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Abstract 

Microsupercapacitors (with footprints from -mm up to -cm scale) have attracted attention for 

use as electrochemical energy storage devices to power wearables, IoT, and other small 

microsystems due to their high power density, excellent charge/discharge reversibility, and 

long cycle stability. Additive fabrication, with its spatial accuracy and versatile material 

manipulation capabilities will facilitate easy integration of these devices into a range of 

ubiquitous microsystem platforms. 

This thesis demonstrates the additive fabrication of hybrid microsupercapacitors, which 

simultaneously, benefit from electrical double-layer capacitance (EDLC) and 

pseudocapacitance charge storage mechanisms. We have been able to elucidate the charge 

storage mechanism contributions of the microsupercapacitors, which are found to be 

dependent on the composition of the electrode and electrolytes. For the first time, this thesis 

reports the complete integration of such a microsupercapacitor through additive fabrication, 

including all component layers and encapsulation. We report on several novel materials, 

including electrodes based on edge-oxide graphene oxide (EOGO)/Cerium Oxide 

nanocomposites) and electrolytes based on (poly (ethylene glycol) diacrylate (PEGDA) + LiCl + 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). Our results show that, through 

optimization of all component structures within a microsupercapacitor, it is possible to realize 

unprecedented levels of performance. We systematically study the dimensional scaling of the 

microsupercapacitors in the sub-mm3 range and investigate how this scaling affects the 

performance of the microsupercapacitors. 

The research outcomes of this thesis include realization of the smallest microsupercapacitors 

that are fully additively fabricated reported to date, with the highest levels of observed 

performance. We report on scaling behavior in these devices for the first time as well.   Thus, 

this thesis provides important steps towards realization of additive fabrication of high-

performance microsupercapacitors for embedded energy applications. 

Keywords: microsupercapacitors, additive fabrication, 3D printing, dimensional scaling, edge-

oxidized graphite oxide (EOGO), cerium oxide 
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Résumé 
Les microsupercondensateurs (avec des empreintes allant de -mm à -cm) ont attiré l'attention 

pour être utilisés comme dispositifs de stockage d'énergie électrochimique pour alimenter les 

appareils portables, l'IoT et d'autres petits microsystèmes en raison de leur densité de 

puissance élevée, de leur excellente réversibilité charge/décharge et de leur stabilité à long 

cycle. La fabrication additive, avec sa précision spatiale et ses capacités de manipulation de 

matériaux polyvalentes, facilitera l'intégration de ces dispositifs dans une gamme de plates-

formes de microsystèmes omniprésentes. 

Cette thèse démontre la fabrication additive de microsupercondensateurs hybrides, qui 

bénéficient à la fois de capacités électriques à double couche (EDLC) et de mécanismes de 

stockage de charge de pseudocapacité. Nous avons pu élucider les contributions des 

mécanismes de stockage de charge des microsupercondensateurs, qui se révèlent 

dépendantes de la composition de l'électrode et des électrolytes. Pour la première fois, cette 

thèse rapporte l'intégration complète d'un tel microsupercondensateur par fabrication 

additive, y compris toutes les couches de composants et l'encapsulation. Nous rapportons 

plusieurs nouveaux matériaux, y compris des électrodes à base d'oxyde de graphène 

(EOGO)/nanocomposites d'oxyde de cérium) et des électrolytes à base de (diacrylate de poly 

(éthylène glycol) (PEGDA) + LiCl + lithium phényl-2,4,6- triméthylbenzoylphosphinate (LAP). 

Nos résultats montrent que, grâce à l'optimisation de toutes les structures de composants 

dans un microsupercondensateur, il est possible d'atteindre des niveaux de performance sans 

précédent. Nous étudions systématiquement la mise à l'échelle dimensionnelle des 

microsupercondensateurs dans la gamme inférieure au mm3 et étudions comment cette mise 

à l'échelle affecte les performances des microsupercondensateurs. 

Les résultats de recherche de cette thèse incluent la réalisation des plus petits 

microsupercondensateurs entièrement fabriqués de manière additive signalés à ce jour, avec 

les niveaux de performance observés les plus élevés. Nous rapportons également pour la 

première fois le comportement de mise à l'échelle de ces appareils. Ainsi, cette thèse fournit 

des étapes importantes vers la réalisation de la fabrication additive de 

microsupercondensateurs hautes performances pour des applications énergétiques 

embarquées. 
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1. Introduction 

1.1. Supercapacitors as energy storage devices 

Powering internet of things (IoT), wearables, and future electronic systems necessitates 

designing energy storage devices that can fulfill the energy and power requirements of such 

systems[1]. Supercapacitors are ideal energy storage devices to supply the power needs of 

these systems. Moreover, when supercapacitors are coupled with other energy storage 

devices, such as batteries and solar cells, they can complement the performance limitations 

of those devices in IoT, wearables, or other microelectronic applications. By definition, 

supercapacitors (also called electrochemical capacitors) are electrochemical energy storage 

devices that store energy at the interface of electrodes and an electrolyte [2]. Historically, the 

first example of a capacitor emerged as early as 18th century with the invention of the “Leyden 

jar”, which was constructed of two pieces of metal foil, water, and a conductive chain inside a 

glass jar [3]. Since then, research on the development of supercapacitors and understanding 

their working principles and mechanisms have continued (as shown in Figure 1.1).   

 

Figure 1.1. Historic timeline for the development of supercapacitors (EC in the figure refers to electrochemical 
capacitors, which are also called supercapacitors). Adapted from [3]. 

The developmental history of supercapacitors is intertwined with the story of discovering 

charge storage mechanisms, which resulted in the emergence of models describing these 

mechanisms—in chronological order, by Helmholtz [4], Gouy [5], Chapman [6], Stern [7], and 
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Grahame[8]. In the last decades, extensive research has been devoted to development of 

novel materials systems to improve the performance of supercapacitors and to advance our 

understanding of their working mechanisms. 

In the upcoming sections of this chapter, we will discuss different types of supercapacitors and 

their charge storage mechanisms, the components of supercapacitors and the materials of 

construction for the components, the performance metrics of supercapacitors, and also how 

supercapacitors compare to batteries.  

1.2. Different types of supercapacitors and their charge storage mechanisms 

Based on their charge storage mechanism, supercapacitors are grouped into three categories: 

i) electrochemical double-layer capacitors (EDLC), ii) pseudocapacitors, iii) hybrid 

supercapacitors that combine the EDLC and pseudocapacitive mechanisms [9]. EDLC 

capacitors store charge based on electrostatic charge separation at the interface of the 

electrodes and the electrolyte (non-Faradaic), pseudocapacitors store charge 

electrochemically through Faradaic reactions (through redox reactions) at the interface 

between the electrodes and the electrolyte, and hybrid supercapacitors synergistically benefit 

from both of these two charge storage mechanisms as they combine EDLC and 

pseudocapacitance [10]. Figure 1.2 schematically demonstrates the process of charge storage 

in EDLC and pseudocapacitance mechanisms. 
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Figure 1.2. Schematic of charge storage mechanisms: (a) electrochemical double-layer capacitance (EDLC) and 
(b) pseudocapacitance. Adapted from [11] 

Determination of the charge storage mechanism in a supercapacitor is usually done based on 

their active electrode materials (see Figure 1.3.). The EDLC mechanism is typically observed in 

carbonaceous materials such as, graphene, carbon nanotubes, and activated carbon, etc., due 

to their high specific surface areas. EDLC happens as a result of electrostatic charge separation 

at the interface of electrode/electrolyte. Moreover, the EDLC mechanism does not involve any 

charge transfer among species of the system. Since it is purely an electrostatic charge 

separation process, the higher the surface area, the easier the EDLC formation. This is why, it 

predominantly occurs in carbonaceous materials. On the other hand, pseudocapacitance is 

observed in conductive polymers, metal oxide/carbides/nitrides, etc. where charge transfer 

occurs among the species of the system at the interface of electrode/electrolyte (i.e., it is not 

an electrostatic charge separation process). These charge transfer reactions are Faradaic 

reactions in nature where electron transfer causes redox reaction (i.e., oxidation/reduction 

reactions) to take place. When these two categories of materials, and subsequently, these two 

charge storage mechanisms are combined, the resultant supercapacitor is designated as a 

hybrid supercapacitor[12]. The main reason behind formulation of these hybrid systems is to 

benefit from both EDLC and pseudocapacitive charge storage mechanisms synergistically[13]. 
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Figure 1.3. Different categories of supercapacitors based on their materials of electrodes and their respective 
charge storage mechanism. Adapted from [12] 

To this end, design and synthesis of novel classes of (nano)-composite structures which deliver 

both EDLC and pseudocapacitance (as a hybrid system) has been one of the main research foci 

in supercapacitor development [14].  

1.3. Components of supercapacitors 

The main components of supercapacitors are, electrodes, an electrolyte, current collectors, 

and a separator (which would not be needed most of the time when using solid-state or semi 

solid-state electrolytes). All these components should be assembled in a packaging in order to 

make the supercapacitor as a stand-alone device.  

1.3.1. Electrodes 

Electrodes are the main components of supercapacitors as their role is to store the electrical 

charge on their surface. Thus, the majority of the research conducted on supercapacitors has 

been focused on development of electrodes with novel chemistries and structures. Wide 

ranges of materials have been used as electrode active materials in supercapacitors. 

Conventionally, these electrode active materials are mixed with binders or some other 
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additives. In this section, we will focus on the electrode active materials that have been used 

in supercapacitors. 

In general, electrode active materials can be divided into four groups: i) carbonaceous 

materials, ii) conductive polymers, iii) metal oxides and metal carbides/nitrides, and iv) 

nanocomposites of two or more of the aforementioned groups of materials.  

One of the most widely studied type of materials in supercapacitors are carbonaceous 

materials. Carbonaceous materials are attractive candidates for use as electrode active 

materials due to their relatively large surface area, which is favorable for the function of the 

electrodes of supercapacitors. These materials mostly store charge based EDLC formation 

which is a reversible adsorption/desorption process, hence, they show relatively long cyclic 

life. These electrode materials include graphene and its family (e.g., graphite, graphene, 

graphene oxide, reduced graphene oxide, graphene quantum dots)[2], [15]–[26], carbon 

aerogel [27]–[31], carbon nanotubes (CNTs) [32]–[35], and activated carbon [36]–[40]. The 

majority of these materials, however, require post-processing such as chemical reduction *to 

get rid of oxygen functional groups) in order to increase their electrical conductivity. Besides, 

for the case of graphene, for instance, organic solvents should be used as dispersants for 

processing of their slurries, which are, most of the time, toxic chemicals. 

As the second group, conductive polymers have been widely used in supercapacitors as 

electrode active materials due to their attractive properties, such as their relatively high 

electrical conductivity in doped state and their suitable redox reactivity, to name a few. 

Examples of conductive polymers including polyaniline (PANI) [41]–[46], polypyrrole (PPy) 

[47]–[51], polythiophene (PTh) [52], [53] and Poly-(3,4-ethylendioxythiophen)-poly-

(styrolsulfonat) (PEDOT:PSS) [54]–[56] have been extensively used as electrodes of 

supercapacitors. In comparison to the carbonaceous family of materials, conductive polymers 

show higher nominal capacitance values, however, they suffer from shorter cyclic life as a 

result of their structural destruction (shrinking/swelling) throughout the process of 

charge/discharge.[57] 
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The third group of electrode materials are metal oxides, which are widely used as electrode 

materials mainly due to their redox reactivity which enables them to undergo Faradaic 

reactions to store charge through these reactions. Examples of metal oxides, such as transition 

metal oxides, NiO [58]–[62], RuO2 [63]–[65], MnO2 [66]–[70], V2O5 [71]–[76], lanthanide 

oxides, such as CeO2 [77]–[80] and La2O3 [81], [82]. Moreover, carbides and nitrides of 

transition metals (also known as MXenes) [83] have been another class of materials of interest 

for the electrodes of supercapacitors [84]–[90]. The main disadvantage of these materials is 

their relatively low electrical conductivity, which is the main reason behind compositing them 

with other types of electrode materials. 

In order to benefit from the inherent properties of these groups of materials, many examples 

of their composites have been developed and used as electrodes in supercapacitors. Some of 

these examples are graphene/polyaniline (PANI) [91], [92], activated carbon/polyaniline 

(PANI) [93] NiO/carbon nanotubes (CNTs) [94], Polypyrrole/MXene [95], [96], activated 

carbon/MXene [97], MXene/polyaniline (PANI) [98]–[100], MXene/MnO2[101], 

MXene/CNT[102], MXene/CNT/PANI[103], MnO2/graphene oxide/PANI[104], reduced 

graphene oxide/CNT/MnO2 [105], NiO/V2O5/MnO2 [106], reduced graphene 

oxide/MnO2/polypyrrole[107], polypyrrole/graphene oxide/CNT[108], V2O5/CNT[109], and 

graphene oxide/CNT/RuO2[110]. 

1.3.2. Electrolyte and separator 

The ionic species in the electrolytes form an ionic layer at the interface with electrodes, which 

causes the electrical charge to be stabilized on the electrodes’ surface (i.e., charge storage). 

Thus, without electrolytes, the amount of stored charge at the electrodes will be low. 

Compared to the dipoles in the dielectrics utilized in the conventional capacitors, ionic species 

in the electrolytes are more mobile and can have higher concentrations and unlike the dipoles 

in the dielectrics, ionic species in the electrolytes do not need relatively large voltages to be 

arranged as a layer of opposite charges at the interface of electrodes/electrolyte. Moreover, 

due to better mobility of ionic species in the electrolytes, they can enter the pores of the 
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electrodes at micro/nano-scale which enables electrolytes to be more effective in utilizing the 

maximum of electrode surfaces. Thus, using electrolytes provides ionic conductivity which is 

a more facile way to form a layer of opposite charges at the interface of 

electrodes/electrolytes, which ultimately, stabilizes charges more efficiently (i.e., better 

charge storage—higher capacitance values). Electrolytes generally determine the working 

voltage window of supercapacitors and by providing ionic conductivity, they can alter the 

power density of the supercapacitors [111]. Electrolytes are categorized into two main groups: 

liquid electrolytes and solid electrolytes. While liquid electrolytes possess higher ionic 

conductivity compared to the solid electrolytes due to the freedom of movement of the ionic 

species in them, they suffer from leakage issues and evaporation of their solvents over time if 

not suitably sealed. Hence, selection of electrolytes is always a compromise between chemical 

stability and performance and structural stability influenced by their leakage and/or 

evaporation. Figure 1.4 demonstrates the subgroups to which the liquid and solid electrolytes 

are divided.  

 

Figure 1.4. Different categories of the electrolytes for supercapacitor. Adapted from [111] 

Based on the focus of my thesis, I only discuss the aqueous liquid electrolytes from the main 

category of “liquid electrolytes” and gel polymer electrolytes from the “solid electrolytes”. 

Aqueous electrolytes, can be grouped into sub-divisions of alkali[112], [113], acid[114]–[116], 

and neutral[117], [118] electrolytes. These electrolyte are quite cheap, easy to formulate, and 
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they provide good solubility for many salts, however, their typical operating working potential 

is limited to 1.23V which is the hydrolysis potential of water[119].  

Among the solid electrolytes, “gel polymer” electrolytes, are the other category of the 

electrolytes that we will discuss in this section. Gel polymer electrolytes have the highest ionic 

conductivity among solid electrolytes and they are categorized into the sub-groups of 

“aqueous” and “organic” gel also known as “organogel” electrolytes[111]. Aqueous gel 

electrolytes, also known as hydrogel electrolytes, are composed of water, monomers or 

polymeric chains, and salts, acids or bases. Examples of hydrogel electrolytes include, Polyvinyl 

alcohol (PVA)/LiCl[120]–[122], PVA/H2SO4[37], [123], PVA/H3PO4[124], PVA/KOH[125]–[127] , 

PEO/KOH[128], sodium alginate-grafted-dopamine/KCl[129]. Organogel electrolytes, on the 

other hand, are composed of organic solvents (or organic dispersing media), and polymeric 

hosts[130]. Examples of such electrolytes include cyanoethyl polyvinyl alcohol[131], 

TBAPF6 (tetrabutylammoniumhexafluorophosphate):PMMA (poly(methyl methacrylate)):PC 

(propylene carbonate):ACN (acetonitrile)[132], TBAPF6 in acetonitrile:Poly(methyl 

methacrylate)[133], sulphonated PEEK/dimethyl sulfoxide (DMSO)/ LiClO4[134], 

poly(acrylonitrile)-b-poly(ethylene glycol)-b-poly(acrylonitrile) (PAN-b-PEG-b-PAN)/ 

dimethylformamide/LiClO4[135].  

Separators, also known as membranes, are one of the components of the supercapacitors that 

are used to ensure that the electrodes do not contact each other (i.e., avoiding short 

circuit).Their porous structure, optimum thickness, and chemical stability provide suitable 

ionic pathways for the electrolyte species towards the electrodes[136]. In other words, they 

separate electrodes to ensure no electrical charge passage between them, while they do not 

obstruct ionic conduction in the electrolyte. Some of the most common materials used for 

separators are poly(vinylidene fluoride) (PVDF)[137], [138], cellulose-based[139]–[141], agar-

based[142], chitosan-based[143], [143], Nafion[144]–[146], inorganic-based (such as  

aluminum silicate[147], hydroxyapatite[148]), composite-based (such as PVDF/BaTiO3[149], 

and Al2O3 nanowires/Polyvinyl butyral[150]). In order to minimize the design, materials 

selection and fabrication steps of supercapacitors, gel polymer electrolytes can act both as 

separators and electrolytes in supercapacitors[151]. 
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1.3.3. Current collectors 

The main function of the current collectors in supercapacitors is to direct the charges stored 

on the electrodes to the outer circuit of the supercapacitor[152]. The current collectors must 

be electrically conductive and chemically stable[153], [154]. For instance, the electrical 

conductivity of current collectors must be high enough (i.e., higher than that of the electrodes) 

not to limit the passage of electron to/from the supercapacitor. Some of the most common 

materials used for current collectors of the supercapacitors are aluminum[155], [156], 

copper[157], [158], silver[159], [160], gold[161], [162], stainless steel[163], [164], nickel[165], 

[166], carbon[167]–[169].  

