposited pseudocapacitive active materials like metal
oxides and conducting polymers that utilize both storage mechanisms to maximize
capacitance values and power.
Specifically, in recent years a lot of the research interest has focused on carbon based
as well as composite materials. In the following paragraphs the current state of the art for
these materials as found in literature is presented.

1.2.3.1.

Carbon based materials

Kesavan et al [15] have reported nanoporous activated carbon (NAC) with high
specific surface area of 1413 m2/g, that when used as an SC electrode offers high specific
capacitance of 381 F/g at a current density of 1.7 A/g. By using 1.0 M H2SO4 as an electrolyte,
capacity retention stays at 95% after 6000 cycles. Maximum energy density is 47.1 Wh/kg and
power density 22.644 W/kg, numbers that are attributed to the electrodes high surface area
where the double-layer forms.
Cherusseri et al [16] used flexible carbon fiber substrates, with carbon nanotubes on
the surface and an overall specific area of 553.8 m2/g. Volume specific capacitance was 3.4
F/cm3 and power density is at 1195 mW/cm3. No significant variations in supercapacitive
properties were observed in different bending angles and stability remained for more than
27.000 cycles.
Similarly, Tian et al [17], reported mesoporous tubular graphene with specific surface
area 701 m2/g. Capacitance reached 15 uF/cm2 at 10 A/g while high conductivity and good
structural stability allowed for excellent SC performance.
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A KOH activation method was used by Xing et al [18] to improve the porous structure
of electro-spun carbon nanofibers with specific capacitance reaching 440 F/g at 0.25 A/g
current density and superior cycling stability of 95% for 5000 cycles.
Ghosh et al [19] also investigated the performance of porosity induced carbon
nanofibers which not only delivered lower charge transfer resistance but also high capacity
248 F/g at higher current density of 1 A/g.

a

c
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d

Figure 16 - Images of the carbon-based electrode materials referenced in (a) [15], (b) [16], (c) [17], (d) [18] & (e)
[19]

1.2.3.2.

Composite materials

When it comes to composite materials, much of the interest is on combining carbon
based materials with metal oxides in order to utilize both storage mechanism as mentioned
before. Samdani et al. [20] developed a novel Bi2MoO6 and carbon sphere hybrid material
where 10nm thick Bi2MoO6 are anchored on the carbon substrate hollow sphere surfaces
forming a 3D nano-architecture. The produced electrode displayed excellent specific
capacitance of 521.42 F/g at 1 A/g, one of the best values for Bi2MoO6 to date. Capacitance
retention was at 80% after 10.000 cycles.
In another work by Du et al. [21] MnO2 nanowires were deposited on nitrogen doped
hollow spheres with specific capacitance at 255 F/g showing that not all metal oxides behave
the same on the same substrate.
A work by Qu. et al. [22] in binder free electrodes with Nickel cobalt oxide nano-sheets
on carbon fibers exhibited remarkable specific capacitance of 1541 F/g at 1 A/g with excellent
capacitance retention of 85% after 10.000 cycles. This is proof to the importance of both
binder free deposition and the properties of Nickel cobalt oxide.
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Shell core structures of concave spherical NiO nano-spines on carbon sphere particles
are also excellent electrode materials as shown by Liu et al. [23] where capacitance was 1161
F/g at 2 A/g with 92.4% capacity retention.
Y. Ouyang, R. Huang et al. [24] produced NiO ultrathin nano-sheets anchored to Nickel
cobalt oxide on carbon cloth combining both metal oxides with a carbon substrate to create
high performance asymmetric electrodes. The electrodes exhibited high specific capacitance
of 921.9 mF/cm2 or 709.1 F/g at 2 mA/cm2 with excellent long cycling lifespan with 100%
retention after 10.000 cycles.
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Figure 17 - Images of composite-based electrode materials referenced in (a) [20], (b) [21], (c) [22], (d) [23] & (e)
[24]

1.2.3.3.

Nickel Cobalt oxide

As a typical transition metal oxide, NiCo2O4 or NCO has been intensively investigated
because of its high specific capacitance and high electronic conductivity for reversible Faradaic
reactions. In comparison to its two single components, nickel (NiO) and cobalt oxides (Co2O3),
it possesses a number of desired properties such as high electronic conductivity,
electrochemical activity and electron transport activation energy.
Currently, a variety of morphologies for NiCo2O4 nano-structures have been
synthesized, such as nano-particles [25], nano-flakes [26], nano-needles [27], nano-wires [28],
nano-ribbons [29], and nano-flowers [30], etc. In particular, these NCO nano-materials have
shown outstanding electrochemical properties that stems from high active electrode surface
area and short electrode distance for efficient transport of electrolyte ions [31].
For example, Hu et al. [32] reported NiCo2O4 as supercapacitor electrode, which
delivered a specific capacitance of 730 F/g at a scan rate of 1 A/g. Although excellent
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electrochemical properties have been achieved, cycle life is far from ideal yet. Divya et al. [33]
have successfully prepared 1 dimentional NiCo2O4 nanorods by a facile method they exhibited
large charge storage capacity with a specific capacitance of 200 F/g at 1 A/g and good cyclic
stability.
Saraf [34] et al. fabricated porous NiCo2O4 nanorods by a facile two-step method
which exhibited high specific capacitance, high capacitance retention of 71.42% up to 10 A/g,
and cycle retention of 92% after 1000 cycles. Nevertheless, the properties of these NCO
nanostructures, especially the cycling durability, need to be improved. Therefore, the rational
design of the microstructure of NCO is expected to inspire the development of electrode
materials in supercapacitors.

1.3. Additive manufacturing & Inkjet printing for energy storage devices
A wide variety of printing techniques are currently being examined as possible
production methods of printed batteries and electronics. This research is closely dependent
on the development of the respective suitable ink solutions with the right physicochemical
and rheological properties.
Conventional printing methods such as screen flexographic stencil gravure and spray
printing, known for their low cost, high-throughput processes have already been commercially
adopted in various application fields [35]. The main disadvantage they have is the need for
pre-patterned masks, which makes the diversification of form factors impossible. On the other
hand, digital printing which is a non-contact additive manufacturing process can create
complex-shaped objects [36]. These high resolution techniques include inkjet printing, jet
printing, 3D printing etc. and have proved to be instrumental to the development of printable
electronics.

Figure 18 - Research strategy for the development of printing batteries [35]
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1.3.1. Inkjet printing technique
Inkjet printing is digital, non-contact high precision printing method in which drops of
ink are deposited onto a substrate to form a predetermined pattern. There are two categories
of inkjet printing methods depending on how the drops are generated: i) continuous inkjet
(CIJ) in which a continuous stream of drops emerges from the nozzle and uniformly spaced
and sized droplets are obtained by imposing a periodic perturbation and ii) drop on demand
(DoD) in which drops are ejected as needed. The DoD system is widely adopted due to its high
placement accuracy, controllability, and efficient materials usage.

Figure 19 - Schematic illustration of Continuous inkjet & Drop on demand systems [37]

DoD systems use pulses, generated either thermally or piezoelectrically in order to
push the ink droplets. In thermal DoDs a thin layer of liquid is heated locally by a thin film
heater in a few microseconds to form a rapidly expanding vapor bubble that ejects an ink
droplet. On the other hand, piezoelectric inkjet printing relies on the mechanical action of a
piezoelectric crystal to generate a pulse. By electrically stimulating the piezoelectric material
inside the nozzle chamber, the crystal changes shape creating pressure on the ink, firing it at
high speeds through the nozzle and onto the substrate.
An example of a DoD system is a shown in figure 20 below. It consists of mainly four
parts. Firstly the print carriage which holds and moves the cartridge along the X direction. It is
usually equipped with a fiducial camera that allows observation of the printed patterns. The
platen is a stainless steel plate that can move along the Y axis and can create vacuum to hold
and secure the substrate. Then there is the drop watcher which is a camera that allows real
time observation of droplet ejection while modifying the ejection parameters. Finally the
cleaning station holds a pad where the cartridge head can rest and be cleaned.
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The cartridge consists of two parts that snap together, the fluid module and the jetting
module. The fluid module contains a fluid bag where the ink is inserted through the ill poet.

