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Abstract
Printing technologies are becoming increasingly popular because they enable the
large-scale and low-cost production of functional devices with various designs,
functions, mechanical properties and materials. Among these technologies, inkjet
printing is promising thanks to its direct (mask-free) patterning, non-contact nature,
low material waste, resolution down to 10 µm, and compatibility with a broad range
of materials and substrates. As a result, inkjet printing has applications in several
fields like wearables, opto-electronics, thin-film transistors, displays, photovoltaic
devices, and in energy storage. It’s in energy storage that the technique shows its
full potential by allowing the production of miniaturized devices with a compact
form factor, high power density and long cycle life, called microsupercapacitors
(MSCs). To this end, graphene has a number of remarkable properties like high
electrical conductivity, large surface area, elasticity and transparency, making it a
top candidate as an electrode material for MSCs.
Some key drawbacks limit the use of inkjet printing for the production of
graphene-based MSCs. This thesis aims at improving its scalability by producing
fully inkjet printed devices, and extending its applications through the integration
of inkjet printing with other fabrication techniques.
MSCs typically rely on the deposition by hand of gel electrolyte that is not
printable or by submerging the whole structure into liquid electrolyte. Because of
this, so far large-scale production of more than 10 interconnected devices has not
been attempted. In this thesis, a printable gel electrolyte ink based on poly(4-styrene
sulfonic acid) was developed, allowing the production of large arrays of more than
100 fully inkjet printed devices connected in series and parallel that can be reliably
charged up to 12 V. Also, a second electrolyte ink based on nano-graphene oxide, a
solid-state material with high ionic conductivity, was formulated to optimize the
volumetric performance of these devices. The resulting MSCs were also fully inkjet
printed and exhibited an overall device thickness of around 1 µm, yielding a power
density of 80 mW cm-3 .
Next, the use of inkjet printing of graphene was explored for the fabrication of
transparent MSCs. This application is typically hindered by the so-called coffee-ring
effect, which creates dark deposits on the edges of the drying patterns and depletes
material from the inside area. In light of this issue, inkjet printing was combined
with etching to remove the dark deposits thus leaving uniform and thin films of
graphene with vertical sidewalls. The resulting devices showed a transmittance of
up to 90%.
Finally, the issue of the substrate compatibility of inkjet printed graphene
was addressed. Although inkjet printing is considered to have broad substrate
versatility, it is unreliable on hydrophilic or porous substrates and most inks
(including graphene inks) require thermal annealing that damages substrates that
are not resistant to heat. Accordingly, a technique based on inkjet printing and
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wet transfer was developed to reliably deposit graphene-based MSCs on a number
of substrates, including flat, 3D, porous, plastics and biological (plants and fruits)
with adverse surfaces.
The contributions of this thesis have the potential to boost the use of inkjet
printed MSCs in applications requiring scalability and resolution (e.g. on-chip
integration) as well as applications requiring conformability and versatility (e.g.
wearable electronics).
Keywords: Inkjet printing, graphene, supercapacitor, microsupercapacitor, energy
storage, printed electronics, printing technologies.
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Sammanfattning
Trycktekniker blir alltmer populära därför att de möjliggör storskalig- och lågkostnadsproduktion av funktionella komponenter som har olika design, funktionalitet,
mekaniska egenskaper och material. Bläckstråleskrivning är lovande tack vare dess
kontaktfria tryckning, låga mängd av materialavfall, upplösning ned till 10 µm
och kompatibilitet med många material och substrat. Bläckstråleskrivning finner
tillämpningar i flera elektronikområden, såsom bärbar elektronik, optoelektronik,
tunnfilmstransistorer, bildskärmar, fotovoltaiska komponenter och energilagring.
Det är i energilagring som denna teknik visar sin fulla potential genom tillverkningen av miniatyriserade komponenter med kompakt formfaktor, hög effekttäthet och
lång livscykel - dessa kompoenter kallas mikrosuperkondensatorer (eng. microsupercapacitors, MSCs). Grafen har använts för detta ändamål, tack vare dess
många goda egenskaper såsom hög ledningsförmåga, hög ytarea, elasticitet och
transparens. Det är dessa egenskaper som har gjort grafen till förstahandsval som
mikrosuperkondensatorns elektrodmaterial.
Det finns några nyckelnackdelar som begränsar bläckstråleskrivstillverkning av
grafenbaserade mikrosuperkondensatorer. Målen i denna avhandling är att förbättra
skalbarheten genom att tillverka komponenter helt med bläckstråleskrivning, och
att utöka mikrosuperkondensatorernas tillämpningsområden genom att integrera
bläckstråleskrivning med andra tillverkningsmetoder.
Mikrosuperkondensatorer använder flytande elektrolyter eller gelelektrolyter
som inte kan tryckas, och därmed krävs det vanligtvis att elektrolyten deponeras
för hand på strukturen, eller att hela strukturen läggs ned i elektrolyten. P.g.a.
detta har det ej försökts tillverka fler än tio ihopkopplade komponenter i stor
skala. I detta avhandlingsarbete utvecklades ett tryckbart gelelektrolytbläck som
baseras på poly(4-styrensulfonsyra) för att lösa denna begränsning, vilket gjorde
det möjligt att tillverka stora uppställningar av fler än 100 st. helt bläckstråleskrivna
komponenter kopplade i serie och parallellt för att kunna pålitligt kunna ladas
upp till 12 V. Utöver detta så framtogs ett andra elektrolytbläck som är baserat
på nanografenoxid, ett fasttillståndsmaterial med hög jonledningsförmåga, för att
kunna optimera komponenternas volymprestanda. Det resulterade i helt bläckstrålesskrivna mikrosuperkondensatorerna som hade en komponenttjocklek på drygt 1
µm, vilket gav en effekttäthet på 80 mW cm-3 .
Därefter undersöktes bläckstråleskrivning av grafen för ändamålet att tillverka
transparenta mikrosuperkondensatorer. Denna tillämpning begränsas typisk av
den så kallade kafferingseffekten, som orsakar mörka deponeringar på kanten
av torkade mönster och utarmar material från den inneslutande ytan. En teknik
som kombinerar bläckstråleskrivning och etsning utvecklades som tar bort de
mörka deponeringarna, vilket ger en uniform och tunn film av grafen med vertikala
sidoväggar. Detta resulterade i komponenter som hade en transmittans upp till
90%.

viii

sammanfattning

Slutligen mötes utmaningen med bläckstråleskrivning av grafen på olika substrat.
Även om bläckstråleskrivning vanligtvis betraktas som kompatibelt med med flera
substrat så är bläcktryckning på hydrofiliska och porösa substrat opålitligt, och
de flesta bläck (inklusive grafenbläck) kräver värmebehandling som kan skada
substrat som ej tål värmen. För att lösa problemet utvecklades en teknik som baseras
på bläckstråleskrivning och våt överföring för att lägga mikrosuperkondensatorer
på flera substrat, som inkluderar platta-, 3D-, och porösa-substrat, plaster och
biologiska (plantor och frukter) med ogynnsamma ytor.
Avhandlingens bidrag har potentialen att öka användningen av bläckstråleskrivna mikrosuperkondensatorer i tillämpningar som kräver skalbarhet och
upplösning (d.v.s. integration på chip), och i tillämpningar som kräver formbarhet
och mångsidighet (d.v.s. bärbar elektronik).
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1
Introduction
1.1

Printing emerging electronics

Printing technologies are a paradigm shift with a fundamentally different set
of priorities from conventional silicon technology, where the ultimate goal is to
integrate the largest number of transistors per area (as of 2017, the highest transistor
count in a processor is ~19.2 bln), at the cost of an extremely complicated process.
Hundreds of steps are usually involved in the production of a silicon IC chip, from
the preparation of wafers, to defining the transistors and interconnects by loops
of material deposition, lithography and etching, and finally packaging. The setup
and operating costs of any semiconductor foundry are so high that only companies
with production at the largest scale can be profitable, leaving only a handful of
semiconductor chip manufacturers in the market today.1
On the other hand, the goals of printing technologies are to decrease the cost
per area and to enable new applications by combining high-throughput production
processes of large area electronics and new functional materials.2 Because of these
merits, the prospect of printing electronic components, devices and circuits on
flexible substrates is a quickly developing trend that is advancing various fields
like wearables, flexible solar cells, robotics, health-monitoring and the Internet of
Things. The broad range of techniques, materials and features encompassed in
printing technologies is transforming the engineering of advanced materials and
devices, by turning computer aided design to complex and functional 2D or 3D
objects on demand.3
Printing is especially effective for the production of emerging devices with
various mechanical properties in unconventional form factors. For example, it
is used for the production of bioinspired origami-like structures which, because
self-shaping, enable biomedical devices with patient-specific shape requirements,
soft robots and collapsible displays.4,5 3D bioprinting is used to reorganize biological
1
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materials and living cells in 3D structures to replace tissue or organs for clinical
restoration.6 Printing technologies are also at the forefront in the field of smart
textiles and a variety of designs and devices have been printed, ranging from
stretchable light emitting fabrics that double as pressure sensors,7 to heating
textiles.8 Finally, a new cutting-edge application of printing technologies is 4D
printing, where 3D printed objects change shape once subjected to external stimuli
and can emulate plants by shape-morphing once immersed in water, forming
complex 3D structures.9
Today, the global market of printed electronics - inkjet, screen, gravure and
flexographic printing - is $31.7 billion and it is set to expand to $77.3 billion by
2029, with most of the market share held by printed displays, followed by flexible
sensors, conductive inks, OLED lighting, logic, batteries and photovoltaic cells.10
Although these figures are eclipsed by the revenue forecasts of the semiconductor
industry ($831 billion by 2024),11 they are nonetheless encouraging and key drivers
of research and innovation in this field.

1.2

The energy storage dilemma

Electrochemical energy storage devices are crucial in a number of applications like
automotive, consumer electronics, military operations, satellites, remote sensors and
renewable energy sources.12,13 As distributed energy resources - e.g. solar powered
homes part of a smart and distributed grid - become increasingly more viable
for commercial and residential use and electric vehicles are getting popular,13,14
the market opportunities for energy storage keep expanding. To this end, the top
priority for battery manufacturers is ramping the production up while pushing the
costs down - the main motivation behind the construction of Tesla’s Gigafactories15
and Northvolt’s Ett, a factory in construction in northern Sweden that will bring
the large-scale production of batteries to Europe.16
Among the various types of electrochemical energy storage devices, there is
always a trade-off between energy density (how much power they can store per
kg) and power density (how quickly they can deliver the energy). As shown in
Figure 1.1, the two are usually depicted in the form of Ragone plots, a typical figure
for benchmarking the various technologies. While batteries typically have high
energy densities, supercapacitors can typically deliver energy orders of magnitude
quicker, but only store it in small amounts. Thus, batteries and supercapacitors
have generally different purposes and applications,13 or they can be combined in
hybrid systems to take the advantages of both.
While the focus of research is to push the limit of these technologies towards the
upper-right area of the Ragone plot, in many cases high energy and power density
are not the only requirement. In emerging markets like printed electronics for
portable and wearable systems, compact form factors, light weight and long life are
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Figure 1.1: Typical gravimetric power and energy densities of electrochemical energy storage
devices. Based on ref.19

equally important.17 Moreover, the design of today’s batteries and supercapacitors
is hardly compatible with these applications, because they are conventionally
assembled in cylinders, prisms or coin cells that are bulky, rigid and not flexible.17
Printing technologies can solve this issue by producing thin, bendable and even
stretchable devices17 and are often compatible with highly performant 2D materials
like graphene.18

1.3

Aim of this thesis

The aim of this thesis is to explore and expand the use of the inkjet printing
technology for the fabrication of microsupercapacitors (MSCs) based on graphene.
The motivation behind the use of this technology is the cost effectiveness, versatility
and compatibility with various substrates and functional materials. Among these,
graphene is a top choice as an electrode material thanks to its record properties
and because it can be efficiently processed into an ink. Although inkjet printing
is arguably one of the most versatile printing techniques because it is non-contact
and provides direct patterning, it is far from being restriction-free. Overcoming
these issues could unquestionably extend its applications. To this end, four main
objectives were defined in this thesis, which also constitute its main contributions. To
complete the objectives, novel inks and/or fabrication techniques were developed,
and multiple devices (in some cases more than 100) were produced and fully
characterized. Each of the respective sections also includes detailed comparisons
with the literature, analysis of the performances against competing devices and
main novelties introduced in this work. The four research objectives are described
below.

4
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1. Improve the scalability of inkjet printing by producing fully-inkjet printed
MSCs. Because only part of these devices is typically printed and the
electrolyte usually requires manual assembly due to it being gel or liquid,
their large-scale integration (>10 devices) has never been performed. To
achieve this goal, a new printable and highly performing electrolyte ink based
on poly(4-styrene sulfonic) acid (PSSH) was developed. By printing the
electrodes with graphene ink and the electrolyte with the PSSH ink, fullyinkjet printed MSCs were produced both as single devices and connected
in series and parallel, forming large arrays of MSCs. The performance of
the MSCs scaled with the number of devices connected, indicating that this
printing technique is reliable and the sample-to-sample variation is small.
These contributions are described in Section 4.2 and in Paper I.
2. Optimize the volumetric performance of fully printed MSCs by producing ultrathin MSCs. Besides decreasing the overall scalability, gel or liquid
electrolytes do not allow precise control over the deposited film thickness.
Because of this, MSCs tend to have a much higher thickness than needed. To
solve this problem, a printable ink based on nano-graphene oxide was developed, which becomes solid-state after drying. The so-obtained fully printed
MSCs exhibited an overall thickness of only ~1 µm. By avoiding depositing
excess electrolyte, optimized volumetric power and energy densities could be
obtained. These contributions are described in Section 4.3 and in Paper II.
3. Enable the use of inkjet printing for the production of transparent
graphene-based MSCs. Inkjet printing notoriously suffers from a well-known
drawback called coffee-ring effect, which creates thick and dark peripheral
deposits of solute while the inner area of the print are depleted of solute.
In the case of transparent devices, where transparency is achieved by small
thickness, this effect is especially detrimental. This issue was addressed with
a technique based on inkjet printing and etching which removes the dark
deposits on the outside area and patterns a uniform interdigitated pattern
with straight side walls in the inner area. The final devices exhibited electrodes
with thickness down to 15 nm and transparency of 90%. These contributions
are described in Section 5.2 and Paper III.
4. Expand the substrate compatibility of inkjet printed graphene structures.
In spite of its versatility, inkjet printing is not compatible with certain surfaces,
like 3D, curved, porous and temperature susceptible substrates. To address
this issue, a technique combining inkjet printing with wet transfer of graphene
was developed. The technique allowed the production of MSCs on a multitude
of flat substrates like plastics, paper, wood, leather; 3D substrates like cubes,
cylinders and spheres; and biological like oranges and orchid leafs. These
contributions are described in Section 5.3 and Paper IV.
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The inkjet printing technology
2.1

Background

There are several printing technologies available for the fabrication of functional
devices, but the most common ones in the market and in research are inkjet, electrohydrodynamic inkjet (e-jet), transfer, gravure, flexographic and screen printing.
The nature of the interaction between printing equipment and substrate splits these
printing technologies into two main groups: contact and non-contact techniques.
Contact methods require a physical pressure between substrate and the printing
apparatus, while non-contact approaches work by dispensing the ink through
nozzles or openings.20 Contact printing techniques yield generally higher printing
throughput because they have good roll-to-roll (R2R) compatibility. Also, because
they typically make use of viscous inks, the printed patterns exhibit rectangular
cross-sections. On the other hand, non-contact methods are more versatile in many
aspects. For example, the substrate does not need to be conformal to the master and
mechanically sensitive or pre-patterned substrates are not damaged. Also, there
is no need to pre-design a mask so the pattern possibilities are limitless and they
involve small waste of material because it is deposited only where needed. Aside
from this distinction, since printing technologies rely on different patterning and
deposition mechanisms, each method has unique features, the most important being
resolution (minimum achievable line width), layer thickness range, throughput and
cross-sectional shape of the prints. Table 2.1 provides a comparison of the main
printing technologies employed in the market and in research, inkjet, electrohydrodynamic inkjet (e-jet), transfer, gravure, flexographic and screen printing. The
printing mechanism behind each is shown in Figure 2.1 and described below.2,21–23
Screen printing. Screen (or stencil) printing (Figure 2.1a) makes use of a squeegee
that pushes ink through a porous stencil with the ink penetrating the open areas of
the stencil and depositing onto the substrate. While the squeegee moves forward,
5
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Figure 2.1: Roll-to-roll (R2R) printing technologies: a) screen printing, b) flexographic
printing, c) offset printing and d) gravure printing.

the underlying area of the stencil momentarily touches the substrate, while the areas
in the back are progressively lifted revealing the patterned substrate underneath.
Screen printing makes use of thixotropic inks that, while highly viscous in the
resting stage, they become more fluid when shear stress is applied during the
pressing stage thus allowing the ink to pass through the stencil openings. The strict
ink requirements are the main limitation of this technique since materials with high
molecular weight and/or additives must be used for achieving a stable and viscous
ink.2 Screen printing can be adapted into a R2R process, in which case it is called
rotary screen printing and the stencil is cylindrical.
Flexographic printing. Flexographic printing (Figure 2.1b) makes use of four
rotating cylinders: fountain, anilox, soft plate and impression roller. The ink is
collected from a reservoir onto the fountain roller that transfers the ink onto the
anilox roller. The anilox roller is made of engraved cells which create a thin and
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Table 2.1: Comparison of the main features of various printing technologies.21–25

