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Abstract

Miniaturized self-powered systems with harvest-store-use architectures have been recognized as a key
enabler to the internet-of-things (1oT), and further the internet-of-everything (IoE), 5G communication
and tactile internet. Electrochemical capacitors (ECs), also known as supercapacitors, are promoted to
be the energy storage component in such systems, because of their advantages such as an almost limitless
cycle life that is ideal for the vision of “fit-and-forget” maintenance-free networks. Moreover, ECs are
able to undertake tasks beyond energy storage. For example, high-frequency ECs can potentially replace
the bulky electrolytic capacitors as AC line filters, with benefits in sizing down the circuitry boards and
thus constructing compact systems which are pursued by the loT technology.

Bringing the IoT high-level requirements down to the device-level specifications, challenges to ECs are
identified in different aspects, including device electrochemical performance, and device
encapsulation/integration. Regarding the performance, challenges exist in (1) improving the energy
density, (2) maximizing the operating voltage limit, (3) widening the working temperature range, (4)
minimizing the self-discharge and leakage current, and (5) enhancing the frequency response property.
Regarding the encapsulation and integration aspect, challenges exist in device design and fabrication.
Novel encapsulation and integration EC concepts are thus appreciated to be compatible with the surface
mount technology, allow for convenient adaption in the form factor and arbitrary choice of the EC
materials (electrodes, electrolytes and separators). Moreover, the EC materials should be durable under
the ambient conditions that occur during the encapsulation and integration processes, such as high-
temperature exposure for the reflow soldering technique.

The thesis research work addresses the device performance challenges. Specifically, the use of redox
electrolytes is promoted for improving the energy density of ECs towards a battery-level, and at the
same time keeping the capacitor-level power capability and cycling stability. With a redox-active
electrolyte KBr, hybrid devices combining the features of both batteries and ECs are constructed, and a
1.9 V maximum operating voltage is achieved in the aqueous system. Furthermore, voltage- and history-
dependent behaviors are revealed, reminding the complexity of hybrid systems.

To explore the extreme high-temperature performance, a special measurement setup is customized and
an EMImAc (1-Ethyl-3-methylimidazolium acetate) ionic liquid (IL) electrolyte is employed to enable
an operation at a maximum of 150 °C. It is observed that the energy and power densities at high
temperatures may not be sacrificed when decreasing the operating voltage limit, therefore it is proposed
that for neat IL-based ECs, a strategy of trading the voltage limit for gaining stability at extreme high-
temperatures can be considered.

With a graphite and carbon nanotubes hybrid material, it is demonstrated that the self-discharge and
leakage current can be suppressed by employing a gel polymer electrolyte. Using the same electrode
material, high-frequency ECs that are suitable for AC line filtering tasks are fabricated. The working
frequency range is up to kHz with a state-of-art level areal (1.38 mF cm) and volumetric capacitances
(345 mF cm), benefiting from a possible covalent bonding between graphite substrate and the CVD
grown CNTs.

Not limited to the above research findings, this thesis has critically reviewed and summarized the general
strategies and methods to address all the identified challenges to ECs for their application in miniaturized
self-powered systems.
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1 INTRODUCTION

1.1 The internet of things (10T) and self-powered systems

Over years, the concept of the internet of things (1oT) has been one of the most common buzzwords in
technology circles, becoming the driving force for research innovations in electronics, radio frequency
platforms, and system integration. The paradigm of the 10T capitalizes on gaining the identity of objects
and environment belonging to our daily life. By means of the internet, objects are characterized by
functionalities of self-awareness and interaction with surrounding space to perform data elaboration
locally [1]. For example, a smart thermostat is a piece of 10T technology. The thermostat learns your
family’s routines and automatically adjusts the temperature based on when you are at home or away,
awake or asleep, feeling hot or cold, to make your house more efficient and help you save on heating
and cooling bills. The mobile app allows you editing schedules, changing the temperature away from
home, and even receive alerts when it looks like something has gone wrong with your heating or cooling
system. The full picture of 10T is far more complex, with applications ranging from home appliance to
industrial automation and more.

The implementation of 10T relies on smart devices, meaning they collect data locally, perform
elaboration and communicate within a network. The number of devices demanded for fulfilling loT
needs is enormous - it is predicted that by 2020 more than 50 billion “things” will be connected to the
cloud, i.e. software and services that run on the internet [1, 2] (Figure 1), which could not be done
without device miniaturization and densification of functionalities. As 10T massively relies on pervasive
wireless technology for communicating, the aspect of power availability and consumption is particularly
critical. One solution is to develop ultra-low-power (ULP) electronics, while still using batteries as an
energy source, for a prolonged service life of the device/system. However, self-powered systems [3, 4]
relying on energy harvesters that transduce environmental energy (ambient light, mechanical vibrations,
thermal and RF energy) into electricity provide a more promising solution for real maintenance-free /
fit-and-forget networks.
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Figure 1. Growth dynamics in the loT field.

Two different system architectures have been adopted for constructing self-powered systems, i.e.
harvest-use and harvest-store-use [4] (Figure 2). The former directly utilizes the energy from an energy
harvester for powering the electronics without going through an energy storage device (Figure 2a). It
could be cost- and energy- efficient, however, this concept is only applicable when the output power is
sufficiently higher than the minimum requirement of the electronics, and the energy harvester must be
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working continuously to keep the system alive. Therefore, the harvest-use mode has only a narrow range
of applications and a limited choice of energy harvester type/size. Comparably, when incorporating an
energy storage device, a harvest-store-use self-powered system allows a much greater freedom in
selecting energy harvesters. It also improves the systems’ quality of service, since the storage device
could be used either for storing surplus energy when the harvested energy is more than its current usage,
or for accumulating the electricity when the magnitude of the direct output is smaller than needed (Figure
2b). This thesis primarily focuses on the energy storage solutions for miniaturized self-powered systems
with the harvest-store-use architecture.

a) | by T
@) . DIRECT FROM SOURCE ! (b} SINGLE/DOUBLE STAGE STORAGE

Harvesting system Harvesting system Sensor node

Sensor node Primary storage Secondary storage

. ! L o e o e e e |

Figure 2. Energy harvesting architectures (a) without and (b) with storage capability [4].

1.2 Batteries and electrochemical capacitors (ECs)
121 Mechanisms and general performances

Batteries and electrochemical capacitors (ECs) (also called supercapacitors) are the two sophisticated
types of energy storage devices which have been used in various self-powered system prototypes [5].
Both devices consist of two electrodes in contact with an electrolyte solution, and the electrodes are
usually separated by a porous membrane (separator) to prevent short circuit. Despite similar
constructions, the performance metrics (Table 1) is rather different. Noticeably, ECs could be charged
in short time, exhibit high power pulse capability and significantly longer cycle/service life, while
batteries have a higher voltage and specific energy. The performance differences originate from their
different storage mechanisms.

Table 1. Performance metrics of typical ECs and lithium-ion batteries.

