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Electrochemical capacitors (ECs), also known as supercapacitors, are recognized as a key
technology that will enable miniaturized self-powered systems, which will constitute the
hardware base nodes of the internet of things (IoT), the internet of everything (IoE) and the
tactile internet. Systems employing ECs can be designed to be maintenance-free thanks to the
ultra-long cycling stability of ECs. Besides the function as a main or backup energy storage unit,
advanced ECs can be used to support batteries at peak power load and they can be a substitute
for conventional electrolytic capacitors used in a.c. line filtering, with clear advantages for system
down-sizing due to their superior capacitance density.

However, a number of challenges remain to be solved to advance the development of ECs for
miniature systems. Regarding the performance as a competitor to e.g. batteries, the ECs suffer
from inferior energy density, low working voltage, severe self-discharge and leakage current. For
IoT systems embedded in a harsh environment, the ability to enduring extreme temperature is
inadequate for most general-purpose ECs. The response at high frequency needs to be enhanced
to enable functions such as a.c. line filtering. As for encapsulation and integration, novel
concepts are appreciated for compatibility with surface mount technology and reflow soldering,
allowing convenient adaption in the form factor and making possible an arbitrary choice of EC
materials (electrodes, electrolytes and separators).

To address the challenges, the thesis (1) explores the utilization of the redox electrolyte KBr to
enhance the energy density of EDLCs; (2) adopts an ionic liquid electrolyte EMImACc to achieve
working temperature beyond 120 °C; (3) uses an advanced graphite/VACNTs material for high-
frequency ECs as a.c. line filters and low loss storage units in microsystems; (4) develops a bipolar
EC prototype that doubles the working voltage limit; (5) mitigates the self-discharge and leakage
current through the liquid crystal additive in an electrolyte; and (6) presents a cellulose-derived
carbon nanofiber-based electrode material with enhanced capacitive performance.

Generic strategies and methods to address each identified challenge are provided in the thesis,
highlighting a step-by-step optimization route starting from the material properties, moving on
to the electrode structures, and further to the device design.
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electrochemical capacitors, supercapacitors, energy storage, a.c. line filters, carbon, redox
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Introduction

1.1 Miniaturized seHpowered systems

Human technology evolution has thrived on successful energy conversion: Starting from thermal
energy by burning coal, converting to mechanical energy by steam engines, and further to
electrical energy by the electromagnetic generators. Modern power plants worldwide serve our
essential need for powering home appliances, factory machinery, and electric locomotives. With
the aid of energy storage in batteries that can be re-charged at any location with access to wired-
power, we extend the reach of cable-transmitted power to enjoy the convenience brought by
portable electronics. However, with the emergence of wireless sensor networks and implantable
medical devices in the era of the internet of things (IoT), seeking a new energy source becomes
necessary since the conventional way of transmitting power from power plants to the new
applications, either directly or via an energy storage, becomes difficult [1]. Specifically, in the IoT
era, billions of devices are connected to the cloud, and well distributed to every location on the
planet or even in space. Maintenance-free and energy-autonomous systems are in increasing
demand as a more attractive option than to have to replace dead batteries.

If the energy from power plants can be perceived as concentrated, ordered and high-quality, there
exists another type - distributed energy, which is disordered and relatively low-quality. The
concentrated energy from power grids is fed into various applications and devices. Obeying the
energy conservation law, the concentrated energy does not vanish, but is converted to different
forms and distributed as radiation, motion, vibration, heat and chemical energy in the
environment. The distributed energy is regarded as a new energy source for the IoT era [1]. By
leveraging energy harvesting technologies (solar cells, thermoelectric, piezoelectric, triboelectric
generators, etc.), distributed energy can be collected and used as an alternative to batteries for
the IoT systems. Miniaturization is essential for IoT applications, and it also makes the “self-
powered”, i.e. energy-autonomous, concept feasible because the power consumption of
miniature electronics can be as small as micro- to mili-watts. Being self-sustainable, IoT can be
maximized to its full potential.