Noncontact

Contact

Printing Minimum Thickness
method width (µm) range (µm)

Cross Throughput
section
(m2 s-1 )

R2R

Ink
waste

Screen

30

5-100

<5

Yes

High

Flexo-

10

0.5-5

<50

Yes

High

Offset

10

<10

<80

Yes

High

Gravure

5

1

<50

Yes

High

Inkjet

10

0.01-10

<0.1

Yes/No

Low

E-jet

0.7

<10

<10-4

No

Low

uniform ink layer on its surface. Then, the ink is transferred onto a soft plate roller,
which holds onto its surface a photopolymer film containing the defined patterns.
Finally, the substrate is passed through the soft plate and the impression roller, and
the patterned ink is transferred onto its surface. Flexographic printing can achieve
resolutions of 10 µm, and the thickness of the printed films usually does not exceed
5 µm.
Offset printing. In offset printing (Figure 2.1c), the plate roller contains areas
that attract ink (the patterns to be printed) and areas that attract water or wax. A
dampening unit coats the plate roller with a water-based or wax-based film and,
once the ink is transferred, it will naturally deposit onto the remaining regions.
Then, the film is transferred onto a blanket roller and onto the substrate, which is
supported by the impression roller.23 Inks for offset printing must be highly viscous
and not miscible with the solution released by the dampening unit, making the ink
selection difficult.
Gravure printing. Gravure printing (Figure 2.1d) makes use of only two rollers.
The gravure roller is partially submerged in an ink reservoir and its surface contains
the features corresponding to the negative pattern to print. Then, excess ink is
removed from the roller with a squeegee. Finally, the substrate is passed between
the gravure roller and the impression roller to transfer the patterned image. Gravure
printing allows a resolution of 5 µm, variable thickness and printed area and good
substrate compatibility. However, the gravure apparatus is often expensive and
thus it is commonly used for high-volume production.23
Inkjet and electrohydrodynamic printing (e-jet). Inkjet printing allows dropping
ink onto the substrate directly and it is described in detail in Section 2.2. Because it
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is a non-contact printing technique, it is compatible with a broad range of substrates
and inks. It yields resolutions down to 10 µm, but its throughput is typically slower
than the other techniques. For this reason, methods for integrating inkjet printing
in a R2R process have been developed recently.26,27 E-jet printing is a variation of
inkjet printing, and it uses an electric field between nozzle and substrate to cause
the ink to flow towards the substrate, allowing resolutions down to 700 nm, the
highest among printing technologies.25

2.2

Overview

Inkjet printing is a printing method that creates patterns by ejecting ink droplets onto
a substrate. The drop-on-demand (DOD) nature of inkjet printing makes it a directpatterning, non-contact and maskless technique yielding many advantages over
competing printing technologies.28 The technique is compatible with a multitude
of functional materials (e.g. metallic nanoparticles, 2D materials and conductive
polymers) and substrates (e.g. plastics, glass, silicon, fabrics and paper). The only
restrictions are that the substrate should have compatible form factor (thin, flat
and the surface not larger than the maximum printing area), and not excessively
hydrophilic substrate surface to avoid spreading of ink. Finally, inkjet printing is
compatible with R2R processing26 with the potential of increasing the printing speed
and volume. Thanks to these features, inkjet printing has attracted considerable
research interest and it is on the verge of becoming a standard fabrication tool in a
number of applications,29 such as supercapacitors, batteries, thin-film transistors,30
OLEDs,31 displays and photovoltaic devices.30
Inkjet printing is most commonly based on the DOD mechanism, which entails
the deflection of a piezoelectric element. Once voltage is applied, the element
creates a local pressure in the microfluidic channel of the cartridge thus ejecting
the ink (Figure 2.2). The three stages of drop formation include:32 (1) filament
elongation - when the fluid is ejected from the nozzle forming a tail, (2) filament
recoiling - when the filament separates from the nozzle and the tail end accelerates
towards the head of the droplet and (3) single droplet formation - when the head
and tail trajectories merge.
Although the technique is versatile, the resolution is greatly affected by the
ejection conditions of the droplet and the printing parameters always need to be
tuned to the print head, ink rheology and substrate. The actuating waveform,
amplitude, frequency and cartridge temperature can be controlled during printing
and ultimately influence the shape, volume and speed of the ejected droplet. Also
the nozzle diameter plays an important role on the droplet size and it typically
ranges between 9 and 32 µm, generating droplets with volume between 1 and 20
pL. Once the droplet hits the substrate, it can spread on hydrophilic substrates,
while for hydrophobic substrates the diameter will remain mostly unchanged.33 By
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Figure 2.2: Jetting mechanism of piezoelectric drop-on-demand inkjet printing. a) Voltage
is decreased to zero to relax the piezoelectric element. The ink from the reservoir and the
meniscus are pulled into the chamber. b) High voltage is applied causing the deflection of the
piezoelectric element and the filament to elongate. c) The voltage is decreased causing the
ink to separate from the nozzle. d) The voltage is decreased again to bring the piezoelectric
element close to the relaxed position thus partially decompressing the channel.

following these guidelines and by using highly dispersable inks with particle sizes
smaller than the nozzle diameter, resolutions down to 10 µm can be obtained.
Another quality of inkjet printing is that it allows considerable control over
the thickness by adjusting the number of printing passes and the drop spacing
(distance between the centers of two adjacent droplets).34 Also, to improve the film
uniformity, the printed pattern can be dried and/or annealed in between passes
although this procedure increases the printing time significantly. Finally, one of
the biggest strengths of the inkjet printing technology is its low-cost. The DOD
deposition method does not require masks which would need to be changed with
each pattern, it involves low material waste since the thickness can be easily tailored,
the material is deposited only where needed and, if various materials need to be
deposited, only the cartridge needs to be replaced.

2.3

Drop-substrate interaction

During printing, the droplet approaches the surface with a velocity between 1 and
10 m s-1 and the initial spreading occurs as a result of dynamic processes mainly
depending on the drop velocity. After this initial phase, the kinetic energy of
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the drop is superseded by the surface energy producing a surface tension driven
oscillation and/or retraction and finally stabilizing to the drop equilibrium shape
set by the capillary forces.29,35
The surface energies of drop and substrate produce a contact angle between the
two and it can be used to estimate the final shape. A droplet on a hydrophilic surface
exhibits a low contact angle (<90°) yielding a high interfacial tension between solid
and liquid, in turn causing the liquid to spread on the surface of the substrate.
In addition to limiting the minimum achievable line width, the spreading of the
droplet reduces its reproducibility and integrability on pre-patterned substrates.
For example, the same nominal pattern printed on devices with steps and areas with
different hydrophilicities will result in potentially different final shapes. Finally,
the reproducibility and quality of the print is also affected by the roughness and
flatness of the substrate.

2.4

Ink properties

Although the fluid dynamics involved during printing are complex, the printability
of inks can be estimated by using the parameter Z, a dimensionless number
constituting the ratio between the Reynolds number (Re) and the Weber number
(W e), which express the balance between the inertial forces and viscous or capillary
forces in a liquid as shown in Equations (2.1) to (2.3).32
νap
η
2
ν ap
We =
γ
√
apγ
Re
Z=√
=
η
We
Re =

(2.1)
(2.2)
(2.3)

where ν is the drop velocity, a is the nozzle radius, p is the density, η is the dynamic
viscosity and γ is the surface tension of the fluid.
The range of Z corresponding to a printable fluid has been investigated and
refined by several groups29,32,36 but most reports agree on a value of Z between 1
and 10 as shown in Figure 2.3.
An excessively low Z indicates high viscosity of the fluid causing too much
dissipation of the pulse and preventing the droplet from being ejected. Conversely,
high Z values indicate the formation of satellite droplets (small drops following or
in close proximity to the primary drop) with potentially a different velocity and
thus reducing the quality of the print. Similarly, the W e number should have a
value higher than 4 because the drop should have sufficient velocity to overcome
the fluid/air surface tension at the nozzle.29 Finally, high Re or W e values should
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Figure 2.3: Range of Z corresponding to printable ink for inkjet printing and common issues
when the Z of the ink is out of range. Based on ref.35

also be avoided as they could cause splashing of the drop on the substrate due to a
too high drop velocity.
The properties of the fluid included in the Re and W e numbers such as surface
tension and viscosity must be tailored carefully during ink formulation. While the
surface tension needs to be high enough to prevent uncontrolled dripping of the ink
through the nozzle, excessively high viscosity blocks the channel from being refilled
with liquid in a suitable time during jetting. The guidelines for these parameters
are usually given by the manufacturer of the inkjet printing setup and could vary
slightly. Nonetheless, by in-situ monitoring the drop formation and adjusting
certain printing parameters (e.g. actuating waveform, amplitude, frequency and
cartridge temperature), non-optimal surface tension and viscosity can be corrected.
Volatility and solute particle size are other crucial ink properties to consider. A
low boiling point of the solvent(s) could dry easily in the microfluidic channels of
the inkjet cartridge and the solute particle size should be considerably smaller than
the nozzle size to decrease the chances of nozzle clogging.

2.5

Limitations of inkjet printing

Some key shortcomings limit the use of inkjet printing, as listed below.

2.5.1

Coffee-ring effect

This effect takes place when a drying drop of liquid containing a solute forms a
ring-like deposit and a depleted inner area. It is detrimental to the properties and
reliability of devices produced by inkjet printing and the uneven surface could
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potentially lead to loss of control of e.g. dielectric thickness and channel length in
printed transistors37 or could cause a decrease in conductivity of the printed films.38
The coffee-ring effect occurs when the contact line is pinned to its initial position
(as is usually the case), meaning that the droplet cannot spread nor shrink. Thus,
the solvent at the edge of the drop lost by evaporation needs to be compensated
by solvent drawn from the inner region, creating an outward flow of liquid which
carries the dispersed particles.39 The coffee-ring effect is likely to occur in colloids
with these features: low viscosity, spherical shape of the dispersed particles, drop
sizes >10 µm (and particle size of ~100 nm) and high particle concentration.40,41
Admittedly, inks for inkjet printing should be designed with more or less the same
guidelines to be jettable and efficient, resulting in a substantial conflict. In other
words, good inks are more likely to be affected by the coffee-ring effect.
Different approaches have been found to mitigate the coffee-ring effect in inkjet
printed patterns. The most practical method is exploiting Marangoni flows circulating flows of solvent which counteract the outward flow.42 Because the
Marangoni flows are driven by surface-tension gradients in the droplet, the use of a
mixture of solvents in the ink formulation has shown good promise in limiting the
coffee-ring effect and creating patterns with uniform thickness.43 Other methods
include introducing additives which increase the evaporation rate of the ink44 ,
introducing surfactants45 or by controlling the drying conditions. Although the
coffee-ring effect is usually undesirable in inkjet printing, it has been shown that the
effect could be exploited for inkjet printing of lithography masks,46 high-resolution
(5 to 10 µm) conductive lines47 and transparent conductive films.48,49 Paper III in
this thesis describes an alternative method for the constructive use of the coffee-ring
effect.50

2.5.2

Post-printing curing and annealing

Most printed functional materials are not conductive immediately after printing
so a post-processing step is required. In the case of metal nanoparticle inks and
carbon-based inks (graphene and carbon nanotubes), thermal curing and annealing
methods are common to achieve nanoparticle coalescence and to remove the
stabilizers, but they are usually performed at >200 °C for at least 30 min. The
downside of these methods is that they require temperatures higher than the glass
transition temperature of most polymer substrates - like polyethylene terephthalate
(PET), polyethylene (PE), poly(methyl methacrylate) (PMMA) - and irreversibly
damage paper substrates, limiting inkjet printing to rigid substrates like glass
and silicon wafers, or expensive polymer substrates with high glass transition
temperature like polyimide (Kapton).27 However, in an effort to limit thermal
degradation of the printed sample, UV or photo-curing techniques emerged. They
are faster and allow roll-to-roll inkjet printing but they can still somewhat affect the
surface of the substrate, require extra equipment and have lower ink and substrate
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compatibility.26,27,51

2.6

Functional materials for inkjet printing

The versatility of the inkjet printing technology makes it compatible with a number
of materials, selected based on their specific properties like electrical conductivity,
insulating or dielectric properties, semiconductivity and electroluminescence.52,53
Metal nanoparticle inks. Metal nanoparticle (NP) inks are suspensions of metallic
nanoparticles (with diameter 10-100 nm) enclosed by stabilizers and are commonly
used for printing conductive tracks thanks to their low resistivity. Although
platinum, gold, copper and silver nanoparticles are all typical in inkjet printing,
the latter exhibit high conductivities (approaching that of bulk silver, ~6.3 x 105
S cm-1 ), low oxidation rates, good stability and low production cost. Thus, they
are the most commonly used and commercially available.54 Metal NP inks can
be dispersed easily in a range of aqueous or organic solvents (e.g. ethyl acetate,
glycerol, ethanol and acetone) with solid content up to 40 wt%. The as-printed
metal NP inks are not conductive - due to the stabilizers, leftover solvent and poorly
coalesced NPs - so typically a thermal sintering step at temperatures >200 °C is
required to enhance their conductivity.54,55 Alternative sintering methods include
laser-induced sintering, photonic sintering and microwave oven sintering, with
advantages like faster speeds and milder substrate degradation. Metal NP inks are
typically used for producing low-voltage and flexible circuits in applications like
RFID, thin film photovoltaic cells, membrane touch switches and touch screens.55
Conductive polymers. Conductive polymers are intrinsically conductive thanks
to: (1) the presence of localized π-bonds in their structure (originating from
double bonds) containing mobile electrons along the carbon chain or (2) the
doping mechanism, which generates delocalized charge carriers along the polymer
chain.56 Conductive polymers boast tailored conductivities (although generally
lower than metal NP inks), low-cost, simple processing, biocompatibility, flexibility
and interesting optical properties (e.g. transparency or electroluminescence), so are
widely used in various applications like organic LEDs, energy storage, solar panels,
chemical and bio-sensors.52,57,58 Common conductive polymers for inkjet printing
include PEDOT:PSS, polyaniline (PANI), polypyrrole (PPY) and polyacetylene.
2D materials. Two-dimensional (2D) materials have a sheet-like structure and
include graphene and graphene-like materials, transition metal dichalcogenides
(TMDs), black phosphorous, MXenes, perovskites and hexagonal boron nitride
(hBN), among others.59 The thickness of at most few atomic layers and the lateral
dimensions of few micrometers give these materials unique electrical, physical and
optical properties and vary widely depending on their chemical composition. For
example, TMDs exhibit tunable bandgaps with a broad range of electronic properties
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from metallic to semiconducting, often exhibiting transitions from indirect to direct
bandgaps. Conversely, hBN is an insulator free of dangling bonds and is an excellent
substrate material or encapsulation layer.59,60 Finally, graphene has exceptional
electrical and thermal conductivity and certain MXenes (e.g. Ti3 C2 TX ) allow for fast
ion intercalation yielding high power densities in energy storage devices.61
Carbon materials. Carbon-based inks include dispersions of carbon materials with
nano- or micro-dimensions in an organic solvent and include graphene (also a 2D
material, as described in Section 2.7) and derivatives, carbon nanotubes, fullerenes
and activated carbon.62,63 Carbon materials have a wide range of properties depending on the allotropic form, but they commonly possess high specific surface area,
good thermal and/or electrical conductivities, good mechanical strength/flexibility
and they are chemically inert. They have a multitude of applications, including energy storage (batteries and supercapacitors), thin-film transistors, chemical sensors,
membranes and wearable electronics. In particular, the optical and electrical properties of graphene make it an ideal material for microsystems, thin-film transistors,
transparent and conductive films, photonics and is the main material employed in
this thesis. The properties and production methods of graphene are explained in
Section 2.7.

2.7
2.7.1

Graphene
Overview

Since its discovery in 2004, graphene has sparked considerable research interest
thanks to the striking properties originating from its two dimensional structure.64
Graphene is a single atomic layer of carbon atoms held by covalent bonds and, as
such, it is the strongest and thinnest material known, and the record properties
that the material boasts are many.64,65 It has a theoretical carrier mobility at room
temperature as high as 2.5 x 105 cm2 V-1 s-1 , high specific surface area of ~2630
m2 g-1 , thermal conductivity as high as 5300 W m-1 K-1 , it is impermeable to
gases, it can withstand current densities of up to 108 A cm-2 without suffering
damage,66 it is elastic and transparent. With this amount of record-breaking
properties, it is not surprising that graphene has been proved useful in a myriad of
applications, including electronics (transistors, digital non-volatile memories, high
frequency electronics), spintronics, photonics and optoelectronics (photodetectors,
saturable absorbers), sensors, energy storage and energy conversion (batteries,
supercapacitors, fuel cells, solar cells), biomedical and flexible electronics.64 Notably,
graphene can also be functionalized to reach an entirely different set of properties.
For example, the functionalization with organic functional groups containing
oxygen increases its dispersibility, provides a hydrophilic character and it increases
the chemical reactivity of graphene.67 Similarly, doping graphene - by substituting
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carbon atoms with nitrogen or boron atoms - allows tailoring its band gap and
electrical properties, while combining graphene with metal oxides make it a suitable
electrode material for Li-ion batteries.67
Although the term graphene is commonly associated with defect-free and
flat monolayers with large lateral dimensions, graphene can assemble in various
macroscopic structures,18 like quantum dots (0D), wires (1D), films (2D) and 3D
frameworks. These forms of graphene along with their production methods yield
unique electrical and mechanical properties and thus must be carefully selected
according to their final application. Bottom-up methods like epitaxial growth on SiC,
chemical vapour deposition (CVD) and chemical synthesis from organic precursors
- have limited scalability and high production costs, making them only suitable for
applications in fundamental research.68 Because most practical applications require
the ability to produce graphene in high volumes, top-down methods for the bulk
production of graphene are commonly employed and are mainly based either on the
liquid-phase exfoliation (LPE) of graphite or on the reduction of exfoliated graphene
oxide.68 The exfoliated graphene (EG) obtained with these methods appears in
the form of graphene flakes (or nanoplatelets) which are particularly attractive for
energy storage applications like supercapacitors.18 They can assemble into thin films
constituted of percolating paths, with good electrical and thermal conductivity,
flexibility, mechanical strength and transparency, depending on the thickness of the
film and the quality of the flakes.18 Additionally, if used as electrode material, they
can also be vertically aligned or protruding towards the electrolyte thus yielding
better ion accessibility and better electrochemical performance.68 Finally, graphene
flakes are also compatible with printing methods and thus can be deposited into a
number of various shapes and patterns to create devices with arbitrary designs.30,43
Because of the advantages outlined above, graphene flakes obtained by liquid
phase exfoliation of graphite are used in this thesis. The details of the production
method are explained in the following section.