The jetting module connects to the carriage by a series of electrical connectors on the side.
The nozzles on the bottom can have up to 16 individual jets at a distance of roughly 250um.
Figure 20 - Schematic illustration of a typical DoD inkjet printer system

1.3.2. Inkjet printed materials
A variety of electrode materials have been used for the development of inks and
subsequent printing of batteries. Materials used are usually carbon based (nanoparticles,
tubes, hollow spheres, fibers, Q-dots and more), while metal oxides involve transition metals
such as Co, Ni, Mn, Bi, Mo, Ru, Ti and more. Composite materials that combine both storage
methods are also widely used. It’s important to note that the performance of micro-SCs is
highly dependent on the materials used as electrodes. And as a result on their physiochemical
properties like morphology, porosity, surface area, and conductivity.

Figure 21 - Schematic illustration and optical image of a printed EDLC micro-supercapacitor [35]

Next, a closer look at some of the most recent scientific output on printed micro SCs,
in a variety of different electrode materials is being presented as well as their properties for
comparison.
Zhang et al. [38] formulated MXene aqueous and organic inks, with two dimensional
titanium carbide (Ti3C2Tx), and the resulting flexible micro-supercapacitors demonstrated
specific volumetric capacitance of up to 562F/cm3 and energy density as high as 0.32uWh/cm2
using gel electrolyte made of H2SO4-PVA. Yus et al. [39] developed aqueous DEG inks with
Ni(OH)2 nanoparticles and the micro-SCs exhibited specific capacitance values of 70.4F/g and
50.4F/g with 92% and 78% capacitance retention for 200 cycles at scan rates of 1A/g and 2A/g.
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For flexible supercapacitors, Liu et al [40] inkjet printed on paper substrates with a hybrid ink
of both carbon Quantum-dots and graphene oxide while using a PVA- H2SO4 gel electrolyte.
Specific capacitance values of 1mF/cm2 at a scan rate of 100mV/s and energy density of
0.078mWh/cm3 were obtained. Excellent capacitance retention of 98% after 1000 cycles was
also observed.
When testing asymmetric supercapacitors, Sundriyal et al [41] inkjet printed a Bi2O3-activated
carbon ink on the negative and r-GO-MnO2 ink on the positive electrode combining both
double layer capacitance and pseudocapacitance. PVA-KOH gel electrolyte was deposited on
top of the design. Energy density values were reported 13.28mWh/cm3 at a power density of
4.5W/cm3 and excellent rate capacity retention of 92% after 20.000 cycles. Cheng et al [42],
reported printing micro-supercapacitors with MnO2 inks and PVA/KOH electrolyte and
reported areal capacitances of 46.6mF/cm2, less than combined types, which retained 91% of
its original value at a current density of 1A/g after 1000 cycles.

Figure 22 - Photos of the reported micro-supercapacitor designs by (a) [38], (b) [39], (c) [40], (d) [41] & (e) [42]

1.3.3. Inkjet printed Nickel Cobalt oxide
One publication could be found by Martinez et al. [43] published in 2017 where NCO
thin films were printed and characterized by electrochemical measurements for water
oxidation reaction. The major difference in the film fabrication is that the ink produced was
not an NCO ink but rather a precursor solution containing metal ions. After printing the
precursor inks on FTO glass substrates the substrate undergone an annealing process at a
rather high temperature in order to obtain the NCO composite. That presents a major
drawback especially when printing is desired on sensitive substrates that cannot handle the
high temperature. Thus the possible substrate selection is vastly limited.
To the best of our knowledge NCO inks have not been synthesized using already made
NCO powder which in this work, allows for much lower annealing temperature. In addition
NCO has not been inkjet printed as a supercapacitor electrode using the inkjet printing
technique with this specific application in mind.
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1.4. Our purpose
The purpose of this master thesis is to focus on the synthesis of a series of Nickel
Cobalt oxide powders using a variety of hydrothermal conditions. In order to obtain NCOs with
the desirable pure phase, structure and morphology different synthetic processes with
chemical reagents are to be tested. In this part small particle size is a key factor.
Then by using the as synthesized powder materials the goal is to develop an ink
formula were the formulated NCO dispersions can be stable over long periods of time and
have the desired physicochemical and rheological properties. This presents a challenge as a
large number of properties have to be modified. While some formulas exist in literature, the
dispersions behave differently with every material and NCO dispersions have never, to our
best knowledge, been formulated before. The entire ink formulation process has been finetuned so that it cannot only be applied to this particular NCO powder but any metal oxide or
powder material with the right particle size by using the same protocol to develop a suitable
dispersion.
Finally, in the last part we aim to use the inkjet printing system, as a way to create
thin homogenous NCO films on ITO glass substrates. This presents a challenge as optimizing
the printing parameters for the formulated ink is an important factor to obtaining good
printing quality. NCO thin films have not yet been produced for supercapacitor applications
using this manufacturing technique.
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Chapter 2
Experimental section
2.1. Nickel Cobalt oxide synthesis
In this paragraph, the experimental details of the synthetic process for obtaining the
Nickel Cobalt oxide (NCO) are presented. NCO powders were produced using the
hydrothermal method at high and low temperatures and various chemical reagent
combinations.

2.1.1. Chemical reagents
All chemical reagents for the experimental section were of analytical grade and
purchased from Sigma-Aldrich. They were used without any further purification.
Table 2 - List of the chemical reagents used for material synthesis

Molecular formula

Molecular weight
(g/mol)

(CH3COO)2Co · 4H2O

249

(CH3COO)2Ni · 4H2O

248

NH2CONH2

60.06

(C6H9NO)n

40.000

HOCH2CH2OH

62.07

Ethanol

CH3CH2OH

46.07

Potassium hydroxide

KOH

56.11

Oxalic acid

HO2CCO2H2.H2O

126.07

Glycolic acid

HOCH2COOH

76.05

Citric acid

HOC(COOH)(CH2COOH)2

192.12

Reagent
Cobalt(II) acetate
tetrahydrate
Nickel(II) acetate
tetrahydrate
Urea
Poly-vinyl-pyrrolidone
(PVP)
Ethylene glycol
(EG)
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2.1.2. High temperature synthesis
In a typical process, the selected reagents were mixed with the solvent in a 50ml glass
beaker, and then magnetically stirred for 30min until a homogenous solution was obtained.
The solution was transferred to a 50ml Teflon-lined stainless-steel autoclave, sealed tight and
put in a vacuum oven for thermal treatment. The conditions were maintained at 220°C for
12h under non-dynamic vacuum.

Figure 23 - Synthetic steps for a high-temperature hydrothermal synthesis

After cooling to room temperature, the as-synthesized dark-pink precursor solutions
were centrifuged at 40.000 rpm for 30min. A pink precipitate at the bottom was collected,
washed twice with ethanol for 20min and dried at room temperature overnight. Finally, the
dried pink powders were calcined at 350°C for 2h in air with a heat step of 5°C/min in order
to obtain the black NCO powders.