1.3.4. Casing/packaging 

To prepare the supercapacitors for integration in circuits and use them in real applications, 

they need to have proper casing/packaging[170]. The casing/packaging should provide 

hermeticity to ambient humidity, low processing temperature, chemical compatibility with the 

electrolyte, and good electrical connections to the circuit out of the package[171]. Since these 

packaging/casing processing is more relevant to smaller-sized supercapacitors (also known as 

microsupercapacitors) for integration into microelectronic systems, we will discuss the types 

of materials and the involved processing for them in the next chapter. Figure 1.5 illustrates 

the components of the supercapacitors (as a member of the electrochemical energy storage 

systems), namely, current collectors, electrodes, separator/electrolyte, and casing/packaging 

assembled as a device. 
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Figure 1.5. Components of typical electrochemical energy storage systems such as supercapacitors, namely, 
current collectors, electrodes, electrolyte/separator, and casing/packaging. Adapted from[14] 

1.4. Performance metrics of supercapacitors 

In order to evaluate the performance of the supercapacitors, several metrics are used that are 

summarized in Figure 1.6. To compare the performances of different supercapacitors, these 

metrics are normalized per mass, area, or volume of the supercapacitors.  

Some of the most important performance metrics of supercapacitors are: i) operating 

potential window, ii) capacitance, iii) energy density, iv) power density, v) cyclic stability, vi) 

coulombic efficiency, vii) self-discharge, and viii) equivalent series resistance (ESR)[172]. 

These performance metrics are crucial since they determine if a supercapacitor can act 

successfully in a desired application. As supercapacitors always need to be coupled with other 

electronic components is circuits, they need to be rated based on their performance metrics 

so that they can be reliably used for any specific applications. Moreover, these performance 

metrics enable us to compare different supercapacitors with each other. 

Operating potential window: this is the maximum potential that supercapacitor can 

operate at without decomposition of the electrolyte and/or electrodes. We should make sure 

that the supercapacitor is used within a certain voltage range that provides chemical stability 
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for both the electrolyte and the electrodes. Practically, it is possible to enlarge the voltage 

range at which a supercapacitor operates, however, that might shorten the life cycle of the 

supercapacitor since undesirable reactions (e.g., decomposition of electrolyte species, or 

hydrolysis of water molecules in aqueous electrolytes) might occur. Hence, it is necessary to 

select a safe operating voltage window, within which we can ensure the maximum life cycle 

of any given supercapacitors. There have been reports on supercapacitors with operating 

potential windows as large as ~3.5 V [173]. For fully assembled microsupercapacitors, an 

operating potential window ranging from 0.5 V [174] up to 3 V has been reported [175]. 

Capacitance: capacitance is the proportionality of the charge that is stored in a 

supercapacitor with respect to its operating voltage range and it is normalized per mass of the 

electrodes/whole system (i.e., gravimetric capacitance — with the unit of F/g), or per area of 

the electrodes/whole system (i.e., areal capacitance — with the unit of F/cm2), or volume of 

the electrodes/whole system (i.e., volumetric capacitance — with the unit of F/cm3). The 

higher the capacitance of supercapacitors, the higher the capability of them to store charge. 

However, this comes at the cost of longer times needed to store and release charges when 

they are larger in quantity. Thus, although we aim at increasing the capacitance of 

supercapacitors, we should make sure that the pace of the storage/release of charge in them 

is fast. While there are examples of supercapacitors with capacitances of magnitudes 

exceeding 2000 F/g [176], [177] (usually capacitance is reported in F/g unit for 

supercapacitors), capacitance values as high as 2100 mF/cm2 [178] have been reported for 

microsupercapacitors. 

Energy density: also knowns as specific energy, is the amount of energy that a 

supercapacitor can provide, which can be normalized per mass (gravimetric energy density — 

with the unit of Wh/kg), area (areal energy density — with the unit of Wh/cm2), or volume 

(volumetric energy density — with the unit of Wh/cm3 or Wh/L) of the electrode or the whole 

system. This performance metric is one of the bottlenecks of the fabrication of 

supercapacitors. In most examples of supercapacitors, energy density is relatively low 

(specially compared to batteries) and increasing the energy density of supercapacitors is one 
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of the major research goals in development of supercapacitors. Energy densities as high as 

tens of Wh/kg [179], [180] and tens of µWh/cm2 have been reported [181], [182](similar to 

capacitance, energy density is also reported per mass for the supercapacitors) for 

supercapacitors and microsupercapacitors, respectively. 

Power density: also knowns as the specific power, is the amount of power that can be 

generated by a supercapacitor (i.e., how fast they can deliver energy) normalized per mass 

(gravimetric power density — with the unit of W/kg), area (areal power density — with the 

unit of W/cm2), or volume (volumetric power density — with the unit of W/cm3 or W/L) of the 

electrode or the whole system. One of the main advantages of supercapacitors compared to 

batteries is their relatively higher power density. It is crucial to increase power density of 

supercapacitors while increasing their energy density. In other words, the ideal 

supercapacitors should store/deliver more energy (high energy density) at a faster pace (high 

power density) so that they could ultimately replace batteries. Power densities as high as 

thousands of W/kg [183], [184] and hundreds of mW/cm2 [185] have been reported (similar 

to capacitance and energy density, power density is also reported per mass for the 

supercapacitors) for supercapacitors and microsupercapacitors, respectively. 

Cyclic stability: the number of cycles that a supercapacitor can be fully charged and 

discharged before their capacitance falls below 80% of their initial capacitance value is called 

their cyclic stability[182], [186], [187]. Although there is not a comprehensive definition for 

this term, the abovementioned definition is one that has been used quite frequently. This 

performance metric determines the service life time of supercapacitors, thus, one of the main 

goals of research on supercapacitors is to maximize this metric. Supercapacitors with cyclic 

stability of 100000 cycles have already been reported [188]. However, for 

microsupercapacitors, cyclic stability of up to 17000 charge/discharge cycles has been shown 

in the literature [185]. 

Coulombic efficiency: the ratio of the amount of charge that is released from a 

supercapacitor during discharging to the amount of charge that is stored in it during charging 

is called coulombic efficiency. As it is a measure of efficiency, we would like to see a value of 
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100% for coulombic efficiency of a supercapacitor which means that at a fixed and equal 

current for charge and discharge, the times taken for charging and discharging should be 

equal. Maximum coulombic efficiency means no unwanted loss of charge during 

charge/discharge cycles. This is why we aim at maximizing coulombic efficiency. It has been 

shown in the literature that supercapacitors can operate with +90% coulombic efficiency 

[189]. 

Self-discharge: electrochemical energy storage systems such as supercapacitors, are 

discharged spontaneously even when they are in an open circuit condition. This phenomenon 

occurs since the system tends to go back to its equilibrium state, for instances, by charge 

redistribution at the interface of electrode/electrolyte[172], [190]. This characteristics of 

supercapacitors is important to determine how long these devices can keep their charges once 

being at rest. Hence, the longer the self-discharge time of a supercapacitor, the less the need 

for recharging them. (Micro)-supercapacitors usually experience self-discharge in time-scales 

on the order of few hours up to a few days [191]. 

Equivalent series resistance (ESR): Equivalent series resistance (ESR), also known as the 

internal resistance of the electrochemical energy storage systems, is an indication of the 

energy loss of such systems and is defined as the sum of the bulk electrolyte resistance, the 

resistance of the electrode, and the contact resistance between the electrode and the current 

collector[192]. One way to improve the performance of the supercapacitors is to decrease 

their ESR. In other words, the lower the ESR of the supercapacitors, the lower their energy 

loss, and the better overall their performance. ESR values of couple of milliohms [193] up to 

hundreds of ohms [194] have been reported for (micro)-supercapacitors. As the 

supercapacitor size is reduced, i.e., when they are microsupercapacitors, their ESR values 

typically increase (as the smaller they get, the available surface for charge transfer gets 

smaller). 
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1.5. Supercapacitors vs. Batteries 

In this section, we will discuss the main differences of supercapacitors and batteries. Both 

these systems are electrochemical energy storage systems, however, they have fundamental 

differences in their performance. The most important parameters that elucidate the 

differences between supercapacitors and batteries are energy density, power density, and 

cyclic life. While batteries have higher energy densities compared to supercapacitors, they 

suffer from low power densities. Figure 1.6 exhibits a Ragone plot (which is a demonstration 

of power density (specific power) vs. energy density (specific energy)) that demonstrates the 

ranges of these performance metric in supercapacitors and batteries. One of the main goals 

of research in the field of supercapacitors is to increase their energy density without sacrificing 

their power density. On the other hand, supercapacitors provide much longer cyclic life 

compared to batteries which enables them to have longer service lifetime and subsequently, 

it results in less requirements for their maintenance. 
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Figure 1.6. Ragone plot demonstrating the differences of specific energy and specific power of batteries and 
supercapacitors. The start shows the target of the research community for advancing the specific energy and 
power of these devices (the diagonal dotted lines and timescales represent characteristic operation timescales, 
obtained by dividing the energy by the power). Adapted from[9] 

Moreover, the charging/discharging time of supercapacitors is much shorter than that of the 

batteries which means that they can be charged and discharged at a much faster pace[172]. 

Besides, the charge storage in supercapacitors occur at the outmost surface (outmost surface 

or near surface) of the electrode, unlike batteries, where the charge storage takes place in 

bulk of the electrode[10]. 
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In summary, the main goals pursued in this thesis are as follows: 

• Design, synthesis, and optimization of novel chemistries for different components of 

the microsupercapacitors— we designed and synthesized electrode and electrolytes and use 

commercially available materials for current collectors, packaging, and encapsulation and 

ultimately, optimized the overall performance of the fully-printed microsupercapacitors. 

• Achieving highest level of integration for printed microsupercapacitors to date, by full 

printing of all components at as small as possible footprints. Particularly, we aimed at realizing 

mm-scale microsupercapacitors—sub-cm2 area and mm level total height. 

• Systematically studying the effect of dimensional scaling on the performance of the 

fully-additively fabricated microsupercapacitors at such low footprints and heights, for the 

first time, which would elucidate how scaling the size at the component level and 

subsequently at the whole system level could alter their electrochemical performance. 

In chapter 2 of the thesis, we will discuss the background on microsupercapacitors—what 

materials and fabrication processes have been reported for them, rheological characterization 

of the inks utilized in additive fabrication of microsupercapacitors, and finally, discussing the 

challenges and opportunities in fabrication of microsupercapacitors. 

We devoted chapter 3 of the thesis to the optimization of the performance of 

microsupercapacitors as a function of the chemistries of their components. We systematically 

investigate how the optimized chemistries can realize the maximized performance of the 

microsupercapacitors. The reason behind studying the effects of the chemistries of the 

components on the performance of the additively-fabricated microsupercapacitors is that it 

enables us to optimize the compositions and processing conditions for all the components to 

maximize the performance of the microsupercapacitors. 

In chapter 4, we systematically investigate the effects of dimensional scaling of these fully-

additively fabricated microsupercapacitors on their performance using the optimized 
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chemistries of the components as determined in chapter 3. Performing dimension scaling 

study of the fully-additively fabricated microsupercapacitors is crucial as it reveals the 

relationship between size of the system and its overall performance. To the best of our 

knowledge, dimensional scaling study of fully-additively fabricated microsupercapacitors, 

where all components (i.e., electrodes, electrolyte, current collectors, 

packaging/encapsulation) are printed, and more specifically, which are benefiting from both 

EDLC and pseudocapacitance charge storage mechanisms is a glaring hole in the literature. We 

designed the dimensional scaling study in such a way that the performance of the 

microsupercapacitors are evaluated as a function of change in the length of the electrodes 

and also the inner diameter of the nozzles with which the electrodes are 3D printed.  

Finally, in chapter 5, we discuss the key outcomes of the thesis, why these outcomes are 

important, in addition to specific and detailed discussion of future work that can be potentially 

pursued on fully-additively microsupercapacitors.
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2. Fabrication of Microsupercapacitors 
2.1. Background on microsupercapacitors 

Microsupercapacitors (MSCs) have emerged as a relatively new class of miniaturized 

electrochemical energy storage devices that can be integrated into microsystems[195], [196]. 

They possess submillimeter-scale features with a typical footprint area of up to few cm2[197]. 

In recent years, novel materials and fabrication procedures/techniques for their components 

and new applications for them have been developed. 

Similar to supercapacitors, microsupercapacitors also are composed of current collectors, 

electrodes, electrolytes/separator, and packaging/casing. Due to their relatively small size, 

their fabrication is generally challenging, hence, it is necessary to develop materials and 

processes to enable their replicable fabrication [198]. 

In this chapter, we will discuss the fabrication techniques of microsupercapacitors, examples 

of materials used in the related fabrication techniques, a summary of performance records of 

state-of-the-art microsupercapacitors, challenges and opportunities in the fabrication of 

microsupercapacitors, and the research goals of this thesis. 

Microsupercapacitors possess two structural configurations (As shown in Figure 2.1) and 

different techniques are used for realization of each of these configurations.  These 

configurations are called “planar” and “stacked”[199]. In the stacked configuration, on an 

insulating substrate, the current collectors are first deposited. Next, on top of the current 

collectors comes the first electrode, then electrolyte is added as the next layer and then the 

second electrode is deposited. The last layer is the second current collector. In the planar 

configuration, interdigitated current collectors are deposited on an insulating substrate, then 

the electrodes are deposited on top of the current collectors, then the electrolyte is added to 

cover the interdigitated layers of the electrodes and to fill the empty space between them. 

Between these two configurations, the planar configuration is preferred as it is believed that 

it could provide better electrochemical performance due to the shorter ionic diffusion 

distance of electrolyte and higher active surface area of the electrodes as a result of its 

interdigitated structure [195], [200]. Hence, we have designed our microsupercapacitors 
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fabricated and studied in this thesis in the planar configuration. In the next section of this 

chapter, we will focus on reporting the fabrication techniques used for realization of 

microsupercapacitors with an emphasis on planar microsupercapacitors. We also will discuss 

examples of microsupercapacitors fabricated using these fabrication techniques. 

 

Figure 2.1. Different configurations of microsupercapacitors, left: stacked, right: planar. Adapted from [199] 

2.2. Fabrication techniques of microsupercapacitors 

In this section, we will discuss the fabrication techniques of microsupercapacitors with an 

emphasis on planar microsupercapacitors. We also discuss the chemistries of the components 

of microsupercapacitors fabricated by each of those techniques. 

All the fabrication techniques used for microsupercapacitors have pros and cons and 

depending on the techniques used, different component materials and processing conditions 

are involved in realization of microsupercapacitors. 

Microsupercapacitors have been mostly fabricated by photolithography techniques, laser 

processing (scribing), plasma jet etching, and printing techniques which are divided into two 

subgroups, namely, the ones requiring templates (e.g., stamping and screen printing), and the 

template-less ones (i.e., additive fabrication or 3D printing, such as fused deposition modeling 

(FDM), extrusion-based 3D printing and inkjet printing). Among printing techniques of 
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microsupercapacitors, the most dominant ones are inkjet printing, screen printing and 

extrusion-based 3D printing. Additionally, some of the less frequently used printing 

techniques for microsupercapacitors such as offset printing, spray printing, and gravure 

printing will also be discussed in this section. 

Firstly, we start with discussion on photolithographic techniques used in fabrication of 

microsupercapacitors.  

Photolithographic techniques  

Due to high precision that the photolithographic techniques provide, they have been widely 

used to fabricate microsupercapacitors. These techniques are industrially mature and are 

compatible with the traditional semiconductor technologies.[201] However, they usually are 

capable of fabricating microsupercapacitors with thin electrodes, which consequently would 

limit the amount of active materials used in a certain footprint[202]. These techniques usually 

involve using a photoresist and a mask followed by UV irradiation to realize interdigitated 

patterns by subsequent development steps[201], [203] (as shown in Figure 2.2). Moreover, 

the outlook on photolithographic techniques for the fabrication of microsupercapacitors is 

that these methods generally are limited by the types of materials, types of substrates, and 

the complexity of the involved processes as a whole. However, the feature sizes achievable by 

these methods are still unmatched compared to other techniques of fabrication of 

microsupercapacitors. Thus, there is a tradeoff between the precision and simplicity of the 

fabrication of microsupercapacitors using photolithographic techniques. Examples of 

microsupercapacitors fabricated based on photolithographic techniques include, graphene-

based electrode/H2SO4–PVA gel electrolyte/gold current collector[204]–[206], graphene 

quantum dots/H2SO4–PVA gel electrolyte/gold current collector[207], CNT-based electrode 

and current collector, H2SO4 aqueous electrolyte[208], graphene-based electrode/H3PO4–PVA 

gel electrolyte/gold current collector[209], poly(3,4-ethylenedioxythiophene) (PEDOT) 

electrode/ H2SO4 aqueous electrolyte/gold current collectors[210], reduced graphene 

oxide/manganese oxide (MnO2) electrodes/Na2SO4 aqueous electrolyte/gold current 
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collector[211], graphene-Fe2O3 electrode/PVA–KOH electrolyte/nickel current collector[212], 

PEDOT–CNT electrode/H2SO4–PVA gel electrolyte/gold-chromium current collector[213], and 

MXene electrode/H2SO4-EMIMBF4 electrolyte/gold–titanium current collector[214]. In order 

to expand the capabilities of the photolithographic techniques, the available ranges of 

technology-compatible materials should become wider and innovative approaches should 

emerge such that the involved processes become more facile and environmentally friendly. 

Now, we continue with the laser processing (scribing) technique as a method for the 

fabrication of microsupercapacitors. 

 

Figure 2.2. Fabrication of a microsupercapacitor through a photolithographic process. Adapted from [210] 

Laser processing (scribing) 

Laser processing (scribing) of microsupercapacitors is an attractive method of fabrication 

which involves using a laser to create patterns (e.g., interdigitated) in a template-free fashion 

on a substrate covered with the a material and subsequently convert the material by 

photothermal/photochemical effects to a desired composition as a result of the laser 

irradiation[215] (An example is shown in Figure 2.3). Unlike photolithography techniques that 

require using sacrificial templates throughout their involved steps, laser processing (scribing) 

has been widely used to synthesize electrode materials with high-resolution patterns by using 

the heat of a laser.[216] This techniques is used both for cutting/patterning of the electrodes, 
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and for the chemical conversion of them. Examples of laser processed microsupercapacitors 

include: graphene-manganese oxide (MnO2)  electrodes/PVA–H3PO4 gel electrolyte[217], 

graphene electrode (acting also as current collectors)/PVA–H3PO4 gel electrolyte and H3PO4 

aqueous electrolyte[218], graphene electrode/LiCl–PVA gel electrolyte/nickel current 

collector[219], reduced graphene oxide electrode (acting also as current collectors)/Na2SO4 

aqueous electrolyte[220], reduced graphene oxide electrode (acting also as current 

collectors)/poly(vinylidenefluorideco-hexafluoropropylene) (PVdF–HFP) + 1-butyl-3-

methylimidazolium tetrafluoroborate, (BMIM-BF4) in acetone electrolyte[221]. 