2.7.2

Liquid-phase exfoliation (LPE) of graphite

In this thesis, the exfoliated graphene inks were obtained from LPE of graphite.
Solution processing is a reliable, low-cost, scalable and high volume method that
is compatible with industrial methods for the fabrication of electrodes for energy
storage devices.18 The final product, however, is fundamentally different from
graphene synthesized with bottom-up methods because of the sub-micrometer
dimensions of the flakes, presence of defects and the electronic conductivity limited
by flake-to-flake contacts or by oxygenation.18,69,70 Accordingly, rather than for highperformance electronics, exfoliated graphene is better suited for energy storage,
coatings, composite materials, transparent conductive layers and inks.71 .
Liquid-phase exfoliation of graphite consists in exposing the solute (graphite)
to a solvent with a surface energy matching that of graphene, resulting in small
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Figure 2.4: Methods for the liquid-phase exfoliation (LPE) of graphite used in this thesis:
a-b) ultrasonication-assisted LPE and c-d) electrochemical LPE. c) Graphite and a platinum
electrode are submerged in an aqueous salt solution and a voltage of 10 V is applied.
The weakly bonded graphite sheets are separated due to vigorous gas evolution. c) The
electrochemical LPE is complete when the graphite electrode is completely exfoliated.

enthalpy of mixing and thus a low energetic cost of exfoliation, as shown in
Equation (2.4).72
∆Hmix
2
2
≈
(δgraphite − δsolvent ) φgraphene
Vmix
Tf lake

(2.4)

where ∆Hmix is the enthalpy of mixing, Vmix is the volume of the mixture, Tf lake
is the thickness of the graphene flake, δgraphite is the surface energy of graphite,
δsolvent is the surface energy of the solvent and φgraphene is the volume fraction of
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graphene. Accordingly, solvents with surface energies close to graphite (55-90 mJ
m-2 ) are more likely to overcome the Van der Waals forces binding together the
sheets in graphite, such as dimethylformamide (DMF), N-Methyl-2-pyrrolidinone
(NMP), dimethyl sulfoxide (DMSO) and others.72
Practically, however, the exfoliation process has low efficiency and yield, so an external force is commonly applied in the form of ultrasonication.72 The ultrasonicationassisted LPE of graphite (also called direct exfoliation) was used for producing the
graphene inks in Paper III (Section 5.2). As shown in Figure 2.4a and Figure 2.4b,
graphite powder is dispersed in DMF and treated with bath sonication. During this
simple process, the ultrasonic waves break down and separate the graphite sheets
by cavitation, yielding few-layer graphene flakes with lateral dimensions typically
<1 µm.69 Unfortunately, this process yields low concentrations of graphene flakes
(<0.1 mg ml-1 ) and it is time consuming (40 h),43 so a two-step electrochemical
LPE method was adopted in the remaining papers (Papers I, II and IV, respectively
Sections 4.2, 4.3 and 5.3).
This electrochemical LPE method is shown in Figure 2.4c and Figure 2.4d and
is based on the electrochemical exfoliation of a graphite sheet, with the latter as
the positive electrode and a platinum mesh as the negative electrode.73 The two
electrodes are submerged in a salt solution of (NH4 )2 SO4 in water. The exfoliation
begins when a voltage of 10 V is applied between the two terminals. During this
process (40 min), oxidation occurs at the edges and grain boundaries causing an
expansion of the graphite sheets and promoting the intercalation of the SO4 2- sulfate
ions. Then, the reduction of these ions and the oxidation of water generates SO2
and O2 species, causing a vigorous gas evolution that separates the weakly bonded
graphite sheets.73 Finally, after collecting and redispersing the graphite flakes in
DMF, the secondary exfoliation takes place assisted by ultrasonication. During this
final step, the graphite flakes are broken down and separated to yield graphene
flakes. The advantages of this method are the high yield (a concentration of ~2 mg
ml-1 can be obtained), the short processing time (~1 h) and the low oxygen content
in the final graphene flakes (with a C/O ratio of up to 17).
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3
Supercapacitors
3.1

Background

The use of capacitors as energy storage devices actually antecedes Volta’s pile and
originates in the mid 1700s with the invention of the Leyden jar.74 The device,
consisting of a glass jar with an acidic aqueous solution contacted by an inner
electrode and with a thin metal foil wrapped around it, could produce a strong
electrical discharge after being charged with an electrostatic generator.19
Modern capacitors vary widely and are classified mainly by the materials used
and by their physical form, with specific characteristics and applications for each
type. The three large groups of capacitors are electrolytic, nonelectrolytic, and
supercapacitors (SCs, also called electrochemical capacitors or ultracapacitors).19 Of
the three groups, SCs have the highest energy densities and capacitances, bridging
the gap between capacitors and batteries. In fact, while Li-ion batteries suffer from
slow power delivery and uptake, SCs can be fully charged or discharged in seconds
resulting in power densities higher by several orders of magnitude.75 They also
have the edge in terms of cycling stability: SCs can be charged and discharged over
106 times while batteries typically maintain capacity for only ~1000 cycles. Today,
SCs find applications as stand-alone energy storage devices or in combination with
batteries in a hybrid system (SCs have lower energy densities than batteries).
Thanks to their advantages over competing electrochemical energy storage
systems, SCs have attracted significant research interest over the last decade and
great efforts have been made to increase their capacitance and energy density. In this
respect, research is geared towards producing new nanosized or nanostructured
electrode materials which could increase surface area and shorten diffusion paths,
increasing cell voltage by producing asymmetric SCs,76 developing electrolytes
with high ionic conductivities and/or large voltage window77 and miniaturized
form factors.78
19
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3.2

Mechanisms and materials of supercapacitors

SCs are divided into three types depending on their energy storage mechanism:
electrical double layer capacitors (EDLCs), pseudocapacitors and hybrid supercapacitors.

3.2.1

Electrical double layer capacitors

Electrical double layer capacitors (EDLCs) are the most common type of SCs
and store energy by means of charge separation. Although other conventional
capacitors also work electrostatically, EDLCs can achieve significantly greater energy
densities because the charge separation takes place across a small distance of atomic
dimensions.79 The electrostatic nature of the energy storage mechanism produces
highly reversible and rapid storage/release of energy thus increasing the power
density and cyclic capability of EDLCs as compared to other types of SCs. The
charge separation structure, known as electrical double layer (EDL), occurs at the
electrode-electrolyte interface and is modelled as two separate layers: the inner
Stern layer, where ions are strongly adsorbed onto the electrode with opposite
charge, and the diffuse layer, where the ion concentration is driven by thermal
motion and follows a Boltzmann distribution.80 In this model (Figure 3.1a), the
ions have strong ion-dipole interactions with the solvent molecules and thus retain
their solvation shells. As a result, the overall double layer capacitance of a single
electrode comprises two components in series, the double-layer capacitance and the
diffuse region capacitance. When the EDLC is charged (Figure 3.1b), the cations in
the electrolyte flow towards the negative electrode and the anions flow towards the
positive electrode, forming an EDL on both sides. During discharge (Figure 3.1c)
the electrons flow from the negative electrode to the positive electrode and the ions
get mixed in the electrolyte solution again. Besides the electrodes and electrolyte,
SC cells also comprise highly conductive metallic current collectors on both sides,
each connecting one electrode with the external circuit, and the separator, a porous
membrane preventing the electrodes from touching.
In addition to the thin dielectric (thickness of the EDL), also the high porosity of
the electrodes contributes in increasing the EDLC’s capacitance and energy density,
by providing an extended specific surface area (SSA) to store larger amounts of
charge. In general, the properties desirable for EDLC electrode materials are:79 high
conductivity, large SSA, high temperature stability, scalability of synthesis, inertness
to uncontrolled reactions with the electrolyte, highly controlled pore structure
and low cost. Because typically carbon materials exhibit these features, they are
extensively used as electrode materials for EDLCs.79,81 Moreover, it is fairly easy
to modify the carbon precursor (char) into high surface area carbons through the
activation process, yielding activated carbon which constitutes the most common
electrode material for commercial EDLCs. Nonetheless, commercial activated
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Figure 3.1: The electrical double layer (EDL) and mechanism of an electrical double layer
capacitor (EDLC). a) EDL model showing the Stern layer and the Diffuse layer. b) Charging
and c) discharging of the EDLC.

carbon suffers from high resistance to ionic diffusion and limited volumetric and
gravimetric capacitance. Nanostructured carbons have potential to improve these
figures of merit and they attracted vast research interest for EDLC applications
in the last decade. These materials include carbon nanotubes, graphene and its
derivatives and possess unique and improved properties like remarkable SSA and
higher electronic conductivity yielding high performance electrodes.

3.2.2

Pseudocapacitors

Pseudocapacitors (PSCs) store energy through fast and reversible electron-transfer
processes at the electrode surface.80 The energy storage mechanism of these reactions
is called pseudocapacitance because, although they exhibit a capacitive behavior
(the stored charge has linear dependence with the potential window width), the
charge storage originates from electron-transfer mechanisms. These processes
(reversible adsorption, redox reactions of transition metal oxides and reversible
doping)82 are Faradaic in origin, thus involving the passage of charge across the
double layer similarly to batteries.19,74,83 However, in contrast with the mechanism
of batteries which is diffusion controlled, the kinetics of PSCs are limited by a
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surface-related process.80
The electrode materials for PSCs can be very diverse but most are either
metal oxides/hydroxides (RuO2 , MnO2 , Co3 O4 , NiO and V2 O5 ) or conducting
polymers (polyaniline, polypyrrole and polythiophene). In general, metal oxides
yield exceptional capacitances, but they have shortcomings depending on the
material: RuO2 has a very high cost, while MnO2 , NiO2 and V2 O5 suffer from
poor conductivity and/or cyclic stability. On the other hand, conductive polymers
generate capacitance by redox reactions. During oxidation ions in the backbone
of the polymer are released into the electrolyte. This mechanism involves ions
from the surface as well as bulk of the electrode and it does not cause any phase
changes, so they can yield high capacitances with a reversible process. Unfortunately,
because swelling and shrinking occurs during charging and discharging, conductive
polymers suffer from low cyclic stability.82
Generally, PSCs can yield 10 to 100 times higher capacitances than EDLCs, but
they usually suffer from lower power density and cycle stability.

3.2.3

Hybrid supercapacitors

Hybrid SCs are a strategy to exploit the advantages of both EDLCs (high power
density and long cycle stability) and PSCs (high capacitance and energy density).
They are made up of an asymmetric electrode configuration with one electrode
consisting of an electrostatic carbon material and the other electrode consisting of
a pseudocapacitive material.82 In hybrid SCs the EDL and faradaic mechanisms
occur simultaneously yielding a larger potential window and thus improved
electrochemical performance. As a result, the energy and power densities of hybrid
SCs can be better than EDLCs or PSCs.

3.3

Electrochemical characterization methods

To extract the main figures of merit of SCs like capacitance, energy and power density,
cyclic stability and equivalent series resistance, electrochemical characterization
techniques are used. These techniques will be used to characterize the SCs in
Chapters 4 and 5 in this thesis and mainly include cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy
(EIS). Each of these techniques provide a unique set of information on the behavior
of all the components of the SCs and are explained in this section.
In this thesis, a two-terminal configuration is used for all these measurements,
where the counter electrode (CE) and the reference electrode (RE) are shorted.
The instrument used for these measurements is a potentiostat/galvanostat/zero
resistance ammeter Interface 1010E (Gamry Instruments Inc., Warminster PA, USA)
in two modes: (1) potentiostat where the instrument controls the voltage between
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working electrode (WE) and RE and (2) galvanostat where a constant current level
is kept through the cell and changes in potential are measured.

3.3.1

Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most widely used characterization techniques
of SCs because it provides comprehensive information on the reactions and kinetics
occurring in the electrochemical cell. With this technique, a linear voltage ramp
within a potential window is applied to the cell and the current is measured.
While CV provides quantitative information as capacitance can be extracted
from these curves, it also allows studying the reactions that take place (e.g. faradaic
or electrostatic), and determining the voltage window of the cell. Because the
voltage ramp is applied with a certain scan rate (in mV s-1 or V s-1 ) and generally
charge storage becomes less efficient with increasing scan rate, a kinetic analysis
can also be performed by using various scan rates.19
In Figure 3.2 are shown some examples19,74,84,85 of CV curves for each type of
SC. Since EDLCs (Figure 3.2a) work by means of a capacitive electrostatic behavior,
ideally they withhold a constant current level independent of the potential. An ideal
EDLC exhibits a rectangular CV curve with an instant current response to potential
reversion but, in practice, internal resistances and fast scan rates degrade the CV
response. The CV behavior of PSCs (Figure 3.2b) is very useful for determining
the reactions controlling the energy storage mechanism. For example, reverse
redox processes of conductive polymers are clearly visible as mild peaks that are
symmetric about the x-axis. On the other hand, battery-like devices (Figure 3.2c) rely
entirely on faradaic processes yielding intense, clearly separated and non-symmetric
oxidation and reduction peaks.85
The areal capacitance of SCs is proportional to the area between the charging
and discharging curves and can be extracted with Equation (3.1).
R ∆V
CA,CV =

0

(IC − ID ) dV
2Aν∆V

(3.1)

where IC and ID are the charging and discharging currents respectively, ∆V is the
voltage window, ν is the scan rate and A is the geometrical area of the electrodes.
Importantly, the energy density (Ed ) and power density (Pd ) can be calculated
from the capacitances extracted from cyclic voltammetry with Equation (3.2) and
Equation (3.3).

Ed =

1 CA,CV ∆V 2
2
δ
Ed
Pd =
t

(3.2)
(3.3)
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Figure 3.2: Typical cyclic voltammetry (CV) curves of a) electrical double layer capacitors
(EDLCs), b) pseudocapacitors (PSCs) and c) devices with battery-like behavior.

where CA,CV is the areal capacitance of the device, δ is the thickness of the device,
∆V is the voltage window and t is the discharging time (∆V /ν).

3.3.2

Galvanostatic charge-discharge (GCD)

Galvanostatic charge-discharge (GCD) measurements are performed by charging
the SC with a constant positive current and measuring the voltage. Once the
potential reaches the upper limit of the potential window, the current is reversed
and the device is discharged with an equal but negative current until the lower
limit is reached. Figure 3.3 shows examples74,84,85 of GCD curves of different types
of SCs. Like previously, ideal EDLCs (Figure 3.3a) exhibit symmetrical behavior
between charging and discharging, producing triangular shapes that are indicative
of an efficient and capacitive energy storage mechanism.85,86 On the other hand,
battery-like devices (Figure 3.3c) do not produce a linear discharging behavior,
with plateaus corresponding to the reduction processes occurring during discharge.
The intermediate behavior of PSCs (Figure 3.3b) is indicative of a pseudocapacitive
mechanism. When the device shifts from charging to discharging, an instantaneous
voltage drop often occurs, called IR drop. It is due to the internal resistance of the
SC and it can limit the power density of the device.
As with CV measurements, the areal capacitance of the SC is proportional to
the discharging time and is extracted with Equation (3.4).

CA,GCD =

| ID | ∆t
A∆V

(3.4)

where ID is the discharging current, ∆t is the discharging time, ∆V is the potential
window and A is the area of the electrodes.
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Figure 3.3: Typical galvanostatic charge-discharge (GCD) curves of a) electrical double layer
capacitors (EDLCs), b) pseudocapacitors (PSCs) and c) devices with battery-like behavior.

GCD cycling can also be used for measuring the cyclic stability of the device,
where the SC is typically charged and discharged more than 1000 times and the
capacitance of each cycle is extracted. Finally, by comparing the capacitance of the
last cycle with the first, the capacitance retention can be found.