Electrochemical capacitors Lithium-ion batteries
Charge time 1-10s 10 - 60 min
Cycle life 1 million or 30,000 h 500 and higher
Cell voltage 2310275V 3.6 V nominal
Specific energy (Wh kg?) 5 (typical) 120 - 240
Specific power (W kg?) Up to 10 000 1000 - 3000
Cost per kWh $10 000 (typical) $250 - $1 000 (large system)
Service life (industrial) 10 to 15 years 5 to 10 years
Charge temperature -40 to 65 °C 0to45°C
Discharge temperature -40to 65 °C -20 to 60°C

1.2.1.1 Batteries

Batteries store energy obtained from chemical Faradaic reactions at the anode (negative electrode) and
cathode (positive electrode). Commonly, Faradaic processes involve electron transfer (1-3 participating
electrons per atom or molecule) across electrode surface, which produces chemical state changes in the
electroactive materials. The change of chemical states (phase or valence) can be destructive to the
material, therefore the cycle life of a battery is normally limited to hundreds of cycles under deep
operation. The nature of a Faradaic process also diminishes the power density and lowers the limit of
working temperature of a battery, as the redox reactions / phase transformations / ion intercalations are
diffusion controlled processes which have slower kinetics compared to non-Faradaic processes such as
in typical ECs. The significant benefit of Faradaic processes is an improved energy density (a product



of voltage and the amount of charge). Due to high electron density involved in energy storage, a big
amount of charges is stored, at a relatively high voltage (up to 5 V vs. Li metal).

The voltage of a battery is defined by the thermodynamics of the involved redox reaction or phase
transformation. As a result, a plateau exists on a charge and discharge curve under constant current
operation. Because of the polarization caused by the internal resistances of electrolyte and interfaces
between components, a potential difference between the charge and discharge curve plateaus is always
inevitable. A typical battery curve under constant current operation is shown in Figure 3a. The
coulombic efficiency (a ratio of the amount of charge released during discharging process to that being
stored during charging) of batteries is extremely high (up to 99.9%), however, since energy is a product
of capacity and voltage, the energy efficiency (a ratio of discharged energy to charged energy) is
relatively low due to the potential difference of the charge and discharge plateaus. For unstable battery
structures, discharge plateau decays over time [6], and polarization increases the gap which exaggerates
the problem.

Voltage
Charge A Discharge

Vmin

Time
Figure 3. Charging/discharging curves of (a) batteries and (b) ECs.

1.2.1.2 Electrochemical capacitors

In ECs, energy may not be delivered via redox reactions. By orientation of electrolyte ions at the
electrode/electrolyte interface, electrical double layers (EDLS) are formed and released, and such ECs
are called electrical double layer capacitors (EDLCs). The storage mechanism of EDLCs is driven by
non-Faradaic physical processes, involving no electron transfer across electrode/electrolyte interface.
Therefore, the aforementioned issues associated with batteries’ Faradaic process nature are overcome in
the case of EDLCs, allowing high power density, wide working temperature, and almost limitless cycle
life. However, the energy density of EDLCs is low because only 0.18 electrons per carbon atom [7] are
involved in energy storage at relatively low voltages.

Different from battery curves, the charge/discharge profile of ECs are linear (Figure 3b). With a simple
physical energy storage mechanism of electrostatic adsorption at the electrode/electrolyte interface, the
charge/discharge curves of EDLCs are symmetric. Therefore, both the coulombic and energy
efficiencies of EDLCs are high.

Besides EDL storage mechanism, some ECs use fast, reversible redox reactions at the surface of active
materials (e.g. RuO,, FesO4, MNOy), thus defining what is called the pseudocapacitive behavior, and
such devices are pseudocapacitors. Pseudocapacitors capitalize multi-electron redox reactions,
therefore, their energy density exceeds that of EDLCs, with a certain compromise in the cycling stability
[8]. It should be noted that the prefix “pseudo” herein means “not actually but having the appearance
of”. Therefore, the term “pseudocapacitance” describe the properties of an electrode that has a capacitive
behavior reflected into the linear charge/discharge curves under constant current operation (Figure 3b)
[9-11]. Although the term definition is clear, many battery-type materials such as Ni(OH), have been
reported in the literature as pseudocapacitors despite exhibiting Faradaic behavior (plateau
charge/discharge curves). The correct understanding and use of the “capacitance” concept is especially
important when taking practical applications into account.

3



1.2.2 Aspects of application in miniaturized self-powered systems

As determined by their respective storage mechanisms, the electrochemical signatures of batteries and
ECs are rather different. When employed in the miniaturized self-powered systems, the signatures are
translated into pros or cons in various aspects.

The lifespan of an energy storage device in a system is closely related to how often a maintenance work
needs to be performed to renew the storage. In this case, the almost limitless cycle life of ECs eliminates
storage device being the bottleneck of a system service life, while the substantially shorter cycle life of
batteries implies frequent maintenance work, which can be problematic (e.g. when a sensor node is
implanted at the hardly reachable locations).

The signature of charge/discharge curves also determines how convenient it is to integrate batteries and
ECs as a storage device into a system. A significant drawback of using batteries is the need for a
maximum power point tracking (MPPT) component to allow a battery to be charged at a relatively fast
speed [12]. Moreover, since batteries have a charging voltage plateau (as shown in Figure 3a) at a
specified voltage (e.g. 3.7 V for a LiCoO lithium-ion battery), a voltage converter is thus also needed
together with MPPT. The charging requirements complicate the power management unit (PMU) design,
increase energy loss through MPPT and converter and thus increase the price and size of the system. By
contrast, ECs can be charged from 0 V with an energy harvester by trickle current without impairing
their long-term stability [4]. Therefore, MPPT and converters can possibly be eliminated, which would
simplify the circuitry, minimize energy loss, lower the cost and reduce the size of systems.

A more comprehensive “translation” to implicative benefits of employing ECs in the miniaturized self-
powered systems is summarized in Table 2. In short, ECs show more advantages than batteries, thus the
thesis promotes ECs as a suitable energy storage device for miniaturized self-powered systems.

Table 2. EC features and their implicative benefits when used in miniaturized self-powered systems.

Advantageous features Implicative benefits for self-powered systems
Long cycle life Eliminating the need for replacing batteries;
Making maintenance-free systems.
High power density Effectively absorbing the intermittent energy pulse from energy harvesters

(whose output is often pulse-like);
Releasing burst energy (depending on application e.g. RF transmitting).

High charge/discharge energy efficiency Minimizing energy loss during energy conversion.

Linear charging curve Indicating state-of-charge;
Allowing for easy behavior prediction.

Can be charged from 0 V Allowing for trickle charging;
Simplifying charging circuitry, and converter-less design minimizing
energy loss.

Wide temperature tolerance range Being suitable for harsh environment applications.

Function beyond storing energy Potentially replacing conventional capacitors e.g. electrolytic smoothing

capacitors to size down the system.

1.2.3 Type of functions of electrochemical capacitors

Perceiving EC as a “capacitor”, the possible functions of ECs are far beyond just storing electricity. ECs
should follow electrical responses that a capacitor is supposed to display, that is the current leads voltage
by 90° in AC circuits. The property of an ideal capacitor can be presented in a waveform diagram and
phasor diagram in Figure 4, compared to those of resistors and inductors.
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Figure 4. Waveform and phasor diagrams of resistors (a, d), inductors (b, e) and capacitors (c, f).

Capacitors are used in virtually every area of electronics, and they perform a variety of tasks, including

Storing energy;

Buffering batteries;

AC line filtering;

Signal/RF coupling and decoupling;
Timing.

In principle, ECs could undertake all the tasks, however, for the signal/RF coupling and decoupling
purposes, ECs may suffer from a lack of sufficient frequency response property; and for timing, although
ECs are capable in terms of performance (linear charge/discharge that indicates the state-of-charge, e.g.
in a wirelessly powered implantable pacemaker, a capacitor is used to regulate the pacing rhythm [13]),
there is no strong motivation of using ECs. Considering the state-of-art EC technology and its possible
developing trend confined by the energy storage physics, as well as the benefit of using ECs instead of
conventional capacitors, ECs are preferable to be employed for the first three tasks. Using ECs as an
energy storage device is relatively straightforward, as ECs were first invented for such purpose and have
greater energy density than normal capacitors. The following texts elaborate the two important types of
functions beyond energy storage and their connection to miniaturized self-powered systems for 1oT.