 

Figure 2.3. Fabrication of microsupercapacitors by laser processing. Adapted from [221] 

Plasma jet etching  

Plasma jet etching uses a directed beam to scribe desired patterns with the use of a template 

on substrates coated with a material, except instead of a laser, it uses plasma for scribing[201]. 

This process is relatively fast, cost effective and simple and can also be performed in ambient 

conditions.[201] Compared to laser scribing, plasma jet etching is slower and it also provides 

lower precision. However, plasma jet etching, unlike laser processing (scribing) can operate 

on reflective surfaces as it does not involve a light/matter interactions. Examples of 

microsupercapacitors fabricated by this method include: CNT-silver nanowires 
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electrodes/PVA–H3PO4 gel electrolyte/silver nanowires current collector[222], CNT electrodes 

(acting also as current collectors)/PVA–H3PO4 gel electrolyte[223], reduced graphene 

oxide-carbon black (CB) electrodes (acting also as current collectors)/PVA–H2SO4 gel 

electrolyte[224], reduced graphene oxide electrode/PVA–H2SO4 electrolyte/gold current 

collector[225]. The plasma jet etching fabrication of the microsupercapacitor reported in 

reference[223] is shown in Figure 2.4. 

 

Figure 2.4. Exhibition of the plasma jet etching fabrication of a microsupercapacitor. Adapted from [222] 

Stamping 

In this fabrication technique, pre-fabricated stamps (e.g., polymer-based) with desired 

patterns are coated with active materials (usually for electrodes and/or current collectors) 

and are pressed on a target substrate[226]. This fabrication technique provides a facile 

pathway for production of microsupercapacitors. Theoretically, the resolution of this 

technique is limited by the feature sizes of the patterns on the stamps and the 

chemical/physical properties of the active materials coated on them (i.e., surface tension, 

hydrophilicity/hydrophobicity, etc.). Some examples of such microsupercapacitors include: 
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MXene electrode (also serving as current collectors)/PVA-H2SO4 gel electrolyte[226], 

graphene electrodes (also serving as current collectors)/PVA–KOH gel electrolyte[227], 

Methyl-cellulose-derived porous carbon/MnO2 nanowires electrodes (also serving as current 

collectors)/Na2SO4 aqueous electrolyte[228], Nickel–MnO2 electrodes (acting also as current 

collectors)/CMC–Na2SO4 electrolyte[229]. As shown in Figure 2.5, stamps with desired 

patterns are used to transfer MXenes-based inks to target substrates followed by the 

deposition of PVA–H2SO4 gel electrolyte on the interdigitated area. 

 

Figure 2.5. Fabrication of microsupercapacitors using the stamping technique. Adapted from [226] 

Screen printing 

In screen printing, a screen stencil with the desired pattern is used to transfer an ink/slurry to 

a target substrate when a blade/squeegee passes across the screen to fill the open stencil 

apertures with the ink[230]. This technique is relatively fast and is compatible with a wide 

range of substrates. Screen printing offers very high deposition rates, which makes this 

technique suitable for fast and scalable production. This method has been successfully used 



Chapter 2 
 

25 
 

in fabrication of microsupercapacitors and examples of such microsupercapacitors are as 

follows: CNT–MnO2 electrodes/PVA–LiCl gel electrolyte/silver current collector[231], CNT–

graphene electrode/PVA–H3PO4 gel electrolyte/pyrolytic graphite paper[232], and MXene 

electrodes (acting also as current collectors)/ PVA–H2SO4 gel electrolyte[185]. Figure 2.6 

demonstrates an example of screen printed microsupercapacitors. 

 

Figure 2.6. An example of screen printed microsupercapacitor. Adapted from [185] 

Gravure printing 

Gravure printing is a fabrication technique that involves transfer of an ink by direct contact 

with a large engraved metal roll onto a target substrate[233], [234] (see Figure 2.7). Gravure 

printing has been historically used in newspaper and packaging printing.[235] It is relatively a 

fast and high-resolution printing technique and has been used in fabrication of 

microsupercapacitors. This method is particularly of interest for the fabrication of flexible 

microsupercapacitors. 
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Figure 2.7. Schematics showing the gravure printing process. Adapted from [233] 

Examples of microsupercaoitors fabricated with this technique include: graphene 

electrodes/PVA-H2SO4 gel electrolyte/silver current collector[236], and sulfonated reduced 

graphene oxide (S-rGO)–MoS2/KOH-PVA gel electrolyte/silver current collector[237]. An 

example of gravure printed microsupercapacitors is illustrated in Figure 2.8. 

 

Figure 2.8. An example of gravure printed microsupercapacitors. Adapted from [236] 

Spray printing 

Spray printing is a simple technique in which an ink is sprayed onto a target substrate using a 

spray gun[238] (An example is shown in Figure 2.9). This technique is one of the most facile 
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techniques used for the fabrication of microsupercapacitors. In practice, any mixture of active 

materials/solvents/dispersants that can be sprayed using a conventional spray gun might be 

used in this fabrication technique. It should be noted that the mixtures (i.e., inks) should be 

homogeneous with tuned evaporation rates of their solvents/dispersants to realize high 

quality patterns on any given substrates. This technique has been frequently combined with 

other techniques of microsupercapacitors fabrication such as laser processing (scribing) in 

fabrication of microsupercapacitors and some of those examples are as follows: MXene 

electrodes (also used as current collectors)/PVA–H2SO4 gel electrolyte[239], CuFe-Prussian 

blue analogue (CuFe–PBA) –MXene electrodes/PVA–H2SO4 gel electrolyte/graphene current 

collector[240], MXene electrodes (also used as current collectors)/PVA–H3PO4 gel 

electrolyte[241], MXene-PEDOT electrodes/PVA–H2SO4 gel electrolyte/MXene current 

collector[242], and graphene oxide-PANI electrodes/PVA–H2SO4 gel electrolyte/gold current 

collectors[243]. 

 

Figure 2.9. Spray printing process in combination with laser processing (scribing) for fabrication of 

microsupercapacitors. Adapted from [240] 

Fused deposition modeling (FDM) 

Fused deposition modeling (FDM) is a printing technique which operates based feeding a 

thermoplastic filament to a heated printing head resulting in melting the filaments and 

subsequently, depositing it on a desired substrate to be solidified[244]. This technique usually 

involves using polymeric or polymer-based composite materials to form 3D constructs. 

Moreover, depending on the type of materials used as filaments, the maximum resolution of 
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printing will be different. For instance, if the filament is based on composites of inorganic 

particles dispersed in a polymeric matrix, the printing resolution is mainly limited by the size 

of the particle, assuming that these particles do not melt/soften at the temperature of the 

nozzle used for printing. Examples of FDM printed microsupercapacitors include: MXene–

MoS3−x coated carbon framework electrodes/PVA–H2SO4 gel electrolyte/carbon cloth current 

collectors[245], and Graphene–PLA electrodes (acting also as current collectors)/PVA–H2SO4 

gel electrolyte[246]. An example of using FDM printing in fabrication of microsupercapacitors 

is shown in Figure 2.10. 

 

Figure 2.10. Schematic representation of FDM printed electrodes of microsupercapacitors. Adapted from [245] 

Inkjet printing 

Inkjet printing is one of the fabrication techniques of microsupercapacitors that functions 

based on ejecting droplets of inks of active materials on a target substrate[247]. This method 

provides quite high levels of printing resolution and it also supports diverse ranges of ink 

chemistries. Since it is a low cost, fast, and scalable technique, inkjet printing has been widely 

used in fabrication of microsupercapacitors due to its advantages such as low-cost and fast 

fabrication, in addition to scalability.[248] Moreover, different types of active materials can 

be used by this techniques, such as polymeric, ceramic and metallic materials, dispersed in a 

relatively dilute suspension. Although this techniques provides one of the highest levels of 

printing resolution among printing techniques, this technique is not capable of printing thick 

(i.e., tens of microns and more) layers of materials. Some examples of microsupercapacitors 
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fabricated by inkjet printing are as follows: graphene electrodes (acting also as current 

collectors)/poly(4-styrenesulfonic acid) (PSSH) solid-state electrolyte[249], activated carbon 

electrodes/Et4NBF4 propylene carbonate electrolyte/gold current collectors[250], PEDOT:PSS-

MnO2 electrodes (acting also as current collectors)/PVA–LiCl gel electrolyte [248], MXene–

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) electrodes (acting also as 

current collectors)/H2SO4–PVA gel electrolyte[251], graphene electrodes (acting also the 

current collectors)/PVA–H3PO4 gel electrolyte[252], NiO electrodes/magnesium perchlorate–

PVA–ethylene glycol gel electrolyte/silver current collector[253], carbon electrodes/ PVA-

H2SO4 gel electrolyte/gold current collectors[254], reduced graphene oxide 

electrodes/H2SO4 aqueous electrolyte/Ti current collectors[255]. Figure 2.11 exhibits an 

example of an inkjet printed microsupercapacitors. 

 

Figure 2.11. An example of inkjet printing of microsupercapacitors. Scale bars, 500 mm. Adapted from [253] 

Extrusion-based 3D printing 

Extrusion-based 3D printing involves depositing a rheology-controlled paste-like ink (filled in 

a barrel) in form of an extrudate out of a nozzle with a specific outlet diameter in a layer-by-

layer fashion[235]. Figure 2.12 demonstrates the operation principles of this fabrication 

technique through three different mechanisms of extrusion of the paste, i.e., pneumatic, 

piston-driven and screw-driven. 
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Figure 2.12. Demonstration of the principles of extrusion-based 3D printing—three different types of barrels and 

the mechanisms of extrusion of the inks (pastes), namely, pneumatic, piston-driven and screw-driven, and 

extrusion of the ink out of the nozzles, and subsequent deposition of the ink on a target substrate. Adapted from 

[256] 

Extrusion-based 3D printing has been successfully utilized in a large number of examples in 

literature as a fabrication technique for microsupercapacitors (An example is shown in Figure 

2.13). This technique is specifically attractive for the fabrication of thick layers of materials, 

which is not the case for inkjet printing. Moreover, practically, any types of materials that can 

be made into homogenous paste-like inks, can be extrusion printed. It is worth mentioning 

that some extrusion printers have the option of heating the extrusion printing nozzles, which 

resembles some characteristics of the FDM printing. Thus, it is possible to achieve high levels 

of freedom for materials selection and processing in this technique. A number of such example 

are as follows: vanadium  nitride  quantum  dots (VNQDs)–graphene oxide and V2O5 graphene 

electrodes/LiCl–PVA gel electrolyte/Ti–Au current collectors[181], MXene–manganese 

dioxide nanowires–silver nanowires–fullerene (C60) electrodes (acting also the current 

collector)/PVA-KOH gel electrolyte[257], (Fe2O3–graphene–Ag) electrodes/LiCl–PVA gel 

electrolyte/silver current collector[258], reduced graphene oxide electrode/PVA–H3PO4 gel 

electrolyte/Cr–Au current collector[259], MXene electrode/PVA–H2SO4 gel electrolyte/gold 

current collectors[260], polyaniline/reduced graphene oxide electrodes/H2SO4–PVA gel 

electrolyte/silver current collector[261], reduced holey graphene oxide electrodes/PVA–KOH 

gel electrolyte/silver electrode[262], CNT electrodes (acting also the current collector)/PVA–
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H3PO4 gel electrolyte[263], pyrrole surface-modified reduced graphene oxide electrodes 

(acting also the current collector)/H2SO4 or Tetraethylammonium tetrafluoroborate–

Acetonitrile (TEATFB/AN) electrolytes[264], and (activated carbon–graphite–nanocellulose) 

/nanocellulose–glycerol–NaCl electrolyte /graphite–carbon black current collectors[265]. 

 

Figure 2.13. An example of a microsupercapacitor fabricated by extrusion-based 3D printing. Adapted from [181] 

In the next section, we will discuss some of the fundamental definitions in rheology and also 

the rheological characteristics of inks used in 3D printing with special emphasis on extrusion-

based 3D printing. Later, at the end of thesis chapter, we will talk about the visions and goals 

of this thesis and our proposals as solutions for challenges in fabrication of 

microsupercapacitors. 

2.3. Rheological characteristics of the inks for 3D printing 

The term “rheology” means the study of deformation and flow of matter and the goal of the 

rheological studies is to understand how matter deforms and flows upon exertion of force to 

it[266], [267]. Rheological characterization of the inks determines if they are suitable for 

additive fabrication and provides a guide on the restrictions involved in processing of the inks 

for additive fabrication. For instance, rheological characterizations determine the printing 

parameters, such as minimum printing resolution achievable, printing pressure and speed, 

and maximum solid loadings in the inks, to name a few.  Thus, it is fundamentally crucial to 

determine the rheological characteristics of the inks for successful printing when formulating 
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them. There are three different techniques of rheometry, namely, i) rotational rheometry, ii) 

extensional rheometry, and iii) Falling/rolling ball technique[268]. As the most widely 

employed technique for rheometry of the inks used in additive fabrication (and more 

specifically in 3D printing techniques) has been rotational rheometry, we will focus on this 

technique in this thesis. Rotational rheometry involves measurements of rheological 

properties of materials through the rotation of the rheometer geometrical configuration[269].  

Now, we discuss some of the most important rheological properties and definitions which are 

widely used in printing of inks for different realms of applications which are all also relevant 

to the additive fabrication (especially extrusion-based 3D printing) of energy storage systems 

such as microsupercapacitors. 

Viscosity: Materials, and more specifically related to the printing techniques—inks, show 

resistance to flow and this resistance is defined as viscosity which is measured by calculation 

of the ratio of the shear stress to shear rate[235]. Viscosity of the inks are one of the main 

characteristics that determine the printing conditions, such as printing pressure, nozzle 

diameter, and ultimately printing resolution. Hence, the viscosity of the inks should be 

carefully tuned to fulfill the printing requirements. However, depending on the nature of the 

active materials in the ink (i.e., particle size, concentration, etc.), the level of fine tuning of the 

viscosity of the inks can be quite limited. Depending on how viscosity changes as a function of 

shear rate, materials are categorized into two main groups: i) Newtonian and ii) non-

Newtonian materials. While Newtonian materials, such as water, show a constant viscosity as 

a function of shear rate, the non-Newtonian materials exhibit non-constant viscosity as a 

function of shear rate[270].  

Shear thinning and shear thickening behaviors: For non-Newtonian materials, if the 

viscosity is reduced as a function of shear rate, they are called “shear thinning” materials and 

in case of increase in viscosity as a function of shear rate, they are called “shear 

thickening”[235]. It is favorable for printing purposes that the inks show shear thinning 

behavior since it facilitates extrusion of the ink out of nozzle. In case the inks are shear 



Chapter 2 
 

33 
 

thickening, while being extruded, their viscosity increases, which makes the deposition more 

difficult and less predictable. 

Viscoelastic behavior: Viscoelastic behavior is a combination of “elastic—reversible” and 

“viscous—non-reversible” behaviors inks used for extrusion-based 3D printing should possess 

due to the nature of this technique. The elastic portion of this behavior refers to the energy 

stored in the system while flowing and the viscous portion refers to the energy loss incurred 

due to the flow[271]. Before printing constructs, the elastic behavior is dominant and as the 

ink is being printed, it undergoes plastic deformation— a non-reversible deformation, hence, 

the viscous behavior becomes more dominant at that stage. The combination of elastic and 

viscous behaviors is required to have a successful printing process, since it ensures the 

printability of the ink from the time it is at rest in the printing barrel (elastic behavior 

dominance) to the moment it is printed on a substrate (viscous behavior dominance).  

Storage modulus and loss modulus: The storage and loss modulus are two parameters 

that demonstrate the energy storage and energy loss in viscoelastic materials, respectively, 

under rheological measurements. While the storage modulus (i.e., G’) shows the elastic 

properties of the materials, the loss modulus (i.e., G”) demonstrates their viscous 

characteristics. In other words, the elastic modulus is a demonstration of the solid-like 

behavior of the materials and the loss modulus is a demonstration of their liquid-like 

behavior[270]. Thus, an investigation of these parameters of the rheological properties of the 

ink determine whether they are suitable for printing. It should be noted that the elastic 

modulus becomes more dominant when the solid content of the inks is increased while the 

ink is homogeneous. 

Yield stress: by definition, yield stress is defined as the critical stress below which the 

material does not flow, and passing this stress limit, the material enters the flow regime[272]. 

It is usually defined as the shear stress at which the G; and G” values are equal in viscoelastic 

materials[273]. We must tune the yield stress of inks such that successful printing of the inks 
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is ensured. In other words, too high yield stresses require very high printing pressures to 

extrude the ink, for instance, in the case of extrusion-based 3D printing. On the other hand, if 

the yield stress is too low, the material becomes too liquid, which does not retain its shape 

upon deposition although it can be deposited using very low pressures.   

All the aforementioned rheological properties can be measured through “shear flow” and/or 

“oscillatory” rheological measurements.  

Generally, the inks used for extrusion-based 3D printing should show shear thinning behavior 

(i.e., decrease in viscosity as a function of increase in shear rate), suitable range of viscosity, 

and relatively high values of storage modulus (G’) at low shear stresses (i.e., usually having 

higher storage modulus than loss modulus at low shear stresses—more pronounced elastic 

behavior at low shear stresses), and good shape retention after deposition[274]. Figure 2.14 

shows an example of the typical rheological properties of the inks used for extrusion-based 

3D printing (this example is specifically regarding extrusion-based 3D printing of a 

microsupercapacitor[275]). Moreover, the inks used for extrusion-based 3D printing should 

demonstrate viscoelastic behavior where the yield stress should preferably not be relatively 

very high. When the yield stress is very high, the amount of pressure need to extrude the ink 

out of the nozzle becomes proportionally higher and it might cause difficulty in reliable 

printing of the inks. This limitation becomes more pronounced when the nozzle dimeter is 

smaller, hence, the pressure for extrusion needs to be higher, which might ultimately make 

the ink enter a plug flow regime where it just is thrown out of the nozzle with minimum flow 

control.[276] Thus, the inks used for extrusion-based 3D printing should show all the 

aforementioned characteristics to realize a reliable and high-quality printing. 
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Figure 2.14. Rheological properties: a) viscosity as a function of shear rate, demonstrating shear thinning 

behavior, and b) oscillatory behavior of the ink showing the storage modulus (G’) and loss modulus (G”) of the 

ink and the intersection of them representing the yield stress of an ink used for extrusion-based 3D printing of 

microsupercapacitors. Adapted from [275] 

Comparing different printing techniques, extrusion-based 3D printing enables printing very 

high-viscosity inks (favorable for formulation of inks with maximum solid active material 

content) and also it provides the opportunity to print very thick layers (e.g. few hundreds of 

microns) of electrodes realizing a possible solution to increasing energy density of the planar 

interdigitated microsupercapacitors by allowing for higher loadings of active material per 

area[235]. Figure 2.15 exhibits a comparison on the achievable printed layer thickness and 

printing resolution as a function of the compatible viscosity of the inks used in several printing 

techniques. 