Miniaturized self-powered systems (MSPS) find applications in wearable personal electronics,
industrial facilities, structure health monitoring, agriculture, transportation, military and
medical care, etc. [2]. These systems comprise energy harvester, energy storage, functional device
e.g. sensor, and control units, and can operate by themselves without an external power source.
Design and fabrication of such systems in a constrained form factor are demanding, nevertheless,
prototypes have been demonstrated. A representative system architecture schematic and device
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before and after the encapsulation is displayed in Figure 1. The fully encapsulated system is as
small as 2x2x4.15 mm?® with integrated solar cells as a harvester and a thin-film battery. A similar
yet even smaller system of 1.5 mm?® (1.5x2x0.5 mm?®) energy-autonomous wireless intraocular
pressure sensor system was developed for intraocular pressure measurement of glaucoma
patients [3]. The microsystem contains an integrated micro solar cell as the energy harvester, a
thin-film micro-battery (1 { Ah) as the storage unit, a MEMS pressure sensor, an integrated
circuit including a wireless transceiver for wireless communication. All the components are
encapsulated in a biocompatible glass housing. The system can achieve energy-autonomy by
harvesting the solar energy that enters the eye through the transparent cornea so that it can be
functional for years to convey a suitable glaucoma treatment. A similar microsystem was recently
adapted for downhole environmental monitoring that is routinely required by the petroleum
industry [4]. The size constraint is not as aggressive as in the former example, however, to
achieve a higher spatial resolution of the sensed temperature and pressure in locations of narrow
confines, the system size is still in the mm? range (2.9x1.1x1.5 mm?® for the chip stack). With
proper encapsulation in epoxy and stainless steel shell, the microsystem was able to perform
tasks in a harsh environment (150 °C and 10000 psi in a concentrated brine, oil or cement slurry).
With the advent of 10T, the demands for such systems will be ever-increasing, thereby calling for
efforts in the development of suitable components for such applications.
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Figure 1. A miniaturized self-powered system. (a) Proposed system diagram; (b) System before
encapsulation; (c) System after encapsulation [5]. (Reproduced with permission from IEEE)
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1.2Micro-storage options: why electrochemical capacitors

If the direct output from an energy harvester is sufficient to power the electronics in the
microsystem, an energy storage unit may be omitted. This type of design sometimes requires
oversizing of the energy harvester to ensure the output power, which necessarily increases the
volume of the whole system [6]. Instead, with an energy storage unit, a smaller harvester can be
implemented and the harvested energy can thus be accumulated and regulated. The storage unit
also compensates for the intermittency of harvestable ambient energy. For example, a solar cell
based self-powered system can rely on the stored energy to continue performing tasks during
the night. This type of harvest-storage-use architecture of autonomous systems improves the
quality of service.

The last few decades have witnessed a strong advancement of various energy storage
technologies, from mechanical- (e.g. flywheel), electrochemical- (e.g. secondary batteries, flow
batteries, electrochemical capacitors or supercapacitors), chemical- (e.g. fuel cells), electrical-, to
thermal storage and their respective hybrids [7]. Considering the technology readiness in terms
of miniaturization as well as environmental aspects, the electrochemical storage, with lithium-
ion batteries (LIBs) and electrochemical capacitors (ECs, more often termed as supercapacitors)
as representatives, is the most promising for practical applications in microsystems.

A device manufacturing procedure of slurry making, coating, tailoring, stacking and packaging
for the production of pouch, prismatic and cylindrical cells has been optimized over the years [8].
The mature procedure dominates the LIBs and ECs markets for large storage devices and
modules for consumer electronics, electric vehicles and stationary electrical infrastructures.
Adapting LIBs and ECs for miniature systems poses several new challenges that require special
attention. Miniaturization of energy storage devices has driven the research and development
toward unconventional device configurations; including 2D stack, 2D in-plane, 3D in-plane, and
3D stack devices, as shown in Figure 2. The miniature unconventional storage devices are termed
as micro-storage devices, referring to miniaturized storage devices that are designed and
fabricated to serve as power sources or energy storage units in microelectronic devices [9, 10].
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Figure 2. Micro-storage device configurations: (a) 2D stack, (b) 2D in-plane, (c) 3D in-plane and (d) 3D
stack [9]. (Reproduced with permission from Wiley)
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In general comparison, LIBs have a high energy density but moderate power density and cycling
stability. On the other hand, ECs have complementary key performance, i.e. high power density
and stability but low energy density. Which option fits better depends heavily on the system
design in a specific case, however, ECs have gained increasing attention as a more suitable storage
solution for miniaturized self-powered systems [2]. The reasons can be understood in association
with the application scenario.