Buffering batteries

Capacitors for this application are called hold up capacitors. Hold up capacitors are used in parallel with
batteries. The charge stored in the capacitors is released to provide power for a short time, thus buffering
transient current surges on batteries and extending battery life. In the 10T regime, the buffer capacitor is
not uncommon. Self-powered systems usually use low power energy source (e.g. energy harvester with
a small battery), but need to support peak power loads for the purpose of RF transmissions, data
acquisition, storage, micro-controller start-up, etc. The peak power (current) can be significantly higher
than that a battery can handle. In this case, hold-up capacitors are needed. Using ECs instead of
conventional capacitors reduces the size of the system because of ECs’ advantage in energy density.

AC line filtering

The output of many energy harvesters is alternating signals while electronics works with direct current,
therefore rectifying circuits are usually required to convert AC to DC. As shown in Figure 5, assuming
the input signal is sinusoidal at a frequency f, the resulting signal after a full wave bridge rectifier is a
ripple wave with all the negative parts converted to the positive, ranging from 0 to +V at a frequency of
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2f. When inserting an AC line filter, the signal is smoothed out producing a relatively stable ripple
voltage. The bigger capacitance the filter has, the smoother signal is obtained, as the ripple voltage
AVripple is defined as
AVrippie = Zlf—LC Equation (1)

where I is the load current required for the application, f is the frequency of input signal and C is the
capacitance of the smoothing capacitor. Because ECs store enormously more charges per weight and
volume than conventional capacitors, using ECs for such application is beneficial for constructing
compact systems that are pursued by the IoT technology. Note that it is important to select the right type
of EC for such application. Typical ECs with porous carbon electrodes work at a low frequency of 1 Hz
and below. When being operated at a frequency more than the value, the electrical response deviates
from the capacitive behavior. Therefore, there is a growing interest to develop high-frequency ECs that
can work up to kHz level. This type of ECs is under investigation in this thesis (Paper I11).

® ¢« OV
6 Smoothed

1.3 Challenges to ECs for miniaturized self-powered systems

The challenges to ECs for their application in miniaturized self-powered systems are two-folded, i.e.
ECs have to meet requirements on device performance, and at the same time to be integratable with
heterogeneous components in order to construct a system.

131 Device performance

Device performance of ECs must satisfy the requirements set by a system design. The system design
may put restraints on a number of metrics, including

Capacitance

Energy and power

Equivalent series resistance
Maximum operating voltage
Cycle life

Working temperature range
Self-discharge and leakage current
Time constant

Improving the energy density of ECs to a battery level is always of great interest in the academia and
industry. The challenge in this regard is to gain the increase in energy while keeping a high power
density as well as a long cycle life. The energy enhancement generally relies on an increase in
capacitance or maximum operating voltage. Considering the applications in wireless sensor networks,
the ECs should be durable with harsh environmental conditions such as extreme temperatures. Moreover,
in miniaturized self-powered systems where the amount of the harvested energy can be very small, the
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self-discharge and leakage current, which characterize an energy loss property of ECs, should be
minimized. Leakage current also directly links to the charging behavior at an extremely low current
input. Low current charging is a typical feature in miniaturized systems as the current output from an
energy harvester could be as low as a few pA. When leakage current is comparable to the charging
current, the charging curve deviates from linearity, which potentially deprives ECs of the claimed
benefits in Table 2.

13.2 Device encapsulation and integration

The second fold of the challenges to ECs for their application in miniaturized self-powered systems lies
in the encapsulation and integration aspects. Hermetic encapsulation of the EC materials (electrodes,
electrolytes, and separators) should isolate the core materials from ambient humidity and atmosphere,
which enables leakage-proof devices with high electrical insulation and good resistance to
environmental extremes, thus guaranteeing a long-term operation stability.

Similar to batteries, common commercial off-the-shelf (COTS) ECs can be found encapsulated in coin-,
cylindrical-, prismatic- and pouch-type cell configurations. These COTS EC encapsulation concepts are
generally advantageous in terms of scaling up to fabricate large EC packs, while drawbacks arise when
packaging miniaturized ECs. For example, miniaturization of coin cells results in an increased
percentage of “dead” weight and volume from the metal packaging; manufacturing small size cylindrical
cells may only allow for axial type of configuration due to increased risk of short-circuiting when
arranging the two terminals on the same base plane of cylinder; similar issues exist for prismatic and
pouch cell configurations.

Self-powered systems leverage a variety of heterogeneous technologies, spanning from energy
harvesting, storage, sensing/actuating to wireless/RF transmission. Bringing an encapsulated EC to the
next application level, one should consider its integration with other components to construct a
functional system. 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. 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.

Moreover, many concurrent encapsulation and packaging techniques for printed circuit board (PCB)
electronics, such as reflow soldering [14], are high temperature (HT) processes, which requires the EC
to withstand elevated temperature (more than 100 °C) for a certain period of time [15]. Therefore, high-
temperature durability is of great interest.

In a nutshell, the challenges to ECs’ application in miniaturized systems can be summarized below.

Device performance challenges

e Improving energy density towards battery-level while keeping high power and long cycling
stability

¢ Increasing the maximum operating voltage limit

e Achieving high power under operations at extreme low-temperature, and high stability at
extreme high-temperature

e Minimizing self-discharge and leakage current

¢ Enhancing frequency response property with a high areal capacitance

Device encapsulation/integration challenges

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

e Enhancing the tolerance to high-temperature exposure that is required for reflow soldering
and/or other encapsulation and integration methods



1.4 Scope of thesis

The pervasiveness of 10T requires miniaturized self-powered systems, and EC technology is believed to
be a suitable and important part of these systems. Bringing IoT high-level requirements down to the
device-level specifications, challenges to ECs can be identified in various aspects. It is noteworthy that
there is not a single perfect EC device that displays superior performance in all metrics discussed above.
Different application specifications stress on one or just a few properties. Therefore, the development
of ECs for loT falls within the fences of addressing the most critical issue, while keeping other aspects
satisfactory enough for the system.

This thesis research work focuses on the device performance challenges which cover the aspects of
improving energy density using a redox-active KBr electrolyte (Paper 1), widening working temperature
range with an ionic liquid electrolyte (Paper Il) and achieving high frequency response as well as
reducing loss through self-discharge and leakage current by employing a graphite/carbon nanotubes
material (Paper IlI). Not limited to these, the thesis critically reviews and summarizes the general
strategies and methods to address all the challenges. Chapter 2 illustrates the fundamental aspects of
ECs, clarifying the taxonomy, performance metrics and constituting components. Chapter 3 explores
the solutions to device performance challenges and Chapter 4 is focused on encapsulation and
integration aspects. In the end, Chapter 5 summarizes the main findings of the thesis and future prospects.



2 FUNDAMENTALS OF ELECTROCHEMICAL CAPACITORS

To be able to address the challenges regarding the device performance, it is essential to clarify and
understand the fundamentals of electrochemical capacitors. The knowledge of ion storage and transport
mechanisms builds a strong basis for the development of devices and their resulting performance. This
chapter reviews types of ECs, their performance metrics and the constituting components that
significantly influence the performance.

2.1 Taxonomy

Depending on the working mechanism, ECs can be divided into three main categories: (1) Electrical
double layer capacitors (EDLCs) that primarily works on physical separation of charge forming
electrical double layers (EDLSs) near the surface of the electrode; (2) Pseudocapacitors that involve
Faradaic reactions very close to the surface without bulk phase transformation; (3) Hybrid devices that
combine both capacitor- and battery-like processes in energy storage. Based on the device configuration,
ECs can also be classified as symmetric or asymmetric devices.