 

Figure 2.15. Layer thickness and printing resolution as a function of ink viscosity attained by different printing 

techniques. Adapted from[235] 
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In the next sections, we will discuss the challenges and opportunities in fabrication of 

microsupercapacitors in addition to the research goals of the thesis. 

2.4. Challenges and opportunities in fabrication of microsupercapacitors 

Although significant attention has been devoted in recent years to the development of 

microsupercapacitors as a relatively new branch of miniaturized energy storage systems, huge 

opportunities are in sight for further improvements on all levels of their fabrication, namely, 

i) materials development and optimization for their different components, ii) their facile 

fabrication with high precision and high levels of integration, and iii) downsizing them without 

sacrificing their performance which are among the most important challenges to be tackled 

for microsupercapacitors.  

To the best our knowledge, there is no example of a fully additively fabricated 

microsupercapacitor—by printing all the components, i.e., current collectors, electrodes, 

electrolytes, packaging/encapsulation, and more specifically, at footprints below 1 cm2. 

Moreover, fully printed microsupercapacitors should possess excellent performance; such as 

outstanding areal/volumetric capacitance, energy density, power density, and cyclic stability 

at as small as possible footprints. These requirements will be fulfilled by careful design, 

synthesis, and optimization of active materials and formulating rheology-controlled inks based 

on these active materials for realization of the components of microsupercapacitors in 

addition to fabrication process optimization for full integration of all the components.  

Another important missing knowledge, hence, would be understanding the effect of 

dimensional scaling of fully additively fabricated microsupercapacitors. Coupled with 

downsizing them, we need to systematically investigate how their performance changes as a 

function of their component and subsequently overall sizes. 

Meeting all the above-mentioned requirements results in high-performance and ultra-small 

microsupercapacitors which will be great candidates as energy storage systems in 
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microelectronics, internet of things (IoT), and other microsystems. In summary, in this 

chapter, we discussed the background on microsupercapacitors, fabrication techniques of 

microsupercapacitors, rheological characteristics of the inks used for 3D printing, and 

challenges and opportunities in fabrication of microsupercapacitors. 

In the next chapter, we will discuss the details on the selection and optimization of the 

materials for each competent of the microsupercapacitors, in addition to the designed 

additive fabrication process and detailed compositional, structural and electrochemical 

characterizations of the fully additively-fabricated microsupercapacitors.
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3. Additive Fabrication of High Performance 

Millimeter-Scale Microsupercapacitors: 

Fine-Tuning Chemistry to Maximize 

Performance 

 

 

 

In this chapter, we will discuss the optimization of the performance of microsupercapacitors 
as a function of the chemistries of their components. We systematically investigate how the 
optimized chemistries can realize the maximized performance of the microsupercapacitors. 

 

Amin Hodaei designed the experiments and synthesized the active materials of the electrodes 
and formulated the electrolytes. Amin Hodaei performed the rheological characterizations, 
3D printing of the microsupercapacitors and also the electrochemical characterizations of the 
microsupercapacitors. Amin Hodaei and Vivek Subramanian conceptualized the research, 
analyzed the data and wrote the manuscript. 

 

 

The contents of this chapter are parts of a manuscript that is under review in the “Journal of 
Power Sources” as a journal article 
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3.1. Introduction 

In this chapter, we show full additive fabrication of microsupercapacitors and we also 

investigate the optimization of the performance of microsupercapacitors as a function of the 

chemistries of their components.  Through systematic investigation, optimized chemistries 

can realize maximized performance of the microsupercapacitors. The optimization is done on 

both levels of materials chemistry of the components and their processing conditions. In a 

step-by-step fashion, we will show how we could reach the maximized performance of our 

fully additively-fabricated microsupercapacitors. 

3.2. Fabrication and Characterization of microsupercapacitors 

In this part, we will discuss i) fabrication of microsupercapacitors in full detail, ii) component 

structures of the microsupercapacitors, iii) selection of the electrolyte, the encapsulant and 

their UV curing conditions, iv) optimization of electrode active materials, and, finally, v) 

realization of microsupercapacitors with optimal performance. 

3.2.1. Fabrication of the microsupercapacitors 

In this sub-section, we discuss the additive fabrication of the microsupercapacitors in detail. 

We additively fabricated the microsupercapacitors by a sequence of additive printing steps. 

First, we fabricated the interdigitated current collectors by extrusion-based 3D printing of a 

commercial silver paste on a wet-oxidized silicon wafer (with a 200 nm oxide layer) and 

subsequently, the printed current collectors were heat-treated (Figure 3.1A). Then, the 

package walls were printed using polycaprolactone (PCL) surrounding the interdigitated 

fingers of the current collectors through fused deposition modeling (FDM) (Figure 3.1B). Next, 

we deposited the electrode aqueous ink (edge-oxidized graphite oxide (EOGO)/ceria 

nanoparticles (NPs) nanocomposites + water) on the interdigitated fingers of the current 

collectors through extrusion-based 3D printing (Figure 3.1C). In the next step, we deposited a 

UV-curable electrolyte (poly (ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-
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trimethylbenzoylphosphinate (LAP) + water) in the interior space of the package walls to 

immerse the electrodes and subsequently UV cured the electrolyte to consolidate the 

components (Figure 3.1D). This provided the necessary mechanical stability for subsequent 

sealing. In the next step, we deposited a UV-curable encapsulant on top of the cured 

electrolyte and around the exteriors of the package walls, followed by a UV curing step to seal 

the system completely (Figure 3.1E). Figures 3.1F and 3.1G exhibit the top and the side views 

of a fully additively fabricated MSC, respectively.  



Chapter 3 
 

41 
 

 

Figure 3.1.  Schematic of the fabrication procedure of the microsupercapacitors, A) 3D printing (extrusion-based) 

of the silver current collectors on a wet-oxidized silicon wafer and heat treatment of the current collectors, B) 

3D printing of the package using PCL through fused deposition modeling (FDM) printing, C) 3D printing (extrusion-

based) the electrodes on the current collectors (inside the package), D) Deposition of UV-curable electrolytes 

inside the package and immersing the electrodes and UV curing the electrolyte, E) Deposition of an encapsulant 

on top of the UV-cured electrolyte and subsequently UV curing it, F) An image of one of our fully-fabricated 

microsupercapacitors (top view), G) An image of a fully-fabricated microsupercapacitor (the same as in (F)) (side 

view). 
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3.2.2. Component Structures of the Microsupercapacitors 

In this sub-section, we discuss what optimization procedures are followed, which resulted in 

realization of the fabrication of microsupercapacitors with maximized performance. In order 

to optimize and maximize the performance of the MSCs, the properties of each of their 

component structures (i.e., current collectors, electrodes, electrolyte, and encapsulant) need 

to be optimized. Hence, we optimized i) the electrical conductivity of the current collectors by 

tuning the heat treatment used to convert the printed current collectors into conductive 

contacts, ii) package walls using PCL were FDM printed around the fingers of the current 

collectors to as a container for the electrolyte when deposited to immerse the electrodes and 

investigating whether the electrolyte leaks from these walls to outside, iii) loading of ceria NPs 

in the electrode to maximize capacitor performance, iv) UV curing condition of the electrolyte 

and the concentration of LiCl in it to maximize ionic conductivity and limit series resistance 

contributions of the electrolyte while delivering suitable mechanical stability, and v) UV curing 

condition of the encapsulant to ensure proper sealing performance and mechanical stability. 

3.2.3. Fabrication of the current collector 

Current collectors should provide sufficient electrical conductivity to pass the stored charges 

to/from the system without adding excessive series resistance. We optimized the electrical 

conductivity of the current collector through systematic investigation of its change as a 

function of curing temperature. To fabricate the current collectors through extrusion-based 

3D printing, we selected a commercial silver paste (DELO-DUALBOND IC343) that is light-

fixable and heat curable and is composed of silver particles and a modified polycarbamin acid 

derivative as an organic additive. We heat treated the printed current collectors to optimize 

their electrical conductivity; this facilitates the removal of solvent and aids in the consolidation 

of the particulate conductive materials. Chemical stability of the current collectors is also 

another important factor to determine their suitability for use in an energy storage system. 

We did not observe any chemical instability, such as change in color and decomposition-driven 

release of materials from the current collectors in the fully fabricated MSCs before and after 

electrochemical tests. Figure 3.3A illustrates the sheet resistance of the silver paste used for 
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the current collector fabrication as a function of heat treatment conditions (all heat treatment 

was performed in air). We measured the sheet resistance values using four-point probe 

measurements and repeated the measurements on 6 different square patterns (8 mm × 8 

mm) at each heat treatment condition (inset of Figure 3.2A). The square structures were heat 

treated at temperatures ranging from 400 °C to 550 °C for 5 to 30 minutes. We selected this 

heat treatment regime based on the TGA curve of the silver paste (Figure 3.10 ─ in Materials 

and Methods section). The optimal condition was found to be 450°C for 10 minutes; this was 

therefore used for heat treatment of the electrodes. Figure 3.2B shows current collectors 

fabricated via extrusion-based 3D printing of the silver paste; these were subsequently heat 

treated at 450 ◦C for 10 minutes.  We used this optimized processing condition of current 

collectors for all the microsupercapacitors that we fabricated. 

 

Figure 3.2. A) Sheet resistance of the silver paste used for the current collector fabrication as a function of heat 

treatment temperature and duration in air, B) current collectors fabricated via extrusion-based 3D printing of 

the silver paste; these were subsequently heat treated at 450 ◦C for 10 minutes. 

3.2.4. Fabrication of the package walls 

For FDM printing the package walls, we used polycaprolactone (PCL). PCL is a biocompatible 

polymer with low melting temperature and a hydrophobic nature.[277] The main reason 

behind printing the package walls is that it acts as a container for the electrolyte before it is 

UV-cured when immersing the electrodes in the sequence of MSCs fabrication. Without the 
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presence of the package walls, the electrolyte spreads and as a result, shape integrity of the 

MSCs will not be fulfilled. We observed that no leakage of electrolyte from the package walls 

to the outside occurred over time (Figures 3.3A and 3.3B). However, as the top side of the 

package walls is open, the solvent of the electrolyte (i.e., water) evaporated over time 

seriously questioning the stability of the non-encapsulated MSCs over time. As seen in Figure 

4B, the electrolyte started to being evaporated and as a result, some parts of the electrodes 

surfaced out of the electrolyte. Hence, this observation further emphasized that presence of 

a proper encapsulation for structural stability of the MSCs is vital. 

 

Figure 3.3. MSCs before encapsulation, A) A fabricated MSC only waiting for the encapsulation step, B) the same 

MSC after 1 hour resting in ambient conditions. As it can be seen, there is no leakage of the electrolyte to outside 

over time, however, the electrolyte started to face evaporation and shrinkage although being UV-cured (the red 

arrows show surfacing of the electrodes due to evaporation of the electrolyte solvent (see the red circles). 

3.2.5. Selection of the electrolyte, the encapsulant and their UV curing 
conditions  

The electrolyte systems that we have used in this study are aqueous UV-curable electrolytes 

based on (poly (ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) + water). PEGDA has been widely used in the formulation 

of hydrogels for 3D bioprinting[278], [279]. In addition, LAP is one of the most widely used 

water-soluble photo-initiators used in 3D printing of hydrogels.[280], [281] We were inspired 

by the usage of 3D printable UV-curable hydrogels comprising PEGDA and LAP to formulate 
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our UV-curable hydrogel electrolytes. We tuned the ionic conductivity of the electrolyte 

through addition of lithium precursors.  We investigated the performance of the MSCs as a 

function of different electrolyte compositions, electrode compositions (varying ceria NPs 

concentrations), electrolyte UV curing duration, and the encapsulant UV curing time.  For the 

encapsulant, we used a UV-curable modified epoxy resin (DELO Dualbond AD 761). As the 

combined thickness of the electrolyte and the encapsulant layers is relatively small (~2 mm) 

and the UV curing step of the encapsulant was expected to penetrate to and thus at least 

partially cure the underlying electrolyte layer, we decided to optimize the UV curing conditions 

for both these components concurrently (details of the UV curing steps are provided in the 

Experimental section). Hence, we optimized the UV curing condition of the electrolyte as a 

function of LiCl concentration and also of the UV curing condition of the encapsulant. Since 

electrolyte performance is expected to interact strongly with the electrode electrochemistry, 

we simultaneously varied the ceria NPs loading in the electrode. Figures 3.4A─C show the 

change in areal capacitance of the MSCs as a function of UV curing duration of the electrolyte, 

LiCl concentration, and UV curing duration of the encapsulant, all as a function of the loading 

of ceria NPs in the electrode. 
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Figure 3.4. Effect of A) UV curing duration of the electrolyte and B) Electrolyte LiCl concentration, and C) the UV 

curing duration of the encapsulant on the areal capacitance of the MSCs all as a function loading of ceria NPs in 

the electrode. 
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Summarizing the data depicted in Figure 3.4, the optimum chemical composition and 

processing condition was thus found to be as follows: i) 5 wt.% ceria NPs loading in the 

electrode, ii) the electrolyte composition (1.6 m LiCl) cured for 20 seconds, and iii) the 

encapsulant UV curing of 60 seconds. The concentration of the PEGDA was set to 0.08 g.ml-1 

and the concentration of LAP was 0.16 wt.% (by weight of PEGDA). This optimized processing 

condition and chemistry resulted in the maximized performance of microsupercapacitors. 

3.2.6. Optimization of electrode active materials 

We performed various microstructural characterization on EOGO, including X-ray diffraction 

(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and transmission 

electron microscopy (TEM) micrographs, which are shown in Figure 3.5A─F. The simultaneous 

presence of the sharp peak at ~26◦ and the wide peak at ~13◦ in the XRD pattern is attributed 

to the almost intact graphitic basal plane and the presence of oxygen-containing functional 

groups on the edges of the planes of EOGO, respectively[282] (Figure 3.5A). Based on the 

Raman spectroscopy data (Figure 3.5B), the ratio of the intensity of the D band to that of the 

G band (ID/IG) is equal to (~0.26) which demonstrates relatively low population of defects on 

the basal plane (i.e., almost intact sp2 lattice structure) of the EOGO[283], [284]. The peak 

intensity ratio of the G band to the 2D band (IG/I2D) is a good indication of the number of 

layers of graphene.[285] We obtained a value of IG/I2D equal to ~2.02 which reveals the few-

layer nature of the EOGO representing a graphitic structure.[286] The deconvolution of the 

XPS peaks at the C1s region shows that there are five main peaks (Figure 3.5C). These peaks 

correspond to sp2 carbon (i.e., C=C bond) at 284.15 eV, sp3 carbon (i.e., C─C bond) at 284.78 

eV, C─O bond at 286.65 eV, C=O bond centered at 288.57 eV, and the shake-up satellite of the 

sp2 band at 290.7 eV (π→π* transi on). The contribu on percentage of these peaks as shown 

in Figure 3.5D, obtained by calculating the area under the peaks, implies that the oxygen-

containing functional groups are relatively low in amount and the C─C and C=C carbon bonds 

make up ~86% of the bonds. The peak corresponding to the π→π* transi on of the carbon 

atoms at 290.7 eV (contributing ~4.14%) stems from the sp2 carbon bonds on the basal plane 

of the EOGO sheets[287], [288]. This observation further suggests that the basal planes of the 
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EOGO sheets are almost pristine with very low population of functional groups. Moreover, the 

C=O bonds are usually present through carboxyl/carbonyl functional groups which are located 

at the edge of the graphitic sheets, whereas the C─O bonds are formed by the hydroxyl/epoxy 

groups that appear on the basal plane of the graphitic sheets[289]. Considering the population 

of the C=O bonds (5.54%) and the C─O bonds (4.59%) (Figure 3.5D), the concentra on of the 

functional groups on the edges are higher than on the basal planes, noting the significant 

difference in the number of sites on the perimeter and the area of a given graphitic sheet (i.e., 

perimeter contribution being significantly smaller than the area of the sheets). TEM images of 

EOGO show their lateral sizes (Figure 3.5E) and their edges (Figure 3.5F). The EOGO sheets on 

average possess lateral sizes of ~500 nm and they are composed of few stacked layers (up to 

~10 layers) of graphene (Figure 3.5F). 
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Figure 3.5. Microstructural characterization of EOGO precursor the we used as one of the components in 

formulating the electrode inks, A) XRD pattern, B) Raman spectroscopy data, C) XPS results showing the c1s 

region and the deconvoluted peaks after fitting, D) contribution of different bonds that the carbon atoms form 

in EOGO, TEM images of the EOGO E) showing their size and morphology, and F) the edges of the stacked 

graphene layers. 

As the next step, we continued with the synthesis of the EOGO/ceria nanocomposites for use 

as active materials (varying the ceria nanoparticles loadings). Cerium oxide is one of the most 
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abundant and least expensive rare metal oxides and it has shown promising redox reactivity 

as electrode material for supercapacitors.[77], [290]–[292] The redox properties of cerium 

oxide stem from the presence of binary oxidation states of Ce3+/Ce4+ which results in rapid 

redox reactions.[293]. We also characterized the electrode nanocomposites using  XRD, XPS, 

TEM, and nitrogen surface adsorption/desorption. All the characterization on the electrode 

inks reported throughout this work, except for the rheological characterization, have been 

performed on electrode inks dried at room temperature in air. The rheological 

characterization was performed on liquid electrode inks in the same formulation as was used 

for 3D printing. The formation of CeO2 crystalline phase in the EOGO/ceria nanocomposites 

was confirmed by XRD (Figure 3.6A). The XRD patterns of all the electrode compositions 

confirmed the formation of a CeO2 crystalline phase[290], [294]. In addition, the TEM images 

of these samples show that sub-10 nm crystalline nanoparticles of ceria have been formed 

(Figure 3.6B and 3.6C). The crystalline nature of metal oxides nanoparticles have been shown 

to improve their pseudocapacitive performance[295], [296]. Based on these TEM images, the 

nanoparticles in the sample containing 3 wt.% ceria are better dispersed and are relatively 

smaller (on average smaller than ~5 nm), while the ceria nanoparticles in the sample with 32 

wt.% ceria loading are clustered, hence they are effectively larger (5nm < X < 10nm in 

diameter). We also investigated the rheological properties of the electrode inks (Figures 3.6D 

and 3.6E). The electrode inks showed a shear-thinning behavior, which is preferred for 

extrusion-based 3D printing[297]. In addition, oscillation amplitude measurements of both 

inks showed a viscoelastic behavior and G’ (storage modulus, i.e., elastic behavior) values 

larger than G’’ (loss modulus, i.e., viscous behavior) (Figure 3.6E). This observation display a 

more dominantly elastic behavior of the inks (G’>>G’’) below the flow stress point (i.e., where 

G’ and G’’ intercept); this is favorable for providing shape retention of the inks after 

printing[298]. Increasing the loading of ceria resulted in an increase in the viscosity and in the 

storage and loss moduli values of the inks. This is likely due to the effect of the NPs loading on 

the filling factor of the inks[299]. 
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Figure 3.6. A) XRD patterns of the bare EOGO, 5 wt.% ceria loaded electrode, and 32 wt.% ceria loaded electrode 

(the ceria containing electrodes were dried in air at room temperature), TEM images of B) 32 wt.% ceria loaded 

electrode, and C) 5 wt.% ceria loaded electrode; rheological characterizations of 5 wt.% ceria loaded, and 32 

wt.% ceria loaded electrode inks, D) viscosity as a function of shear rate, and E) oscillation amplitude 

measurements determining the storage (G’) and loss (G’’) moduli of the inks. 