Figure 24 - The vacuum oven used for the thermal treatment

2.1.3. Low temperature synthesis
In a typical process, the reagents were mixed with the solvents in a 50ml glass beaker
and then magnetically stirred for 30min until a homogenous solution was obtained. The
solution was transferred to a 100ml plastic container bottle, sealed tight and put in a vacuum
oven for thermal treatment. The conditions were maintained at 90°C for 12h with no vacuum.
After cooling to room temperature, the as-synthesized white precursor solutions was
centrifuged at 40.000 rpm for 30min. A white precipitate at the bottom was collected, washed
twice with ethanol for 20min and dried at room temperature overnight. Finally, the dried
white powders were calcined at 350°C for 2h in air with a heat step of 5°C/min in order to
obtain a black NCO powders.
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Figure 25 - Synthetic steps for a low-temperature hydrothermal synthesis

2.2. Dispersion formulation
2.2.1. Chemical reagents
All chemical reagents for the dispersion formulation were of analytical grade and
purchased from Sigma-Aldrich. They were used without any further purification.
Table 3 - List of the chemical reagents used for dispersion formulation

Reagent

Molecular formula

Molecular weight
(g/mol)

Propylene glycol

C3H8O2

76.09

Triton TX-100

C14H22O(C2H4O)n
(naverage=9.5)

625

HCl

-

ΝΗ4ΟΗ

-

Hydrochloric acid
(25% vol)
Ammonia
(25% vol)

2.2.2. Dispersion synthesis
In order to prepare the dispersions, typically NCO powder was added in a 5mL glass
bottle followed by the dropwise addition of distilled H2O and Propylene glycol (PG) using a
1000ul micropipette. H2O was always added before PG in the desirable ratio for a total volume
of 2ml. Next, Triton TX-100 was added using the scales and the tip of a syringe by submerging
it into the surfactant and isolating a small drop. Using the scales, the drops were weighed and
measured at roughly (1.25 ± 0.5) mg each.
Ideally less surfactant would be tested but this was the only way to get the least
measurable amount of TX-100 without having to upscale to a volume of ~20ml per test bottle
and thus waste large amounts of reagents.
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Figure 26 - Synthetic steps for the formulation of the NCO dispersions

Finally, after mixing all the reagents, the dispersions were subjected to 3 alternate
rounds of magnetic stirring and sonication in a water bath for 15min each. The obtained black
colored homogenous dispersions were stored in the hood overnight to age without any
further stirring or perturbation. It is important to note that in previous (unrecorded) tests it
was found that continuous stirring actually promotes agglomeration of the dispersed particles
so long periods of stirring should be avoided.

2.2.3. Ball milling
Ball milling is a technique used for reducing particle size. The setup consists of a ZrO2
vessel where the powder is mixed with ZrO2 balls and similarly to a centrifuge, the vessel spins
at high speeds, grinding the materials inside and reducing particle size due to constant
collisions. To prevent rising heat inside the vessel, distilled H2O is usually added. The setup
used here was a Planetary Micro Mill Pulverisette 7 by FRITSCH with an 80ml ZrO2 vessel and
grinding balls.

Figure 27 - The ball miller and ZrO2 vessel used

In this case, 3g of NCO powder and 25ml of distilled H2O were added into the vessel.
Then 100g of ZrO2 balls with a diameter of 0.5mm were also placed inside and the vessel was
securely closed tight. A program of 4 x 30min sessions at a speed of 700rpm was used. After
cooldown the vessel was opened and a black solution containing the milled NCO powder was
retrieved.
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2.3. Inkjet printing
Inkjet printing was realized using a drop-on-demand (DoD) Dimatix material printer
DMP-2850 by Fujifilm as seen in the following figure. The piezoelectric cartridge was a DMC11610 with 16 nozzles and 254um spacing and 3 ml total ink capacity.

Figure 28 - The DoD printer system

2.3.1. Substrates and printing setup
The substrates used were Indium Tin oxide (ITO) glass substrates, 720um thick with a
resistance value of 10 Ohms/square (ITO coating thickness is 100nm). Preparation for the
printing process involved cutting the substrates into 1cm x 5cm pieces using a diamond tip
cutter. The cleaning process involved sonication in a distilled H2O/EtOH solution for 30min
removing any impurities or dust from the surface.

Figure 29 - The ITO (1x5)cm glass substrates

The printing setup begins by filtering the as-prepared ink through a 0.45um nylon
membrane syringe filter which removes any large particle agglomerates that can interfere
with the cartridge function. Then the fluid module of the cartridge is filled with 1.5ml of ink
and securely clipped to the jetting module. After attaching the cartridge onto the printer head,
a 30min rest period is allowed for the ink to stabilize and any present air bubbles to rise to the
top. The substrates are placed on the printer plate and the platen vacuum is turned on to
prevent it from moving during printing. A new cleaning pad and drop waste bin are also placed
and the software is turned on to initialize the printer.
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Figure 30 – The printing setup process

2.3.2. Printing process
The first step for successfully printing any pattern on any substrate is optimizing all
the printing parameters and settings according to the selected ink’s properties. This is
essential for drop formation without which printing cannot begin. The detailed analysis of
each parameter and its tested range is described in Chapter 5.
When the optimal conditions were discovered, the following patterns were printed
and subsequently characterized:




A series of lines with drop spacing ranging from 15um to 40um
A series of (3x3)mm squares with drop spacing between 10um and 60um
A series of 1-14 layered (6x6)mm squares with 40um drop spacing

Finally, the desired (2x1)cm films with multiple layers and a constant drop spacing of
40um were printed. Then they were annealed at 350°C for 2h with 5°C/min heat rate to calcine
the organic component of the ink. These films were then electrochemically tested as
supercapacitor electrodes.

2.4. Characterization techniques
2.4.1. X-ray Diffraction
X-ray diffraction (XRD) was used to identify the structure and crystallinity of the
synthesized NCO powders. The X-ray diffractometer was a Rigaku D/MAX–2000H rotating
anode diffractometer (1.54Å CuKa radiation) equipped with a secondary pyrolytic graphite
monochomator operated at 40kV and 80mA over the 2θ collection range of 10-80° and a scan
rate of 0.05°/s. X-Pert Highscore Plus was used to analyze and identify the diffraction patterns.
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2.4.2. Scanning electron microscopy
The morphology and particle size of the synthesized NCO powders as well as
distribution and homogeneity of the produced dispersion drops was studied using Scanning
electron microscopy (SEM). The microscope used was a Jeol 7000 electronic microscope
operated at 20kV. Before each measurement, the samples were sputtered with a 10nm thick
Au layer in order to make the surface electrically conductive and avoid surface charging
effects.

2.4.3. Dynamic light scattering
Dynamic light scattering (DLS) is a technique in physics that can be used to determine
the size distribution profile of small particles in suspensions. In a typical setup, a
monochromatic light source (laser beam) is shot through a polarizer and into the sample.
When light hits small particles in the solution, it is scattered in all directions through Rayleigh
scattering. Then the scattered light goes through a second polarizer where it’s collected by a
photomultiplier and an image is projected onto a screen called a speckle pattern. Using the
photon auto-correlation function (ACF) as well as the Fourier transformation an intensity
measurement can be associated to a size distribution for the particles that caused the
scattering. This results in a statistical size distribution profile of the expected diameter of
particles suspending in said solution or suspension.

Figure 31 - Dynamic light scattering measurement steps

DLS measurements were conducted on a Malvern Zetasizer Nano ZS90. For a typical
measurement, 15ul of dispersion is diluted into 3ml of solvent using a micropipette. This
highly-diluted solution is put in a square shaped tall transparent vessel and inserted into the
sample holder. The lid is then closed and after 2min of rest period where the sample stabilizes,
the measurement is taken.

2.4.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass
of a sample is measured over time as the temperature changes. This way it can provide
information about physical phenomena such as phase transitions, absorption or desorption
or chemical phenomena like chemisorption and solid-gas reactions. Inside a typical analyzer,
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a precision balance with a sample pan is located inside a furnace with programmable control
temperature. The sample can be placed in the pan and during a programmed thermal reaction
the weight of the pan is constantly measured to produce a weight over time or temperature
plot. The thermal reaction can occur under a variety of atmospheres including air, vacuum,
inert gas or any other atmospheric composition.
TGA was performed in a TGA SDT Q600 V8.3 Build 101 equipment, in Argon
100.0ml/min gas environment and a heating ramp of 5°C/min starting from room temperature
up to 500°C. For the measurement the pan holder was filled with 15ul of dispersion which
weighed at roughly 15mg.