3.3.3

Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is another common technique for the
electrochemical characterization of SCs. It allows building an impedance model of
the electrochemical processes in the cell and it is performed by applying a sinusoidal
voltage and measuring the current response. By sweeping this potential from high
frequencies (~1 MHz) to low frequencies (~mHz), the impedance behavior of the
system can be observed and plotted in a Nyquist plot (Figure 3.4a) and a Bode plot
(Figure 3.4b).
The high-frequency region exhibits a semi-circle indicating the resistance of
charge-transfer processes at the electrode/electrolyte interface, the initial barrier
for the electrochemical reactions to start taking place. This region is also useful for
determining the equivalent series resistance (ESR) of the cell, corresponding to the
intercept between the semi-circle and the real impedance axis in the mid-frequency
region of the Nyquist plot.87 While the mid-frequency region often contains a
Warburg element with a phase angle of ~45° that relates to solid-state diffusion
processes, the curve becomes gradually vertical, thus with a phase angle close to 90°.
The low-frequency region shows the slow diffusion processes and it is associated
with the capacitive behavior of the device.88,89
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Figure 3.4: Electrochemical impedance spectroscopy (EIS) of supercapacitors. a) Typical
Nyquist plot showing the regions at different frequencies and b) its corresponding Bode plot.

3.4

Microsupercapacitors

Conventionally, SCs are produced by stacking their components in a vertical
structure17 and, depending on the application, the stack is then packaged in a
prismatic pouch or wound in a cylindrical aluminum canister.19 Besides avoiding
short circuits, the packaging has the main role of containing the liquid electrolyte
(usually organic or aqueous) and preventing spills. Although the cylindrical or
pouch cell designs benefit the performance and ESR because large electrodes can be
wound in a small volume, they are nonetheless bulky, lack mechanical flexibility
and the integration with electronic circuits is difficult.17 The bulky form factors of
today’s supercapacitors (and batteries for that matter) constitute a stark contrast
with the miniaturization trends of electronics simply because energy storage devices
cannot progress at the same rate. The main issue is that the power and energy held
by a SC or battery scales down with volume.
Considering the development of miniaturized and disruptive electronics - such
as wearables, micro-electromechanical systems, Internet of Things, bioelectronics
and epidermal electronics - microscale and flexible power systems have attracted
considerable research interest to ensure their energetic autonomy.17,78,90,91 Microsupercapacitors (MSCs) - supercapacitors with at least one dimension in the microscale
that are based on an interdigitated and planar structure - have potential in these
technologies because they combine high power density and long cycle life in a
planar and compact form factor.92 Because the electrodes lay on one plane and are
naturally separated, the separator is not needed contributing to the thinness of the
device. In MSCs, the ion transport occurs along the basal plane and, thanks to the
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narrow gap in-between the fingers in the range of tens to hundreds of µm, the ion
migration distance is short.
The performance of MSCs is more controllable than in their stacked counterparts
and can be improved in a number of ways: (1) the ESR can be decreased by narrowing
the finger gap; (2) the charge storage can be improved by increasing the electrode
thickness without affecting the ion diffusion length (as is the case for stacked
supercapacitors) because the current runs perpendicularly to the basal plane93 and
(3) the MSCs can be arbitrarily connected in series or parallel to improve their
voltage window or capacitance.94

3.4.1

Microsupercapacitor fabrication techniques

A number of techniques has been proposed in the literature for the fabrication
of MSCs.95,96 Microfabrication technologies like photolithography/etching97 are
widely used with advantages such as high resolution, scalability and reproducibility.
On the downside, however, the materials of MSCs are rarely clean-room grade and
vacuum-compatible. Electrodes are often powders or might contain volatile binders,
separators are made of paper membranes, and flexible substrates are often plastics
so they are likely not suitable for microprocessing. Laser-writing techniques are
a viable alternative and they consist in patterning and/or chemically converting
the material in-situ (e.g. reduction of graphene oxide to graphene or conversion of
polymer into graphene network) to turn it into an active MSC material.98,99 These
techniques are more versatile and compatible with carbon materials but they still
lead to significant material waste as the target material is first deposited throughout
the substrate and then ablated. Also, their implementation on flexible substrates is
difficult since they could be easily damaged by the laser.
Conversely, printing technologies like screen, gravure and printing, present
several advantages in terms of low-cost, versatility, high-throughput, scalability and
compatibility with various substrates and materials. Remarkably, they are often
compatible with roll-to-roll processes which enables faster printing speeds and large
printing volumes thus driving the cost per device down.100,101 Nonetheless, these
techniques still require a prepatterned mask thus hampering substrate compatibility
and the versatility of form factors.17
In this regard, inkjet printing is a promising alternative because it allows direct
drop-on-demand patterning, large-area deposition and is also compatible with
roll-to-roll processing.26 Particularly powerful for the production of MSCs are the
non-contact nature of the technique, the high resolution and the accurate thickness
control thanks to its ability to add functional materials layer-by-layer.28,30,102
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3.4.2

Applications

Microsupercapacitors are still in their infancy and a number of challenges must
be overcome before these devices can reach the market.95 Although MSCs exhibit
high power density and long cycle life, at present their energy capabilities and
capacitances lack behind stacked SCs.92 Because the energy delivered is dependent
on the size of the device,78 their use as stand-alone energy storage devices for
powering miniaturized electronics is difficult.
However, they can still be used in conjunction with microbatteries or energy
harvesting systems like nanogenerators or solar cells. These solutions include selfpowered wireless sensors, MEMS and RFID tags that can compensate the relatively
low energy density of MSCs while taking advantage of their power density.78
Generally, improving the performance without increasing the footprint area
(usually in the order of several mm2 ) is crucial before a real-world application
of MSCs could be envisioned. Among the suggested solutions, MSCs with a 3D
architecture (e.g. arrays of interdigitated cylindrical electrodes) have potential and
can yield increased energy density and decreased ion diffusion length in a limited
form factor.78,103
Note that these uses of MSCs deviate significantly from today’s commercial
applications of conventional SCs which, by contrast, are used as back-up energy
sources, for load levelling in the power grid and in the automotive industry (e.g.
autoregenerative braking systems and start-stop systems).19

chapter

4
Fully inkjet printed
microsupercapacitors
In this chapter, the fabrication of microsupercapacitors (MSCs) entirely based on
inkjet printing will be presented. After describing the background and motivation
of the technique, the experimental details will be provided along with the main
results. Finally, the main advantages of the so-obtained devices compared to the
literature will be outlined. The contents of this chapter are included in detail in
Paper I and Paper II.

4.1

Background

The miniaturization of portable and wearable electronics is driving the development
of novel energy storage devices with microscale dimensions.78,95 As shown in
Section 3.4, MSCs are a compelling solution as they combine high power densities
and long cycle life in a planar and compact form factor, with footprint areas well
below 1 cm2 . Among electrode materials for MSCs, graphene received great interest
thanks to its large specific surface area, high in-plane conductivity and electrical
stability. In the literature, a number of techniques has been proposed for the
fabrication of graphene-based MSCs including photolithography/etching, laser
writing, electrochemical deposition, and spray coating as well as several printing
techniques.104 Although these methods are a significant improvement compared to
others entirely relying on manual assembly, they are still limited to the fabrication
of current collectors and electrodes. The electrolyte, on the other hand, is usually
not compatible with many of these techniques because it is liquid or gel, so the
fabricated device is usually submerged in the electrolyte as a final step (e.g. by
drop-casting the electrolyte or by using an electrochemical cell), leading to a number
of shortcomings.
29
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First, the overall scalability of the final device is severely reduced. It is difficult
to connect arbitrarily a large number of MSCs in series/parallel - one of the main
advantages of MSCs over SCs - to increase capacitance or make the voltage window
larger. Also the integration of MSCs with underlying circuits is affected since
human error or spreading of the electrolyte could cause short circuits. Because the
fabrication of MSCs relies partially on manual assembly, large scale integration of
MSCs has not been realized and only the connection of at most 10 devices has been
attempted.94,98,105,106 Second, the liquid electrolyte increases the bulkiness of the
MSC because it requires packaging to prevent spills.107 As an alternative, solid-state
electrolytes emerged because they can be self-contained and are commonly based on
polyvinyl alcohol (e.g. PVA/H3 PO4 , PVA/H2 SO4 ). They can be deposited directly
on top of the electrodes but the thickness and deposition footprint still cannot be
controlled accurately.
The issues outlined above prompted the development of fully printed MSCs in
this chapter. The devices have increased scalability and deposition accuracy because
no manual assembly steps are required. The device fabrication is fully based on
inkjet printing and it takes advantage of many of its attractive features like good
resolution (down to 50 µm), direct and non-contact patterning, cost-effectiveness
and good thickness control. The latter is especially important for MSCs because
it allows full control over the device performance and it avoids applying excess
electrolyte which could lead to decreased overall volumetric energy and power
density.
Two main properties of full inkjet printing of MSCs will be investigated: (1)
scalability by fabricating large-scale MSC arrays comprising more than 100 devices
(Section 4.2) and (2) accurate deposition thickness control by realizing ultrathin
MSCs with improved volumetric figures of merit (Section 4.3). In both cases, the
devices work through the electrical double layer (EDL) mechanism (see Section 3.2.1)
and the electrodes are based on exfoliated graphene (EG). However, the electrolytes
are different: in the first case, the electrolyte is based on poly(4-styrenesulfonic
acid) (PSSH) while in the latter case the electrolyte is based on nano-graphene oxide
(nGO). The motivations behind the choices of the material will be explained in the
respective sections.

4.2
4.2.1

Microsupercapacitor arrays
Experimental details

In order to produce fully inkjet printed MSCs, the inks for electrodes and electrolyte
must be formulated first.
The graphene ink production process is outlined in Figure 4.1 and it derives
from exfoliated graphene (EG) obtained through electrochemical LPE of graphite
as shown in Section 2.7.2 and as previously reported.73 The so-obtained dispersion
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Figure 4.1: Process flow of the exfoliated graphene (EG) inks formulation.

of graphite flakes in ammonium sulfate (NH4 )2 SO4 is then washed multiple times
in deionized water and in dimethylformamide (DMF), a solvent that can exfoliate
efficiently graphite into graphene and form stable dispersions of graphene (see
Section 2.7.2).108 Following a filtration step, the graphite flakes are dispersed in DMF
and exfoliated with an ultrasonic bath. Next, a centrifugation step (3 000 rpm for
10 min) was used to separate the heavier graphite from the graphene flakes. After
discarding the precipitate, the dispersion was centrifuged again (10 000 rpm for 10
min) to remove most of the DMF solvent. This time, the sediment was comprised of
graphene flakes which were redispersed in a solution of cyclohexanone (75% v/v),
terpineol (25% v/v) and ethyl cellulose (20 mg ml-1 ). Finally, the so-obtained EG
ink was centrifuged (2 000 rpm for 3 min) to remove aggregated particles before
printing. The electrolyte ink was prepared by mixing a PSSH solution (18% w/v
in water) with 0.5 mL of deionized water, 0.5 ml of ethylene glycol and 0.14 ml of
phosphoric acid (≥85%).
The MSCs were fabricated by inkjet printing the so-obtained inks with a
commercial piezoelectric inkjet printer (DMP-2800, Dimatix-Fujifilm Inc.) equipped
with a 10 pl DMC-11610 cartridge. First, the graphene interdigitated electrodes of
the MSCs were printed (drop spacing of 25 µm, platen temperature of 45 °C) with
various printing passes and on different substrates. Then, after thermally annealing
the structures on a hot plate (300 to 400 °C for 1 to 2 h) the interconnects of the MSCs
arrays were printed with commercial silver inks (Cabot Conductive Ink CCI-300,
Cabot Corporation) and cured (250 °C for 30 min). Last, the PSSH ink was inkjet
printed (drop spacing: 30 µm, platen temperature: 45 °C) for 20 printing passes
and dried (50 °C for 50 h). See Paper I for more experimental details.

4.2.2

Material characterization

Although DMF forms stable dispersions of graphene with a concentration up to
10 mg ml-1 ,73 its low viscosity (~0.9 cP) and most importantly its toxicity make it
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Figure 4.2: a) Camera view showing the reliable exfoliated graphene (EG) ink jetting. b)
Absorbance spectra of an EG ink diluted 80 times. The concentration of the ink was extracted
using the formula C = 80A/lα where A is the absorbance, l is the cell length (1 cm) and α is
the extinction coefficient (2460 L g-1 m-1 ).

a unsuitable solvent for inkjet printing. For this reason, after the exfoliation took
place, DMF was exchanged with cyclohexanone and terpineol. The mixture is more
suitable for inkjet printing because of its estimated viscosity of ~9 cP, surface tension
of ~33 mN m-1 and high boiling point. The so-obtained inks yielded stable and
reliable jetting (Figure 4.2a) and the final graphene concentration was ~2.3 mg ml-1 ,
as extracted from the absorbance spectra in Figure 4.2b.
Additionally, by using a mixture of solventsprinted patterns with uniform
thickness could be obtained (Figure 4.3b and Figure 4.3c) because the coffee-ring
effect was counteracted by the Marangoni flows during drying (see Section 2.5.1).43
Nonetheless, graphene flakes in cyclohexanone and/or terpineol constitute a less
stable dispersion than in DMF and they tend to aggregate back into graphite109 so a
binder must be added (ethyl cellulose) to encapsulate the flakes and thus protect
them from agglomeration.110
Since the binder prevents flake-to-flake contacts, the printed graphene thin film
is not conductive, so a thermal annealing step must be performed after printing.
During thermal annealing, the ethyl cellulose decomposes into aromatic compounds
providing efficient charge transport, followed by volatilization.110 The morphology
of the thermally annealed graphene films can be seen in the SEM image in Figure 4.3d,
showing the graphene flakes with lateral dimensions in the order of µm. The flakes
are protruding which contributes to increasing the surface area of the films.43 Also,
it can be noted that amount of binder residue, in the form of small bright particles,
is limited.
As for the electrolyte ink (shown in Figure 4.3a), PSSH was selected because of
its good printability, high ionic conductivity and environmental friendliness.111 By
adding phosphoric acid and ethylene glycol, the printability and ionic conductivity
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Figure 4.3: a) Image of the exfoliated graphene (EG) and poly(4-styrene sulfonic acid) (PSSH)
inks. b) Microscope image of inkjet printed MSCs without (left) and with (right) the PSSH
electrolyte. c) Microscope image of the interface between PSSH, EG and glass. d) SEM image
of the inkjet printed EG films.

of the PSSH ink was increased further. After printing, the drying step removed the
excess water from the electrolyte until equilibrium was reached (ethylene glycol is
hygroscopic) forming a gel-like layer.

4.2.3

Electrochemical characterization of single microsupercapacitors

Inkjet printing allows fabricating MSCs with arbitrary geometry, dimensions and
thickness on a variety of substrates so an optimization study was performed to
find the optimal design parameters on single devices. While all MSCs had the
same finger length (2 mm), finger gap (200 µm), similar number of fingers (6 to 10),
comparable active area and substrate (glass), different finger widths (from 300 to
600 µm, see Figure 4.4a) and electrode thicknesses (from 10 to 30 printing passes,
see Figure 4.4d) were tested.
The cyclic voltammetry (CV) curves in Figure 4.4b show that, when the finger
width ranges from 300 µm to 500 µm, the areal capacitance of the devices generally
increases (the capacitance is proportional to the area inside the CV curve, see
Figure 4.4c and Section 3.3.1), whereas it actually decreases for finger widths higher
than 500 µm. This trend is opposed to other similar studies97,112 and is most likely
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Figure 4.4: Cyclic voltammetry (CV) performance of the fully printed MSCs. a) Optical
image, b) CV curves and c) areal capacitance of MSCs with same electrode thickness (10
printing passes), finger length (2 mm) and comparable active area, but with different finger
widths. d) Optical image and e) CV curves of MSCs with same finger width (500 µm),
finger length (2 mm) and comparable active area, but with various electrode thicknesses. f)
Dependence of electrode thickness on number of printing passes.

due to the interplay between electrical conductivity of the fingers and ion diffusion
length. Because the electrical behavior is percolation-dominated, narrow fingers
are generally less conductive than wider fingers, but they also have shorter ion
diffusion lengths.
On the other hand, the electrode thickness was controlled by overwriting 10,
20, 25 and 30 printing passes, labelled 10L, 20L, 25L and 30L respectively. Thanks
to the reliability of the EG inks, the capacitance increased monotonically with the
number of printing passes of the electrode (Figure 4.4e) and the electrode thickness
increased linearly with the number of printing passes (Figure 4.4f). It was found
that the MSC with 30L electrodes exhibited an areal capacitance (excluding finger
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Figure 4.5: a) Image of the large-scale array of 12S x 12P MSCs. b) Cyclic voltammetry (CV)
curves of 12S x 12P MSC array at various scan rates. c) Galvanostatic charge-discharge (GCD)
of a 12S x 12P array (red line) compared with a 4S x 4P array and one single MSCs (black
line).

gaps) reaching ~0.83 mF cm-2 at a scan rate of 10 mV s-1 .

4.2.4

Electrochemical characterization of microsupercapacitor arrays

Following the previous study, the MSC arrays were fabricated with 8 fingers, finger
width of 500 µm, finger length of 2 mm, finger gaps of 200 µm and active area
(excluding finger gaps) of ~18 mm2 . A polyimide sheet (Kapton) was chosen as a
substrate because it is not degraded by thermal annealing and it is flexible. Even
though thicker electrodes would yield greater areal capacitances, the MSC array
was printed with only 10 printing passes to improve the printing reliability (nozzles
can occasionally misfire causing short circuits in thicker electrodes) and to decrease
the overall printing time.
The large-scale MSC array is depicted in Figure 4.5a and is labeled 12S x 12P,
consisting of 12 rows of MSCs in series, with each row connected in parallel. The
global interconnects were obtained by inkjet printing commercial silver inks while
graphene films comprise the local interconnects.
Remarkably, the 12S x 12P array yielded almost rectangular CV curves (Figure 4.5b) and triangular GCD curves (Figure 4.5c) confirming that the capacitive
behavior relies on an efficient electrical double layer (EDL) and indicating that the
array can deliver high power density since the rectangular shape is retained even at
1 V s-1 . The good electrochemical performance even when the array is charged up to
12 V is significant especially when considering that electrochemical cells connected
in series/parallel (e.g. supercapacitor modules, battery packs) commonly require
systems to balance the voltage across each cell.19,98 This result is indicative of the
reliability of this inkjet printing technique, yielding low sample-to-sample variation
with the voltage distributed almost equally across each cell.
Until here, only the areal metrics of these devices have been evaluated but
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volumetric figures of merit are preferred to compare accurately their performance
with the literature. The comparison with the literature and the outlook are provided
in Section 4.4.