After additive fabrication of microsupercapacitors, we investigated their electrochemical 

performance as a function of the chemistry and microstructure of their components. It is 

worth mentioning that we maximized the performance of microsupercapacitors by 

simultaneous optimization of the processing conditions and chemistries for the electrodes, 

the electrolyte, and the encapsulant through full fabrication of microsupercapacitors, as 

described in section 3.2.5., (Selection of the electrolyte, the encapsulant and their UV curing 

conditions). Here, we present more details on this optimization process, with an emphasis on 

the electrodes’ chemistries. By varying the ceria NPs concentration in the electrodes, we 

investigated how the electrochemical performance of the MSCs are affected. The 

concentration of ceria NPs in the electrodes were determined by thermogravimetric analysis 

(TGA). The corresponding electrochemical characterization results from the cyclic 

voltammetry (CV), and galvanostatic charge-discharge (GCD) measurements are shown in 

Figures 3.7A─H. The CV curves (scan rate of 5 mV/s) of all the electrode compositions with 
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varying concentrations of ceria NPs are presented in Figure 3.7A. Addition of ceria NPs to the 

electrode nanocomposites up to ~3-5 wt.% ceria enlarged the CV curves, while higher 

concentrations of ceria NPs significantly narrowed the curves. This result illustrates that there 

is an optimum range of ceria NPs concentration to maximize the capacitance of the MSCs.  

Figure 3.7B shows the change in the aerial capacitance of the MSCs fabricated as a function of 

ceria NPs concentration in their electrodes. Compared to the MSCs constructed with EOGO 

electrode (i.e., no ceria), the MSCs with electrode compositions of ~3─5 wt.% ceria showed 

104─106% increase in their aerial capacitance. Higher concentrations of ceria in the 

electrodes, however, resulted in a decrease in the areal capacitance. For instance, MSCs 

fabricated with electrodes composed of ~32 wt.% ceria showed ~97% lower capacitance 

compared to ceria-free MSCs. The GCD curves also exhibited a similar trend as the electrodes 

with 3─5 wt.% ceria showed a longer charge/discharge cycle at the same current density (1.42 

mA/cm2) which confirms a better capacitive behavior (Figure 3.7C). This observation further 

emphasizes that there is an optimum loading of ceria NPs in the EOGO/ceria NPs 

nanocomposites to maximize the capacitance. 

We correlated the change in the capacitances of the MSCs as a function of the chemistry and 

the microstructure of their electrodes to: i) size and distribution of the ceria nanoparticles on 

the surface of EOGO, ii) the specific area of the electrodes, iii) the ratio of the oxidation states 

of cerium (Ce3+/Ce4+) in each electrode (implying the presence of oxygen vacancies in the 

structure of ceria (CeO2)). TEM images of 5 wt.% and 32 wt.% ceria loaded samples (Figures 

3.7D and 3.7E, respectively) clearly show the dispersion of the ceria nanoparticles on the 

EOGO sheets in these nanocomposites. The sample with 5 wt.% ceria loading exhibits better 

dispersion of nanoparticles and these nanoparticles are smaller compared to the ones in the 

32 wt.% ceria containing electrode (insets of Figures 3.7D and 3.7E). Smaller metal oxide 

nanoparticles that are well dispersed have been shown to significantly increase the 

capacitance of supercapacitors[300]. Furthermore, loading, size and dispersion of ceria 

nanoparticles strongly affected the specific surface areas of the electrodes (Figure 3.7F).  

Increasing the ceria nanoparticles loading decreased the specific surface area of the 

electrodes, likely due to the clustering of nanoparticles and heavier coverage of the EOGO 
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sheets by them. Although presence of even low loadings of ceria nanoparticles (i.e., 3─5 wt.%) 

significantly decreased the specific surface of the electrodes from 368 m2/g in EOGO to 286 

m2/g and 284 m2/g in 3 wt.% and 5 wt.% ceria loaded electrodes, respectively, the capacitance 

values increased by ~106% (Figure 3.7B). This result further emphasizes that the specific 

surface area of the electrodes is not the dominant factor determining their capacitance[301]. 

The ratio of Ce3+/Ce4+ oxidation states in the electrodes as a function of varying concentrations 

of ceria NPs is shown in Figure 3.7G. The concentration of the Ce3+ oxidation state is an 

indication of oxygen vacancies in the structure of NPs[302]. Higher oxygen vacancy 

concentration facilitates the change in oxidation states of ceria (between Ce3+ and Ce4+), which 

is crucial for enhanced surface reactivity[303]. The concentration of Ce3+ oxidation states is 

higher in the electrodes with loading of ceria NPs up to 5 wt.%. Further increase in the loading 

of ceria NPs decreased the Ce3+ oxidation state in the electrodes. This might be due to the 

clustering of the ceria NPs in the electrodes with higher loadings of ceria. As the size of ceria 

NPs increases, the contribution from oxygen vacancies population is decreased[303]. 

As shown in Figure 3.7H, we also performed a kinetic analysis on the charge storage of the 

MSCs as a function of electrode ceria NP concentration to investigate the contribution of 

electrical double layer capacitance (EDLC), pseudocapacitance stemming from the faradaic 

reactions, and diffusive contribution based on ion insertion. While EDLC and faradaic reactions 

are fast kinetic processes, the ion insertion process is limited by ion diffusion.[304], [305] With 

the addition of ceria NPs up to 5 wt.%, the diffusive contribution is increased by 3%, though 

the EDLC contribution is dominant in these electrodes. The diffusive contribution can occur in 

two possible ways: i) through the insertion of the ions into the surface of ceria NPs and ii) 

through the insertion of ions between the EOGO stacked layers. Further addition of ceria NPs, 

flipped the ratio of the EDLC and diffusive contributions and the diffusive contribution became 

more dominant. These results can be further explained by considering the capacitance values 

of the electrodes and their specific surface area values (Figures 3.7B and 3.7F respectively). 

Addition of up to 5 wt.% ceria NPs resulted in the maximum capacitance obtained, which also 

correlates with the highest values of specific surface area among the ceria-containing 

electrodes. These results demonstrate that at this critical concentration of ceria NPs, the 
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specific surface areas of the samples are still high enough and the ceria NPs can more 

effectively contribute to the charge storage. Ceria NPs contribution at this critical loading can 

be attributed to their smaller size (on average <5 nm) and homogeneous dispersion on the 

EOGO sheets when compared to the samples with higher loadings (Figures 3.7D and 3.7E). 

 

Figure 3.7. Electrochemical characterization of the microsupercapacitors: A) CV curves at the scan rate 5 mV/s, 

B) areal capacitances of the microsupercapacitors as a function of ceria NPs loading at the scan rate of 5 mV/s, 

C) GCD curves of the microsupercapacitors at a current density of 1.42 mA/cm2, TEM images of D) 5 wt.% ceria-
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containing electrodes—inset shows higher magnification of the same image, and E) 32 wt.% ceria-containing  

electrode—inset exhibits higher magnification of the same image, F) Specific surface area measurements as a 

function ceria NPs loading, G) The ratio of Ce3+/Ce4+ oxidation states in the electrodes with varying concentrations 

of ceria NPs, H) kinetic analysis on the charge storage of the MSCs comprising electrodes with varying amounts 

of ceria NPs to investigate the contributions of electrical double layer capacitance (EDLC), diffusive mechanisms. 

3.2.7. Realization of microsupercapacitors with optimal performance 

Now, we discuss the optimization procedure that we followed in order to maximize the 

performance of microsupercapacitors. Figures 3.8A─C show the corresponding 

electrochemical characterization results from cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD), and electrochemical impedance spectroscopy (EIS) measurements of MSCs 

fabricated with optimized chemistries and processing conditions, as will be discussed further 

below. As a reminder, the optimum chemical composition and processing condition was found 

to be as follows: i) 5 wt.% ceria NPs loading in the electrode, ii) the electrolyte composition 

(1.6 m LiCl) cured for 20 seconds, and iii) the encapsulant UV curing of 60 seconds. The 

concentration of the PEGDA was set to 0.08 g.ml-1 and the concentration of LAP was 0.16 

wt.% (by weight of PEGDA). Figure 3.8A demonstrates the CV curves at different scan rates 

ranging from 2 mVs-1 to 100 mVs-1. The increase in the scan rate resulted in enlarging the area 

under the CV curves. Figure 3.8B shows the GCD curves at different current densities (from 

1.42 mAcm-2 up to 5.72 mAcm-2). As expected, with increasing current density, the full cycle 

of charge and discharge became shorter. Figure 3.8C, exhibits the change in areal and 

volumetric capacitances as a function of scan rate (from 2 mVs-1 to 100 mVs-1). While the areal 

capacitance decreased from 323 mFcm-2 at 2 mVs-1 to 100.9 mFcm-2 at 100 mVs-1, the 

volumetric capacitance decreased from 10.8 Fcm-3 to 3.36 Fcm-3. The results of EIS analysis 

are shown in Figure 3.8D. There is a relatively small semicircle moving from the high-frequency 

region towards the low-frequency region, which demonstrates a relatively low charge transfer 

resistance in the system. In addition, the linear region exhibits a relatively steep slope at low 

frequencies, indicative of a desirable capacitive behavior. The inset highlights the high 

frequency region of the plot in more detail. We compared the reported cyclic life and areal 

capacitance of various microsupercapacitors in the literature with respect to their active 
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charge storage area (i.e., electrode) to our system (Figure 3.8E). The comparison systems 

include graphene-vanadium quantum dots/reduced graphene oxide (G–VNQDs/rGO) (207.9 

mFcm-2—8000 cycles— 0.16 cm2),[181] Graphene-CNT (9.81 mFcm-2—10000 cycles—0.3 

cm2),[306] Boron-Doped Graphene (16.5 mFcm-2—12000 cycles—0.6 cm2)[307], 

Ag@polypyrrole (47.5 mFcm-2—10000 cycles—4 cm2),[308] MXene (158 mFcm-2—17000 

cycles—1 cm2,[185] 2100 mFcm-2—10000 cycles—1.25 cm2,[178] 1035 mFcm-2—1200 

cycles—0.48 cm2[260]), MnO2/graphite (40.2 mFcm-2—2000 cycles—6 cm2),[309] and also our 

optimized result (323 mFcm-2—21000 cycles—0.14 cm2). Although there are a few reported 

examples of microsupercapacitors with higher capacitance values compared to our best 

results (for instance, two MXene-based microsupercapacitors with performance levels as high 

as 2100 mFcm-2—10000 cycles—1.25 cm2,[178] 1035 mFcm-2—1200 cycles—0.48 cm2[260]), 

these systems utilized larger active areas and also showed shorter cyclic life. While our system 

achieved at least 21000 cycles of charge-discharge with over 91% capacitance retention, these 

systems delivered 10000 cycles at a ×8.93 larger footprint,[178] and 1200 cycles at a ×3.43 

larger footprint[260], respectively. The energy density and power density values obtained in 

our system are 16.1 µWhcm-2 and 3052 mWcm-2 respectively, which are significantly higher 

than the other systems as shown in Figure 3.8F. To the best of our knowledge, our results thus 

introduce the smallest fully 3D printed microsupercapacitor with an outstanding combination 

of performance (i.e., capacitance, cyclic life, energy density and power density) at such a small 

footprint. In addition, Figure 3.8G exhibits the cyclic life results of our optimal system in more 

detail. After 21000 cycles at a current density of 5 mAcm-2, ~91.3% of capacitance of the 

system was retained. The inset shows the GCD curve of the first and the last (21000th) cycles. 

As expected, the duration of the charge-discharge process is increased in the last cycle 

compared to the first one. However, the discharging time of the last cycle became shorter 

which may be due to the aging of the electrode over the large number of cycles. According to 

X-ray tomographic scans (Figure 3.8H), the electrodes are relatively homogenous in dimension 

—thickness of ~500 µm and height of ~300 µm. We used the height values obtained by X-ray 

tomography to calculate the volumetric capacitance of our system. 
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Figure 3.8. Electrochemical characterization of the best performing microsupercapacitor (5 wt.% ceria-containing 

electrode), A) CV curves at different scan rates (2 mVs-1 to 100 mVs-1), B) GCD curves at different current densities 

(1.43 mAcm-2 to 5.72 mAcm-2), C) areal and volumetric capacitance values as a function of scan rate (2 mVs-1 to 

100 mVs-1), D) EIS data—the inset shows the high-frequency region in more details, E) comparison of the cyclic 

life and areal capacitance values of a selected number of microsupercapacitors with respect to their active charge 

storage area (i.e., electrode) and our system, F) the Ragone plot showing the energy and power densities of some 

of the selected system as shown in part (E) including our result, G) cyclic life of our system—the inset 

demonstrates the GCD curves of the first and the last cycles, H) X-ray tomography images of the fully-fabricated 

microsupercapacitor—the insets are two cross-section images showing the different components of the system 

with their geometrical dimensions. 
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3.3. Materials and Methods 

In this section, we list all the chemicals, synthesis procedures, and characterizations that we 
have used/performed in this chapter. 

3.3.1. Chemicals 

Edge-oxidized graphite oxide (EOGO) was purchased from Garmor Inc. and cerium nitrate 

hexahydrate (99% trace metals basis), sodium hydroxide (anhydrous, reagent grade, ≥98%), 

lithium chloride (ACS reagent, ≥99%), poly(ethylene glycol) diacrylate (average Mn 700) were 

purchased from Sigma Aldrich. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

(99%) was purchased from Apollo scientific. All chemicals were used as received without 

further modifications. We purchased a commercial silver paste (DELO-DUALBOND IC343) from 

DELO and used it for the fabrication of the current collectors. We used a commercial UV-

curable encapsulant (DELO Dualbond AD 761) for encapsulation of the MSCs. 

3.3.2. Synthesis of edge-oxidized graphite oxide (EOGO)/ceria nanocomposites 

We synthesized the edge-oxidized graphite oxide (EOGO)/ceria nanocomposites by a facile 

sonochemical method. As an example, for the synthesis of the EOGO/ceria nanocomposite 

with 22 wt.% ceria, we dispersed EOGO (2.5 g) in deionized water (50 ml). We sonicated this 

suspension in a sonication bath for 15 min (mixture I). After this step and while sonication was 

continued, an aqueous solution of cerium nitrate hexahydrate (25 ml of 0.5 M) was added 

(increments of 500 μl) to the EOGO suspension within 15 min (mixture II). Then, we continued 

the sonication for another 15 min while adding an aqueous solution of sodium hydroxide (25 

ml of 0.5 M) to this mixture (increments of 250 μl) (mixture III). Afterwards, we continued the 

sonication of the mixture III for 2 hours (mixture IV). At the end of the sonication procedure, 

the mixture IV was poured into 50 ml centrifuge tubes to be centrifuged at 10000 rpm for 15 

minutes at 4 ◦C. The centrifugation of the mixture IV was repeated three more times under 

the same conditions, with intermediate disposal the supernatant and redispersion of the solid 

between centrifugation steps, so that the pH of the supernatant went above ~6. We followed 

a similar procedure for the preparation of the EOGO ink, EOGO was added (2.5 g) to deionized 
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water (50 mL) and the sonication was continued for 2 hours (no other solutions were added). 

We similarly performed the centrifugation process four times until the pH of the supernatant 

reached above ~6. At the end of the last centrifugation step, we collected the pastes at the 

bottom of the centrifuge tubes and transferred them to 3 ml barrels without further 

modifications. The barrels were mounted on the 3D printer for printing the electrodes. Table 

3.1 summarizes the proportion of the precursors used in the synthesis of electrode materials 

with varying ceria NPs concentrations. 

Table 3.1. Proportion of the precursors used in the synthesis of electrode materials with varying Ceria NPs 

concentrations. 

Sample ID 
Ceria NPs concentration 

(wt.%)* 

Cerium nitrate 
hexahydrate 

concentration (25 ml) 

Sodium hydroxide 
concentration (25 ml) 

S0 0 0 0 
S1 
S2 

3 
5 

0.03125 m 
0.0625 m 

0.03125 m 
0.0625 m 

S3 9 0.25 m 0.25 m 
S4 
S5 

22 
32 

0.5 m 
1 m 

0.5 m 
1 m 

*determined by thermogravimetric analysis (TGA) 

3.3.3. Preparation of the UV-curable electrolytes 

In a typical procedure, 10 ml solutions of poly (ethylene glycol) diacrylate (PEGDA) with a 

concentration of 0.2 g.ml-1 were prepared. Then, 10 ml solutions of LiCl at varying 

concentrations (2m to 7.5m) were prepared. The LiCl solution was added at once to the PGDA 

solution and stirring was continued for 30 min at 50 °C (mixture I). Then, 5 ml solutions of 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (0.8 wt.% by weight of PEGDA) were 

prepared and this solution was added to mixture I to make the UV-curable electrolyte (total 

volume of 25 ml).  

3.3.4. 3D printing of the Microsupercapacitors 

We printed the MSCs by a combination of extrusion-based 3D printing and fused deposition 

modeling (FDM) printing on a multi-head 3D printer (BioX6-Cellink) equipped with six different 
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heads. We started 3D printing of the MSCs first by printing the current collectors on a wet-

oxidized silicon wafer using a pneumatically pressurized head on the 3D printer. We used a 

commercial silver paste (DELO-DUALBOND IC343). The current collector was printed at room 

temperature using a nozzle with an inner diameter of 100 µm (6.35 mm nozzle length). The 

printing pressure and printing speed were 5.4 bar and 2 mm.s-1, respectively. After the printing 

of the current collectors, the printed patterns were heat treated at temperatures ranging from 

400 °C to 550 °C for 10 to 30 min in air in a muffle furnace (Thermo SCIENTIFIC F6020C-33-80). 