2.4.5. Contact angle and Surface tension
These measurements are conducted using a contact angle goniometer. The sessile
drop is a technique where the contact angle is measured using an optical subsystem to capture
the profile of a liquid drop on a solid substrate. The angle formed between the liquid-solid
interface and the liquid vapor interface is the contact angle. A high resolution camera and
software captures and analyzes high contrast pictures taken as a function of time and is able
to produce a plot of the contact angle vs age of the drop. As for surface tension, similarly the
profile of a pendant drop is recorded and analyzed in order to calculate the surface tension vs
drop age plots. For this measurement it is important to minimize air vibrations that can be
caused by noise and disturb the shape of the drop. The goniometer used was a OCA35 by
dataphysics.

Figure 32 - The goniometer used for the contact angle and surface tension measurements

To conduct contact angle measurements, a disposable insulin syringe is filled with a
few ml of dispersion and placed at the top of the goniometer. There, a syringe pump can push
the plunger and release the desired volume of solution. For the sessile drops, drop volume
was set at 2ul. The ITO substrates were placed on the base and the camera and software
turned on. For each of the four dispersions two different drops were measured so that the
repeatability and stability of the drying process can be assessed. The contact angle of the drop
was recorded for 450 sec or 7.5 min.

MICHALIS CHARALAMPAKIS

39

For the surface tension measurements, 3 pendant drops were recorded for 60sec in
room temperature (~25°C) for each dispersion. Multiple drops were measured to ensure
repeatability as well as to avoid any noise from external factors since this measurement is
extremely sensitive to the surrounding environment disturbances.

2.4.6. Viscometry
Viscometry was conducted using a DMA 4100 M density meter from Anton Paar with
a Lovis 2000 ME micro-viscometer extension and a 0.59mm stainless steel ball inside the
capillary.
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Chapter 3
Nickel Cobalt Oxide
The objective of this chapter is to synthesize a pure phase Nickel Cobalt oxide powder
with an average particle size below 400nm. To achieve that, two different synthetic routes
were explored, a high and a low temperature hydrothermal process. In addition, a variety of
different chemical reagents were used such as surfactants, organic ligands and different
solvents.
Different thermal treatments are known to produce different morphologies. For
example a high temperature will create greater pressure inside the vessel and in combination
with high metal ion mobility can result in more complex structures. However, high
temperatures sometimes lead to larger aggregated particles. This is why a lower temperature
treatment was also tested to determine which one will produce a small and even distribution
of NCO particles suitable for the printing application.

3.1. High temperature synthesis
In order to decrease the particle size of the as-obtained materials, a number of tests
were conducted where one of the following changes were made to the original synthesis:




The solution medium was changed
A surfactant agent (PVP) was added to control the growth of particles as
well as suppress agglomeration
Metal loading was decreased by 1/6
Table 4 - A list of the high temperature synthetic combinations

Reagents : Solvent

(mmol) : (ml)

Ni:Co:Urea:H2O

5:10:100:30ml

Ni:Co:Urea:H2O/EtOH

5:10:100:15/15ml

Ni:Co:Urea:6M KOH

5:10:100:30ml

Ni:Co:EG/1M KOH

5:10:15/15ml

Ni:Co:Urea:PVP:H2O

5:10:100:0.33:30ml

Ni:Co:Urea:PVP:H2O

5:10:100:1:30ml

Ni:Co:Urea:PVP:H2O

5:10:100:3:30ml

Ni:Co:Urea:PVP:H2O

0.8:1.6:100:1:30ml
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3.1.1. Structural characterization
The XRD patters of the powders from high temperature synthesis before annealing
are shown in figure 33. Sharp peaks indicate good crystallinity even before annealing.
For figure 33(a) the peaks at 26°, 33°, 39°, 43°, 47° & 54° correspond to planes (012),
(104), (110), (113), (202) & (116) of rhombohedral Nickel Carbonate (NiCO3). Peaks at 25°, 32°,
38°, 42°, 46°, 53° & 54° correspond to planes (012), (104), (110), (113), (202), (116) & (018) of
rhombohedral Cobalt Carbonate (CoCO3).
In figure 33(b) the peaks at 19°, 32°, 38°, 51°, 58° & 61° correspond to planes (001),
(100), (011), (012), (110) & (111) of hexagonal Cobalt\Nickel Hydroxide (Co\Ni(OH)2) while
peaks at 44°, 51° & 76° correspond to planes (111), (200) & (322) of inorganic cubic Cobalt
(Co) and Nickel (Ni).

a

b

Figure 33 - XRD patterns of the powders from high temperature synthesis before annealing

After annealing at 350°C for 2h, all the organics have burned releasing CO2, leaving
the metals to form the desired NCO powder (figure 34). The powders remain highly crystalline.
Peaks at 19°, 31°, 37°, 44°, 59° & 65° correspond to planes (111), (220), (311), (400), (511) &
(440) of the crystalline structure of cubic Nickel-dicobalt(III) oxide (NiCo2O4). For the powders
that were produced using the PVP surfactant agent, plane (400) at 44° is especially favored in
comparison to the rest.
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Figure 34 - XRD patterns of the powders from high temperature synthesis after annealing at 350°C for 2 hours

3.1.2. Morphological characterization

Figure 35 – SEM images of the powders from high temperature synthesis after annealing at 350°C for 2 hours
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The morphology and particle size of the obtained powders can be seen in figure 35.
Morphology for H2O consists of uniform cube like structures with an average edge of 5um.
H2O/EtOH, PVPs and 1/6 metal loading have retained the cube-like morphology with different
edge sizes that average from 2um, 2.5um, 1um, 8um and 4um respectively. Powders that were
made with different solvents KOH and EG/KOH, have different morphologies. KOH has
hexagonal shaped particles with very uneven diameters that range from 0.2um to 5um while
EG/KOH has spherically shaped particles with an average diameter of 1um.

3.2. Low temperature synthesis
For the low temperature hydrothermal synthesis a variety of organic ligands were
tested such as citric, glycolic and oxalic acid. Out of the three, only oxalic acid produced a
precipitate.
Table 5 - A list of the low temperature synthetic combinations

Reagents : Solvent

(mmol) : (ml)

Ni:Co:Citric:H2O

5:10:10:30ml

Ni:Co:Glycolic:H2O

5:10:10:30ml

Ni:Co:Oxalic:H2O

5:10:2.5:30ml

Ni:Co:Oxalic:H2O

5:10:5:30ml

Ni:Co:Oxalic:H2O

5:10:10:30ml

Ni:Co:Oxalic:H2O

2.5:5:5:30ml

3.2.1. Structural characterization

Figure 36 - XRD patterns of the powders from low temperature synthesis before annealing
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Figure 36, shows sharp peaks indicating good crystallinity even before annealing. The
peaks at 18.7°, 29.1°, 34.9°, 43.3°, 47.3°, 48.4° & 58.1° correspond to planes (202), (114), (022),
(224), (602), (026) & (712) of orthorhombic Cobalt Oxalate Hydrate (C2H4CoO6). Peaks at 18.6°,
30.2°, 35.5°, 43.3°, 47.1°, 48.7° & 57.9° correspond to planes (202), (400), (022), (512), (225),
(026) & (332) of orthorhombic Nickel Oxalate Hydrate (C2H4NiO6).
After annealing at 350°C for 2h (figure 37), once again all organics have been burned
into CO2, leaving the metals to form the desired NCO powder. The powders remain highly
crystalline. Peaks at 19°, 31°, 37°, 44°, 59° & 65° correspond to planes (111), (220), (311), (400),
(511) & (440) of the crystalline structure of cubic Nickel-dicobalt(III) oxide (NiCo2O4). No
significant change is observed between different oxalic or metal loading ratios.