In principle, a high energy density of the storage unit is not the most prominent metrics in self-
powered systems. Coupling with an energy harvester, energy input is “infinite”. If the storage
unit has sufficient capacity in storing charges from a harvester and if it also satisfies other system
demands, a higher energy density is unnecessary. This is different from conventional systems
relying on a high-energy primary battery as the power source. The system comes to end-of-life
when the battery is drained.

A more attractive feature for the storage unit in self-powered systems is that it can be
continuously charged/discharged for a prolonged period, thus ensuring a longer lifespan of the
system, fitting well the vision of maintenance-free, fit-and-forget IoT systems. The composition
of the LIBs component is complex in its pristine state, and becomes even more complicated once
the LIBs are being cycled, which gives poor prospects for obtaining long-term reliability. The
classic ECs utilize high surface area carbon as electrodes with simpler composition, less
complicated chemistry and lower extent of parasitic side reactions, therefore the cycling stability
of ECs is up to 10° -10° cycles, sometimes referred to as “limitless”. The ultra-long cycle lifetime
of ECs can eliminate the storage unit being any bottleneck of the system’s lifespan.

Bearing in mind that in self-powered systems, the output from energy harvesters, i.e. the input
to charge the storage unit, is typically pulsed rather than constant. This requires the storage unit
have a good capability of rapid charging with low resistance. In this regard, ECs outperform LIBs
with their capacity for rapid energy intake.

Due to the distinct storage mechanisms, LIBs and ECs exhibit different charge/discharge
characteristics. The LIBs often exhibit a plateau-like feature for the constant current
charge/discharge profile, while for ECs, a typical feature is linear profiles starting from 0 V to its
maximum operating voltage. As a result, a voltage converter together with a maximum power
point tracking (MPPT) may be necessary for a LIB-embedded self-powered system to effectively
charge a LIB at a relatively fast speed [11]. Power management is relatively more complicated [5]
due to difficulties in the prediction of state-of-charge (SoC). For systems with ECs as storage
units, MPPT and converters can be omitted since ECs can be trickle-charged from 0 V, without
impairing their long term stability [6]. Power management is also easier for charge/discharge
curve linearity. These imply that circuitry can be simplified, energy loss through converter can
be avoided [11], and the size as well as the cost can be minimized in the case of using ECs as a
storage unit.

Moreover, due to the hysteresis caused by mass transport and diffusion in solids, the energy
efficiency of LIBs are usually lower than ECs. It is also generally acknowledged that the working
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temperature range of ECs is wider than that of LIBs. Besides, ECs can perform functions beyond
energy storage (detailed in the next section) in electronic systems. A more complete list of
advantageous aspects in terms of using ECs as storage units is summarized in Table 1. With all
these said, we promote ECs as suitable micro-storage options in miniaturized self-powered
systems.

Table 1. EC features and their implicative benefits when used in miniaturized self-powered systems.

Advantageous features Implicative benefits for self-powered systems

Long cycle life a. Eliminating the need for replacing batteries;
b. Making maintenance-free systems.

High power density a. Effectively absorbing the intermittent energy pulse from
energy harvesters;
b. Releasing burst energy (depending on the application e.g.
RF transmitting).

High charge/discharge energy a. Minimizing energy loss during energy conversion.
efficiency
Linear charging curve a. Indicating SoC;
b. Allowing for easy behavior prediction, power
management.
Can be charged from 0V a. Allowing for trickle charging;

b. Simplifying charging circuitry, and converter-less design
minimizing energy loss.

A wide temperature tolerance a. Being suitable for harsh environment applications.
range
Function beyond storing energy a. Battery buffer, supporting peak power;

b. Potentially replacing conventional capacitors e.g.
electrolytic smoothing capacitors to downsize the system.

1.3Functions of electrochemical capacitors beyordnenergy storage

It is possible to use ECs for undertaking tasks beyond storing charges as the main storage unit
(Figure 3a-b). Buffering batteries and a.c. (alternating current) line filtering are two examples in
this regard. The two types of functions are valuable in miniaturized self-powered systems.