Next, the package walls were printed using polycaprolactone (PCL) surrounding the 

interdigitated fingers of the current collectors through FDM. The nozzle inner diameter, nozzle 

temperature, printing pressure and printing speed were set to 410 µm, 140 °C, 5.7 bar, and 1 

mm.s-1, respectively. Next, we deposited the electrode aqueous inks (edge-oxidized graphite 

oxide (EOGO)/ceria NPs nanocomposites + water) on the interdigitated fingers of the current 

collectors through extrusion-based 3D printing at room temperature. We used a nozzle with 

an inner diameter of 330 µm (6.35 mm nozzle length), and we set the printing pressure and 

speed to 2—2.2 bar, and 3 mm.s-1, respectively. Then, we deposited a UV-curable electrolyte 

(poly (ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) + water) through a nozzle with inner diameter of 1 mm in 

the interior space inside the package walls to immerse the electrodes. Subsequently, we UV 

cured the electrolyte for various time intervals using a UV curing head on the 3D printer (UV 

wavelength of 365 nm) from a 1.5 cm distance to cross-link and mechanically stabilize the 

structure. Afterwards, we deposited a UV-curable encapsulant (DELO Dualbond AD 761—a 

modified epoxy resin) on top of the cured electrolyte and around the exteriors of the package 

walls using a nozzle with an inner diameter of 1 mm. We then UV cured the encapsulant using 

another UV curing head on the 3D printer (UV wavelength of 405 nm) from a 3 cm distance 

for different time intervals to realize the fully integrated MSCs.  
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3.3.5. Characterization Methods 

Thermogravimetric analysis (TGA) and dynamic scanning calorimetry (DSC) 
measurements  

TGA analyses were performed on dried electrode inks using a LINSEIS STA 1600 in air with a 

heating rate of 10 °C/min from room temperature up to 750 °C. We dried all the electrode 

inks at room temperature under ambient conditions for 2 days and then obtained these 

samples in powder form and used them for the measurements. As the EOGO electrode 

without ceria showed a residue of around 4 wt.% at the end of the TGA measurement, we 

assumed this amount of EOGO to be present in all the ceria-containing electrodes, as well. 

Hence, we subtracted this value (4 wt.%) from the residual values obtained for the TGA 

measurements of the other electrode materials to calculate the weight percentage of ceria 

NPs in these electrode materials. Figure 3.9 shows the TGA curves of the electrode materials 

and table 3.2 summarizes the calculated ceria NPs loading of each electrode material derived 

from the TGA measurements. 
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Figure 3.9. Thermogravimetric analysis (TGA) plots of all the electrode active materials. 

 

 

Table 3.2. Ceria NPs concentrations of different electrode materials determined by TGA. 

 

 

 

 

 

We also performed TGA and DCS analysis on the silver paste used for printing the current 

collectors to find out the most suitable heat treatment condition to achieve the maximum 

Sample ID Ceria NPs concentration 
(wt.%) 

S0 0 
S1 
S2 

3 
5 

S3 
S4 

9 
22 

S5 32 
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conductivity of the printed paste. We printed squares of 8 mm × 8 mm and heat treated them 

at temperatures ranging from 400 °C to 550 °C for 5 to 30 minutes. We selected this heat 

treatment regime based on the TGA and DSC curves of the silver paste as shown in Figure 3.10. 

 

Figure 3.10. TGA and DSC curves of the silver paste used for 3D printing of the current collector. A peak in the 

DSC plot is gradually formed from temperatures around 300 °C that extends up to 570 °C. 

TEM imaging and energy dispersive X-ray spectroscopy (EDX)  

TEM imaging and EDX analysis were performed on an analytical TEM instrument (FEI Tecnai 

Osiris). We used Lacey/Carbon TEM grids (200 Mesh, Cu, LC200-Cu-25-Electron Microscopy 

Sciences) for the observations. For the imaging conditions, we set the acceleration voltage to 

200kV and the vacuum level in the column was 8.8e-008 Torr (1.18e-005 Pascal). Figures 



  Chapter 3 
 

64 
 

3.11─3.15 show the TEM images, EDX elemental maps, and EDX spectra of the ceria NPs-

containing electrode materials. These images show the formation of sub-10 nm cerium oxide 

NPs on the EOGO sheets. This is also confirmed by the EDX elemental maps and spectra. It can 

be seen that by the increase in loading of cerium oxide NPs, they started to agglomerate as 

can reasonably be expected, and also they heavily covered the surface of EOGO. 
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3 wt.% ceria-containing electrode 

 

Figure 3.11. A) a TEM image, B) EDX elemental maps, and C) EDX spectrum of the electrode containing 3 wt.% 
ceria NPs. 
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5 wt.% ceria-containing electrode 

 

Figure 3.12. A) a TEM image, B) EDX elemental maps, and C) EDX spectrum of the electrode containing 5 wt.% 
ceria NPs. 
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9 wt.% ceria-containing electrode 

 

Figure 3.13. A) a TEM image, B) EDX elemental maps, and C) EDX spectrum of the electrode containing 9 wt.% 
ceria NPs. 
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22 wt.% ceria-containing electrode 

 

Figure 3.14. A) a TEM image, B) EDX elemental maps, and C) EDX spectrum of the electrode containing 22 wt.% 
ceria NPs. 
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32 wt.% ceria-containing electrode 

 

Figure 3.15. A) a TEM image, B) EDX elemental maps, and C) EDX spectrum of the electrode containing 32 wt.% 
ceria NPs. 
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Four-Point-Probe measurements  

Electrical resistivity of the current collector was measured using a four-point probe (LUCAS 

LABS 302) with a KEITHLEY 2601 SYSTEM Source Meter. We used this tool to investigate the 

electrical resistivity of the heat-treated current collectors to understand what heat treatment 

regime results in the lowest resistivity. 

Nitrogen gas adsorption/desorption measurements  

Specific surface area measurements were conducted on the dried electrode inks using a 

surface area analyzer (Anton-paar, autosorb iQ-adsorption analyzer) applying the Brunauer–

Emmett–Teller (BET) method. We dried all the electrode inks at room temperature under 

ambient conditions for 2 days and then obtained these samples in powder form and used 

them for the measurements. These samples were first degassed under vacuum for 4 hours at 

a temperature of 200 °C. Then, Nitrogen gas adsorption/desorption measurements were 

performed to find the values of specific surface area of the electrode materials. We dried all 

the electrode inks at room temperature under ambient conditions for 2 days and then 

obtained these samples in powder form and used them for the measurements. Figure 3.16 

demonstrates the Nitrogen gas adsorption/desorption isotherms of all the electrode 

materials. 
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Figure 3.16. N2 adsorption isotherms of all the electrode materials. 

Rheological measurements 

We carried out rheological measurements on a rotational rheometer (DHR2-TA Instruments) 

using aluminum disposable parallel plates of diameter of 25 mm at a gap size of 1000 µm. For 

the oscillation measurements, the frequency was set to 10 rad.s–1, and the stress was altered 

from 0.01 up to a maximum of 3000 Pa. for the flow stress measurements, the shear rate 

ranged from 0.01 s–1 to 100 s–1.  
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Raman spectroscopy 

Raman spectroscopy was performed on dried electrode inks using a Renishaw invia Raman 

microscope using a 457 nm excitation laser, and a 100X, 0.82NA microscope objective. Laser 

power and exposure time were adjusted in order not to burn the material. We dried all the 

electrode inks at room temperature under ambient conditions for 2 days and then obtained 

these samples in powder form and used them for the measurements. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out on the dried electrode inks on an Axis Supra (Kratos 

Analytical) using the monochromated Kɑ X-ray line of an Aluminium anode. We dried all the 

electrode inks at room temperature under ambient conditions for 2 days and then obtained 

these samples in powder form and used them for the measurements. The pass energy of the 

XPS measurements was set to 40 eV with a step size of 0.15 eV. The samples were insulated 

from the sample holder and an electron flood gun was used to limit charging effects. Data 

were subsequently referenced at 284.2 eV using the sp2 component of the C1s orbital. Peaks 

were fitted using CasaXPS. Cerium peaks were fitted using CasaXPS according to E. 

Paparazzo.[310] Figure 3.17 shows the deconvoluted Ce 3d region of XPS spectra of the 

electrode materials. Table 3.3 summarizes the list of binding energies of the peaks and what 

oxidation states those cerium related peaks are related to.  
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Figure 3.17. Deconvoluted Ce 3d region of XPS spectra of the electrode materials in high resolution, A) 3 wt.% 
ceria NPs, B) 5 wt.% ceria NPs, C) 9 wt.% ceria NPs, D) 22 wt.% ceria NPs, E) 32 wt.% ceria NPs. 
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Table 3.3. Assignment of Ce oxidation state associated with deconvoluted peaks in the Ce 3d region of XPS 
spectra of the electrode materials. 

 

X-ray Diffraction (XRD)  

XRD patterns of the dried electrode inks and the bare EOGO powder were acquired using an 

Empyrean diffractometer (Malvern Panalytical) with a Cu Kα radiation (λ = 1.5406 Å). The 

electrode samples (dried powder) were deposited and spread over single crystalline silicon 

substrates. The diffraction patterns were collected within a 2θ range of 5° to 80° at a scanning 

step size of 0.1°·s–1. We dried all the electrode inks at room temperature under ambient 

conditions for 2 days and then obtained these samples in powder form and used them for the 

measurements. Figure 3.18 demonstrates the XRD patterns of the air-dried powders of all the 

electrode materials. 

Deconvoluted peak binding energy (e.V.) Oxidation state of Ce associated with the 
deconvoluted peak 

880.45-880.77 Ce(III) 
882.28-882.3 
884.24-885.1 

Ce(IV) 
Ce(III) 

888.29-888.58 
898.05-898.9 

Ce(IV) 
Ce(IV) 

898.9-899.22 Ce(III) 
900.73-900.75 
902.69-903.55 

Ce(IV) 
Ce(III) 

906.74-907.03 
916.5-916.62 

Ce(IV) 
Ce(IV) 
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Figure 3.18. XRD patterns of all the electrode materials showing the assigned peaks of EOGO and ceria. 
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Electrochemical measurements 

On the fully fabricated MSCs, we performed electrochemical characterizations. We measured 

the electrochemical performance of the fully 3D printed MSCs (CV, GCD, and EIS 

measurements) in a two-electrode setup using an electrochemical working station (Autolab 

PGSTAT 302, Metrohm) equipped with an impedance module (FRA32M). The CV 

measurements were performed at varying scan rates (2 to 100 mVs-1) within a 0.6 V (from 0 V 

to +0.6 V) potential window. The GCD curves were collected at different current densities 

(1.43 to 5.72 mAcm-2). The EIS measurements were carried out at a range of frequencies from 

100 mHz to 100 kHz, and at an amplitude of 10 mV.  

X-ray tomography  

X-ray tomography imaging was done using a RX-SOLUTIONS Ultratom micro CT system. The X-

ray source voltage and current were 80 kV and 101 µA, respectively. The frame rate and frame 

averaging were set to 2 s-1 and 6, respectively (2 frames were taken every second (0.5 s 

exposure time) and a single image was saved for every 6 frames). 

3.3.6. Electrochemical performance calculations 

In this sub-section, we discuss how some of the microsupercapacitors’ performance metrics 

(namely, areal capacitance, areal energy density and areal power density) were calculated in 

this thesis. The areal capacitance, the energy density and the power density of the fully 3D 

printed MSCs were calculated based on the equations below using the CV curves[185], [260]: 

𝐶 =
∫

.

×∆ ×
      (3.1)

          

𝐸 =
×

× .
      (3.2)
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𝑃 =
× ×

∆
       (3.3)

      

Where CA (mF/cm2) is the areal capacitance of the device, A (cm2) is the geometric area of the 

MSC considering, EA is the areal energy density (µWh/cm2), PA is the areal power density 

(µW/cm2), j is the current (mA), V is the voltage window (0.6 V), and  is the scan rate (mV/s). 

The image below (Figure 3.19) shows the active area (A) used for the calculations in the 

abovementioned equations. The area we used in all our calculations is 0.14 cm2 (4 mm × 3.5 

mm). 

 
Figure 3.19. Determination of the active area of the MSCs used in the calculations of areal capacitance, area 

energy density and areal power density. The image shows a fully 3D printed MSC just before the deposition ad 

subsequent UV curing of the encapsulant. 

3.3.7. Kinetic study of charge storage mechanisms 

We performed a kinetic study of charge storage mechanisms of microsupercapacitors. 

Through this study, we were able to understand how the chemistry of the electrodes affect 

the kinetics of charge storage in the microsupercapacitors. The ratio of (EDLC + Faradaic 

pseudocapacitance) (fast kinetic—outer surface)/diffusive ion insertion (diffusive 

pseudocapcitance—inner surface) (slow kinetic) charge storage contributions of the MSCs was 



  Chapter 3 
 

78 
 

calculated as a function of the sweep rates (υ) according to a method introduced by 

Trasatti.[311] 

These calculations differentiate the fast-kinetic charge storage (EDLC + Faradaic 

pseudocapacitance—outer surface) and the slow-kinetic charge storage (diffusive ion 

insertion—diffusive pseudocapacitance—inner surface) mechanisms. The value of the fast-

kinetic (outer surface) areal capacitance (CA)o is obtained from the extrapolation of areal 

capacitance (CA) to υ=∞ derived from the plot of areal capacitance (CA) vs. υ−0.5. And, the value 

of the total areal capacitance (CA)t is obtained from the extrapolation of inverse of areal 

capacitance (CA
−1) to υ=0 from the plot of inverse of areal capacitance (CA

−1) vs. υ0.5. By 

calculating the C0 and Ct, one can calculate the Ci (inner surface capacitance— diffusive ion 

insertion—diffusive pseudocapacitance) using equation 3.4. 

(CA)t = (CA)i + (CA)o       (3.4) 

Where (CA)t is the total areal capacitance (mF.cm-2), (CA)I is the inner surface areal capacitance 

stemming from the slow-kinetic charge storage (diffusive ion insertion—diffusive 

pseudocapacitance—inner surface) (mF.cm-2), and (CA)O is the outer surface areal capacitance 

caused by the fast-kinetic charge storage (EDLC + Faradaic pseudocapacitance—outer surface) 

(mF.cm-2). Figures 3.20─3.25 exhibit the fittings done on the related plots for all the ceria-NPs 

containing electrodes materials. Table 3.4 summarizes the contribution of the fast-kinetic and 

slow-kinetic processes involved in the charge storage of the electrodes as a function their ceria 

NPs loading. 
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Figure 3.20. The plots of A) CA vs. υ−0.5 and B) CA
−1 vs. υ0.5 of the MSC constructed by the electrode containing no 

ceria and the optimum electrolyte composition. 

 

 

 

Figure 3.21. The plots of A) CA vs. υ−0.5 and B) CA
−1 vs. υ0.5 of the MSC constructed by the electrode containing 3 

wt.% ceria and the optimum electrolyte composition. 
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 Figure 3.22. The plots of A) CA vs. υ−0.5 and B) CA

−1 vs. υ0.5 of the MSC constructed by the electrode containing 5 
wt.% ceria and the optimum electrolyte composition. 

 

 

 

 

 
Figure 3.23. The plots of A) CA vs. υ−0.5 and B) CA

−1 vs. υ0.5 of the MSC constructed by the electrode containing 9 

wt.% ceria and the optimum electrolyte composition. 
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Figure 3.24. The plots of A) CA vs. υ−0.5 and B) CA

−1 vs. υ0.5 of the MSC constructed by the electrode containing 22 

wt.% ceria and the optimum electrolyte composition. 

 

 

 

 

 
Figure 3.25. The plots of A) CA vs. υ−0.5 and B) CA

−1 vs. υ0.5 of the MSC constructed by the electrode containing 32 

wt.% ceria and the optimum electrolyte composition. 
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Table 3.4. The contribution of fast-kinetic and slow-kinetic processes involved in the charge storage of the 
electrodes as a function their ceria NPs loading. 

 

 

 

 

 

 

 

3.4. Conclusions 

In summary, we demonstrate additively fabricated mm-scale microsupercapacitors with 

lateral sizes < 0.5 cm2 (full package: 7 mm × 7 mm and charge storage active area: 4 mm × 3.5 

mm) and total height of ~2 mm with outstanding electrochemical performance. By fine-tuning 

the chemistries of the components of the microsupercapacitors, we achieve a high areal 

capacitance of ~323 mFcm-2, energy density of 16.1 μWhcm-2, power density of ~3028 mWcm-

2, and ~91.3% capacitance retention after 21000 cycles. To the best of our knowledge, our 

results display the smallest fully 3D printed microsupercapacitors delivering excellent 

performance, including outstanding capacitance, cyclic life, energy density and power density 

at such a small footprint. This was achieved through optimization of all component structures 

within the capacitor. These microsupercapacitors are thus promising for use as integrated 

energy sources for powering microsystems, wearables, and IoT. 

In the next chapter, we will focus on the dimensional scaling study of the microsupercapacitors 

using the optimized processing conditions and chemistries of the component selected in this 

chapter. 

 

 

Ceria NPs 
concentratio

n (wt.%) 

Total areal 
capacitance (CA)t 

(mF.cm-2) 

Fast-kinetic 
areal 

capacitance 
(CA)o (mF.cm-2) 

Slow-kinetic 
areal 

capacitance 
(CA)i (mF.cm-2) 

0 185.87 108.33 77.54 
3 
5 

401.61 
411.52 

221.88 
227.07 

179.73 
184.45 

9 537.63 232.25 305.38 
22 
32 

431.03 
24.31 

91.79 
3.47 

339.24 
20.84 
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4. Sub-mm3 Dimensional Scaling of High-

Performance Additively-Fabricated 

Microsupercapacitors for Embedded 

Energy Applications  

 

 

In this chapter, we systematically investigate the effects of dimensional scaling of these fully-
additively fabricated microsupercapacitors on their performance using the optimized 
chemistries of the components as determined in chapter 3. 

 

 

Amin Hodaei designed the experiments and synthesized the active materials of the electrodes 
and formulated the electrolytes. Amin Hodaei performed the rheological characterizations of 
the inks, 3D printing of the microsupercapacitors and also the electrochemical 
characterizations of the microsupercapacitors. Amin Hodaei and Vivek Subramanian 
conceptualized the research and they analyzed the data and wrote the manuscript. 