Figure 37 - XRD patterns of the powders from low temperature synthesis after annealing at 350°C for 2 hours

3.2.2. Morphological characterization

Figure 38 SEM images of the powders from low temperature synthesis after annealing at 350°C for 2 hours
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The morphology and particle size of the obtained powders is seen in figure 38. While
all four samples look relatively the same 5mmol oxalic and ½ metal loading seem to have the
smaller particle sizes with an average of ~260nm. On the other hand 2.5mmol and 10mmol
have an average particle size of ~500nm with many bigger agglomerates visible. It seems that
high or low amounts of oxalic acid favor larger particles while medium concentrations favor
smaller particle growth as does less metal loading.

3.2.3. Nickel Cobalt oxide powder selection
After careful examination of the NCO powders produced the following conclusions were
made:






All powders produced through high temperature hydrothermal synthesis have
larger particle size by roughly a factor of 10 in comparison to the desired size of
400nm
The addition of surfactant (PVP) or different solvents affected the morphology but
did not decrease particle size sufficiently
The lower temperature hydrothermal synthesis produced significantly smaller
particles in the range of ~260nm
All synthetic procedures produced a pure NiCo2O4 phase after annealing at 350°C
for 2 hours

The NCO powder that was chosen is the following:

Reagents : Solvent

(mmol) : (ml)

Ni:Co:Oxalic:H2O

5:10:5:30ml

as it produced the smaller average particle size of 260nm and is pure cubic NiCo2O4

Figure 39 – SEM image of the selected NCO powder
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Chapter 4
Ink development
In this chapter, the goal is producing an NCO dispersion with the same
physicochemical properties as a printable ink. These property values are given by the inkjet
printer manufacturer and are integral for reliable and good quality printing. Specifically, the
dispersion’s viscosity, surface tension and NCO loading is examined as well as its interaction
with the substrate.
Here, an extensive overview is presented of the measurements and analysis that was
conducted in order to create a formula for a printable NCO ink.

4.1. Introduction
When designing a printable dispersion, one has to choose a solvent to act as the base.
In literature, a variety of dispersions that use propylene glycol (PG), ethylene glycol (EG) or
other organic solvents as their base have been developed. In this work, distilled H2O was
chosen as a base for the formulated dispersions. The reason being that since the objective is
to print supercapacitor electrodes, there is a need for the printed films to contain as little
unwanted material as possible. Distilled H2O is an abundant, inexpensive and environmental
friendly solvent that can easily be removed through evaporation. However, distilled H2O alone
is not suitable for inkjet printing due to its relatively low viscosity and high surface tension.
The recommended properties for a printable ink are between 8-15 mPa.s for viscosity,
22-33 mN/m2 for surface tension and a relatively neutral pH. In the case of distilled H2O, while
pH is neutral, the surface tension (in contact with air) ranges from 72.8mN/m2 to 69.6mN/m2
for temperature of 20°C to 40°C. As for viscosity, it varies from 1.002mPa.s to 0.653mPa.s for
the same temperature range. Obviously, H2O alone is unsuitable, and so other reagents have
to be used in addition to distilled H2O so that viscosity can be increased and surface tension
be lowered.
The strategy used to increase the viscosity is by adding an organic solution with
relatively high viscosity in different volumetric ratios. Propylene glycol is a good candidate
because it’s a viscous, colorless liquid with viscosity ranging from 42 mPa.s to 18 mPa.s from
25°C to 40°C which makes it around 18-42 times more viscous than distilled water (table 6).
At the same time, to reduce the surface tension, an organic surfactant can be added.
Surfactants, a term derived from the phrase “surface acting agent’’ are organic amphiphilic
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molecules, meaning they have one hydrophilic and one hydrophobic side. When added to a
liquid, they are absorbed by the liquid-air interface where the hydrophobic part is in the air
and the hydrophilic in the liquid. By aligning themselves to this interface, they form a
protective layer on the surface thus lowering the surface tension. These surface tension
modifiers are widely used in many industrial areas ranging from detergent to pharmaceuticals.
Specifically here, Triton X-100 was used, a nonionic surfactant that has a hydrophilic
polyethylene oxide chain and an aromatic hydrocarbon hydrophobic group.
Table 6 – Viscosity of distilled H2O and PG for a temperature range of 25°C up to 40°C

Solvent Viscosity
(mPa.s)

25°C

30°C

35°C

40°C

Distilled H20

0.829

0.740

0.699

0.653

Propylene glycol

42.0

38.6

33.4

18.0

Table 7 – Surface tension of H2O for a temperature range of 25°C up to 40°C

Surface tension
(mN/m2)

25°C

30°C

35°C

40°C

Distilled H20

72.1

71.3

70.4

69.6

4.2. Effect of NCO loading
The first step was to prepare and study a large number of test inks to find the optimum
NCO loading. This was accomplished by preparing small 2ml dispersions with various NCO
powder loadings and different H2O:PG ratios. In total, 28 dispersions were prepared with 7
different loadings and 4 solvent ratios each as seen in the following table.
Table 8 - A list of the 28 dispersions prepared

H2O:PG
(by volume)
90:10
80:20
70:30
60:40

NCO loading

3mg/ml

4mg/ml

5mg/ml

7mg/ml

8mg/ml

10mg/ml

14mg/ml

The dispersions were studied throughout a 7 day period. Precipitation as well as
suspension stability was examined every day. As seen in figure X, an inverse relation was
discovered between precipitation and PG content meaning PG helps particle suspension and
decreases aggregation. DLS measurements were taken after 1st & 7th day to examine the
average particle size inside the dispersion.
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Figure 40 – The 28 dispersions and the effect of precipitation throughout a 7 day period

4.2.1. Dynamic light scattering

Figure 41 – Particle diameters after the 1st and 7th day respectively

Figure 42 - Average particle diameters after the 1st and 7th day respectively
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Figure 43 – Average particle diameter for all loadings after the 1st and 7th day

In figure 41, a column graph of the average particle diameter for each NCO loading
and PG ratio after aging for the 1st and 7th day is presented. The average size for all suspensions
is well below the printing size limit of 400nm and is almost identical to the particle size of
~260nm as seen in the SEM photos for the NCO powder. This proves that there is close to none
agglomeration of particles into larger bulky structures. Of course, one has to consider that this
average is deduced from a Maxwell-Boltzmann statistical distribution which means there are
some deviations on both sides of it.
Figure 42 shows the average size curve as the PG content increases by volume %.
Average particle size reduces fast for every NCO loading until around 30% volume where it
reaches the average of the initial NCO powder. After the 7th day, the same behavior is
observed for loadings 7, 8 & 10 mg/ml as also seen in figure 42.
Finally, the average values for every PG ratio are summed up in figure 43 where it can
be clearly said that dispersions with a ratio of PG above 30% by volume have extremely good
stability even after 7 days of shelf life.
By carefully examining the above results, the NCO loading of 8mg/ml was chosen for
the next tests. While most of the different loadings behaved similarly, this value had the best
behavior and stability.

4.3. Effect of Propylene Glycol
Next, to study even closer the effect of Propylene glycol, more measurements were
taken throughout the first 7 days. For this, a new batch of dispersions was prepared with the
8mg/ml NCO loading. The dispersion properties were characterized by Dynamic light
scattering, Thermogravimetric analysis, Contact angle, Surface tension and Scanning electron
microscopy to determine the best ratio of distilled H2O to PG.
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Table 9 - The new batch of dispersions with 8mg/ml NCO loading

H2O:PG
(by volume)

NCO loading

90:10
80:20
70:30

8mg/ml

60:40

4.3.1. Dynamic light scattering
Once again, the behavior of the average particle diameter during the 7 day period can
be seen in figure 44. When comparing PG content ratios to average diameter, the same trend
as before is observed where the diameter decreases as PG content increases. However it is
important to note that when comparing the 1st, 3rd and 7th day, the dispersion is at its best
during the 3rd day with a constant minimum for all the PG ratios. This shows that there is great
stability during the entirety of the first week.