In autonomous sensor nodes, the system is usually programmed into active mode and sleeping
mode to reduce power consumption. For example, the intraocular sensor mentioned in section
1.1 measures the eye pressure for 19.2 seconds (ca. 7.2 { W power consumption), then rest for
15 mins in the sleep mode (ca. 3.5 nW), and transmits data (ca. 48 mW for 0.13 s) once per day
[3]. Different phases exhibit substantially different power consumption. Due to physical and
chemical constraints, a battery often cannot supply a required high power while retaining its
open-circuit voltage. Specifically, the 48 mW in the transmitting phase may cause over-discharge
and thus be destructive for a micro-battery. Therefore, a buffer capacitor, also called hold-up
capacitor, is connected in parallel to support peak power needs, leveling out the load on the
batteries (Figure 3c-d). Other circumstances needing peak power includes data acquisition, data
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storage, micro-controller start-up, etc., which are common tasks for IoT systems. Implementing
ECs to replace conventional capacitors can be beneficial for system miniaturization because of
the higher capacitance density for ECs.

Perceiving the nature of ECs as a capacitor, the electrical response of ECs in ac circuits should
exhibit a feature that the current leads voltage by 90°. Complying with this feature, ECs can
smooth out ripple voltage in rectifying circuits (Figure 3e-f). Rectifying is needed in self-powered
systems since the output from an energy harvester is often a.c. signals which need to be rectified
for charging storage units. With a filter capacitor, the rectified signals become more steady and
constant. The bigger capacitance the filter has, the smoother the signal will be, as the ripple
voltage AV is defined as

Yo — Equation 1

where I is the load current required for the application, fis the frequency of input signal and C
is the capacitance of the smoothing capacitor. Because ECs vast superiority in charges per weight
or volume compared to conventional capacitors, using ECs for such an application is beneficial
for constructing compact systems that are pursued by the IoT technology.
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Figure 3. Schematic of types of functions for ECs. (a-b) Main storage unit in energy harvesting systems;
(b-c) Battery load leveling; (e-f) a.c. line filtering.
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1.4Challenges facing electrochemical capacitors

Despite the advantageous aspects of ECs as discussed above, several challenges remain to boost
their practical application in miniaturized self-powered systems. The nature of the challenge is
usually application-specific; therefore, a neat classification of diverse challenges facing ECs in
this field is not always possible. In this thesis, the challenges are grouped into two major
categories. The first refers to achieving desired performance metrics depending on the role that
ECs play in the system (energy storage, battery buffer or a.c. line filter), and the second group
emphasizes the need for robust encapsulation and integration solutions that hermetically seal
EC components while complying to specific form factor requirements. Similarities can be
identified in the two categories; hence, the discussed aspects are cross-referenced in the different
sections.

1.4.1Device performance challenges

As an energy storage unit, the most common and critical benchmarking metrics are energy and
power densities, cycling stability and efficiency. Although a high energy density is not the
primary concern for self-powered systems, the need for improving ECs toward high energy
content is still of paramount importance, because for the current state-of-art ECs, especially
micro-scale ECs, energy density remains a bottleneck for their implementation in many IoT
systems [12]. Another driver for pursuing high energy density ECs is to miniaturize the unit
weight, area, and volume. In fact, for miniature systems, it is more beneficial to display high areal
and volumetric energy, since the primary limitation in these systems is the footprint area or
volume allocated for energy storage units, rather than the weight. In some cases, the
optimization of energy density of ECs may eventually lead to a common battery system, posing
a question of how to keep the capacitor-level power performance and cycling stability while
increasing the storage capacity.

Self-discharge and leakage current also remain as a critical problem to be resolved, to minimize
the loss of input energy from the micro energy harvester. If the leakage current of ECs is
comparable to the charging current (can be as low as nA to t{ A), the ECs cannot be effectively
charged, as the charging curve would deviate from linearity under low current charging. The
deviation threatens the claimed benefits in Table 1. The leakage current usually increases with
the increase of capacitance and voltage (energy). Knowledge and methodology in reducing
leakage with no sacrifice in energy density are of great significance.