 

 

 

The contents of this chapter are parts of a manuscript that is going to be submitted as a journal 
article. 
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4.1. Introduction 

In this chapter, we will discuss a systematic study on the effects of sub-mm3 dimensional 

scaling on the performance of fully additively-fabricated microsupercapacitors. We used the 

optimized chemistries of the components of microsupercapacitors as determined in chapter 

3 of this thesis. We will start with discussions on the fabrication of microsupercapacitors and 

introduce their dimensional scaling, chemistries of the components of the 

microsupercapacitors, and performance evaluation of the fabricated microsupercapacitors. 

We will next discuss the details of the dimensional scaling of the microsupercapacitors. 

4.2. Fabrication, scaling procedures, and characterization 

4.2.1. Fabrication of microsupercapacitors and designing their dimensional 

scaling  

We additively fabricated the microsupercapacitors via a combination of fused deposition 

modeling (FDM) and extrusion-based 3D printing as described in chapter 3. Figure 4.1 exhibits 

the printing procedure of the MSCs and their plan of dimensional scaling. The main difference 

between the designs of microsupercapacitors in this chapter and chapter3 is that here, instead 

of interdigitated fingers, we focused on parallel fingers configuration. This has been done as 

this configuration is the most typical configuration of capacitors (i.e., parallel plate), hence, it 

can used to generate the basis for understanding of the effects of dimensional scaling on 

microsupercapacitors as well. We firs started with extrusion-based 3D printing of the current 

collectors using a silver paste (DELO-Dualbond IC343) on wet-oxidized silicon wafer (Figure 

4.1A). The current collector patterns resemble a parallel plates configuration such that two 

finger (i.e., plates) are located at certain distance from each other (750 µm for all our MSCs). 

After printing, the current collectors were heat treated in air at 450 °C for 10 min. Then, we 

FDM printed the package walls around the fingers of the current collectors using 

polycaprolactone (PCL) (Figure 4.1B). We then extrusion 3D printed the electrodes on the 

fingers of the heat treated current collectors without any following post treatments (Figure 
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4.1C). Next, a UV-curable electrolyte based on (poly (ethylene glycol) diacrylate (PEGDA) + LiCl 

+ lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) + water) was deposited in the 

interior space of the package walls to fully immerse the electrodes, which was followed by UV 

curing to realize a hydrogel electrolyte and subsequently to consolidate the components 

(Figure 4.1D). Finally, we deposited a UV-curable resin-based encapsulant (DELO Dualbond AD 

761- a modified epoxy resin) on top of the UV cured electrolyte, which was also followed by a 

UV curing step to fully seal the MSCs (Figure 4.1E). As shown in Figure 4.1F, we designed the 

dimensional scaling study in such a way that the performance of the MSCs are evaluated as a 

function of change in the length of the electrodes and also the inner diameter of the nozzles 

with which the electrodes are 3D printed. The electrodes are 3D printed at three levels: 2.5 

mm, 3.75 mm, and 5 mm (a variation of 2.5 mm). The inner diameters of the nozzles used to 

3D print these electrodes are 250 µm, 330 µm, 510 µm, and 840 µm (with a maximum 

variation of 590 µm). Thus, a total dimensional variation of 0.87025 mm3 (i.e., sub-mm3 range) 

(ΔL (length) = 2.5mm, ΔW (width) = 0.59 µm (i.e., the difference of the Max and Min of the 

nozzle diameters), ΔH (Height) = 0.59 µm (i.e., the difference of the Max and Min of the nozzle 

diameters)). Hence, we describe this study as a sub-mm3 dimensional scaling considering the 

scaling ranges of the electrode length and the nozzle diameters with which they are 3D 

printed. A more detailed description of the dimensional scaling of the MSCs is provided in 

Table 4.1. 
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Figure 4.1. The Schematics of the fabrication steps of the microsupercapacitors, A) Extrusion-based 3D printing 

the current collectors on a wet-oxidized silicon wafer using a silver paste and subsequently, heat treating the 

current collectors, B) FDM printing of the package using PCL, C) Extrusion-based 3D printing of the electrodes on 

the current collectors (inside the package space), D) Deposition of UV-curable electrolytes inside the package to 

immerse the electrodes and subsequently, UV curing the electrolyte, E) Deposition of an encapsulant on top of 

the UV-cured electrolyte and subsequently UV curing it, F)Illustration of the design of dimensional scaling of the 

microsupercapacitors by changing the diameter of the nozzles used to 3D print the electrodes with different 

lengths, G) A top view image of one of the fully 3D printed microsupercapacitors (nozzle diameter of 510 µm and 

electrode length of 2.5 mm), and H) A side view image the same fully 3D printed microsupercapacitor as in (G) 

scale bars are 500 µm. 
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4.2.2. Chemistries of the components of the microsupercapacitors 

We formulated the electrode inks using a nanocomposite of EOGO/ceria NPs (~95 wt. % EOGO 

— ~5 wt. % ceria NPs) dispersed in water without using any organic additives, binders, or 

rheology modifiers. The novel chemistry of our electrode inks provides a green formulation of 

a hybrid system delivering both electrical double-layer capacitance (EDLC) stemming mostly 

from EOGO sheets and pseudocapacitance originating mostly from ceria NPs. Figure 4.2A 

shows the XRD patterns of the bare EOGO powder and the air-dried electrode ink. The 

concurrent presence of the sharp peak at ~26◦ and the wide and less intense peak at ~13◦ in 

the XRD pattern of the bare EOGO corresponds to its almost intact sp2 graphitic basal plane 

and the presence of oxygen-containing functional groups on its edges.[282] The XRD pattern 

of the air-dried electrode ink shows the formation of CeO2 crystalline phase.[290], [294] 

We investigated the rheological characterizations of the aqueous electrode ink as shown in 

Figures 4.2B and 4.2C. The aqueous electrode ink demonstrated a shear-thinning behavior—

decrease in the viscosity as a function of the increase in shear rate (Figure 4.2B), and a 

viscoelastic behavior with a more dominant G’ (storage modulus, i.e., elastic behavior) values 

than G’’ (loss modulus, i.e., viscous behavior) before their intersection point (known as the 

flow point), which are all indicators of the suitability of the ink for extrusion-based 3D 

printing.[274] Changing the shear rate from 0.01 Pa.s to 100 Pa.s, the viscosity of the ink 

significantly dropped (by almost four orders of magnitude). The oscillation rheometry showed 

that the G’ of the electrode ink in the linear viscoelastic region is almost one order of 

magnitude larger than its G”. We also investigated the morphological details of the 

EOGO/ceria NPs nanocomposite using TEM imaging as shown in Figure 2D. The crystalline 

ceria NPs with sizes of less than 5-10 nm are anchored onto the EOGO sheets and they quite 

fairly distributed on the surface EOGO sheets. 
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Figure 4.2. A) XRD characterization of the bare EOGO powder and the air-dried electrode ink comprising 5 wt.% 

ceria nanoparticles, rheological characterizations of the aqueous electrodes ink (EOGO/ceria nanocomposite — 

5 wt.% ceria nanoparticles) B) viscosity as a function of shear rate, C) oscillation measurement demonstrating 

the storage modulus (G’) and the loss modulus (G”) of the same ink as a function of oscillation stress, and D) TEM 

images of the air-dried electrodes, the same used for XRD characterization as shown in (A). 
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As a reminder from chapter 3, we formulated a UV-curable hydrogel electrolyte based on (poly 

(ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) + water). LiCl has been widely employed in electrolytes of 

printed microsupercapacitors.[181], [231], [248], [258] On the other hand, PEGDA[278], [279], 

[312] and LAP (a water-soluble photo-initiator)[280], [281], [313] have been commonly 

utilized in 3D printing of hydrogels. The resultant electrolyte after UV curing, showed a gel 

structure providing suitable mechanical stability in the MSCs eliminating the need for a 

separator between the electrodes.[151] As a reminder form chapter 3, the optimized chemical 

composition and processing condition for the electrolyte was set to a LiCl concentration of 

(1.6 M), while the concentration of the PEGDA was set to 0.08 g.ml-1 and the concentration of 

LAP was 0.16 wt.% (by weight of PEGDA) that was cured for 20 seconds by a 365 nm UV lamp. 

For FDM printing the package walls, we used polycaprolactone (PCL). PCL is a biocompatible 

polymer with low melting temperature and a hydrophobic nature.[277] The main reason 

behind printing the package walls is that it acts as a container for the electrolyte before it is 

UV-cured when immersing the electrodes in the sequence of microsupercapacitors 

fabrication. Similar to the procedure followed in chapter 3, we encapsulated the 

microsupercapacitors in order to enhance their stability by making sure that the electrolyte 

does not get evaporated over time. We used a modified epoxy-based resin which is UV-

curable. The encapsulant was UV cured using a 405 nm UV lamp for 60 seconds. 

4.2.3. Performance evaluation of the fabricated microsupercapacitors 

We systematically investigated the electrochemical performance of the microsupercapacitors 

as a function of their dimensions (i.e., length of the electrodes, and the diameter of the nozzle 

with which they are printed). This has been done in order to elucidate the effects of scaling 

on the performance of the microsupercapacitors. In order to investigate how changing the 

dimensions influences the charge-discharge behavior of the microsupercapacitors, we 

performed galvanostatic charge-discharge (GCD) measurements on microsupercapacitors 

with varying dimensions. As shown in Figures 4.3A-D, by a simultaneous increase of the length 

of the electrodes, and the nozzle size used for printing the electrodes, the duration of full cycle 
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of charge-discharge was increased. For example, a full charge-discharge cycle at a current of 

50 µA took ~175 s for an MSC printed 250 µm nozzle and electrode length of 5 mm, while for 

the microsupercapacitor comprising a 5 mm long electrode printed with a 840 µm nozzle, a 

full cycle takes ~1140 s. These results demonstrate that longer electrodes printed with larger 

nozzle diameters realize higher capacitance levels is expected due to the larger volumes and 

larger outmost surface of the active materials available in these electrodes. 

 

Figure 4.3. Galvanostatic charge discharge diagrams of the additively fabricated MSCs as a function of electrode 

length and the nozzle diameter with which the electrodes are printed, A) nozzle diameter: 250 µm, B) nozzle 

diameter: 330 µm, C) nozzle diameter: 510 µm, D) nozzle diameter: 840 µm. 
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We further investigated the electrochemical properties of the microsupercapacitors by cyclic 

voltammetry (CV). This has been done in order to investigate different electrochemical 

characterization methods to ensure that the results obtained from them are in agreement 

with each other. As shown in Figure 4.4, capacitance (not normalized per area or volume) of 

the microsupercapacitors scales with the length of the electrodes and the diameters of the 

nozzle with which they are printed. The slope of the change in the capacitance of the 

microsupercapacitors is steeper for 5mm long electrodes compared to 3.75 mm, and 2.5 mm 

long ones. At each nozzle diameter level, increase in the length of the electrode, also resulted 

in an increase in the capacitance of the microsupercapacitors. This can be due to the greater 

increase in the active surface area when electrodes become thicker and longer. This 

observation is in agreement with the result from GCD measurements discussed earlier.  

 

Figure 4.4. Capacitance (non-normalized per area or volume) of all the MSCs as a function of their electrode 

length and the diameter of the nozzle used for printing them. 
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We used electrochemical impedance spectroscopy (EIS) measurements to calculate the 

equivalent series resistance (ESR) of the microsupercapacitors. Figure 4.5A illustrates the ESR 

of the microsupercapacitors as a function of the length of the electrodes and the printing 

nozzle diameter used for them. ESR also known as the internal resistance, is an indication of 

the total resistance of the system—defined as the sum of the bulk electrolyte resistance, the 

resistance of the electrode, and the contact resistance between the electrode and the current 

collector.[192] It is one of the important performance metrics of microsupercapacitors since 

it correlates to how much energy loss a system has. We observed that at each nozzle diameter, 

increasing the length decreased the ESR of the microsupercapacitors. We also observed that 

electrodes printed with larger nozzle diameters showed smaller ESR values. The reason behind 

these observations might be that by increasing the length and the thickness of the electrodes, 

more available surface for the passage of electron is provided. Hence, lower values of ESR is 

obtained for longer and thicker electrodes (since the low-resistance current collector acts as 

a strap for the entire length of the electrodes, the increased length of the electrodes is 

unsurprisingly not found to cause an increase in ERS). All the ESR values obtained for the 

microsupercapacitors are less than ~90 Ω.  
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Figure 4.5. A) Capacitance (non-normalized per area or volume) of the MSCs as a function of the electrode length 

and thickness, B) the ESR values of the MSCs, C) kinetic study of charge storage of two of the fabricated MSCs 

with 2.5 mm long electrodes printed with the smallest (i.e., 250 µm) and the largest (i.e., 840 µm) nozzles, D) 

cyclic life the MSC possessing 3.75 mm long electrodes printed with a 840 µm nozzle. 

We further studied the dependence of the kinetics of charge storage of the 

microsupercapacitors on their dimensions. As shown in Figure 4.5B, we compared the MSCs 

with 3.75 mm long electrodes printed with the smallest (i.e., 250 µm) and largest (i.e., 840 µm) 

nozzles. The inks that are extrusion 3D printed experience substantial shear stresses at the wall 

of the printing nozzles and these shear stresses are increased by decreasing the nozzle 

dimeter.[314] In our study, the shear stress at the wall of the nozzle of 250 µm diameter was 

the highest, and in case of printing the electrodes with the printing nozzle of diameter 840 µm, 
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the shear stress at the wall of the nozzle was the lowest. It has been shown that the shear stress 

at the wall of the printing nozzle causes the graphitic sheets to align along the printing 

direction.[315], [316] Using smaller nozzles produces higher shear stress at the wall of the 

nozzles while larger nozzles generate smaller shear stresses at their wall. Thus, due to higher 

shear stresses at the walls of the nozzles with smaller diameters, the graphitic sheets align more 

strongly along the printing direction resulting in lower surface roughness/porosity at the 

outmost surface of the printed electrodes.[317] For the same reason, lower shear stresses are 

experienced by the graphitic sheets during printing with larger nozzles, hence, these printed 

electrodes could possess higher surface roughness/porosity at their outmost surface as the 

graphitic sheets experience less alignment. The kinetic study of the charge storage also 

demonstrates the increase in the diffusion-controlled charge storage (i.e., slow kinetic charge 

storage mechanism) in thicker electrodes possibly due to more available diffusion pathways, 

which might be due to higher surface roughness/porosity at the outmost surface of these 

electrodes. This observation further emphasizes that even with the same chemistry of 

electrodes, the printing conditions (such as nozzle diameter) can significantly affect the charging 

kinetics of the resultant 3D printed microsupercapacitors. 

Figure 4.5C exhibits the cyclic life of the microsupercapacitors with 3.75 mm long electrodes 

printed with the 840 µm nozzle achieved by GCD measurements. A remarkable cyclic life—

94.98% capacitance retention after 17000 cycles at a current of 600 µA was realized. Each cycle 

took almost 50 seconds and in total the cyclic life test was going nonstop for ~230 hours. Figure 

4.5D shows the GCD diagrams of the 1st and the 17000th cycles and as it can be notices, there is 

not a significant change in the shape of the diagrams. 

We continued with performing CV and GCD measurements at different scan rates and currents, 

respectively, on the microsupercapacitors possessing 3.75 mm long electrodes printed with 250 

µm and 840 µm nozzles (Figures 4.6A-D). As shown in Figures 4.6A and 4.6B, the CV curves were 

collected at scan rates ranging from 2 mV.cm-2 to 250 mV.cm-2. Unlike the microsupercapacitor 

printed with the 840 µm nozzle, the microsupercapacitor printed with the 250 µm nozzle 
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showed a better scan rate ability—the CV curves continued to get larger by increasing the scan 

rate. It could be inferred form this result that the microsupercapacitor printed with the 250 µm 

nozzle could facilitate faster charge storage at its outmost electrode layer. This observation is 

also in agreement with the results of the kinetic study of charge storage where the MSC printed 

with the larger nozzle showed more pronounced slow kinetic charge storage. 

Figures 4.6C and 6D show GCD curves at different currents ranging from 50 µA to 500 µA. For 

both MSCs, by increasing the currents, the duration of the full charge-discharge cycle was 

decreased. The GCD curves of the MSC printed with the 840 µm nozzle show longer durations 

at each given current. In agreement with the CV curves, this observation is also an indication 

that the capacitance values of the MSC printed with the 840 µm nozzle is larger than those of 

the MSC printed with the 250 µm nozzle. The areal and volumetric capacitance of these MSCs 

which were calculated by using their CV curves are depicted in Figures 4.6E and 4.6F. While 

the areal and volumetric capacitances (scan rates of 2 mV.s-1 to 250 mV.s-1) of the 

microsupercapacitors printed with the 840 µm nozzle ranged between 731.7 mF.cm-2—25.7 

mF.cm-2, and 8.7 F.cm-3— 0.31 F.cm-3, respectively, the microsupercapacitors printed with the 
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250 µm nozzle showed areal and volumetric capacitances of 194.68 mF.cm-2—40.94 mF.cm-2, 

and 7.79 F.cm-3— 1.64 F.cm-3, respectively.  

 

Figure 4.6. CV curves of the MSCs with an electrode length of 3.75 mm and printed with a nozzle diameter of A) 

250 µm, and B) 840 µm, and GCD curves with an electrode length of 3.75 mm and printed with a nozzle diameter 

of C) 250 µm, and D) 840 µm, and areal and volumetric capacitance values of the MSCS (as a function of scan 
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rates used in CV measurements) with an electrode length of 3.75 mm and printed with a nozzle diameter of E) 

250 µm, and F) 840 µm. 

Next, we compared the energy density and power density values of these 

microsupercapacitors with some of the examples of printed microsupercapacitors from 

literature as shown by the Ragone plot in Figure 4.7. We used CV curves at different scan rates 

to calculate these performance metrics. These examples include microsupercapacitors with 

electrodes of graphene-vanadium quantum dots/reduced graphene oxide (G–

VNQDs/rGO),[181] Ag-polypyrrole,[308] MXene,[185], [318] and graphene oxide/Ag 

NPs/CNT/MoS2.[319] Our MSCs with electrodes of 3.75 mm of length which were printed with 

an 840 µm nozzle (microsupercapacitor ID: L2) or a 250 µm nozzle (microsupercapacitor ID: 

XS2) (more details on the microsupercapacitors’ IDs is provided in table 4.1) both showed a 

combination of high areal energy and power densities. The MSC printed with an 840 µm nozzle 

generally showed higher areal energy density values with a maximum areal energy density of 

36.59 µWh.cm-2, however, it showed a sharp decrease in its energy density at higher scan 

rates (points that are more on the right side of the plot correspond to higher scan rates).  On 

the other hand, the microsupercapacitors printed with the 250 µm nozzle showed higher 

power density values at higher scan rates, with a maximum value of 3070.77 mW.cm-2. Such 

high levels of energy and power densities demonstrate remarkable combination of 

performance of our microsupercapacitors compared to examples of microsupercapacitors 

form literature. These results are particularly attractive as even for a microsupercapacitors 

printed with a nozzle of 840 µm, an excellent performance level of energy and power density 

is achieved. 
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Figure 4.7. Ragone plot exhibiting areal energy and power densities of our microsupercapacitors possessing an 

electrode length of 3.75 and printed with a nozzle diameter of 250 µm and 840 µm in comparison with some of 

the selected examples of printed MSCs from literature. 