2.1.1 Electrical double layer capacitors (EDLCs)
(a) (b) (c)
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Figure 6. (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the EDL theory [16].

The main storage mechanism of EDLCs is the reversible electrostatic accumulation of ions on the
surface of porous carbon electrodes. Helmholtz [17] proposed a theory describing that an nm thick
condensed layer parallel to the electrode surface is formed by electrostatic charge separation when an
electrode is polarized (Figure 6a). The capacitance is expressed in the same form as parallel plate
capacitors, i.e.

Cy = % Equation (2)
where ¢ represents the dielectric constant of the electrolyte, & is the vacuum permittivity, A is the
surface area of the electrode, and d stands for the EDL effective thickness (Debye length). Since porous
carbon has an extremely large surface area (up to 3000 m? g%), and Debye length d is within the range
of nm, the attainable EDL capacitance is substantially high. Later, Gouy [18] and Chapman [19]
improved Helmholtz model by taking into account ion diffusion, where they proposed that the potential
decreases exponentially from the electrode surface to the bulk electrolyte (Figure 6b). In 1924, Stern
[20] proposed a model combining the Helmholtz and Gouy-Chapman models by recognizing the two
regions contributing to the apparent capacitance, i.e. an inner Stern layer and a diffuse layer (Figure 6¢).
And the double layer capacitance (CepL) is equivalent to the sum of the Stern layer capacitance (Cn) and
diffuse layer capacitance (Cp) by following the form of two capacitors connected in series:

1 1 1

Cep. Cu  Cp

A schematic of atypical EDLC is presented in Figure 7. When a potential is applied across the electrodes,
an excess or deficit of charges appears on the electrode surfaces which in turn attracts the counter ions

Equation (3)
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from the electrolyte solution resulting electrical neutrality. Along the EDL theory, it is generally
perceived that double layers formed electrostatically in both positive and negative electrode/electrolyte
interfaces during a charging process. Therefore, the whole device is equivalent to two capacitors in
series [21], and the device capacitance Cpevice follows the equation as

1 1 1 .
CDevice - a + E Equatlon (4)

where C. and C. represent for the positive and negative electrode capacitance, respectively. When C. =
C., Coevice IS half the electrode capacitance. Otherwise, Cpevice iS limited by the electrode which has a
lower capacitance.

Figure 7. Schematic of a typical EDLC [21].

However, it was found that for some carbon materials with around 1 nm average pore diameter [22, 23],
they can only accommodate one or a few ions per pore, therefore no classical double layer is formed.
More accurately, their charge storage process arises from the electrosorption of ions by an oppositely
charged carbon sponge, similar to physisorption of molecules by the same porous carbons, but driven
by electrostatic force [24]. A wire-in-cylinder model [25] was proposed to accurately describe the effect
in microporous carbon electrodes, and the theory can well fit experimental data regardless of the types
of carbon material and electrolyte employed.

212 Pseudocapacitors
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Figure 8. Schematic of a pseudocapacitor [26].

In pseudocapacitive electrodes, capacitance arises due to fast and reversible Faradaic redox reactions
between the electrochemically active electrode material and electrolyte. After applying a certain
potential, charge transfer occurs across the double layer. Although it involves Faradaic reactions similar
to batteries, the working mechanism is different regarding the operating potential [27]. In a battery, the
potential between electroactive materials remains ideally constant following Nernst equation whereas
in a pseudocapacitor, the potential changes with the extent of charge acceptance (AV « AQ), and the
derivative of AQ/AV is termed as pseudocapacitance [7].

A schematic of a pseudocapacitor based on a MnO, material is shown in Figure 8. During a discharging
process, Mn oxidation states change from (1V) to (111), and meanwhile, electrolyte cations (Na* in this
case) is adsorbed on the surface. Electro-adsorption of protons on the surface may also happen, therefore,
the charge storage mechanism of MnO; can be generically expressed as the reaction:
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Mn(IV)O, + xC* + yH* + (x + y)e~ « Mn(II1)00C,H, Equation (5)

where C* represents the electrolyte cations (K*, Na*...). The reaction is fast and surface-confined,
resulting in capacitive behavior. Note that there is little interest in symmetric pseudocapacitors because
there are no oxidation states available at less than 0 V for MnO; [8]. But composite materials of MnO,
and carbon [28] could overcome the problem and construct symmetric devices that show good
performance.

Besides MnO,, a number of other transition metal oxides (e.g. RuOy), nitrides (e.g. VN), sulfides (e.g.
MoS;), carbide (e.g. TisC;) and conducting polymers (e.g. polyaniline and polypyrrole), are all
pseudocapacitive provided that a proper electrolyte is applied [27, 29]. The Faradaic processes that occur
at the electrodes may be different depending on the type of materials, but no matter which material
employed, the obtained electrochemical response is supposed to be capacitor-like in a certain voltage
range for pseudocapacitors. The three Faradaic mechanisms that can result in capacitive features are (1)
Underpotential deposition, e.g. Pb underpotential-deposition on Au: Au+ xPb* + 2xe™ - Au-
xPb,q4s; (2) Redox pseudocapacitance, e.g. energy storage in MnO; as presented above; (3) Intercalation
pseudocapacitance, e.g. lithium-ion storage in Nb,Os: Nb,Og + xLi* + xe™ & Li,Nb,05 [30].

Due to these Faradaic processes occurring on the surface and in the bulk near the surface, the
pseudocapacitance is 10 to 100 times larger than the electrostatic capacitance of an EDLC. At the same
time, it lacks cycling stability to some extent due to the issues such as volume change during operation
[27, 31].

2.1.3 Hybrid devices

It is generally acknowledged that hybrid devices refer to those devices that combine different charge
storage mechanisms in the positive and negative electrode materials [24]. The definition may cause
confusion since devices constructed with a pseudocapacitive electrode and an EDL electrode apparently
fall within the fence of pseudocapacitors. Therefore, the term of hybrid devices is mostly applied when
a battery-like behavior is incorporated resulting in battery-capacitor hybrids.
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Figure 9. Schematic of hybrid devices: (a) Lithium-ion capacitors [32]; (b) Redox electrolyte based
hybrid systems (Paper I).

Battery-capacitor hybrids are believed to be an important future direction for electrochemical energy
storage systems, towards high energy and power density beyond what is anticipated from improvements
in lithium-ion batteries or ECs [24]. The hybrids are typically constructed with a high-capacity battery-
type electrode (source of energy) and a high rate capacitive electrode (source of power). Lithium-ion
capacitor (LICs) as shown in Figure 9a is a typical example of a battery-capacitor hybrid system. A LIC
utilizes porous carbon (common EDLC electrode material) and a pre-lithiated graphite (common
lithium-ion battery anode material) as the positive and negative electrodes, respectively. Lithium-ion
intercalation-deintercalation occurs in the graphite electrode while adsorption-desorption of electrolyte
anions occurs on the porous carbon electrode. Another approach to construct battery-capacitor hybrids
is through the use of redox electrolyte [33, 34]. Simply by replacing the electrochemically inert
electrolyte of a common EDLC by a redox-active one (e.g. KBr in Paper I), one can obtain a redox-
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enhanced EDLC hybrid device. Depending on the redox species, electron transfer occurs on either
positive or negative electrode surface, adding Faradaic charge storage to the underlying capacitive
mechanism. The charge storage process is detailed in section 2.3.2.5.

214 Symmetric and asymmetric devices

By examining the device configuration, ECs can also be categorized into symmetric and asymmetric
types. Symmetric devices refer to those with identical positive and negative electrodes. Asymmetric
devices refer to every combination of positive and negative electrodes whenever there is any difference
between the two electrodes (the type of material, weight, thickness...).