The Other important aspect is the pulse charge/discharge performance. In application scenarios
where ECs are charged or discharged by short current pulses, the ability of rapid energy storage
and release needs to be addressed. Power density and resistance are related parameters to be
optimized, though the elimination of the semicircle appearing on the Nyquist plot (assignment
of the semicircle to physical meaning differs in systems and reports) and the transmission-line
effect caused by rich porosity may be more relevant. Unfortunately, this characterization and
consideration of pulse charge/discharge performance have not yet been widely included in
standard measurement protocols in the literature.
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If ECs are adopted as a.c. line filters in [oT systems, the performance requirement is focused on
alow RC time constant (ms range) of the EC, and at the same a high capacitance density (mF cm
2 range) to compete with electrolytic capacitors. As the capacitance C is a factor determining the
RC time constant, a high capacitance inevitably decreases the high-frequency performance.
Therefore, the manipulation of the RC product becomes a viable yet challenging topic. The
maximum operating voltage is also of high importance for a.c. line filter ECs. Often 2-3 V may
be sufficient for bypass and filtering purpose ECs in many electronic systems [13]. Such a voltage
can be achieved with organic electrolyte systems, though the difficulty in realizing a good high-
frequency response increases because of the more resistive nature of organic electrolytes
compared with the aqueous counterparts. For the latter, the high voltage requires advanced
designs and fabrication processes, e.g. bipolar configurations.

Durability in a harsh environment of extreme temperature and pressure, as well as in a corrosive
medium, is also highly wanted and challenging to achieve for ECs. The warrant is in accordance
with application cases of e.g. sensor nodes that are designed for a downhole environment with a
depth of 12000 ft, temperature 125 °C, pressure 1000 to 6000 psi and salinity levels from 50000
to 150000 ppm [4, 14]. Exceeding temperature tolerance beyond 60 °C and -40 °C is a demanding
task for state-of-art ECs. Addressing this issue can rely on component materials' thermal stability,
especially the electrolyte. On the other hand, the tolerance limit may be extended by advanced
encapsulation technology, especially for high pressure and corrosive environments [4].

As can be seen from above, several conflicting metrics can be identified that one improves at the
cost of deteriorating the other, such as energy and power, leakage current and capacitance,
leakage current and voltage, time constant and capacitance, etc. To some extent, the
performance challenge is to minimize the trade-offs while improving the most critical metrics
toward application requirements.

1.4.2Device encapsulation and integration challenges

The goal of encapsulation is to isolate the EC components (electrodes, electrolytes, and
separators) from the ambient humidity and atmosphere, to make ECs leakage-proof with good
electrical insulation and good resistance to environmental extremes, thus guaranteeing long-
term operation stability. We can find commercial off-the-shelf (COTS) ECs encapsulated as coin-
or button-, cylindrical-, prismatic and pouch cells. These COTS devices are usually too bulky for
miniature systems. While miniaturizing these configurations is possible [15] yet difficult, the
storage device can become the limiting factor of further system sizing down [4].

The abovementioned COTS configurations can also present challenges in integrating ECs with
other components. The existing COTS ECs have a limited choice of the positioning of positive
and negative terminals, therefore, the system layout design is restricted and space efficiency may
not be optimized. Comparably, surface mount configurations are beneficial to save space and
convenient for integration. New EC encapsulation and integration concepts that allow for easy
geometry tailoring and arbitrary assigning the location of terminals is therefore desired for
miniaturization and seamless integration.
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Moreover, many concurrent encapsulation and packaging techniques for printed circuit board
(PCB) electronics, such as reflow soldering [16], are high-temperature processes, which require
the ECs to withstand elevated temperature (more than 100 °C) for a certain period [17].
Therefore, high-temperature durability is of great interest. This aspect overlaps with the
performance challenges in a harsh environment, which relies on the development of specialized
electrolytes. But if any low-temperature encapsulation/integration concept can be adopted, the
library of usable electrolyte options can be significantly widened.

The major challenges facing ECs for their application in miniaturized self-powered systems are
summarized as follows. The solutions to the challenges would rely on the development of
interdisciplinary themes.