4.3
4.3.1

Ultrathin microsupercapacitors
Motivation

The previous study explored the realization of fully-inkjet printed MSCs with the
aim of increasing the scalability of these devices. By relying entirely on inkjet
printing, the technique avoids manual handling of the electrolyte (often the case
even in printed MSCs) thus increasing reliability, integration with underlying
circuits and enabling the realization of large-scale MSC arrays with high energy
density. However, one issue regarding the volume of the devices was overlooked:
even though the thickness of the electrodes was always less than 800 nm, to obtain
good electrochemical performance the electrolyte needed to be ~100 µm thick due
to the relatively low ionic conductivity of gel electrolytes. When envisioning SCs for
practical applications, volumetric figures of merit are essential for reliably reporting
their true performance113 and the volume of all the components (e.g. electrodes,
electrolyte, current collectors, separator and packaging) should be considered as
they could affect significantly the overall performance of the SC.114
As a remedy to this issue, ultrathin and fully-inkjet printed MSCs with overall
thickness (electrodes and electrolyte) of ~1 µm were developed. These devices
exploit the compatibility of inkjet printing with several functional materials and are
"all-graphene", with the electrodes based on the already explored EG inks and the
electrolyte based on nano-graphene oxide (nGO). GO is an appropriate electrolyte
material because it contains oxygenated functional groups, which provide high
ionic conductivity by allowing rapid propagation of ions.115,116 This property and
its solid-state nature allow scaling down the thickness of the electrolyte without
sacrificing the electrochemical performance.
Another interesting feature of GO is that its ionic conductivity increases when
exposed to humidity.117,118 The water molecules in the air adsorb onto the surface of
GO and reacts with its functional groups (mainly carboxyl groups) thus protonating
and forming hydronium cations (H3 O+ ).119 The ions, which function as an acid,
can migrate freely within the intra-layer gaps and constitute additional species for
charge transport in the electrolyte. During this process, the GO layer remains in the
solid state and it does not suffer from leakage. In this work, nano-graphene oxide
(nGO), a form of graphene oxide with lateral dimensions in the nanoscale,120 was
used because it is remarkably suitable for inkjet printing thanks to the small size of
the particles and its high stability in a range of solvents.121,122
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Figure 4.6: Process flow of the nano-graphene oxide (nGO) ink formulation.

4.3.2

Experimental details

The nGO was synthesized from carbon spheres (CSs) derived from α-cellulose, as
previously reported.123,124 After carbonizing the α-cellulose in diluted H2 SO4 (0.1 g
ml-1 ) with a microwave process (220 °C for 2 h), the so-obtained CSs were rinsed
with deionized water and dried. Next, the CSs were bath sonicated in a HNO3
solution (10 mg ml-1 , 30 min) and stirred (90 °C for 30 min). The product was then
diluted in deionized water and the red-orange residue (nGO) was collected by
evaporating the solvent. Then, the nGO was freeze-dried and stored in vacuum for
removing water and acid residues. To obtain the nGO inks, nGO was redispersed
in deionized water (20 mg ml-1 ) and bath sonicated (30 min). The nGO in deionized
water was mixed with a solution of H3 PO4 (20 mg ml-1 ) with a 1:1 v/v ratio. Finally,
after centrifuging the mixture (2 000 rpm, 3 min) and removing a small amount of
sediment, ethylene glycol was added with a 1:1 v/v ratio. The formulation process
of the nGO ink is depicted in Figure 4.6.
The electrodes of the MSCs were printed with various thickness using similar
EG inks and parameters (drop spacing of 30 µm, cartridge temperature of 36 °C,
nozzle firing voltage of 22 V, platen temperature of 45 °C and printing height of
800 µm) to Section 4.2. After printing, the structure was dried (120 °C for 30 min)
and annealed (320 °C for 2 h). The electrolyte was printed with various thickness,
drop spacing of 30 µm, cartridge temperature of 30 °C, nozzle firing voltage of 21 V,
platen temperature of 45 °C, printing height of 800 µm and delay in-between passes
of 120 s. After printing, the devices were dried overnight at 80 °C to evaporate the
solvent.
The final devices had similar dimensions to the devices in Section 4.2, with a
geometrical area of 16 mm2 excluding finger gaps, footprint area (area covered by
the electrolyte) of 24 mm2 and with various electrode and electrolyte thicknesses.
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4.3.3

Material characterization

X-ray photoelectron spectroscopy (XPS) was used to find the functional groups of the
nGO nanodispersions in deionized water and to extract the C/O ratio (Figure 4.7).
Both EG and nGO are functionalized with various oxygen groups (indicated by the
de-convoluted spectra) and bonds like C-O, O=C-O and C=O can be found in the
C1s (Figure 4.7a and Figure 4.7c) and the O1s (Figure 4.7b and Figure 4.7d) regions.
However, the nGO sample exhibited noticeably stronger peaks corresponding to
these bonds (especially in the O1s region), indicating that it has higher oxygenation
levels than the graphene sample.
The C/O ratios of the samples were extracted from the XPS spectra (see
Supporting Information of Paper II for details) and were found to be 2.15 for nGO

Figure 4.7: XPS spectra of a-b) EG ink and c-d) a nGO aqueous dispersion drop-cast onto a
SiO2 /Si substrate.
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Figure 4.8: a) Zeta potential measurements of the nGO aqueous dispersion and the nGO
ink. b) TEM image of the nGO acqueous dispersion. c) SEM image of the nGO covering the
protruding graphene flakes with insert.

and 7.78 for EG. While they are both comparable with literature,73,123 the graphene
sample shows slightly higher oxidation than expected. This is probably due to the
small lateral size of the graphene flakes - which are more likely to oxidize on the
edges - and to the -OH groups originating from exposure to air moisture.
Zeta potential measurements (Figure 4.8a) show that the nGO dispersions
exhibit negative charge, indicating good colloidal stability both in water and in
the ink solvents. To assess the particle size, nGO was diluted in deionized water
and drop-cast on an ultrathin carbon coated copper TEM grid. The resulting TEM
image in Figure 4.8b reveals the slightly agglomerated nGO spherical nanoparticles
with an average diameter of ~60 nm.
Once printed, the nGO-based electrolyte fully covers the underlying electrodes,
even the sharp graphene edges (Figure 4.8c and insert). The uniform deposition
suggests that the contact area between electrode and electrolyte is large.

4.3.4

Influence of humidity on ionic conductivity of nano-graphene oxide

As explained in Section 4.3.1, the ionic conductivity of GO and nGO is influenced
by the air moisture because the water molecules adsorb into the layer and protonate
thus providing ions for charge transport. To investigate this phenomenon, the
ionic conductivity of nGO films was measured with changing relative humidity
(Figure 4.9). For these measurements, two lines spaced 350 µm were printed with
commercial gold inks and the nGO was drop-cast in-between the conductive lines,
resulting in nGO films with thickness of 2 µm and width of 1.7 mm. To reduce
the environmental noise, the sample was placed in a Faraday cage. The relative
humidity (RH) in the cage was controlled either with a commercial humidifier (for
RH>22%) or by introducing dry air (for RH<22%). A reference humidity sensor
(HIH-4000, Honeywell International Inc.) was used to monitor the RH.
The ionic conductivity was extracted by fitting the electrochemical impedance
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Figure 4.9: a) Ionic conductivity of the nGO electrolyte at different humidities extracted from
the Nyquist plot in b).

spectra (EIS) to an equivalent circuit consisting of electrode resistance in series with
a parallel combination of a constant phase element (CPE) and a Warburg element
in series with the electrolyte resistance. The ionic conductivity was calculated with
Equation (4.1).

σ=

1 L
Re A

(4.1)

Where Re is the electrolyte resistance, L is the spacing of the electrodes and A
is the cross-sectional area of the electrolyte layer. The curves in Figure 4.9a show
that there is a strong proportionality between humidity and ionic conductivity,
with the latter increasing by two orders of magnitude between 5% and 85% of
RH. Moreover, the device seems to be sensitive to even the smallest change in
humidity, and the conductivity doubles between 5% and 9% of RH. At 22% of RH,
the nGO layers yielded an ionic conductivity reaching ~3 mS cm-1 and most likely
the addition of H3 PO4 in the inks helped achieving such high values. Although
these observations are in line with previous studies in the literature,117–119 such
a high sensitivity to humidity is surprising and it will show some influence in
certain measurements like cyclic stability tests, which have a duration of several
days. Nonetheless, throughout the electrochemical characterization measurements
the relative humidity was maintained at RH=~20% and, when possible, the tests
were performed over a short time span.

4.3.5

Electrochemical characterization

The influence of the device thickness on the areal capacitance was investigated by
varying the number of printing passes of the active components. The electrode (EG)
was printed with 5L, 10L and 20L printing passes, corresponding to 30, 50 and 100
nm respectively, while the electrolyte (nGO) was printed with 5L, 10L, 20L and 30L
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corresponding to 0.5, 1.0, 1.3 and 1.6 µm of thickness respectively. The thickness
was found to increase with the printing passes, with the films appearing uniform
with negligible coffee-ring formation.
The CV and GCD curves of a representative sample with 20L of EG and 20L of
nGO (Figure 4.10a and Figure 4.10b) show that the main working mechanism of
the device is the EDL. Although the rectangular shape of the CV curves is retained
up to 50 mV s-1 , at faster scan rates the curves exhibit a lens shape indicating a
less efficient ion exchange. Also, the GCD curves show a limited IR drop even
at current densities up to 10 µA cm-2 , indicating that the device could have high
power density. The areal capacitance of the devices with various thicknesses
was extracted from the respective CV curves at different scan rates and shown in
Figure 4.11a and Figure 4.11b. The MSC with the thinnest electrolyte (5L) layer
shows a capacitance of 200 µF cm-2 that drops rapidly to only ~10 µF cm-2 at faster
scan rates, indicating that the electrolyte layer has high resistivity. Nonetheless, the
performance improves significantly for thicker electrolytes. The EG20L/nGO20L
device reaches 313 µF cm-2 and exhibits less severe degradation at faster scan
speeds. Notably, the dependence of capacitance on thickness is not monotonic
and the device with 30L of nGO exhibits the same capacitance as the nGO20L
device, which is about ~20% thinner. Because the capacitance does not simply
increase with increasing electrolyte thickness, it could be concluded that ~1.3 µm
of electrolyte yields the optimal volumetric capacitance. Accordingly, devices with
thicker electrolyte likely do not utilize their entire volume and the ions cannot fully
migrate to the significantly thinner (100 nm) electrodes. Conversely, the electrodes
yield an increasing capacitance with increasing thickness because of the improved
conductivity of the thin films, as shown in Figure 4.11b.
To confirm the previous observations on the electrolyte thickness, the EIS
measurements shown in Figure 4.12a were performed. The intercept of the semi-

Figure 4.10: a) Cyclic voltammetry (CV) curves of the EG20/nGO20L device at different
scan rates (5 to 50 mV s-1 ). b) Galvanostatic charge-discharge of the EG20/nGO20L device at
different current densities.
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Figure 4.11: Areal capacitances of the MSCs extracted from the cyclic voltammetry curves
with a) varying nGO thickness and b) varying EG thickness.

circle with the real impedance axis indicates the equivalent series resistance (ESR)
of the device and it shows that the ionic conductance generally increases with
electrolyte thickness, although the improvement is small for the thicker devices
(EG20L/nGO20L and EG20L/nGO30L). To assess the cycling stability of the MSCs,
charging and discharging cycling was performed on the EG20L/nGO20L device at
a current density of 10 µA cm-2 (Figure 4.12b). It was found that the capacitance
retention is rather satisfactory, with the capacitance after 11 0000 cycles being >65%
of the first cycle. Nonetheless, some anomalous fluctuation of capacitance after
the 6 000th cycle can be easily noticed and is most likely due to changes in relative
humidity, to which the nGO layer is very sensitive. The environment is difficult
to control accurately over the time span of these measurements (several days) and
even a small variation of ~5% RH could cause this ~10% change in capacitance.
Because areal performances ignore the thickness of the components, volumetric
figures of merit must be reported alongside to accurately compare SCs with different

Figure 4.12: a) Nyquist plot of the electrochemical impedance spectroscopy measurements of
the MSCs with different nGO electrolyte thicknesses. b) Cyclic stability of the EG20L/nGO20L
device during 10 000 cycles of galvanostatic charge-discharge at 10 µA cm-2 .
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volumes. In the case of microdevices, where the weight of the electrode material
is often negligible, volumetric power and energy densities are also more reliable
than gravimetric figures of merit,113 yet they are often overlooked in favor of the
latter. Additionally, the footprint of all the components of the SC, like electrodes,
electrolyte, current collectors, separator and packaging should be included in
the overall volume of the device as they significantly influence the final device
performance.114 To show how the metrics are affected by the components considered,
the volumetric performances of the devices are reported in the Ragone plots in
Figure 4.13. The filled markers include only the volume of the two electrodes
(excluding the finger gaps) while the hollow markers refer to the full volume of the
device, roughly equal to the area of the electrolyte multiplied by its thickness (the
electrodes also act as current collectors). The EG20L/nGO20L device exhibits a full
volume energy density of ~0.2 mWh cm-3 at a power density of ~4 mW cm-3 and
both of these figures increase by a factor of more than 10 when only the electrode
area is considered. Even though this change is significant, it could be considerably
larger if these devices were not ultrathin. For comparison, a device was fabricated
with printed EG20L electrodes and a drop cast PVA/H3 PO4 electrolyte, commonly
used in the literature. This deposition method by drop casting entails poor control
over uniformity and thickness of the electrolyte, exhibiting a thickness higher than
20 µm. It can be seen that, while the PVA-based device yields comparable power
and energy densities to the ultrathin MSCs when considering only the electrodes
volume, its full-device performance drops by more than 2 orders of magnitude,
resulting in much lower power and energy densities than the nGO-based MSCs.

Figure 4.13: Ragone plot of the MSCs in Section 4.3 showing their volumetric power and
energy densities. The full markers indicate that only the volume of the electrodes was
considered in the extraction of the figures of merit, while the hollow markers indicate that
the full device volume was considered.
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This investigation shows that this full inkjet printing technique for the production
of ultrathin MSCs yields space-efficient devices thanks to the deposition accuracy
of inkjet printing and the high ionic conductivity of nGO.

4.4

Comparison with literature and outlook

The volumetric performances of the two types of fully inkjet printed MSCs presented
in this chapter are shown in the Ragone plot in Figure 4.14 and are compared with
relevant MSCs in the literature. Because this is how these metrics are commonly
reported, the performances in the Ragone plots are normalized over electrode
volume only, thus excluding the volume of the electrolytes or other components
and concealing the main advantages of the ultrathin MSCs in Section 4.3. The
representative devices chosen for the comparison are EG30L, PSSH/H3 PO4 , 12S x
12P (Section 4.2 and Paper I) and EG20L, nGO20L/H3 PO4 (Section 4.3 and Paper II).
The single PSSH-based MSCs can reach energy densities over 1 mWh cm-3 when
the power density is ~0.1 W cm-3 , exceeding the performances of most devices in the
literature.98,112,127 Also, the 12S x 12P arrays exhibit higher energy densities than the
single MSCs, suggesting that the series/parallel configuration yields satisfactory
volumetric figures of merit alongside absolute ones. Concerning the nGO-based
MSCs, they outperform the PSSH-based devices in terms of energy density likely
because the electrodes are significantly thinner, with 100 of nm thickness as opposed
to 800 nm. Also, their performances seem to be in line with or better than the other
devices reported in literature, with ~4 mWh cm-3 of energy density and ~80 mW
cm-3 of power density. These results show that the printing methods in Chapter 4

Figure 4.14: Comparison of the volumetric power and energy densities of the MSCs from
Sections 4.2 and 4.3 with other graphene-based printed MSCs found in literature.94,98,112,125–128
Only the electrode volume was considered in all of the devices.
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advance the state of the art of all-solid-state MSCs with printed graphene electrodes
while offering complementary advantages like large-scale fabrication and space
efficiency.

chapter

5
Extending the applications of inkjet
printed microsupercapacitors
This chapter will describe how certain limitations of inkjet printing can be overcome
by integrating the technology with other fabrication techniques like dry etching
and wet transfer of graphene. The combination of these techniques with inkjet
printing was used for the production of transparent microsupercapacitors (MSCs)
in Section 5.2 and for integrating MSCs on arbitrary substrates in Section 5.3.