Symmetric devices are common for EDLCs where two porous carbon electrodes are used for positive
and negative electrodes. This is a standard configuration employed to investigate the properties of
electrolytes in Paper | (redox-active electrolyte KBr) and Paper Il (ionic liquid electrolyte EMImAC, i.e.
1-Ethyl-3-methylimidazolium acetate). Note that symmetric EDLCs are not always optimized, therefore
in some cases, the weight of the two electrodes are imbalanced to extend operating voltage window [35,
36] (discussed in section 3.1.2.2), and the use of two different carbon materials for positive and negative
electrodes are also advised to maximize the attainable capacitance (section 3.1.2.3). For
pseudocapacitors, they can be symmetric configuration when using composite materials e.g.
MnO./carbon as electrodes [28]. As pointed out earlier, if one electrode is made of a pure
pseudocapacitive material, it has to be coupled with a different material (either EDL capacitive or
another pseudocapacitive material) as the counter electrode for the availability of oxidation state change,
thereby asymmetric configuration. Battery-capacitor hybrids with a battery electrode are naturally all
asymmetric devices, while for the hybrids enabled by redox electrolytes, the terminology is not strictly
established. If the two electrodes are identical e.g. in redox-enhanced EDLCs, it can be called symmetric
system, however, it is essential to recognize that the storage behaviors of the two electrodes are rather
*asymmetric”.

2.15 Electrical responses in general

Electrical response is an essential source of information that determines the type of application and PMU
design in a system. This sub-section compares the electrical responses displayed by cyclic
voltammogram (CV, voltage sweeps within a range at a certain scan rate v = dV/dt) and galvanostatic
charge/discharge curve (GCD, time-dependent change in voltage at a constant current) of EDLCs,
pseudocapacitors, and hybrid devices.

From the viewpoint of the electrode, three storage behaviors have been identified, i.e. electrostatic
charge accumulation (EDL capacitive behavior), surface confined Faradaic redox or intercalation
(pseudocapacitive behavior) and semi-infinite diffusion controlled Faradaic redox (battery-like
behavior). EDL capacitive behavior is characterized by classic rectangular CVs and a linear GCD curve.
Pseudocapacitive behavior, as indicated by the term itself (explained in section 1.2.1.2), should have the
same response as the EDL capacitive one. Nonetheless, it is not uncommon that CVs of some materials
based on intercalation mechanisms that deviate from standard rectangular shapes are also attributed to
pseudocapacitance. These materials are characterized by significantly broadened peaks and little
separation in peak position on CV scans [24]. Note that they are intrinsically different from battery
behaviors which involve phase transformations, and the current response i in CV is proportional to the
square root of scan rate, i.e. i o« v%5. Both EDL capacitive and pseudocapacitive behaviors involve no
phase transformation and exhibit a linear sweep rate dependence on current i.e. i < v. The CVs of
battery behavior have well-resolved peak separation and correspondingly plateaus on GCD curves.

The device behavior as a whole is a sum up of its two electrode behaviors. Depending on the device
“symmetry”, three responses can be recognized in general. (1) Two capacitive (herein capacitive refers
to either EDL capacitive or pseudocapacitive) electrodes result in capacitive devices; (2) One capacitive
and one battery-like electrode leads to hybrid devices; (3) Two battery-like electrodes constitutes a
battery. In principle, EDLCs and pseudocapacitors should follow case (1), and battery-capacitor hybrids
follow case (2), but depending on the proportion of contribution from battery-like and capacitive
behavior, the response may vary to a large extent from so-called “supercabattery” (battery-like behavior
dominates) to “supercapattery” (capacitive behavior dominates) [37].
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2.2 Key performance metrics

Key performance metrics include capacitance, energy and power, equivalent series resistance, maximum
operating voltage, cycle life, self-discharge and leakage current, working temperature range and time
constant. An overview of their definitions and evaluation methods is given in this section.

2.2.1 Capacitance
Capacitance is a measure of the ability to store electrical charge, given by

—Ae i
C = yen Equation (6)

where AQ and AV represents the amount of charge stored and the width of the voltage window,
respectively. When calculating capacitances, one should examine whether the behavior is capacitive or
rather a battery behavior, in order to avoid wrong interpretation. Capacitance is evaluated from three
basic techniques, i.e. CV, GCD, and electrochemical impedance spectroscopy (EIS).

CV measurements apply a linear voltage sweep from the minimum, typically 0 V for ECs, to the
maximum operating voltage Vmax at a scan rate of v, and a response current i is recorded as a function of
elapsed time (Figure 10a). The curve is usually plotted as i vs. V as in Figure 10b.
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Figure 10. (a) Variation of current and voltage during a CV scan. (b) A typical CV curve. (c) A typical
GCD curve with a display of the current variation.

For extraction of the capacitance from CVs, it is recommended to use the whole curve, though
calculation can be done by selecting an arbitrary region. The following equation can be adopted

2V .
c _AQ _ fo maX/v|L|dt

Equation (7
AV 2Vimax quation (7)

where i is the current response as a function of time t, v is the scan rate and Vimax is the maximum voltage.

GCD measurements charge and discharge a device with a constant current, and voltage response is
recorded as in Figure 10c. Based on GCD results, the capacitance is
C = AQ _ 1'(ttotal_tcharge)

W VooVik Equation (8)

where Vg is the IR drop related to the equivalent series resistance.

Capacitance value can also be obtained through EIS technique which measures the impedance of a
device as a function of frequency by applying a low-amplitude alternating voltage (normally 5 mV)
superimposed on a steady-state potential. By adopting an RC equivalent circuit, the calculation of
capacitance is based on the following equations
r_ -7
T 2nflzp
" o_ Z!
T 2nf|z|?

Equation (9)
Equation (10)
where f is the frequency of the perturbation voltage, Z = VZ'? + Z''2 is the overall complex impedance,

Z’and Z” are the real and imaginary part of Z, respectively, C’and C” are the real and imaginary part of
so-called supercapacitance [38].
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Above calculations generate the absolute capacitance from a measurement. The values are usually
further normalized by weight, area or volume thus giving gravimetric capacitances in e.g. F g2, areal
capacitances in e.g. F cm and volumetric capacitances in e.g. F cm?.

2.2.2 Energy and power

Energy and power of ECs can be calculated through

E= %CV,,%M Equation (11)
Vr%lax 1
Ppeak = o Equation (12)

where ESR represents the equivalent series resistance. Note that the power Ppeax refers to the highest
possible power that the device could deliver for a pulse. This calculation can be useful when considering
buffer capacitor applications. Average power can be obtained via dividing E by the discharge time, i.e.

E

Pavg = Equation (13)

tdischarge
2.2.3 Equivalent Series Resistance (ESR)

ESR is the sum of various types of resistances including the intrinsic resistance of the electrode material
and electrolyte solution, mass transfer resistance of the ions, and the contact resistance between the
current collector and the electrode. The resistance of the bulk electrolyte solution and the electrolyte
inside the pores tend to dominate the ESR. The evaluation of ESR can be done by applying Ohm’s law
to the IR drop in a GCD measurement as in Figure 10c, i.e.

_ AV _ Vi i
ESR = YT Equation (14)

EIS is also a commonly used technique to determine ESR, however, the method is not standardized. ESR
can be evaluated using the real part of the complex impedance at 1 kHz [39], or via interpolation of
high-frequency part of a Nyquist plot to the x-axis (Paper I1).

2.2.4 Maximum operating voltage (Vmax)
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Figure 11. Determining the Vmax 0f an EC containing an EMImAC electrolyte: (a) CV curves of different
voltage limits. (b) RSD and ARSD as a function of the voltage limit (Paper II).