Figure 44 - Average particle diameter after during the 1st, 3rd and 7th day

4.3.2. Thermogravimetric analysis
The resulting curves in figure 45 describe the weight percentage mass loss in
correlation to temperature. Every plot can be analyzed into two sections with different
curvatures. The first very steep curve begins at 25°C and goes up to 80°C where ~90%, ~80%,
~70% and ~60% of mass is lost for the increasing ratios of PG respectively. This indicates that
at this range all the water is being evaporated from the sample. Next from 80° up to 125°C a
second less steep curve shows a mass loss of another ~10%, ~20%, ~30% and ~40% respectively
which corresponds to the annealing of PG. From 125°C all the way up to 500°C no significant
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change is observed. Weight mass stays at an average value of 0.7% which corresponds to the
NCO loading.

Figure 45 - Weight % loss over temperature for the four PG ratios

4.3.3. Contact angle & Surface tension
The substrates used for the printing tests were ITO glass substrates. Thus the
interaction of these substrates with the dispersions had to be studied. This was done by
examining the contact angle between substrate and the drops via sessile drop method. Drops
of the dispersions were deposited on the substrate and the wettability of the substrate was
measured by recording the contact angle vs time. Another interesting observation is the
drying process of the deposited drops.
By looking at figure 46 at the contact angle vs drop age plots, repeatability and
stability of the behavior of the drops can be confirmed since the behaviors of the 1st and 2nd
drops are almost identical. Any shift to the Y axis (the contact angle) is caused by a difference
in the size of drops. Larger (in volume) drops will start at a higher angles than smaller ones.
(For the 10% ratio of figure 46 the unbalanced behavior of the 1st drop is attributed to external
factors during the measurement hence why it was stopped earlier than the specified time.)
All plots begin with a steep slope during the first ~30sec which implies a high
evaporation rate as the drop becomes thinner. In addition if a drop spreads its diameter will
increase which effectively lowers the contact angle. This might also explain why this decrease
is sharper for the less viscous drops as they are more likely to spread. By combining these two
explanations, the fast decrease of the first half minute can easily be explained. The next slope
is a lot more gradual - almost linear and lasts through the entirety of the measurement as the
drop stabilizes and dries.
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Figure 46 - Contact angle measurements for the four PG ratios of 10%, 20%, 30% & 40% respectively

In addition to the contact angle measurements, surface tension measurements of
each dispersion were taken by pendant drop method.

Figure 47 - The pendant drop method
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In the next figure, the surface tension plots are presented. The surface tension of each
PG ratio, was calculated using the average of the 3 drops that were measured. The results are
shown in table 48.

Figure 48 – Surface tension measurements for the four PG ratios of 10%, 20%, 30% & 40% respectively

Table 10 - Average surface tension for the four PG ratios

H2O:PG
(by volume)

Surface tension
(mN/m2)

90:10
80:20
70:30
60:40

29.41
27.09
26.64
37.67

In comparison to distilled H2O which has a value of ~70mN/m2 at room temperature
these values are significantly lower. Since PG has a surface tension of ~40mN/m2 at 25°C, the
drop in surface tension can be attributed to the addition of the surfactant Triton TX-100. This
means that it has successfully acted as a surface tension modifier and that the amount added
(1.25±0.5mg) is appropriate. When it comes to printability, the value needed is between 2233 mN/m2 which makes the values calculated for our dispersions perfect.
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4.3.4. Scanning electron microscopy
The last technique used to characterize the drops was Scanning electron microscopy.
Here, images of the drop surfaces were taken before and after annealing at 350°C for 2h in
air. This information is important since it will reveal which dispersions have the best
homogeneity and particle distribution across the surface of the drop. This is a major factor for
good quality, stable and reliable printing. The next figures compare pre and post annealing
photos for 2 different magnifications.

Figure 49 - Photo of the drops on the ITO glass substrates

Starting at a magnification of 30x in figure 50, the whole surface of the drops can be
seen before and after annealing. The biggest difference between them is that 10% and 20%
appear to have spread greatly and display a coffee ring effect. Particle dispersion is very
uneven with most of the particles concentrated at the center. On the other hand, 30% and
40% have retained their circular shape and have an even particle distribution across the drop
surface. (Note that the scratches that appear on the 30% drop before annealing were caused
an accident during transportation).

Figure 50 – SEM images of the surface of the drops at 30x magnification

In the next figure, a 10.000x magnification shows a closer look at the surface. No
significant changes are seen after calcination for the 10% and 20% drops. As for 30% and 40%,
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the surface seems to become rougher and more porous which can be explained by the
annealing process. Because these two samples have a greater percentage of organic material
(mainly PG), when the temperature rises to 350°C, all organics are burned (CO2 conversion)
leaving only the NCO particles that now form a much more porous surface.

Figure 51 - SEM images of the surface of the drops at 10.000x magnification

4.3.5. Optimum Propylene glycol ratio
To sum up this section of the experimental process, after careful examination of the
above characterizations, the following conclusions are made:
i.

ii.

The optimal NCO loading for an average particle size of 260nm is 8mg/ml. (For
different particle size this number can change). This was deduced by a DLS study of
the average particle size, for a variety of different loadings, where the stability of the
dispersions was recorded during a 7 day shelf life.
The ideal H2O:PG ratio by volume is found to be 70:30. When combining the results
of DLS, TGA and SEM this solvent ratio has given the best drops with uniformity,
homogeneity and even dispersion of particles across the surface, a significant factor
for good printing quality. Contact angle confirms wettability of the ITO substrate and
a steady drying behavior while surface tension is well within the recommended
limits.

4.4. Effect of particle size
Even though the previously mentioned 30% PG ratio dispersion already had the
desirable physicochemical properties, the average particle size was still large enough that
during filtration through a 450um porous filter a significant part of the NCO particles was
blocked. Thus, the effect of the particle size was the last parameter to be examined. In order
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to reduce the average NCO particle diameter the ball milling technique was used as described
in detail in chapter 2.
The NCO solution obtained by the milling process was measured by DLS and TGA to
determine the new average particle size as well as loading. These measurements are
presented in figure 53. The average particle diameter was halved down to 125.6nm compared
to the initial diameter of ~260nm. The TGA curve represents the evaporation of water in the
temperature range of 25°C to 80°C. Then the weight remains constant up to 250°C where the
loading is calculated at ~6.9% by weight or 56.44 mg/ml which is an incredibly denser solution
in comparison to the ones previously studied.

Figure 52 - The NCO solution obtained through ball milling

Figure 53 – DLS and TGA of the NCO solution obtained through ball milling

The final series of dispersions were produced using the NCO solution obtained
through ball milling named BM dispersions. When making the inks with the previously
optimized formula (30% PG ratio), significant precipitation was noticed at the bottom of the
bottles due to the very high loading. To combat this, tests were made using additives like HCL
and NH4OH where the introduction of ions could cause the NCO particles to charge and help
them suspend. For comparison purposes 10% PG ratio dispersions was also tested.
Table 11 shows the BM tests. The dispersions made with NH4OH and the 2 drops of
HCL fully precipitated the next day (marked as red in the table). This indicates that basic and
high acidic environments favor precipitation. On the other hand, the dispersions with only one
drop of HCL performed very well during the 7 day period, especially the BM-30% which agrees
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with the previously found optimum formula. Precipitation was reduced significantly for both
dispersions, with BM-30% having none.

Table 11 – BM dispersions with HCL & NH4OH as additives

Dispersion
BM - 10%

BM – 30%

HCL

NH4OH

1 drop

1 drop
2 drops

1 drop

1 drop
2 drops

Figure 54 - Photos of the BM dispersions after the 1st and 7th day

4.4.1. Dynamic light scattering & Thermogravimetric analysis

Figure 55 - DLS and TGA of the BM-10% & BM-30% 1 HCL drop dispersions
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The average particle diameter for the BM dispersions with 1 drop of HCL were
measured for a period of 7 days. BM-30% showed excellent stability with average particle size
~145nm while for BM-10% the average increased as the days progressed and at the 7th day
was almost at the printer limit size of 400nm. The increase of average particle size was
followed by heavy precipitation indicating severe aggregation of particles. The TGA curves
show a similar behavior as the previously studied dispersions with two different curvatures
existing in the temperature ranges where H2O and then PG are annealed. Again after 125°C
the weight stays constant. Final loading is at 4.2% by weight or 25.7 mg/ml.