Device performance challenges

1 Improving energy density while keeping high power density and long cycling stability

1 Increasing the maximum operating voltage timi

1 Achieving high power density at extreme ld@mperature, and high stability at extreme
hightemperature

1 Strengthening efficiency in pulse charging and discharging

1 Minimizingthe seltdischarge and leakage current

1 Enhancing frequency response propertwgh a high capacitance density

Device encapsulation/integration challenges

1 Developing new encapsulation and integration concepts allowing for surface mounting
with a low profile and compatibility with a wide choice of materials

1 Enhancing the tolerance thightemperature exposure that is required for reflow
soldering and/or other encapsulation and integration method.

1.5Scope of the thesis

This thesis mainly focuses on the strategies and methods for the identified challenges. Several
topical mini-reviews of state-of-art development in diverse sections have been included. The
thesis research work, i.e. the appended publications, is interwoven with the review in the
corresponding categories, elaborated together with the advantages, but also the limitations,
concerning the applications.

Except for some specialized requirements in miniaturized self-powered systems, the extensive
summary of strategies and methods are also applicable to the R&D of EC in other application
fields.

The thesis layout is as follows: Chapter 1 introduces the application background, and the
challenges facing ECs in the specific application. Chapter 2 elucidates the fundamentals,
performance metrics, and evaluation methods. Chapter 3 explores the solutions to device
performance problems. Chapter 4 focuses on encapsulation and integration aspects. Chapter 5
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summarizes the thesis and discusses prospects.Chapter 6 presents an executive summary of each
appended research publication.

This Ph.D. dissertation thesis is an extension of the author’s licentiate thesis through the
reorganization and implementation of supplementary and new perspectives. It is also an aim
that the thesis can serve as a quick reference and be helpful to students at Chalmers who are new
to the relevant research topics.
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Fundamentals of electrochemical capacitors

2.1Charge storage mechanisms

Three main categories of charge mechanisms are identified: electrical double layer,
pseudocapacitive and battery-type. Understanding these mechanisms is essential for efficient
device design towards diverse applications.

2.1.1Electrical double layer
EJEDL model B EDCC and EWCC models Exohedral EC models

In mesopores, EDCC On positive curvature surface

In micropores, ENCC ODcarbon 1D carbon

o—

Stern Diffuse
layer layer

Figure 4. EDL theory models. (a) The classic EDL model on a negatively charged planar surface [18]; (b)
EDCC and EWCC models [18]. (c) Exohedral EC models with a cross-section view of exohedral capacitor,
and schematics of surface charge on OD spherical and 1D cylindrical carbon [19]. (Reproduced with
permission from Wiley and MRS)

The electrical double layer (EDL) mechanism refers to charge storage via the reversible
electrostatic accumulation of ions on the surface, forming an electrical double layer structure at
the interface between the electrode and electrolyte. No charge transfer or Faradaic process occurs
across the interface. The capacitance via EDL storage mechanism can be estimated using
Helmholtz model that considers a simplified parallel plate capacitor [20]

0 — Equation 2
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Chapter 2 Fundamentals of electrochemical capacitors

where - is the dielectric constant related to the electrolyte, - is the vacuum permittivity, A is
the accessible surface area to electrolyte ions, and d is the charge separation distance. With Debye
length (5-10 A, depending on electrolyte concentration and the dimension of ions and solvation
shell) as the charge separation distance, the area normalized capacitance for carbon electrodes is
in the range of 10 - 21 { F cm™. A porous electrode can have a high specific surface area (SSA)
more than 1000 m? g*, and a specific capacitance up to 200 F g.

The simple Helmholtz model [20] was later modified by Gouy [21], Chapman [22] and Stern [23],
and came to a classic EDL structure including the Stern layer (inner Helmholtz plane IHP and
outer Helmholtz plane OHP) and a diffuse layer. With the advancement of nanomaterials, new
EDL structures were proposed to account for the influence of electrode surface curvature. The
classic parallel plate capacitor model (Figure 4a) is eligible for macropore regions (> 50 nm), while
for mesopore regions (2 — 50 nm), the counter ions enter the mesopore forming an electrical
double-cylinder capacitor (EDCC, Figure 4b) [18]_
in-
4)

2.1.2Pseudocapacitive storage

- The
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