The maximum operating voltage is decided by the stability window of both electrodes and electrolytes.
Experimentally, Vimax can be determined by CV scans with a stepwise increase of voltage, until a rapid
increase of anodic current is observed (e.g. Figure 11a). However, there is a lack of standard defining
what a “rapid” increase is. In Paper I, we set up a quantitative benchmark for determining Vmax, which
defines the Vmax is the highest voltage with less than 10% increase (compared to its adjacent voltage
limit) in the relative standard deviation (RSD) of anodic current. For example, as in Figure 11a, a
stepwise increase of voltage limit measurement is conducted for an EC containing an EMImMAC ionic
liquid electrolyte at room temperature (RT). The RSD of anodic current for each voltage limit is
calculated as

— %lg i
RSD = T X 100% Equation (15)
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where g;_ is the standard deviation of anodic current, and 1, is the average anodic current. They are
calculated based on the data points that constituting the anodic branch of a CV curve. Then change of
RSD at a voltage limit of V, compared to RSD at V is calculated through

RSDy., —RSDy .

ARSDy, = R‘stll x 100% Equation (16)
ARSD can reflect the influence of increasing voltage limit on the degree of change in the storage
behavior. A benchmark of 10% is a rule-of-thumb in the study of an EMImACc electrolyte. According to
the results in Figure 11b, 1.5 V is the highest voltage with less than 10% ARSD, therefore, Vmax for the
device is set at 1.5 V at room temperature.

2.25 Cycle life

Extremely long cycle life is an important feature of ECs enabling “fit-and-forget” 10T systems.
Evaluation of cycle life is performed by repeating GCD measurement, and a capacitance retention can
be obtained as an indicator of the lifetime. An alternative to the cycling test is the constant load or float
test performed by holding the capacitor at the nominal cell voltage and determining the capacitance as
a function of time by occasional charge/discharge cycles [40, 41].

2.2.6 Self-discharge and leakage current
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Figure 12. (a) Self-discharge and (b) leakage current measurements of ECs with graphite/’VACNTS
electrodes (Paper I11).

Self-discharge is a voltage loss of a charged device over a period of storage time, which is detrimental
to preserving the stored energy. Evaluation can be done by recoding the voltage decay of a charged
device under an open circuit condition. Prior to the recording, the device can be held at its nominal
voltage for a certain period of time. For the interest of practical applications where fast
charging/discharging switch are of immense importance [39], the holding time is preferable to be short.
In paper I, a voltage holding of only 5 min is applied for the self-discharge evaluation of an EC
containing graphite / vertically aligned carbon nanotubes (graphite/VVACNTS) electrodes (Figure 12a).

Leakage current is a compensate current needed to maintain the device at the rated voltage, therefore, it
is normally evaluated by recording the current when holding the device at a specified voltage. For
example, as in Figure 12b, a leakage current at 2 V is recorded for an EC in Paper Ill. Two important
metrics result in a low loss feature. The first is a low equilibrium current (~100 nA), and the second is
a fast rate to reach the equilibrium current (within 100 s from 24 mA to around 100 nA). Leakage current
can also be calculated through a self-discharge curve through

av .
Leakage = C T Equation (17)

where dV/dt is the self-discharge rate within a certain time period (as in Figure 12a) and C is the device
capacitance.
2.2.7 Working temperature range

All the EC metrics can be influenced by thermal effects. A working temperature range is determined by
the nature of both electrode and electrolyte, especially the latter. Many commercial ECs have a rated
temperature range of -40 to 70 °C, though special applications may require a temperature beyond the
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range. Determination of temperature range is assisted by examining other performance metrics at
different test temperatures. Generally, extreme high-temperature impairs lifetime, and extreme low-
temperature significantly increases ESR and thus limits the power output. In Paper Il, the maximum

operating temperature is mainly determined by examining the cycling stability and the average
coulombic efficiency.

2.2.8 Relaxation time constant

The relaxation time constant (z0) of an EC is an indicator of how fast the device can be charged and
discharged, which is measured by EIS in the form of a Bode plot or a phase angle plot. Figure 13 displays
the results of two distinct devices in Paper Il and Paper I1l. By identifying the frequencies at which the
peak of C” is reached (Figure 13a) or at which the phase angle is -45° (Figure 13b), time constants can
be calculated by taking the reciprocal of the frequency values. For the device consisting of activated
carbon (AC) electrodes and an EMImAC electrolyte in Paper 11, 7o is on the order of 10 s. Thus at least
10 s is required to charge or discharge an EC at room temperature, in comparison with a high-frequency

EC constituted by the graphite/VVACNTS electrodes and a KOH electrolyte in Paper I11, which requires
only 0.51 ms.
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Figure 13. Determination of time constants: (a) Bode plots; (b) Phase angle plots (Paper Il and III).

2.3 Electrochemical capacitor components

Regardless of unconventional ECs, a typical structure of a device is depicted in Figure 14 consisting of
two electrodes on current collectors which are in direct connection to external metal contacts, an
electrolyte, a separator, and an encapsulating package. All components have an influence on device
performance. This section briefly outlines their effects and respective material choices.

Metal contact
in connection with current collector |

Negative electrode

Separator

Figure 14. Schematic of an EC showing different components [42].

2.3.1 Electrodes

The electrode material is a critical component of an EC, which dictates the charge storage mechanism
and thus the electrical response. In general, materials for EDLCs and pseudocapacitors can be
categorized into the following types: carbon, transition metal oxides, nitrides, carbides, and conducting
polymers. Under each category, there is a vast range of options available as active electrodes. Bearing
in mind that composite materials from any combination of them are all technically viable, the choice of
electrode materials is extraordinarily broad, let alone taking into account battery materials when
designing hybrid systems, and the R&D in this field constitute a large proportion of reports within the
scientific community. Specifically, carbon-based materials construct EDLCs which are of great interest
for 10T application due to their long lifetime.
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Carbon has been playing a frontier role as EC electrodes due to its versatility and unique properties.
Nearly all carbon allotropes are effective in energy storage, including zero-dimensional (OD) structured
onion-like carbon (OLC), one-dimensional (1D) carbon nanotubes (CNTSs), two-dimensional (2D)
graphene and three-dimensional (3D) activated carbon (AC), carbide-derived carbon (CDC) and
templated carbon as compared in Table 3. In fact, approximately 80% of the commercially available
supercapacitors are made of nanostructured carbonaceous materials [43].

Table 3. Different Carbon Structures Used in EDLCs [44].

Material oLC CNTs Graphene AC cDC Templated
carbon
Dimensionality 0D 1D 2D 3D 3D 3D
Conductivity High High High Low Moderate Low
Volumetric capacitance Low Low Moderate High High Low
Cost High High Moderate Low Moderate High

Structure @

Because of its low cost and relatively high volumetric capacitance (50 - 80 F cm2[44]), AC is one of
the most classic electrode materials that are suitable for large ECs (up to hundreds of Farads). A
commercial AC material (Kuraray, YP-80F) with a BET (Brunauer-Emmett-Teller) specific surface area
(SSA) of 2 100 m? g, fabricated with coconut shells as the raw material, is used as the standard
electrodes in Paper | and Paper Il to examine the properties of the electrolytes. On the other hand, CNTs
and graphene have relatively high cost but are highly conductive, and their unique dimensionalities
promise the application as the supporting substrates for preparing composite electrodes by decorating
the surface with a thin film of redox materials (section 2.3.4). Due to the relatively low density of CNTs
(~ 0.3 vs. ~ 0.5 g cm? for AC [44]) and restacking problems of graphene, these materials are preferable
to construct small size devices in the form of thin film electrodes. Combining the nature of high
conductivity and less porosity, high-frequency ECs (section 3.5) can be constructed based on graphene
or CNTSs. Paper 111 presents such small size ECs based on a hybrid material of graphite and CNTs (Figure
15).