4.4.2. Contact angle & Surface tension
The contact angle and surface tension plots are presented in the next figure. The
contact angle behavior is similar to the previous 10% & 30% PG ratio dispersions with both
exhibiting good repeatability. The average surface tension values are within the desirable (2233)mN/m2 range as listed in table 12.

Figure 56 - Contact angle & Surface tension plots of the BM-10% & BM-30% 1 HCL drop dispersions
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Table 12 – Average surface tension calculated for the BM-10% & BM-30% 1 HCL drop dispersions

Dispersion

Surface tension
(mN/m2)

BM-10%

28.20

BM-30%

28.65

4.4.3. Scanning electron microscopy
The drops deposited on the ITO substrates in the previous measurements can be seen
in figure 57. In figure 58, SEM images of the surface of BM-10% reveal that the particle
distribution has created a coffee ring effect where particles have concentrated on the edges.
On the contrary, the BM-30% particle distribution is greatly uniform and homogenous. Close
ups of the drop surfaces confirm that in both cases very small particle size is confirmed
especially when compared to the non-milled drops (upper corners).

Figure 57 – Photos of the BM-10% & BM-30% 1 HCL drop dispersions drops on ITO substrates

Figure 58 - SEM images of the BM-10% & BM-30% 1 HCL drop dispersions drops on ITO substrate
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4.4.4. Viscosity & pH measurements
The viscosity was also measured and presented in table 13. For BM-30% they range
from 2.487 to 1.568 mPa.s for a temperature range of 25-40°C. Even though they are not ideal
(8-15 mPa.s) they are an improvement over the distilled H2O values for every temperature.
Table 13 - The viscosity measurements for a temperature range of 25-40°C

Viscosity
(mPa.s)

25°C

30°C

35°C

40°C

Distilled H20

0.829

0.740

0.699

0.653

BM-10%

2.054

1.865

1.603

1.476

BM-30%

2.487

2.062

1.723

1.568

In addition, pH measurements were also made and are shown in table 14.
Table 14 - The pH measurements for BM-10% & BM-30%

Dispersion

pH

BWI-10%

5.8

BWI-30%

5.2

4.5. Printable ink selection
Finally, after having fully characterized and analyzed the measurements for the ball
milled dispersions, the most suitable for inkjet printing was BM-30%. All around, its
physicochemical properties are well within what is recommended for use while still
maintaining the desired characteristics from an NCO ink formula. The next table lists all the
chemical reagents needed to formulate a 5ml BM-30% NCO ink.
Table 15 – Selected NCO printable ink formula
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BM-30%

By volume

NCO BM solution

3.5ml

70%

Propylene glycol

1.5ml

30%

Triton TX-100

2.5mg

-

HCL

1 drop

-
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Table 16 – Selected NCO printable ink physicochemical properties

Ink
properties

Viscosity
(at 25°C)

Surface tension

Shelf life

Annealing
temperature

pH

Particle
diameter

BM-30%

2.487 mPa.s

28.65 mN/m2

7 days

125°C

5.2

145nm
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Chapter 5
Printable Nickel Cobalt oxide
In this chapter, the as prepared NCO ink was used to print a variety of different
patterns with the aim to create a series of 2cm2 multilayer homogenous films to be
electrochemically studied as supercapacitor electrodes. A detail description of the printing
parameters optimization is given as well as a morphological characterization of all the
produced patterns.

5.1. Printing parameters
For a stable and reliable printing process the parameters that are essential and need
optimizing are the following:









Print height
Platen and cartridge temperature
Interlayer delay
Cleaning cycles
Number of jets
Jetting waveform
Jetting voltage (JV)
Drop spacing (DS)

These parameters are all dependent on the ink’s physicochemical properties and thus
have to be tested and polished for each individual ink separately. In greater detail:
i)

Print height
Print height refers to the height of the printer head during printing.
Depending on the drop formation and jetting behavior it can be adjusted to produce
the best deposition result. Usually ranges between 200nm and 500nm. The height of
the substrate needs to be taken under consideration.
ii) Platen & cartridge temperature
The values of these two temperatures can range from room temperature
(~25°C) to as high as 50°C. Platen temperature mostly affects the drying process of the
printed patterns while cartridge temperature can affect the ink’s viscosity. As
discussed in previous chapters, a relation exists between viscosity and the solution
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temperature which can be used to alter the inks properties and as a result the as
produced drops.
iii) Interlayer delay
Interlayer delay is the time between consecutive printings of multiple layers.
Can be adjusted accordingly depending on the time needed for the ink to dry and can
affect the pattern quality.
iv) Cleaning cycles
The cleaning cycles of the nozzle head can also be modified where the
frequency, duration and type of cleaning process (purge, spit or blot) can be
programmed. It’s directly dependent to the ink quality.
v) Number of jets
The number of jets used is up to the user. However most times it’s easier to
select a smaller number of jets that can easily be checked at the cost of time.
Depending on the print head model, they have to be consecutive or can be random.
vi) Jetting waveform
A jetting waveform is the graphic representation of the voltage applied to the
piezoelectric ceramic material inside the nozzle chamber that causes it to deform and
change its volume. This controls the ink movement and eventual jetting by producing
pulses in a process known as the fill-and-fire. A jetting and a non-jetting waveform
exists where the level (%), slew rate and duration of the pulse can be controlled. The
jetting waveform is one of the most important factors that affect drop formation and
as a result printing quality.
vii) Jetting voltage (JV)
Jetting voltage principally controls the drop velocity. By increasing its value
the drop velocity also increases, an important parameter especially for inks with high
surface tensions. It’s mostly dependent on the physical properties of the ink and is
usually set at 24-26 Volts (with an upper limit of 40 Volts).
viii) Drop spacing (DS)
Finally, the last most important parameter is drop spacing. As its name
suggests it is the distance between the jetted drops, and is related to the number of
drops per area which in turn correlates to the pattern resolution (dpi). To obtain a
continuous, quality pattern the DS must be optimized to prevent overspreading of the
ink (if set too low) or disruptions in pattern continuity (if set too high).

5.2. Printing parameter optimization
Printing parameter optimization began with a variety of tests where every parameter
mentioned above was examined to determine its best value for the NCO ink. Usually,
optimization begins with the drop formation. By using the drop watcher camera to look at the
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jetting nozzles, the behavior of the drops as they exit the nozzle is observed. A typical view of
the drop watcher is presented in figure 59.

Figure 59 – Typical drop watcher view

The behavior of the drops can be separated into two categories, regular and irregular.
Normally, during ejection the front of the drop will exit the nozzle first, followed by the tail.
The tail can be long or short depending on various reasons such as viscosity, waveform, etc.
In regular drops, as the drop falls lower, the tail retracts and joins the main body of the drop.
However in irregular drops, the tail detaches itself forming a secondary drop with random
velocity and direction. Figure 60 presents an example of regular and irregular behavior.