We also compared the volumetric energy and power densities of our microsupercapacitors 

with results from the literature. The comparison set encompasses microsupercapacitors with 

electrode thicknesses ranging from nm-scale up to µm-scale. It should be noted that when 

comparisons of the performance of microsupercapacitors are made, their geometrical 

features (e.g., electrode thickness) should be mentioned. While the thickness of the 

electrodes in our microsupercapacitors range between 250 µm and 840 µm, the thickness of 

the electrodes in the selected examples form the literature are as follows: 412 µm[181], 3.97 

µm[308], 1.4-18 µm[185], 530 ± 120 nm[318], and 500-2000 µm[319].  
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We could realize microsupercapacitors with ESR values on the order of tens of ohms, areal 

and volumetric capacitance values on the order of hundreds of mF/cm2 and couple of F/cm3, 

respectively. The energy and power densities of our microsupercapacitors are on the order of 

tens of µWh/cm2 and thousands of mW/cm2, respectively. Additionally, these 

microsupercapacitors showed cyclic stability of 95% capacitance retention after 17000 cycles 

of charge/discharge. The operating potential window of these microsupercapacitors is 0.6 V 

(0 to +0.6 V). 

4.3. Materials and Methods 

We used the same chemicals and followed the same synthesis procedure for the electrode 

active materials as described in chapter 3. All the characterization techniques performed and 

reported in this chapter have been discussed in the “Materials and Methods” of chapter 3. 

4.3.1. Details of dimensional scaling of the microsupercapacitors 

Table 4.1 summarizes the details of dimensional scaling of the microsupercapacitors. Figures 

4.8̶─4.19 show how the active areas of the microsupercapacitors were calculated. We 

considered the maximum rectangular areas encompassing both fingers of the current 

collectors in order to calculate the active areas of the microsupercapacitors. The reason 

behind this method is that the electrodes must be placed by printing within these areas. 
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Table 4.1. The IDs of the 3D printed microsupercapacitors and their related geometrical feature dimensions. 

MSC ID 
Width of the 
fingers (W) 

(mm) 

Length of the 
fingers (L) 

(mm) 

Gap between 
the fingers (G) 

(mm) 

Active Area’s Lateral 
dimensions ((W+G) × L) 

(mm × mm) 

Active area 
(cm2)* 

XS1 0.35 2.5 0.75 1.45 × 2.5 0.04375 

XS2 0.35 3.75 0.75 1.45 × 3.75 0.065625 

XS3 0.35 5 0.75 1.45 × 5 0.0875 

S1 0.5 2.5  0.75 1.75 × 2.5 0.04375 

S2 

S3 

0.5 

0.5 

3.75 

5 

0.75 

0.75 

1.75 × 3.75 

1.75 × 5 

0.065625 

0.0875 

M1 

M2 

0.75 

0.75 

2.5 

3.75 

0.75 

0.75 

2.25 × 2.5 

2.25 × 3.75 

0.05625 

0.084375 

M3 

L1 

0.75 

1 

5 

2.5 

0.75 

0.75 

2.25 × 5 

2.75 × 2.5 

0.1125 

0.06875 

L2 1 3.75 0.75 2.75 × 3.75 0.103125 

L3 1 5 0.75 2.75 × 5 0.1375 

 

(*) calculations of the active area is based on the rectangular area (i.e., the dashed yellow 
rectangles as shown in Figures 4.8-4.19) surrounding the current collector fingers which is 
theoretically the maximum area that the electrodes can take up after printing. 
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Figure 4.8. The geometrical details of the design of the current collectors of the MSC with the sample ID XS1. 

 

 

 

 

Figure 4.9. The geometrical details of the design of the current collectors of the MSC with the sample ID XS2. 
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Figure 4.10. The geometrical details of the design of the current collectors of the MSC with the sample ID XS3. 

 

 

 

 

 

Figure 4.11. The geometrical details of the design of the current collectors of the MSC with the sample ID S1. 
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Figure 4.12. The geometrical details of the design of the current collectors of the MSC with the sample ID S2. 

 

 

 

 

 

Figure 4.13. The geometrical details of the design of the current collectors of the MSC with the sample ID S3. 
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Figure 4.14. The geometrical details of the design of the current collectors of the MSC with the sample ID M1. 

 

 

 

 

 

Figure 4.15. The geometrical details of the design of the current collectors of the MSC with the sample ID M2. 

 

 

 

 



Chapter 4 
 

106 
 

 

Figure 4.16. The geometrical details of the design of the current collectors of the MSC with the sample ID M3. 

 

 

 

 

Figure 4.17. The geometrical details of the design of the current collectors of the MSC with the sample ID L1. 
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Figure 4.18. The geometrical details of the design of the current collectors of the MSC with the sample ID L2. 

 

 

 

 

 

 

Figure 4.19. The geometrical details of the design of the current collectors of the MSC with the sample ID L3. 
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4.3.2. Electrochemical performance calculations 

We used the same equations as provided  in chapter 3, for electrochemcial perfoamnce 

evaluation of the microsupercapacitors (as listed below). 

C =
∫

.

×∆ ×
                        (4.1) 

 

E =
×

× .
                (4.2) 

 

P =
× ×

∆
              (4.3) 

Where CA (mF/cm2) is the areal capacitance of the device, A (cm2) is the active area of the 

microsupercapacitors, EA is the areal energy density (µWh/cm2), PA is the areal power density 

(µW/cm2), j is the current (mA), V is the voltage window (0.6 V), and  is the scan rate (mV/s).  

4.3.3. Kinetic study of charge storage mechanisms 

Similar to the procedure followed in chapter 3, we calculated the ratio of (EDLC + Faradaic 

pseudocapacitance) (fast kinetic)/diffusive ion insertion (diffusive pseudocapcitance) (slow 

kinetic) charge storage contributions of the MSCs comprising 3.75 mm electrodes printed with 

the smallest nozzle (i.e., 250 µm) and the largest nozzle (i.e., 840 µm). We followed the same 

calculations as mentioned in chapter 3. Figures 4.20 and 4.21 demonstrate the 

microsupercapacitors constructed by the electrode with the length of 3.75 mm, which are 

printed with a nozzle of diameter 250 µm and 840 µm, respectively. 
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Figure 4.20. The plots of A) CA vs. υ−0.5 and B) CA
−1 vs. υ0.5 of the microsupercapacitor constructed by the electrode 

with the length of 3.75 mm, which is printed with a nozzle of diameter 250 µm. 

 

 

 

 

Figure 4.21. The plots of A) CA vs. υ−0.5 and B) CA
−1 vs. υ0.5 of the microsupercapacitor constructed by the electrode 

with the length of 3.75 mm, which is printed with a nozzle of diameter 840 µm. 
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4.4. Conclusions 

In summary, we systematically studied the effects of sub-mm3 dimensional scaling on the 

performance of all-additively fabricated encapsulated hybrid microsupercapacitors (i.e., 

modifying their electrode lengths and the nozzle diameter with which they are printed) 

comprising a nanocomposite electrode (i.e., edge-oxidized graphite oxide (EOGO) (~95 

wt.%)/cerium oxide NPs (~5 wt.%)), a UV-curable hydrogel electrolyte based on (poly 

(ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) + water), a silver current collector, a polycaprolactone 

(PCL) packaging and a UV-curable resin-based encapsulant. We observed that capacitance 

scales with dimensions, as expected. Moreover, we achieved  remarkable combinations of 

performance levels such as a areal capacitance of ~731.7 mF/cm2, energy density of ~ 36.59 

µWh/cm2, power density of ~ 2,669.8 mW/cm2, and ~95% capacitance retention after 17000 

cycles (at the electrode length of 3.75 mm printed with a nozzle diameter of 840 µm). We have 

thus shown that dimensional scaling to sub-mm3 of these microsupercapacitors is possible, 

which is obviously attractive for these use in small microsystems. We have further shown how 

the performance of the supercapacitors is altered during dimensional scaling. As such, 

therefore, through this chapter, we have provided a comprehensive understanding of the 

scaling of additively fabricated microsupercapacitors. 

In the next chapter, we will discuss the key outcomes of the thesis, why these outcomes are 

important, in addition to specific and detailed discussion of future work that can be potentially 

pursued on fully-additively fabricated microsupercapacitors. 
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5. Conclusions and Outlook  

Fabrication of miniaturized energy storage systems, such as microsupercapacitors, entails 

challenges and great potential for development of high-efficiency energy systems. These 

systems find applications in versatile fields of microelectronics, IoT, and other microsystems, 

hence, there is a significant demand on realization of simultaneously small-scale and high-

performance energy storage system, such as microsupercapacitors. Among many fabrication 

techniques, 3D printing provides unrivaled benefits such as compatibility with diverse 

chemistries, realization of geometries fine structure with complex geometries for on-chip or 

wafer-scale integration. Hence, we aimed at full 3D printing (additive fabrication) of 

microsupercapacitors for all their components, namely, current collectors, electrodes, 

electrolyte, packaging, and encapsulation. 

5.1. Key outcomes of the thesis 

It was demonstrated in this thesis that by fine tuning the chemistries of the components of 

microsupercapacitors, it is possible to maximize their performance. We reached a 

combination of record levels of performance for microsupercapacitors at mm-scale active 

area level through a fully additive fabrication procedure. Special emphasis is placed on design, 

synthesis, characterization and optimization of novel chemistries for the electrodes and the 

electrolytes. The electrode of the microsupercapacitors is a nanocomposite of edge-oxidized 

graphite oxide (EOGO)/cerium oxide nanoparticles. This electrode system allows us to exploit 

both EDLC and pseudocapacitance charge storage mechanisms. We showed that the loading 

of cerium oxide NPs in the electrode nanocomposite alters the EDLC/pseudocapacitance 

charge storage mechanism ratio. Besides, we demonstrated that even by the addition of 

relatively low concentrations (~ 3-5 wt.%) of cerium oxide NPs to composite with pure EOGO, 

the capacitance of the microsupercapacitors almost doubled. The electrolyte is a UV- curable 

hydrogel based on (poly (ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) + water). Using this electrolyte enabled us to consolidate 
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the structure of the microsupercapacitors as a result of its UV curing and also eliminated the 

need for having a separator. The current collector is a silver paste, which provides with 

relatively high electrical conductivity. We extrusion printed the current collectors to construct 

thick layers (~100 mm). Printing thick current collectors is advantageous for 

microsupercapacitors as the conductance of the current collector increases with thickness, 

reducing the series resistance contribution of the same. These microsupercapacitors are fully 

packaged and sealed by printing a package using polycaprolactone (PCL) and depositing a UV-

curable resin-based encapsulant. Using the packaging is crucial to act as a container to keep 

the electrolyte inside its inner space before its UV curing.  Moreover, using the encapsulant is 

beneficial for stability and increasing the service life of the microsupercapacitors. We 

demonstrated that without encapsulation, the electrolytes started to be evaporated and 

presence of the encapsulation eliminated this problem from the system. 

Moreover, we could realize the smallest microsupercapacitors with the highest levels of 

performance that are fully additively fabricated. This achievement is significant as it is a step 

towards realization of fully additive fabrication of high-performance microsupercapacitors for 

embedded energy applications. One of the biggest challenges in downsizing microelectronic 

systems is to downsize their components, and more specifically their energy systems, such as 

microsupercapacitors. Thus, realization of such high levels of performance for 

microsupercapacitors at the smallest footprints to date, as demonstrated in this thesis, is a 

promising achievement which could potentially lead to faster, more efficient and smaller 

microelectronic systems. 

We also demonstrated that the chemistry of the components is not the only factor 

determining the performance of the microsupercapacitors. A dimensional scaling study of 

microsupercapacitors showed that changing the dimensions of the microsupercapacitors (e.g., 

the length and thickness of the electrodes) significantly alters the performance of the fully 

additively fabricated microsupercapacitors even when the chemistries of their components 

are unchanged. The significance of this study is revealed when considering hybrid 
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microsupercapacitors are used in energy applications with the aim to benefit from their 

synergy of EDLC and pseudocapacitance charge storage mechanisms to reach higher energy 

and power densities. It is crucial to investigate what effects the dimensional scaling of these 

systems have on their performance so that these systems can be designed on demand and 

with an application-oriented approach. Such an understanding is missing in the literature. 

Scaling energy storage systems such as microbatteries and microsupercapacitors, is required 

to ensure suitability of them for typical IoT system requirements. In other words, the energy 

storage systems must scale to the device sizes and geometries in order to realize chip-scale 

and wafer-scale fabrication and integration. As an outcome of this thesis, we could 

systematically perform sub-mm3 dimension scaling of additively-fabricated 

microsupercapacitors, which is being reported in this thesis, for the first time in literature, to 

the best of our knowledge. Moreover, our results demonstrated that we would design 

microsupercapacitors with different performance levels at various footprints, which would 

potentially realize selection of microsupercapacitors at a desired footprint for integration in a 

specific IoT application. For instance, we showed that microsupercapacitors printed with 

thicker electrodes show pseudocapacitance more dominantly and also reach higher levels of 

energy density, while microsupercapacitors possessing thinner electrodes exhibited relatively 

higher power density and an EDLC dominant charge storage. This range of different 

electrochemical performance enable us to select a microsupercapacitor according to its 

geometrical features to fulfill the performance requirements of an IoT application. 

Dimensional scaling study performed in this thesis emphasizes that the chemistries of the 

components are not the sole factors determining the overall performance of 

microsupercapacitors. In addition to chemistries of these systems, we realized that their 

dimensional scaling also needs to be studied in order to maximize their performance.  
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5.2. Discussion of future work 

Future research directions in continuation of this thesis encompasses i) materials 

development for the components of the microsupercapacitors, ii) operando characterization 

of the fabricated microsupercapacitors (to elucidate at atomic level how these devices 

operate with respect to charge storage), iii) realization of high-performance flexible 

microsupercapacitors using the novel chemistries and fabrication techniques, and v) device 

integration for different energy applications. 

New chemistries for the components of the microsupercapacitors need to be designed, 

characterized and optimized for future studies on microsupercapacitors. More emphasis is 

placed on electrodes and electrolytes. For instance, for the electrodes, novel nanocomposites 

based on EOGO with other metal oxides (e.g., vanadium oxide, manganese oxide, etc.) are 

worthwhile of future study. To the best of our knowledge, our results are the first examples 

of using EOGO in electrodes of microsupercapacitors, thus, there is huge potential for 

development of nanocomposite electrode based on EOGO which exhibit both EDLC and 

pseudocapacitance. EOGO is water dispersible and unlike conventionally synthesized 

graphene oxide has most of its oxygen containing functional groups on its edges—keeping its 

basal plane almost intact, and does not necessarily require chemical/thermal reduction to 

eliminate its oxygen functional groups to obtain better electrical conductivity. Thus, using 

EOGO in electrodes of microuspercaocutors is an aqueous-based and facile way to benefit 

from its fascinating properties resembling those of pristine graphene. As we could have 

realized high levels of performance using EOGO/cerium oxide NPs nanocomposite electrodes, 

we believe there is a great opportunity to develop new nanocomposite electrodes based on 

EOGO. 

Moreover, new UV-curable gel electrolytes with acidic or basic natures or containing other 

ionic species (e.g., divalent and/or trivalent ionic species) should be designed to provide higher 

ionic conduction and redox capabilities. This is specifically important as the examples of gel 
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electrolytes used in microsupercapacitors are quite limited. To the best of our knowledge, 

systematic studies on the effects of gel electrolyte chemistries on the performance of 

additively fabricated microsupercapacitors are missing in the literature. The main goal in these 

studies should be to formulate gel electrolytes that provide high ionic conduction, good 

mechanical stability, wide operation voltage window, and chemical compatibility with the 

other components in the system. 

Operando characterizations can be performed on the fabricated microsupercapacitors to 

unravel the atomic-scale phenomena in these systems at their electrode/electrolyte interface 

which determines the charge storage mechanism of the system. Moreover, these studies will 

also be helpful to shed light on the effects of chemistries of the components and also their 

dimensional scaling on cyclic life prediction of the microsupercapacitors.  

Another direction for future work in continuation of the research pursued in this thesis is to 

realize high-performance flexible microsupercapacitors using the aforementioned novel 

chemistries and fabrication techniques. Fabrication of flexible microsupercapacitors is even 

more challenging when using thick electrodes. One possible approach in that regard would be 

to fabricate flexible electrodes and electrolytes by developing new chemistries fulfilling this 

requirement. More emphasis is placed on these two components since the current collectors 

can always be thinner, and the flexible packaging materials are already available for use. Thus, 

the main goal should be set to formulate/fabricate electrodes and electrolytes with flexible 

nature and high electrochemical performance. 

All these efforts should be followed by device integration into different circuits to fulfill 

requirements of different energy applications, for both flexible and rigid 

microsupercapacitors. As an example, the fabricated microsupercapacitors should be 

incorporated into other microelectronics or IoT systems to understand how these devices 

perform in their final applications. Ultimately, all the research and development studies on 

microsupercapacitors should lead to integration of these devices into microelectronic 

systems, however, such examples are quite rare in the literature. As a result, there are great 
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opportunities for further research in this direction. For instance, integration of 

microsupercapacitors with desired performance levels in IoT-based devices could be one of 

ultimate applications for integrated microsupercapacitors. Moreover, these 

microsupercapacitors might need to be coupled with other energy storage devices, in 

particular, microbatteries, so that these devices can cooperate and complement each other in 

such applications. It is worth mentioning that by realization of microsupercapacitors with high 

energy densities (i.e., reaching to the levels of microbatteries), we ultimately can replace 

microbatteries with microsupercapacitors. This will be particularly attractive as it can lead to 

reduction of number of components used in microelectronics applications where both 

microbatteries and microsupercapacitors used to be required.
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From the bottom to the skies, love is the essence. (Amin Hodaei, 2018) 

Floating on the clouds, at the bottom of the matter, two lovers united. These lovers are made 
up of calcium carbonate nanoparticles which have been synthesized using a microfluidic spray-
drier fabricated at the Center of MicroNanoTechnology (CMi), EPFL. 
(https://www.epfl.ch/research/facilities/cmi/organisation/picture-of-the-month/picture-of-
the-month-honorable-runner-ups-2018/) 

 