GRAPHITE/VACNTS BASED ELECTROCHEMICAL CAPACITORS FOR MICROSYSTEMS

Ready-to-Use Electrode

Q&MM‘N’
Compact high frequency line filter
CNTgrowth {1, [coldwall (VD] & @120 Hz,

¢ =-85°, 1.38 mF cm?, 345 mF cm™,
Low loss storage unit

® Capacitive charging at pA;

e Reduced self-discharge;

Surface treatment § S8 &
[F'L‘lﬁma] : it
e Quick leakage current stabilization.

Figure 15. Small size ECs based on graphite/\VACNTSs electrodes (Paper I11).

2.3.2 Electrolytes

The electrolyte is the provider of ions that are fundamental in the charge storage processes.
Thermodynamic stability of an electrolyte confines the operating voltage of a device. Moreover, the
physicochemical properties of electrolyte also determine the temperature range. Hence, the right
selection of an electrolyte can maximize energy density (by enlarging operating voltage) and power
density (by both increasing operating voltage and lowering ESR due to ionic resistivity) of a device.

The widely used and studied electrolytes are aqueous electrolytes, organic electrolytes, ionic liquid
electrolytes, and solid or quasi-solid-state electrolytes. Conventionally, an electrolyte is
electrochemically inactive, while a redox electrolyte which contributes Faradaic type of energy storage
have aroused broad attention recently.
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2.3.2.1 Aqueous electrolytes

Agueous electrolytes have low resistivity and high ionic conductivity compared to other types of
electrolytes. The ionic conductivity of 6 M KOH (applied in Paper I11) is 0.6 S cm* and 1 M H.SOy is
up to 0.8 S cm™ at 25 °C, significantly higher than a few tens of mS cm for organic ones and even
lower values for ionic liquids (applied in Paper II). Aqueous electrolytes are also cheap, safe (due to
non-flammability) and require no special condition during fabrication and assembly. A significant
drawback is a very narrow voltage window, which restricts the energy and power density of a device
[27]. For acid and alkaline electrolytes, the maximum operating voltage is around 1 V, limited by the
thermodynamics of water decomposition. Comparably, neutral electrolytes such as alkaline sulfates take
advantage of large overpotential for H, and O, evolution reactions, and their voltage window can be
extended to 1.5 V [45, 46]. It is reported that 1 M Li,SO4 works stably over 15 000 cycles at an operating
voltage of 2.2 V [47]. In Paper I, we demonstrate a KBr solution when employed as a conventional
aqueous electrolyte can be operated at up to 1.6 V, with a higher capacitance than other neutral
electrolytes such as Li»SO4 and Na,SO4, and further to 1.9 V when redox activities are involved.

2.3.2.2 Organic electrolytes

Organic electrolytes typically consist of conducting salts dissolved in organic solvents. They provide a
wide voltage stability window of 2.5 to 2.8 V. In general, it gives the opportunity to acquire increased
energy density, although capacitance of carbons in organic electrolytes is usually lower than that in
aqueous ones because organic electrolytes generally have larger solvated ions and lower dielectric
constants [32]. Currently, commercial ECs are mostly made of tetraethylammonium tetrafluoroborate
(TEABF,) salt dissolved in organic electrolytes [7]. Drawbacks of organic electrolytes are their high
cost, low conductivity, safety concerns related to the flammability, volatility, and toxicity. Furthermore,
organic electrolytes require strict purification and special conditions for device fabrication, i.e. dry
rooms where water content is extremely low.

2.3.2.3 lonic liquid electrolytes

Recently, room temperature molten salts, also known as ionic liquids (ILs), have gained significant
attention due to their very wide potential window up to 4 V. They are composed of bulky, asymmetric
organic cations and weakly coordinating inorganic/organic anions. Based on the composition, ILs can
be classified as aprotic, protic and zwitterionic types as shown in Figure 16. ILs are also known as
solvent-free electrolytes due to the absence of any volatile organic compound [48, 49]. Moreover, ILs
have high thermal and chemical stability, low vapor pressure due to their inherently high viscosity, non-
flammability, and relatively low harmful effect on the environment. However, compared to conventional
electrolytes (aqueous or organic), ILs always give high ESR and low conductivities, particularly at lower
temperatures. Corresponding remedies include the addition of solvents and mixing two types of ILs to
form eutectic mixtures, which are detailed in section 3.3.1.3 and 3.3.2.3. Also, for high-temperature
applications, the issue of low conductivity is greatly alleviated, which is demonstrated in Paper Il with
an imidazolium-based IL EMImAc.

.  R2
i
o .| L

Y
Aprotic Zwitterionic
Suitable for lithium Suitable for fuel Suitable for

batteries and cells ionic-liquid-based

supercapacitors membranes

Figure 16. Classification of ionic liquids [50].
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2.3.2.4 Solid- or quasi-solid-state electrolytes

Solid-state electrolytes are non-liquid electrolytes, mostly polymer-based where conducting salts are
distributed in a polymer matrix, and some are based on inorganic matrix [51]. They are in a solid state so
that this type of an electrolyte can both serve as an ionic conducting medium and as a separator. Therefore,
their liquid-leakage-free nature enables constructing flexible devices. A drawback related to this type of
electrolytes is a limited contact surface area between solid-state electrolytes and electrode materials, thus
increasing ESR and decreasing power capability.

Polymer-based solid-state electrolytes are classified into (1) solid polymer electrolytes (SPEs) which are
dry polymer electrolytes, (2) gel polymer electrolytes (GPEs) where there is a liquid phase existing in the
framework thus an alternative term is quasi-solid-state electrolytes, and (3) polyelectrolytes where the
polymer matrix itself is a conducting salt contributing to conductivity.

Polycation-type Polyanion-type

~——_ Host polymer
@Cation @ Anion

Figure 17. Schematic diagrams of (a) a dry solid-state polymer electrolyte PEO/Li*, (b) a gel polymer
electrolyte, and (c) a polyelectrolyte [32].

SPEs is composed of a polymer and a salt, e.g. PEO/Li* as shown in Figure 17a. Due to the absence of a
liquid phase, SPEs have good mechanical properties, and the conductivity relies on ion transport within
the polymer thus lower than that of GPEs. PVA/H3POQ, is a typical example of GPEs (Figure 17b) which
consist of PVVA as a polymer host swollen in solvent H.O and HsPO. as an electrolyte. PVA based GPEs
are most commonly used because of their easy production, high hydrophilicity, good film forming, non-
toxicity, and low cost. A PVA/H3;PO4 GPE is applied in Paper 111 to demonstrate flexible low loss ECs.

PVA based electrolytes are also called hydrogel polymer electrolytes characterized by 3D polymeric
networks trapping H2O in the PVA matrix mainly through surface tension [52]. The ions move via the
solvent H,O and show good conductivity, but the mechanical strength and operating temperature and
voltage are relatively low. Instead of H,O, GPEs can also be based on organic solvents thereby the term
“organogel” electrolytes. Corresponding polymer matrix options are PEO [53, 54] , PMMA [55, 56],
PVP, PEEK [57] and copolymers [58, 59]. Organogel GPEs have an extended maximum operating
voltage up to 3V [54] compared to hydrogel GPEs. Table 4 compares, in general, the metrics of different
types of electrolytes discussed above.