Figure 60 - Example of regular and irregular drop formation

The result can also be seen in the deposited samples as the quality of the printed
surface is directly affected. From tests conducted in this work, a series of bad quality lines are
shown in the following SEM image. A great number of misplaced drops, called satellite drops,
are all around the main printed pattern. These satellite drops are always an indication of
unrefined parameters which can negatively affect the process.
The main way to combat bad drop formation is by altering the applied voltage at the
piezoelectric material inside the nozzle chamber. This is done by changing the waveform, a
process which usually involves a great deal of trial and error. Standard waveforms do exist for
general categories of inks however every ink has distinct physicochemical properties that
affect it in a different way.
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Figure 61 - SEM image of a bad quality printed pattern with a large number of satellite drops caused by irregular
drop formation

In parallel to these tests, parameters such as cartridge temperature, printing height
and jetting voltage are all examined in conjunction to each other. For example the
temperature can alter the inks viscosity which in turn changes the way it reacts to the
waveform. A higher jetting voltage can stabilize a nozzle that behaves irregularly (JV is a
parameter that can be altered for each nozzle separately) or the printing height can be
increased or lowered if the drops are stable at a certain distance from the ejection point.
Platen temperature and interlayer delay are mostly important after drop deposition
during the drying process. Refining them can help minimize the process time allowing for
faster and more effective printing, something important if big surfaces are printed or many
layers are required. Finally, the number of jets used are up to the user (under the condition
that they work properly), and cleaning cycles are set depending on the observed frequency of
bad or unsatisfactory results.
The optimized version of the waveform edited and used for the NCO ink is shown in
figure 62.

Figure 62 - Screenshot of the optimal jetting waveform for the NCO ink

In the next table, a list of the as discovered optimal parameters as well as the range
tested are presented.
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Table 17 - A list of the tested ranges of all the printing parameters

Parameter

Tested range

Optimal value

Cartridge print height

200-400nm

300nm

Platen T

25°C-45°C

40°C

Cartridge T

25°C-45°C

40°C

Cleaning cycles

Purge 0.3s-4s

Purge 0.3s every 20
bands

Number of jets

1-16

5

Jetting voltage

20V-40V

26.5V – 28V

Interlayer delay

0s-600s

300s

After having fully optimized the printing process for the NCO ink, a variety of patterns
such as dots, lines and squares (of many sizes) were printed and characterized to determine
the best values for the drop spacing (DS) and the number of layers needed for a homogenous
film. Then the final larger (2x1)cm films were printed as described in the experimental section.
These films with different number of layers ranging from 2 -14, will then be electrochemically
tested. The goal is to find the optimum thickness of such a film after which actual
supercapacitor electrodes can be printed. Photos of the characterization tests and the final
films are shown in figure 63.

Figure 63 - The NCO different patterns used for characterization & the final 2cm2 multilayer NCO films
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5.3. Pattern characterization
The characterization technique used to study the quality of the printed patterns was
Scanning electron microscopy. Firstly, a single 10pl jetted drop (figure 64) exhibits excellent
morphology with a highly even and homogenous NCO particle distribution across its entire
surface. The drop diameter is measured at 42.6um. At a magnification of 55.000x, particles
with an average size of ~100nm are observed, which are in line with the previous DLS
measurements for this NCO ink. All of this is proof of stable, repeatable, good quality drop
deposition owing to the inks excellent properties and optimized printing parameters.

Figure 64 - SEM image of a single 10pl drop

In figure 65, lines of 100um in width were printed where the drop spacing was tested
from 10um to 40um. When DS is relatively low (15um, 20um & 25um) overspreading of the
pattern on the substrate occurs and the line shape is deformed. On the other hand, when DS
is too high (30um, 35um & 40um), the drops do not interact with each other and thus do not
coalesce to form a continuous pattern. The ideal DS may also be related to the size of the
individual drops as seen in figure 64 earlier. With a diameter of 42.6um, the ideal DS is
expected to be in a similar range where every other drop is deposited where the previous one
ends. Interestingly, the deposition of a second layer on top of the first can help cover the gaps
as seen in the fourth set of photos on the far right.

Figure 65 - SEM images of printed lines with various DS values & a 2-layer set of lines (far right)
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The next SEM images, in figure 66 show the (3x3)mm squares with DS varying from
10um up to 60um. Again, for low DS values (10um-20um) the squares appear deformed with
very uneven particle distribution. As DS increases, the squares get more well-defined and
uniform (25um-40um) even though they still do not coalesce to form a perfectly homogenous
film. Then, for higher DS values (45um-60um) drops begin to interact less and less, creating
areas where there is no ink. In our assessment, the best behavior is exhibited is by sample
with DS of 40um.

Figure 66 - SEM images of (3x3)mm squares with DS ranging from 10um to 60um

Multilayered (6x6)mm squares with a 40um drop spacing were made. This series of
squares was done in order to determine the number of layers required for the complete
coverage of the surface. As exhibited in figure 67 with each additional layer, the surface gets
even better particle coverage until satisfactory thin film are created for 8, 10, 12 and 14 layers
respectively.
At this point it is important to note that the behavior of the drops on the substrate
are always dependent on the substrate at hand. For example, on another substrate the drops
might interact differently and start to form a thin film with less layers. This is also where
hydrophilicity and hydrophobicity come to play and show the importance of the contact angle
measurements. For this NCO ink during the first half minute contact angles are relatively high
on ITO glass which might contribute to the fact that the drops don’t coalesce to form a greatly
uniform thin film and as a result multiple layers are required.
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Figure 67 - SEM images of (6x6)mm squares with 40um DS and layers from 1 through 14
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Chapter 6
Conclusions
In this project, Nickel Cobalt oxide (NCO) powders were synthesized, a metal oxide
composite that has seen much interest as a material for supercapacitor electrodes. This is due
to its good electrochemical performance and redox properties as a transition metal oxide.
Then, a series of H2O-based NCO dispersions were produced and studied for the development
of an NCO ink that has specific properties that allow it to be printable using an inkjet printing
technique. Finally, the optimum NCO ink was used in a Fujifilm Dimatix inkjet 2D materials
printer to print thin NCO films on ITO glass substrates in order to be electrochemically
characterized as electrode materials for printable supercapacitors.
Conclusions can be summarized as:
i.

ii.
iii.
iv.

v.

vi.
vii.
viii.
ix.
x.

The low temperature hydrothermal method was more favorable towards the
synthesis of NCO nanoparticles as well as the use of organic ligand like oxalic
acid in this case. Characterizations showed the ~260nm particles were indeed
the desired cubic Nickel cobalt oxide - NiCo2O4
High temperature hydrothermal synthetic processes tend to create larger
particle morphologies even with the use of surfactants
It is possible to formulate a water based good suspension by using organic
additives and surface acting agents
A H2O based NCO printable ink was successfully developed where its
physicochemical properties (Viscosity, surface tension, particle loading,
particle dispersion, etc) were in the range recommended by the manufacturer
for good quality printing
The ball milling technique can be used to obtain even smaller nanoparticle
sizes while also help create a very highly loaded NCO precursor H2O solution
for use in dispersions
Particle size plays a very important role in particle suspension and dispersion
loading
The addition of bases or acids can help suspended particles repel one another
and prevent aggregation of larger particles and thus precipitation
Printing parameters were successfully optimized for the final BM-30% ink
Optimum printing parameters can vary vastly for slightly different inks
Interaction of ink droplets and the substrate at the first few seconds can have
a huge impact on the printing quality of the printed patterns
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xi.

Good quality multilayer square (2x1)cm films were printed on ITO glass
substrates for electrochemical characterization

To sum up, the specific goal of this thesis was to create a certain oxide powder and
then a suitable suspension for use in the inket printer application. However the second more
general goal of this project was to not only to focus on the specific NCO application but to
develop a protocol for synthesizing and characterizing dispersions that use materials in
powder (nanoparticle) form. By using this protocol any material in nanoparticle form can
easily be studied, the physicochemical properties of its dispersion altered to suit the specific
material and thus creating a printable ink. This, along with the customization of the printing
parameters can lead to the use of the 2D printer for the creation of any 2D pattern (simple or
complex), design or even multilayer sandwich structures on many possible substrates which
opens up the way for hundreds of different applications. Potential fields that could use this
technology include gas sensors, photocatalysts, energy storage devices (like in this work) and
many others. As they say, only the sky is the limit so let’s print the future!
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