5.1

Background

As shown in Chapter 2, inkjet printing is a technique with a multitude of interesting
attributes like the direct and non-contact patterning nature, microscale resolution,
cost efficiency, low material waste and good scalability.28,43,110 Although these merits
differentiate inkjet printing from other fabrication techniques, some key drawbacks
limit its use in some graphene-based applications (see Section 2.5).50,129
The coffee-ring effect is one of these and it causes solid deposits in the perimeter of
a drying drop and depletion of solute in the inner area of the drop (see Section 2.5.1).
This phenomenon is detrimental for printed conductive lines because their inner
area exhibits higher resistance while the cross-section is non-uniform. The effect is
even more severe in the case of printed transparent conductive films (TCFs) where
a uniform thickness is required for yielding optimal transparency and conductance
and it is most likely the reason behind the lack of reports on inkjet printed graphene
for transparent supercapacitors. In light of these challenges, a simple yet effective
process was developed that, based on inkjet printing and etching, makes use of the
solute depletion caused by the coffee-ring effect. By patterning the interdigitated
structure in the inner area of a large square of printed graphene, the technique
takes advantage of the outward solute flow leaving behind a uniform thin film of
47
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graphene. Conversely, the coffee-ring deposits in the perimeter region were simply
etched away.
Coffee-ring effect aside, another drawback of inkjet printing graphene is the
limited substrate compatibility. Although in general inkjet printing is considered to
be one of the most versatile printing techniques, several properties of the substrate
still need to be taken into account for producing a successful print. First, the shape
of the substrate must be compatible with the printer and it should be preferably flat
(so that each ejected drop travels the same distance), with thickness in the order
of mm and size smaller than the maximum printing area. Second, the surface of
the substrate should not be excessively hydrophilic - it would cause ink spreading
thus decreasing resolution (see Section 2.3) - and the roughness could decrease
the print reproducibility. Third, the ink rheology and printing parameters need
to be tailored to every substrate, decreasing the reproducibility of the printed
patterns. Finally, there are also issues related to graphene itself. Because graphene
inks typically require thermal annealing at temperatures higher than 200 °C130 or
photonic annealing51,131 for removing the binder, the substrate cannot be delicate.
Due to the post-printing treatment, many flexible plastic substrates cannot be used
for inkjet printing of graphene.
This second issue was addressed by combining inkjet printing with a transfer
technique similar to the common wet transfer of CVD graphene64 that allows the
production of graphene patterns and MSCs on arbitrary substrates, like flat (paper,
plastics, wood), 3D (acrylic cubes, cylinders, spheres) and living plants.
The details and results of these studies are described in the following sections.

5.2
5.2.1

Transparent microsupercapacitors
Motivation

Thanks to their popularity, the applications of MSCs are quickly expanding
and unconventional designs are emerging like electrochromic,64 yarn,132 and biomimicking133 MSCs. Among these, transparent MSCs (T-MSCs) have gathered
attention134 because they offer interesting opportunities in a number of applications
like optoelectronics,135 smart windows136,137 and wearables.138 Naturally, electrode
materials for T-MSCs are subject to even tougher restrictions than standard MSCs
and must exhibit simultaneously high electrical conductivity and high optical
transparency. So far, various materials have been explored for this application,
including nano-engineered carbon films, PANI/SWNT composites,139 metallic
networks,140 cellulose nanofibers,141 CVD graphene,142,143 chelated graphene and
graphene quantum dots.144 Many of these works take advantage of highly transparent conductive films (hTCFs) based on CVD graphene because it has high in-plane
conductivity and is nearly transparent, but it is vulnerable to defects, contamination,
accidental damage during transfer, and variability effects.145–147 In this regard, inkjet
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Figure 5.1: Process flow for the production of the transparent MSCs. a) The EG inks were
inkjet printed onto a glass substrate and annealed thermally. The coffee-ring deposits appear
on the edges of the graphene film. b) A hard mask was printed on top of the graphene film
with a commercial silver ink. c) The exposed EG was etched with O2 plasma. d) The hard
mask was removed by submerging the sample into a HNO3 solution, thus obtaining the
transparent MSC electrodes.

printing could be used for depositing graphene flakes as electrodes, but the already
mentioned issues (coffee-ring effect and non-uniform thickness) become even more
significant when the printed films have the low thicknesses (<100 nm) required for
yielding high transparency. The details of the process developed to address these
shortcomings are discussed in the following section.

5.2.2

The fabrication process

The graphene inks were formulated through the ultrasonication-assisted exfoliation
of graphite in DMF, followed by solvent exchange. The final EG inks contained ~0.5
mg ml-1 of graphene and 10 mg ml-1 of ethyl cellulose in terpineol (75% v/v) and
ethanol (25% v/v). To avoid the unwanted coffee-ring deposits in the final device,
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Figure 5.2: a) Transmittance of the transparent EG films with thickness ranging from 15 nm
(5L) to 27 nm (20L). The signal from the glass substrate was treated as the background signal.
b) Image of the 5L interdigitated graphene structure on the glass substrate.

inkjet printing was combined with dry etching. First, a large-area and uniform film
was printed with the EG ink on a glass substrate (Figure 5.1a). After the drying and
annealing, the coffee-ring deposits appeared at the perimeter of the printed film.
Next, an interdigitated hard mask was printed in the inner area with a commercial
silver ink (Figure 5.1b) and etched using O2 plasma (Figure 5.1c). The dry etching
step removed the exposed graphene areas and the coffee-ring deposits. The silver
hard mask was then removed by submerging the structure in a solution of nitric
acid and the interdigitated graphene electrodes were revealed (Figure 5.1d). The
structure was finally cleaned and gel electrolyte (PVA/H3 PO4 ) was drop-cast on
top of the device.

5.2.3

Electrode transparency and material characterization

The electrodes were printed with 5L, 7L, 10L, 15L and 20L printing passes and
the thickness was measured to be about 15, 17, 19, 20 and 27 nm respectively.
The transparency of the printed films before patterning was measured from the
transmittance spectra shown in Figure 5.2a. As expected, the transparency decreases
with increasing thickness, ranging from ~90% to ~71.4% (the signal from the
substrate was removed). Also, the sheet resistance of the thinnest graphene film
was found to be ~80 kΩ sq-1 . The device (without the electrolyte) with the highest
transparency (5L) is shown in Figure 5.2b.
By optimizing the drying temperature (80 °C, see Supporting Information of
Paper III for details) before anneal, the local solute flows were minimized (they occur
simultaneously with the coffee-ring effect), yielding printed films with uniform
thickness. Any thickness inconsistencies could greatly affect the conductivity of the
films by disrupting the flake-to-flake percolation paths and only the thickest film
exhibits evidence of uneven ink drying. The atomic force microscopy (AFM) image
in Figure 5.3a and the scan profiles in Figure 5.3b confirm that the patterned 5L
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Figure 5.3: a) AFM image of the 5L EG film, showing a thickness of ~15 nm. b) Scan profile
of the 5L EG film.

film exhibits a highly uniform thickness of ~15 nm with well-defined and vertical
side-walls.
Although this technique yields electrodes that are more uniform and better
suited for TCF applications, the main drawback is that it introduces few additional
steps to plain inkjet printing. Nonetheless, the SEM images in Figure 5.4a confirm
that the graphene films are not damaged by the process and remain unaltered after
the O2 plasma treatment and after submerging the sample in the nitric acid solution.
Also the Raman spectra (Figure 5.4b) show identical peaks with no shifting between
the sample immediately after thermal annealing and after removing the hard mask,
indicating that the graphene quality was not degraded.

Figure 5.4: a) SEM image of the EG film. b) Raman spectra comparison of the EG films after
annealing and after the removal of the hard mask.
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Figure 5.5: a) Cyclic voltammetry (CV) curves of the transparent MSCs with different
thicknesses at 50 mV s-1 . b) Nyquist plot of the devices with different thicknesses.

5.2.4

Electrochemical characterization

CV, GCD and EIS were performed on all the devices to assess their electrochemical
performance. The CV scans in Figure 5.5a at 50 mV s-1 show the characteristic
square shapes of EDLCs, with the average current density during charge/discharge
increasing almost linearly with increasing thickness. It can also be noticed that the
current response is quick when the voltage is reversed (characteristic of capacitive
devices) and the absence of pseudocapacitive peaks confirms that there is no silver
residue from the hard mask. Although the CV shapes remain rectangular up to 50
mV s-1 , because of the relatively high resistivity of the films, the CV curves become
lens shaped at faster scan rates. To find the impedance of the devices, EIS was
performed from 10 mHz to 200 kHz as shown in the Nyquist plots in Figure 5.5b.
The T-MSCs show a nearly vertical linear region at low frequencies and an ESR
ranging from ~0.8 MΩ for the 5L device to ~70 kΩ for the 20L device with a linearly
decreasing trend.

Figure 5.6: a) Galvanostatic charge-discharge (GCD) curve of the devices at 0.5 µA cm-2 . b)
Areal capacitances extracted from the GCD curves.
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Figure 5.7: a) Image of a 7L transparent MSC (without electrolyte) on flexible glass. b) Cyclic
voltammetry curves during bending at various bending radii down to 2.5 cm.

The GCD curves in Figure 5.6a were used to extract the areal capacitances
and were found to be ranging from ~4 µF cm-2 (5L device) to ~25 µF cm-2 (20L
device) as shown in Figure 5.6b. To assess the repeatability, GCD was performed
on 5 samples per type and the capacitances were extracted. The sample-to-sample
variation was found to be remarkably small for all the device types with a relative
standard deviation of 10% or less - especially for the thinner samples - confirming
the reliability of the process and uniformity of the printed films.
Finally, a device on a flexible glass substrate (Corning Willow glass, 100 µm) was
fabricated with the same method to find the suitability of the devices for applications
in flexible electronics (Figure 5.7a). For this test, the device consisting of 7L layers
of graphene was bent with progressively reducing bending radii and CV cycling
was performed at each bending step. The capacitance was observed to be almost
invariant, with a capacitance retention of 93.1% at the smallest bending radius of
2.75 cm as compared to the reference when the sample is straight (Figure 5.7b).

5.2.5

Comparison with literature and outlook

Considerable work has been done on transparent SCs and a large variety of designs
and materials have been investigated (Figure 5.8).142–144,148,149 The majority of the
devices proposed has a stacked (or "sandwich") structure, with transmittances
generally lower than 90% and reported single-electrode areal capacitances (areal
capacitance multiplied by a factor of 4) below 20 µF cm-2 . Compared with these
devices, the T-MSCs in this section were fabricated with a simpler and more
scalable method and exhibit some of the best performances in literature in terms
of both capacitance and transmittance. Additionally, the T-MSCs have tunable
transmittances and performances to meet application-specific requirements.
The topic of transparent supercapacitors keeps attracting research interest and
a number of works with improved metrics has been reported after Paper III was
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Figure 5.8: Comparison of single-electrode areal capacitances and transmittances of
the T-MSCs in Section 5.2 with other graphene-based transparent MSCs found in
literature.142–144,148,149 Only devices with a PVA/H3 PO4 electrolyte were considered.

published. Although they utilize a different electrolyte (so they are not included
in Figure 5.8), their performances make them worth mentioning. An interesting
outlook is the use of freestanding metallic networks based on MnO2 @Ni which
yield remarkable areal capacitances (~80 mF cm-2 ) thanks to the pseudocapacitive properties of the material. Also, because they are patterned as ultrathin
metallic grids, they can exhibit an optical transmittance greater than 80% and
good conductivities.140 Similar advantages can also be achieved with percolating
metallic MnO2 @Au networks, which yield high capacitances and transmittances
(~8.3 mF cm-2 with ~86% transparency) with the advantage of a simpler fabrication
process.150
In light of this progress, it is possible to envision the use of transparent supercapacitors as energy storage units for sensors, conformal wearable electronics and in
energy harvesting systems requiring transparency and good performance.

5.3
5.3.1

Microsupercapacitors on arbitrary substrates
Motivation

The ubiquitous and non-invasive integration of electronics onto any surface is a
prospect that could potentially change the way they coexist and interact with the
environment and could potentially innovate a number of fields, like wearable and epidermal electronics, sensing, health monitoring and wearable energy harvesting.129
Systems like electronics regulating the growth and function of plants,151 sensors
collecting environmental signals from surroundings152 and portable energy harvest-
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ing devices153 would be universal if they were conformal and compatible with any
surface. Unfortunately, due to their bulkiness and rigidity, the powering units of
these devices are not ideal for these applications.154 The thin and compact footprint
of printed MSCs based on graphene is a potential solution to this problem,126,154
but graphene printing technologies are often compatible with only few types of
substrates. In the case of inkjet printing, substrates that are curved, 3D, porous,
hydrophilic and/or susceptible to post-printing annealing (see Section 2.3 and
Section 2.5.2) are notoriously difficult or impossible to print on.
In this regard, a technique combining inkjet printing and wet transfer of
graphene is presented, allowing the production of graphene patterns and devices
on a multitude of substrates, like plastics, paper, wood, leather, 3D objects and
living plants. Although this technique is inspired by the common wet transfer
of CVD graphene, it has a number of advantages: (1) it involves the transfer of
thin films of graphene flakes, which are less vulnerable to defects, degradation of
electrical properties by contamination, accidental damage during transfer and are
more suitable for energy storage (see Section 2.7); (2) it does not require a supporting
polymer that needs to be dissolved after transfer with aggressive solutions and (3)
it does not require post-patterning steps like lithography and etching, since the
structures are patterned before transfer.
The details and key findings of the technique are described in the following
sections.

5.3.2

Experimental details

The wet transfer of inkjet printed graphene technique is shown in Figure 5.9.
First, the exfoliated graphene (EG) inks were formulated as previously shown94
(see Section 4.2.1) and inkjet printed on copper foil (Figure 5.9a). Then, the printed
pattern was dried, thermally annealed and placed in a FeCl3 solution (Figure 5.9b).
Supported by the surface tension of water, the sample floats on the surface while
the copper substrate is being etched. Once copper was fully dissolved, the sample
was moved to water, a HCl solution and to deionized water again to remove any
FeCl3 residue (Figure 5.9c). Finally, the target substrate was submerged in the
water and, after bringing it close to the surface, the graphene film was caught onto
the substrate (Figure 5.9d and Figure 5.9e). In case the substrate is hydrophobic,
this last step can be performed in an isopropyl alcohol solution (up to 15 v/v%)
to decrease the surface tension. The graphene patterns were transferred on the
following substrates: flat surfaces (plastics, paper, wood and leather), 3D acrylic
substrates (cylinders, spheres and cubes) and biological (fruits and plants).
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Figure 5.9: Wet transfer of inkjet printed graphene. a) An EG film is inkjet printed on copper
foil and thermally annealed. b) The sample is placed in a FeCl3 solution. c) The floating
graphene was transferred into deionized water, diluted HCl and deionized water again to
remove any etchant residue. The EG film was then transferred onto arbitrary substrates, like
d) an orchid and e) a lemon.

5.3.3

Morphology of the graphene films

The thickness of the transferred graphene patterns (~100 to ~500 nm) is ideal for
this technique. Because the films are thin, they exhibit excellent conformability to
the morphology of the substrates (valleys and peaks), yielding a highly adhesive
force thanks to the increased contact area between film and substrate.155 Conversely,
they are considerably thicker than CVD graphene monolayers (<1 nm), making
them more robust and less prone to damage even without a supporting polymer.
Also, the thermal annealing step helps strengthening the cohesive flake-to-flake
bonds.
The SEM images in Figure 5.10 show the morphology of printed and transferred
graphene (Figure 5.10a) and as-printed graphene on silicon dioxide (Figure 5.10b).
No cracks or breaks could be observed anywhere on the surface of the transferred
sample, confirming that the process does not damage the graphene films. Also, the
graphene films obtain the morphology of the underlying substrate, with the ripples
from the paper appearing on the surface of the graphene film (Figure 5.10c).
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Figure 5.10: Comparison of the morphologies between a) printed and transferred and b)
printed directly graphene films. c) SEM image of a graphene film transferred onto paper,
showing that the ripples of the paper are retained onto the surface of the transferred film.

5.3.4

Electrochemical characterization

To demonstrate an application of the technique, the exfoliated graphene was inkjet
printed with an interdigitated pattern and transferred on a multitude of substrates.
A gel electrolyte based on PVA/H3 PO4 was then drop-cast on top of the electrodes
to obtain fully assembled MSCs. Because the interdigitated electrodes of the MSCs
are separated, supporting lines were printed with a polyimide (PI) ink to retain the
shape of the electrodes during the transfer process. The final devices had thickness
of ~400 nm and an active area of ~0.15 cm2 .
Figure 5.11b shows the cyclic voltammetry (CV) performance of the MSCs on flat
substrates, such as leather, paper, glass, birch wood, polyvinyl chloride (PVC) and
polystyrene (PS), shown in Figure 5.11a. As expected, the CV curves do not exhibit
any faradaic peaks, confirming that the process does not introduce any detectable
contamination. The areal capacitances were extracted from the CV curves at the

Figure 5.11: a) Images of the transferred MSCs on flat substrates (wood, polystyrene, paper
and leather). b) Cyclic voltammetry curves (CV) of the transferred MSCs at 100 mV s-1 . c)
Influence of the contact angle of the substrate on the areal capacitance extracted from the CV
curves.
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Figure 5.12: Images of the transferred MSCs on an acrylic a) cube and b) sphere. c) Cyclic
voltammetry curves of the transferred MSCs on all the 3D substrates.

scan rates of 5 and 100 mV s-1 and the best performing MSC was found to be on PS,
with an areal capacitance of ~300 µF cm-2 at 5 mV s-1 . The main factor affecting the
performance of the devices was the wettability of the substrate, measured as the
contact angle between the substrate and water (Figure 5.11c). While substrates with
contact angles between 80° and 100° yielded devices with the highest capacitances,
the capacitance dropped quickly at contact angles higher than 100°, most likely
due to the weaker adhesion of graphene on the hydrophobic substrates. Similarly,
at contact angles lower 75° the devices exhibited lower but constant performance
likely due to the excessive spreading of electrolyte before drying on the hydrophilic
substrate.
The suitability of the method with acrylic 3D surfaces was verified by transferring
the MSCs across the edge of a cube (Figure 5.12a), on a sphere with a radius of 75 mm
(Figure 5.12b) and on a cylinder with a radius of 150 mm. The cyclic voltammetry
curves in Figure 5.12c show that all the samples have the same capacitances,
confirming that the process is reproducible and depends only marginally on the
shape of the substrate. The sample across the corner of the cube exhibits slightly
lower capacitance than the rest likely due to the electrolyte spreading away from
the corner of the cube.
Finally, the MSCs were deposited on an orchid leaf (Figure 5.13a) and on an
orange (Figure 5.13b), chosen as substrates because of their challenging surfaces
and shapes. The orange has a rugged surface and the orchid leaf is covered with a
natural hydrophobic coating, potentially causing decreased adhesion of a deposited
thin film. Furthermore, because they are both biological, they are particularly
delicate to solvents and harsh conditions thus they would have been damaged
under any traditional processing method. Nonetheless, the MSCs were successfully
transferred on both objects, with the MSC on the orange yielding 165 µF cm-2 at 5 mV
s-1 and the MSC on the orchid leaf yielding 441 µF cm-2 at 5 mV s-1 , corresponding
to a volumetric capacitance of 1.16 F cm-3 . All the devices described in this section
yielded comparable areal and volumetric capacitances with other graphene-based
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Figure 5.13: a) A MSC (electrodes only) transferred onto an orchid leaf. b) An MSC on an
orange during characterization. c) Cyclic voltammetry curves of the MSCs on the orange
and on the orchid leaf at 100 mV s-1 .

supercapacitors with a gel electrolyte reported in the literature (see Table S3 in
Supporting Information of Paper IV for details).

5.3.5

Comparison with literature and outlook

A variety of transfer methods of graphene have been proposed in the literature
and a detailed comparison can be found in Table S4 in Supporting Information of
Paper IV. Most of these techniques make use of a carrier (e.g. protective polymers
like PMMA or adhesives) that need to be removed aggressively post-transfer with
methods like heating, O2 plasma or by submerging in acetone or isopropyl alcohol.
Thus, rigid and chemically resistant substrates like Si wafers or glass are usually
required. Alternatively, if the application demands a flexible substrate, the carrier
polymer is simply left onto graphene (thus acting as the substrate itself) or PDMS
stamps are used which adhere to and release graphene on the target. Nonetheless,
the drawback of these techniques is that they either limit the properties of graphene
by introducting contamination, decreasing elasticity and increasing sheet resistance
or, in the case of stamps, they damage graphene and are compatible with only few
substrates.
By contrast, the wet transfer of inkjet printed graphene is carrier-free, it is
compatible with a large variety of substrates and it allows transferring patterned
graphene, even when the patterns are open, as in the case of the interdigitated
structures. Nonetheless, the method relies on quite a few manual steps, like copper
foil etching, graphene film cleaning, placement on the target substrate and gel
electrolyte deposition, making it difficult to scale up.
A solution to the scalability issue could be the use of a pump system to exchange
automatically the solvents (FeCl3 , HCl and water) in the same container, without
transferring manually the graphene films from one container to another.

chapter

6
Conclusions
6.1

Contributions of this thesis to printed microsupercapacitors

Inkjet printing is a resourceful tool for the rapid prototyping and production of
devices with disparate functions, shapes and properties. In the field of supercapacitors, the most powerful features of this technology are the broad range of compatible
functional materials and substrates, low material waste, deposition accuracy and
the precise control over deposition thickness. By making use of these properties,
microsupercapacitors (MSCs) - compact, patterned and planar supercapacitors can be produced that can yield high volumetric capacitances with printed graphene
films as electrodes. However, inkjet printing has also several drawbacks that limit
its applications in MSCs and the goal of this thesis is to address them.
First, because MSCs make use of an electrolyte that is typically in liquid or gel
form, they can only be partially printed. This issue was addressed in Chapter 4 by
developing two inks for electrolytes and thus making the MSCs fully inkjet printed.
These electrolyte inks expand the use of the technology for MSCs in two main
directions: enabling printing of MSCs at large scales (>100 devices per print) and
enabling the production of ultra-thin MSCs (with device thickness around 1 µm).
Second, inkjet printing of graphene-based MSCs was integrated with two other
fabrication techniques - reactive ion etching and wet transfer - to expand its range
of applications. In the first case, the hybrid technique eliminates the issue of the
coffee-ring effect, thus yielding uniform patterns with vertical side walls. These
features are excellent for optical devices and hence highly transparent MSCs with
90% transmittance could be produced. In the second case, adding a wet transfer
step significantly increases the substrate versatility of inkjet printing and allows the
production of MSCs on flat, 3D, and even biological substrates for applications in
environmental sensors and wearables.
From a production perspective, the techniques introduced in this thesis helped
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bringing innovative outlooks and improve the state of the art in the field of inkjet
printing. Nonetheless, these methods tackle issues separately and the solutions
proposed are often mutually exclusive. For example, although wet transfer of inkjet
printed patterns increases substrate versatility (Section 5.3), it actually impairs the
scalability of printing by introducing a number of manual steps to the processing.
Also, while it was shown that inkjet printing of graphene has applications in
transparent MSCs (Section 5.2), printing an ultrathin nano-graphene oxide (nGO)
electrolyte (Section 4.3) on these structures would reduce the transparency simply
because nGO is opaque.
Thus, it is crucial to develop a method for integrating the advantages brought
by at least few of these techniques together. This could be achieved, for example, by
developing a printable electrolyte that is also optically transparent (e.g. ionic liquids
that become gels when mixed with silica nanoparticles). This feature could allow
printing large-scale arrays of transparent MSCs that are fully printed. Another
option is increasing the scalability of the wet transfer technique by making use
of pumping systems automatically exchanging the solvents and/or by printing
electrodes and electrolyte followed by encapsulation before the transfer takes place.
As for performance, all of the devices in this thesis have competitive and sometimes
superior volumetric and areal performances to the literature. Moreover, their
distinctiveness is that the performance can be tailored by controlling electrode and
electrolyte thickness and other device design parameters.

6.2

Future outlook of microsupercapacitors

Generally, MSCs have attracted vast research interest because they are a possible
solution to the general problem of energy storage devices lagging behind the
miniaturization trends of electronics.92 Although their energy densities are low,
they have long cycle life and high power densities compared to other energy storage
technologies like batteries. Nonetheless, although these metrics seem competitive,
the general performance of MSCs is still too low for any practical real-world
application. The reason is that volumetric or gravimetric performances are obtained
by dividing their capacitance by a volume or mass in the microscale. As a result,
even though MSCs make better use of space than stacked supercapacitors (SCs), the
absolute power and energy that they can deliver is limited. Naturally, a solution
could be to increase their size until they reach the specifications but there are
concerns on the feasibility of large sized MSCs as that would defeat their main
advantage over SCs: their miniature size.
Nonetheless, research on MSCs is still at an early stage and recently there has
been substantial progress in the development of new electrode materials, often
outclassing graphene in all its forms. Many of these advanced materials work
through the pseudocapacitive mechanism, thus yielding extended voltage windows
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and higher energy and power densities. A prime example is the family of MXenes
(2D carbides and nitrides of transition metals), a novel and highly performing class
of electrode materials that has been very recently shown to be suitable for inkjet
printing.156 MSCs with these electrodes can yield energy densities of 11 mWh cm-3
and power densities of 15 W cm-3 ,157 for comparison the nGO-based devices in this
thesis yield ~4 mWh cm-3 of energy density and ~80 mW cm-3 of power density.

Bibliography
(1) Z. Cui, in Printed Electronics, John Wiley & Sons Singapore Pte. Ltd, Singapore,
2016, pp. 1–20.
(2) C. N. Hoth, P. Schilinsky, S. A. Choulis, S. Balasubramanian and C. J. Brabec,
in Applications of Organic and Printed Electronics, Springer US, Boston, MA,
2013, pp. 27–56.
(3) R. L. Truby and J. A. Lewis, Nature, 2016, 540, 371–378.
(4) J. A. Faber, A. F. Arrieta and A. R. Studart, Science, 2018, 359, 1386–1391.
(5) Y. Zhang, F. Zhang, Z. Yan, Q. Ma, X. Li, Y. Huang and J. A. Rogers, Nature
Reviews Materials, 2017, 2, 17019.
(6) S. V. Murphy and A. Atala, Nature Biotechnology, 2014, 32, 773–785.
(7) Z. Zhang, X. Shi, H. Lou, Y. Xu, J. Zhang, Y. Li, X. Cheng and H. Peng, Journal
of Materials Chemistry C, 2017, 5, 4139–4144.
(8) Y. Li, Z. Zhang, X. Li, J. Zhang, H. Lou, X. Shi, X. Cheng and H. Peng, Journal
of Materials Chemistry C, 2017, 5, 41–46.
(9) A. Sydney Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Mahadevan and
J. A. Lewis, Nature Materials, 2016, 15, 413–418.
(10)

R. Das, K. Ghaffarzadeh and X. He, Printed, Organic & Flexible Electronics:
Forecasts, Players & Opportunities 2019-2029, 2018.

(11)

Global semiconductor market size 2016-2024, https : / / www. statista . com /
statistics/809662/global-semiconductor-market-revenue-forecast/ (visited
on 05/21/2019).

(12)

A. Manthiram, X. Yu and S. Wang, Nature Reviews Materials, 2017, 2, 16103.

(13)

B. D. McCloskey, The Journal of Physical Chemistry Letters, 2015, 6, 3592–3593.

(14)

T. M. Gür, Energy & Environmental Science, 2018, 11, 2696–2767.

(15)

Tesla Gigafactory, 2016, https://www.teslamotors.com/gigafactory (visited
on 05/27/2019).

(16)

Production, https://northvolt.com/production/ (visited on 05/27/2019).

(17)

K.-H. Choi, D. B. Ahn and S.-Y. Lee, ACS Energy Letters, 2018, 3, 220–236.

(18)

M. F. El-Kady, Y. Shao and R. B. Kaner, Nature Reviews Materials, 2016, 1,
16033.

(19)

F. Béguin and E. Frackowiak, Supercapacitors : materials, systems, and applications, Wiley-VCH, 2013.
65

bibliography

66

(20)

S. Khan, L. Lorenzelli and R. S. Dahiya, IEEE Sensors Journal, 2015, 15, 3164–
3185.

(21)

A. M. Gaikwad, A. C. Arias and D. A. Steingart, Energy Technology, 2015, 3,
305–328.

(22)

D. Lupo, W. Clemens, S. Breitung and K. Hecker, in Applications of Organic
and Printed Electronics, Springer US, Boston, MA, 2013, pp. 1–26.

(23)

W. Wu, Nanoscale, 2017, 9, 7342–7372.

(24)

B. W. An, K. Kim, H. Lee, S.-Y. Kim, Y. Shim, D.-Y. Lee, J. Y. Song and J.-U.
Park, Advanced Materials, 2015, 27, 4322–4328.

(25)

J.-U. Park, M. Hardy, S. J. Kang, K. Barton, K. Adair, D. K. Mukhopadhyay,
C. Y. Lee, M. S. Strano, A. G. Alleyne, J. G. Georgiadis, P. M. Ferreira and
J. A. Rogers, Nature Materials, 2007, 6, 782–789.

(26)

D. Angmo, T. T. Larsen-Olsen, M. Jørgensen, R. R. Søndergaard and F. C.
Krebs, Advanced Energy Materials, 2013, 3, 172–175.

(27)

J. Perelaer, R. Abbel, S. Wünscher, R. Jani, T. van Lammeren and U. S.
Schubert, Advanced Materials, 2012, 24, 2620–2625.

(28)

M. Singh, H. M. Haverinen, P. Dhagat and G. E. Jabbour, Advanced Materials,
2010, 22, 673–685.

(29)

B. Derby, Annual Review of Materials Research, 2010, 40, 395–414.

(30)

F. Torrisi, T. Hasan, W. Wu, Z. Sun, A. Lombardo, T. S. Kulmala, G.-W. Hsieh,
S. Jung, F. Bonaccorso, P. J. Paul, D. Chu and A. C. Ferrari, ACS Nano, 2012, 6,
2992–3006.

(31)

H. Gorter, M. Coenen, M. Slaats, M. Ren, W. Lu, C. Kuĳpers and W. Groen,
Thin Solid Films, 2013, 532, 11–15.

(32)

D. Jang, D. Kim and J. Moon, Langmuir, 2009, 25, 2629–2635.

(33)

H. Dong, W. W. Carr, D. G. Bucknall and J. F. Morris, AIChE Journal, 2007,
53, 2606–2617.

(34)

N. Komuro, S. Takaki, K. Suzuki and D. Citterio, Analytical and Bioanalytical
Chemistry, 2013, 405, 5785–5805.

(35)

B. Derby, Engineering, 2015, 1, 113–123.

(36)

N. Reis and B. Derby, MRS Proceedings, 2000, 624, 65.

(37)

D. Soltman and V. Subramanian, Langmuir, 2008, 24, 2224–2231.

(38)

C. Kim, M. Nogi and K. Suganuma, Journal of Micromechanics and Microengineering, 2012, 22, 035016.

(39)

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel and T. A. Witten,
Nature, 1997, 389, 827–829.

bibliography

67

(40)

X. Shen, C.-M. Ho and T.-S. Wong, The Journal of Physical Chemistry B, 2010,
114, 5269–5274.

(41)

P. J. Yunker, T. Still, M. A. Lohr and A. G. Yodh, Nature, 2011, 476, 308–311.

(42)

H. Hu and R. G. Larson, The Journal of Physical Chemistry B, 2006, 110, 7090–
7094.

(43)

J. Li, F. Ye, S. Vaziri, M. Muhammed, M. C. Lemme and M. Östling, Advanced
Materials, 2013, 25, 3985–3992.

(44)

C. Jiang, Z. Zhong, B. Liu, Z. He, J. Zou, L. Wang, J. Wang, J. Peng and Y. Cao,
ACS Applied Materials & Interfaces, 2016, 8, 26162–26168.

(45)

M. Anyfantakis, Z. Geng, M. Morel, S. Rudiuk and D. Baigl, Langmuir, 2015,
31, 4113–4120.

(46)

L. Zhang, H. Liu, Y. Zhao, X. Sun, Y. Wen, Y. Guo, X. Gao, C.-a. Di, G. Yu
and Y. Liu, Advanced Materials, 2012, 24, 436–440.

(47)

Z. Zhang, X. Zhang, Z. Xin, M. Deng, Y. Wen and Y. Song, Advanced Materials,
2013, 25, 6714–6718.

(48)

M. Layani, M. Gruchko, O. Milo, I. Balberg, D. Azulay and S. Magdassi, ACS
Nano, 2009, 3, 3537–3542.

(49)

A. Shimoni, S. Azoubel and S. Magdassi, Nanoscale, 2014, 6, 11084–11089.

(50)

S. Sollami Delekta, A. D. Smith, J. Li and M. Östling, Nanoscale, 2017, 9,
6998–7005.

(51)

E. B. Secor, B. Y. Ahn, T. Z. Gao, J. A. Lewis and M. C. Hersam, Advanced
Materials, 2015, 27, 6683–6688.

(52)

G. Cummins and M. P. Desmulliez, Circuit World, 2012, 38, 193–213.

(53)

W. Zapka, in Handbook of Industrial Inkjet Printing, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim, Germany, 2017, pp. 1–6.

(54)

S.-P. Chen, H.-L. Chiu, P.-H. Wang and Y.-C. Liao, ECS Journal of Solid State
Science and Technology, 2015, 4, P3026–P3033.

(55)

A. Chiolerio, K. Rajan, I. Roppolo, A. Chiappone, S. Bocchini and D. Perrone,
Nanotechnology, Science and Applications, 2016, 9, 1.

(56)

T.-H. Le, Y. Kim and H. Yoon, Polymers, 2017, 9, 150.

(57)

J. Kim, R. Kumar, A. J. Bandodkar and J. Wang, Advanced Electronic Materials,
2017, 3, 1600260.

(58)

A. Simaite, F. Mesnilgrente, B. Tondu, P. Souères and C. Bergaud, Sensors
and Actuators B: Chemical, 2016, 229, 425–433.

(59)

H. Zhang, M. Chhowalla and Z. Liu, Chemical Society Reviews, 2018, 47,
3015–3017.

bibliography

68

(60)

P. Chen, Z. Zhang, X. Duan and X. Duan, Chemical Society Reviews, 2018, 47,
3129–3151.

(61)

B. Anasori, M. R. Lukatskaya and Y. Gogotsi, Nature Reviews Materials, 2017,
2, 16098.

(62)

C. O’Mahony, E. U. Haq, C. Sillien and S. A. Tofail, Micromachines, 2019, 10,
99.

(63)

D. Pech, M. Brunet, P.-L. Taberna, P. Simon, N. Fabre, F. Mesnilgrente, V.
Conédéra and H. Durou, Journal of Power Sources, 2010, 195, 1266–1269.

(64)

A. C. Ferrari, F. Bonaccorso, V. Fal’ko, K. S. Novoselov, S. Roche, P. Bøggild,
S. Borini, F. H. Koppens, V. Palermo, N. Pugno, J. A. Garrido, R. Sordan,
A. Bianco, L. Ballerini, M. Prato, E. Lidorikis, J. Kivioja, C. Marinelli, T.
Ryhänen, A. Morpurgo, J. N. Coleman, V. Nicolosi, L. Colombo, A. Fert,
M. Garcia-Hernandez, A. Bachtold, G. F. Schneider, F. Guinea, C. Dekker,
M. Barbone, Z. Sun, C. Galiotis, A. N. Grigorenko, G. Konstantatos, A. Kis, M.
Katsnelson, L. Vandersypen, A. Loiseau, V. Morandi, D. Neumaier, E. Treossi,
V. Pellegrini, M. Polini, A. Tredicucci, G. M. Williams, B. Hee Hong, J. H. Ahn,
J. Min Kim, H. Zirath, B. J. Van Wees, H. Van Der Zant, L. Occhipinti, A. Di
Matteo, I. A. Kinloch, T. Seyller, E. Quesnel, X. Feng, K. Teo, N. Rupesinghe,
P. Hakonen, S. R. Neil, Q. Tannock, T. Löfwander and J. Kinaret, Nanoscale,
2015, 7, 4598–4810.

(65)

A. K. Geim, Science, 2009, 324, 1530–1534.

(66)

J. Moser, A. Barreiro and A. Bachtold, Applied Physics Letters, 2007, 91, 163513.

(67)

V. Georgakilas, M. Otyepka, A. B. Bourlinos, V. Chandra, N. Kim, K. C. Kemp,
P. Hobza, R. Zboril and K. S. Kim, Chemical Reviews, 2012, 112, 6156–6214.

(68)

R. Raccichini, A. Varzi, S. Passerini and B. Scrosati, Nature Materials, 2015, 14,
271–279.

(69)

M. V. Bracamonte, G. I. Lacconi, S. E. Urreta and L. E. F. Foa Torres, The
Journal of Physical Chemistry C, 2014, 118, 15455–15459.

(70)

D. Voiry, J. Yang, J. Kupferberg, R. Fullon, C. Lee, H. Y. Jeong, H. S. Shin and
M. Chhowalla, Science, 2016, 353, 1413–1416.

(71)

K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert, M. G. Schwab and
K. Kim, Nature, 2012, 490, 192–200.

(72)

Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z. Sun, S. De, I. T. McGovern,
B. Holland, M. Byrne, Y. K. Gun’Ko, J. J. Boland, P. Niraj, G. Duesberg, S.
Krishnamurthy, R. Goodhue, J. Hutchison, V. Scardaci, A. C. Ferrari and
J. N. Coleman, Nature Nanotechnology, 2008, 3, 563–568.

(73)

K. Parvez, Z.-S. Wu, R. Li, X. Liu, R. Graf, X. Feng and K. Müllen, Journal of
the American Chemical Society, 2014, 136, 6083–6091.

bibliography

69

(74)

M. Mastragostino, F. Soavi and C. Arbizzani, in Advances in Lithium-Ion
Batteries, Springer US, Boston, MA, 2002, pp. 481–505.

(75)

P. Simon and Y. Gogotsi, Nature Materials, 2008, 7, 845–854.

(76)

Y. Wang, Y. Song and Y. Xia, Chemical Society Reviews, 2016, 45, 5925–5950.

(77)

C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang and J. Zhang, Chemical Society
Reviews, 2015, 44, 7484–7539.

(78)

M. Beidaghi and Y. Gogotsi, Energy & Environmental Science, 2014, 7, 867.

(79)

A. Pandolfo and A. Hollenkamp, Journal of Power Sources, 2006, 157, 11–27.

(80)

A. González, E. Goikolea, J. A. Barrena and R. Mysyk, Renewable and Sustainable Energy Reviews, 2016, 58, 1189–1206.

(81)

W. Gu, X. Wang and G. Yushin, in Nanocarbons for Advanced Energy Storage,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2015, vol. 1,
pp. 1–34.

(82)

G. Wang, L. Zhang and J. Zhang, Chem. Soc. Rev., 2012, 41, 797–828.

(83)

T. Brousse, D. Bélanger and J. W. Long, Journal of The Electrochemical Society,
2015, 162, A5185–A5189.

(84)

A. Eftekhari, L. Li and Y. Yang, Journal of Power Sources, 2017, 347, 86–107.

(85)

Y. Gogotsi and R. M. Penner, ACS Nano, 2018, 12, 2081–2083.

(86)

A. Laheäär, P. Przygocki, Q. Abbas and F. Béguin, Electrochemistry Communications, 2015, 60, 21–25.

(87)

S. Ratha and A. K. Samantara, in, Springer, Singapore, 2018, pp. 23–43.

(88)

A. Eftekhari, Journal of Materials Chemistry A, 2018, 6, 2866–2876.

(89)

F. Rafik, H. Gualous, R. Gallay, A. Crausaz and A. Berthon, Journal of Power
Sources, 2007, 165, 928–934.

(90)

K. Jost, D. Stenger, C. R. Perez, J. K. McDonough, K. Lian, Y. Gogotsi and
G. Dion, Energy & Environmental Science, 2013, 6, 2698.

(91)

W. Zeng, L. Shu, Q. Li, S. Chen, F. Wang and X.-M. Tao, Advanced Materials,
2014, 26, 5310–5336.

(92)

N. A. Kyeremateng, T. Brousse and D. Pech, Nature Nanotechnology, 2017, 12,
7–15.

(93)

G. Xiong, C. Meng, R. G. Reifenberger, P. P. Irazoqui and T. S. Fisher,
Electroanalysis, 2014, 26, 30–51.

(94)

J. Li, S. Sollami Delekta, P. Zhang, S. Yang, M. R. Lohe, X. Zhuang, X. Feng
and M. Östling, ACS Nano, 2017, 11, 8249–8256.

(95)

H. Li and J. Liang, Advanced Materials, 2019, 1805864.

bibliography

70

(96)

J. Wang, F. Li, F. Zhu and O. G. Schmidt, Small Methods, 2018, 1800367.

(97)

D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. Gogotsi, P.-L.
Taberna and P. Simon, Nature Nanotechnology, 2010, 5, 651–654.

(98)

M. F. El-Kady and R. B. Kaner, Nature Communications, 2013, 4, 1475.

(99)

J. Lin, Z. Peng, Y. Liu, F. Ruiz-Zepeda, R. Ye, E. L. G. Samuel, M. J. Yacaman,
B. I. Yakobson and J. M. Tour, Nature Communications, 2014, 5, 5714.

(100)

M. Bariya, Z. Shahpar, H. Park, J. Sun, Y. Jung, W. Gao, H. Y. Y. Nyein, T. S.
Liaw, L.-C. Tai, Q. P. Ngo, M. Chao, Y. Zhao, M. Hettick, G. Cho and A. Javey,
ACS Nano, 2018, 12, 6978–6987.

(101)

A. T. Barrows, A. J. Pearson, C. K. Kwak, A. D. F. Dunbar, A. R. Buckley and
D. G. Lidzey, Energy Environ. Sci., 2014, 7, 2944–2950.

(102)

J. Liang, A. K. Mondal, D.-W. Wang and F. Iacopi, Advanced Materials
Technologies, 2019, 4, 1800200.

(103)

C. Lethien, J. Le Bideau and T. Brousse, Energy & Environmental Science, 2019,
12, 96–115.

(104)

N. Liu and Y. Gao, Small, 2017, 13, 1701989.

(105)

M. F. El-Kady, M. Ihns, M. Li, J. Y. Hwang, M. F. Mousavi, L. Chaney, A. T.
Lech and R. B. Kaner, Proceedings of the National Academy of Sciences, 2015,
112, 4233–4238.

(106)

P. Huang, C. Lethien, S. Pinaud, K. Brousse, R. Laloo, V. Turq, M. Respaud,
A. Demortiere, B. Daffos, P. L. Taberna, B. Chaudret, Y. Gogotsi and P. Simon,
Science, 2016, 351, 691–695.

(107)

Z. Niu, L. Zhang, L. Liu, B. Zhu, H. Dong and X. Chen, Advanced Materials,
2013, 25, 4035–4042.

(108)

Y. Hernandez, M. Lotya, D. Rickard, S. D. Bergin and J. N. Coleman, Langmuir,
2010, 26, 3208–3213.

(109)

W. Yang and C. Wang, Journal of Materials Chemistry C, 2016, 4, 7193–7207.

(110)

E. B. Secor, P. L. Prabhumirashi, K. Puntambekar, M. L. Geier and M. C.
Hersam, The Journal of Physical Chemistry Letters, 2013, 4, 1347–1351.

(111)

G. Wee, O. Larsson, M. Srinivasan, M. Berggren, X. Crispin and S. Mhaisalkar,
Advanced Functional Materials, 2010, 20, 4344–4350.

(112)

Z. Peng, R. Ye, J. A. Mann, D. Zakhidov, Y. Li, P. R. Smalley, J. Lin and J. M.
Tour, ACS Nano, 2015, 9, 5868–5875.

(113)

Y. Gogotsi and P. Simon, Science, 2011, 334, 917–918.

(114)

Q. Wang, J. Yan and Z. Fan, Energy & Environmental Science, 2016, 9, 729–762.

bibliography

71

(115)

M. R. Karim, K. Hatakeyama, T. Matsui, H. Takehira, T. Taniguchi, M.
Koinuma, Y. Matsumoto, T. Akutagawa, T. Nakamura, S.-i. Noro, T. Yamada,
H. Kitagawa and S. Hayami, Journal of the American Chemical Society, 2013,
135, 8097–8100.

(116)

C. Ogata, R. Kurogi, K. Awaya, K. Hatakeyama, T. Taniguchi, M. Koinuma
and Y. Matsumoto, ACS Applied Materials & Interfaces, 2017, 9, 26151–26160.

(117)

S. Borini, R. White, D. Wei, M. Astley, S. Haque, E. Spigone, N. Harris, J.
Kivioja and T. Ryhänen, ACS Nano, 2013, 7, 11166–11173.

(118)

W. Gao, N. Singh, L. Song, Z. Liu, A. L. M. Reddy, L. Ci, R. Vajtai, Q. Zhang,
B. Wei and P. M. Ajayan, Nature Nanotechnology, 2011, 6, 496–500.

(119)

A. M. Dimiev, L. B. Alemany and J. M. Tour, ACS Nano, 2013, 7, 576–588.

(120)

Z. Liu, J. T. Robinson, X. Sun and H. Dai, Journal of the American Chemical
Society, 2008, 130, 10876–10877.

(121)

I. Chowdhury, M. C. Duch, N. D. Mansukhani, M. C. Hersam and D.
Bouchard, Environmental Science & Technology, 2013, 47, 6288–6296.

(122)

X. Sun, Z. Liu, K. Welsher, J. T. Robinson, A. Goodwin, S. Zaric and H. Dai,
Nano Research, 2008, 1, 203–212.

(123)

K. H. Adolfsson, S. Hassanzadeh and M. Hakkarainen, RSC Advances, 2015,
5, 26550–26558.

(124)

S. Hassanzadeh, N. Aminlashgari and M. Hakkarainen, ACS Sustainable
Chemistry & Engineering, 2015, 3, 177–185.

(125)

Z. Peng, J. Lin, R. Ye, E. L. G. Samuel and J. M. Tour, ACS Applied Materials &
Interfaces, 2015, 7, 3414–3419.

(126)

S. Sollami Delekta, K. H. Adolfsson, N. Benyahia Erdal, M. Hakkarainen,
M. Östling and J. Li, Nanoscale, 2019, 11, 10172–10177.

(127)

Z.-S. Wu, K. Parvez, X. Feng and K. Müllen, Nature Communications, 2013, 4,
2487.

(128)

M. Zhong, F. Zhang, Y. Yu, J. Zhang, W. Shen and S. Guo, Nanotechnology,
2018, 29, 43LT01.

(129)

S. Sollami Delekta, M. Östling and J. Li, ACS Applied Energy Materials, 2019,
2, 158–163.

(130)

E. B. Secor, T. Z. Gao, A. E. Islam, R. Rao, S. G. Wallace, J. Zhu, K. W. Putz,
B. Maruyama and M. C. Hersam, Chemistry of Materials, 2017, 29, 2332–2340.

(131)

W. J. Hyun, E. B. Secor, C.-H. Kim, M. C. Hersam, L. F. Francis and C. D.
Frisbie, Advanced Energy Materials, 2017, 7, 1700285.

(132)

Q. Meng, H. Wu, Y. Meng, K. Xie, Z. Wei and Z. Guo, Advanced Materials,
2014, 26, 4100–4106.

bibliography

72

(133)

H. Pan, D. Wang, Q. Peng, J. Ma, X. Meng, Y. Zhang, Y. Ma, S. Zhu and
D. Zhang, ACS Applied Materials & Interfaces, 2018, 10, 10157–10164.

(134)

Y. Xu and J. Liu, Small, 2016, 12, 1400–1419.

(135)

T. Chen, H. Peng, M. Durstock and L. Dai, Scientific Reports, 2015, 4, 3612.

(136)

Z. Xie, X. Jin, G. Chen, J. Xu, D. Chen and G. Shen, Chem. Commun., 2014, 50,
608–610.

(137)

F. Zhou, Z. Ren, Y. Zhao, X. Shen, A. Wang, Y. Y. Li, C. Surya and Y. Chai,
ACS Nano, 2016, 10, 5900–5908.

(138)

S. Lim, D. Son, J. Kim, Y. B. Lee, J.-K. Song, S. Choi, D. J. Lee, J. H. Kim,
M. Lee, T. Hyeon and D.-H. Kim, Advanced Functional Materials, 2015, 25,
375–383.

(139)

J. Ge, G. Cheng and L. Chen, Nanoscale, 2011, 3, 3084.

(140)

Y.-H. Liu, J.-L. Xu, X. Gao, Y.-L. Sun, J.-J. Lv, S. Shen, L.-S. Chen and S.-D.
Wang, Energy & Environmental Science, 2017, 10, 2534–2543.

(141)

X. Wang, K. Gao, Z. Shao, X. Peng, X. Wu and F. Wang, Journal of Power
Sources, 2014, 249, 148–155.

(142)

T. Chen, Y. Xue, A. K. Roy and L. Dai, ACS Nano, 2014, 8, 1039–1046.

(143)

Y. Gao, Y. S. Zhou, W. Xiong, L. J. Jiang, M. Mahjouri-samani, P. Thirugnanam,
X. Huang, M. M. Wang, L. Jiang and Y. F. Lu, APL Materials, 2013, 1, 012101.

(144)

K. Lee, H. Lee, Y. Shin, Y. Yoon, D. Kim and H. Lee, Nano Energy, 2016, 26,
746–754.

(145)

F. Bonaccorso, A. Lombardo, T. Hasan, Z. Sun, L. Colombo and A. C. Ferrari,
Materials Today, 2012, 15, 564–589.

(146)

G. Lupina, J. Kitzmann, I. Costina, M. Lukosius, C. Wenger, A. Wolff, S. Vaziri,
M. Östling, I. Pasternak, A. Krajewska, W. Strupinski, S. Kataria, A. Gahoi,
M. C. Lemme, G. Ruhl, G. Zoth, O. Luxenhofer and W. Mehr, ACS Nano,
2015, 9, 4776–4785.

(147)

J. W. Suk, W. H. Lee, J. Lee, H. Chou, R. D. Piner, Y. Hao, D. Akinwande and
R. S. Ruoff, Nano Letters, 2013, 13, 1462–1467.

(148)

X. Fan, T. Chen and L. Dai, RSC Advances, 2014, 4, 36996.

(149)

M. Wang, L. D. Duong, N. T. Mai, S. Kim, Y. Kim, H. Seo, Y. C. Kim, W. Jang,
Y. Lee, J. Suhr and J.-D. Nam, ACS Applied Materials & Interfaces, 2015, 7,
1348–1354.

(150)

S. B. Singh, T. I. Singh, N. H. Kim and J. H. Lee, Journal of Materials Chemistry
A, 2019, 7, 10672–10683.

(151)

E. Stavrinidou, R. Gabrielsson, E. Gomez, X. Crispin, O. Nilsson, D. T. Simon
and M. Berggren, Science Advances, 2015, 1, e1501136.

bibliography

73

(152)

E. Singh, M. Meyyappan and H. S. Nalwa, ACS Applied Materials & Interfaces,
2017, 9, 34544–34586.

(153)

H. Chu, H. Jang, Y. Lee, Y. Chae and J.-H. Ahn, Nano Energy, 2016, 27,
298–305.

(154)

W. Liu, M.-S. Song, B. Kong and Y. Cui, Advanced Materials, 2017, 29, 1603436.

(155)

S. Kabiri Ameri, R. Ho, H. Jang, L. Tao, Y. Wang, L. Wang, D. M. Schnyer,
D. Akinwande and N. Lu, ACS Nano, 2017, 11, 7634–7641.

(156)

C. Zhang, L. McKeon, M. P. Kremer, S.-H. Park, O. Ronan, A. SeralAscaso,
S. Barwich, C. Ó. Coileáin, N. McEvoy, H. C. Nerl, B. Anasori, J. N. Coleman,
Y. Gogotsi and V. Nicolosi, Nature Communications, 2019, 10, 1795.

(157)

Y.-Y. Peng, B. Akuzum, N. Kurra, M.-Q. Zhao, M. Alhabeb, B. Anasori, E. C.
Kumbur, H. N. Alshareef, M.-D. Ger and Y. Gogotsi, Energy & Environmental
Science, 2016, 9, 2847–2854.