Table 4. Typical metric values of liquid and solid- or quasi-solid-state electrolytes

Liquid electrolytes Solid- or quasi-solid-state electrolytes

Aqueous Organic IL Hydrogel Organogel IL-containing
Maximum operating 0.8t01.6 2.5-2.8 1-4 0.8t01.6 2.5-2.8 1-4
voltage (V)
lonic conductivity Upto1l 0.05 10°t0 10 103to0 10! 103 103
@RT (Scm?)
Temperature range -10to 70 -40 to 70 RT to over -10to 70 -40 to 70 RT to over 100
(°C) 100

2.3.2.5 Redox electrolytes

Redox electrolytes are a relatively new type of electrolyte being investigated. Different from the
conventional ones, redox electrolytes contain redox-active species such as simple or complexes of
transition metal ions (e.g. VO?"), halide ions (e.g. I', Br’), quinones and phenylamide. Redox electrolytes
can be classified as redox-additive electrolytes and redox-active electrolytes. The former refers to
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conventional electrolytes with redox-active species as an additive, while the latter refers to those that
are inherently able to undergo fast redox reactions, such as KBr (Paper I).

During a charging process on the positive electrode side as shown in Figure 18a, oxidizable species (Re)
from a redox electrolyte donate electrons and are oxidized to Op, and on the negative side, reducible
species On accept electrons to be reduced to Rn. A reversible process happens during a discharging
process as in Figure 18b. The electrolyte that contributes R is called catholyte, and the one that provides
On s called anolyte. Note that a redox electrolyte can contain either one of Reand O, or both species.
For example, KBr redox electrolyte (Paper I) contains only Re, i.e. bromine ions to be oxidized to Op
(Br3), while potassium ions in KBr are just normal cations to be adsorbed on the surface but undergo
no redox reactions.

(a) _ Charge _ (b) _ Discharge

Negative {—)T Positive (+) Negative (-)  Positive (+)
Separator

Figure 18. Schematic of redox processes during (a) charging and (b) discharging [60].

The redox reactions proceed on the surface of the electrode [34]. In terms of porous carbon-based
systems, redox species in the bulk electrolyte must enter the pores as the first step (Opuik — Opore @S Step
(1) for anolyte species, or Rouk — Rpore as step (1) for catholyte species, Figure 19). It is predicted that
a transition state is needed before the electron transfer could happen, i.e. step (2) Opore — O™ or step (27)
Rpore — R”. Afterward, transition states convert to adsorbed states through step (3) or (3°), and redox
reaction finally happens via step (4). A few exceptional cases are: (1) Transition state species could
exchange electrons without going through an adsorbed state; (2) If absorbed species transform via (5)
or (5) to soluble species that can diffuse into the bulk electrolyte during charging, the redox enhanced
energy storage is not effective, because the product after electron transfer (Rags or Oags) is not recoverable
since they have already diffused out of the pore; (3) Redox reaction could also happen outside the pore
via (6) or (67) but with little energy contribution due to limited surface area (i.e. active sites for reactions).
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Figure 19. lllustration of charge storage mechanisms in the porous carbon electrode of an EC with a
redox electrolyte [34].
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The use of redox electrolytes is an easy and low cost yet effective approach to construct hybrid devices
with an improved energy density, however, the incorporation of redox processes complicates the energy
storage mechanism and therefore the related device behaviors. Paper I, which describes using a KBr
redox-active electrolyte, has revealed that the device performance depends on both operating voltage
and operation history (discussed in section 3.1.2.4). Understanding the underlying mechanisms is
essential to design redox enhanced EDLCs as an energy storage solution towards a specific application.

2.3.3 Separators

The function of separators is to prevent direct contact between positive and negative electrodes and at
the same time allow for fast transportation of ionic charge carriers. Separators mainly contribute to ESR
and therefore have an important influence on power performance. As part of the “dead” weight and
volume of ECs, separators are preferred to be light and thin but should also exhibit certain mechanical
strength, thermal and chemical stabilities, and be easily wetted by the electrolyte. Commonly used
separators are thin porous polymers (polypropylene and polyethylene), cellulose and glass fibers.
Recently developed options include graphene oxide (GO) films [61] and eggshell membranes [62].
Some of them have different preference to the type of electrolytes. For example, cellulose separators
work well in organic electrolytes but may degrade in aqueous H.SO, electrolytes [63].

Thermal properties of separators are an important consideration when designing high-temperature
devices. Thermal shrinkage of the separators happens around their decomposition temperature, leading
to short circuits between the two electrodes, which may eventually cause thermal runaway (the shrinkage
of separators is required to be less than 5 % after 60 min at 90 °C [64]). At low temperatures when ion
mobility is limited, the porosity of separator plays a vital role in overall performance [65, 66].

2.3.4 Current collectors and packages

Current collectors are typically flat metal foils or grids onto which active electrode materials are cast
[67]. They should be chemically and electrochemically stable in the presence of an electrolyte and
during device operation. For agueous acid electrolytes, current collectors should be corrosion-resistant.
Noble metals such as gold are an ideal option in terms of stability, but the high cost apparently limits
their widespread use. Alternative options are indium tin oxide (ITO) [68], carbon [69] and conducting
polymers [69]. For aqueous alkaline electrolytes, common collectors are nickel [70], stainless steel [71]
and also carbon-based materials such as carbon fabrics [72], carbon nanotubes [73], carbon fiber papers
[74] and graphite [75]. Aqueous neutral electrolytes are much less corrosive, therefore the materials for
acid and alkaline electrolytes are also applicable to them. For organic and ionic liquid electrolytes,
aluminum is the most common current collector material.

Current collectors have an influence on lifetime and ESR. It has been found that an aluminum current
collector is involved in the ageing of ECs based on organic electrolytes [63] and ionic liquids [76, 77].
An optimal interface between a current collector and an electrode material reduces the internal
resistance. Surface treatments of a sol-gel deposit of a conducting carbonaceous material on aluminum
current collector have been shown to decrease ohmic drops at the interface [78]. Developing
nanostructured current collectors with an increased contact area is clearly a direction towards high-
performance devices. The beneficial effect is particularly significant for pseudocapacitive material
based ECs. This is because pseudocapacitive materials mostly have low electronic and ionic
conductivities, therefore ion access is limited when the material is deposited on planar current collectors
in a thick film. With nanostructured current collectors such as a carbon nanotube array (Figure 20a),
pseudocapacitive materials can be deposited onto in a conformal way (Figure 20b), and the exposed area
to the electrolyte is greatly improved. The electrode material in Paper Il can be used as 3D current
collectors for this purpose.
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Figure 20. Schematic of (a) carbon nanotube array as a nanostructured current collector and (b)
conformal deposition of pseudocapacitive material on the current collector [8].

Packaging materials of ECs depend on the cell configuration and manufacturers. In general, steel is used
for coin cells (e.g. stainless steel SS316), cylindrical cells (nickel plated steel sheets [79]) and prismatic
cells (heavy gauge steel [80]). Pouch cells use aluminum laminated film [81] for the casing, from outside
to inside, the laminated film consists of polyamide layer, aluminum foil, and polypropylene with
adhesive layers in between. Some suppliers e.g. Cellergy offer prismatic ECs with polymer-based
packages.

Current collectors and package materials are another sources of “dead” weight and volume in addition
to separators, therefore ideally they should be light and compact. For state-of-art devices, especially
small ones, the weight of the overall device is 5-10 times larger than the total weight of positive and
negative electrodes [82]. Therefore, for the design of ECs for miniaturized self-powered systems, it is
highly desirable to reduce the “dead” weight and volume in order to maximize device level energy and
power densities.

Along the vein of minimizing the weight and volume of current collectors, it is desirable to develop
free-standing, highly conductive electrodes to eliminate current collectors. Materials with metallic
conductivities such as carbon nanotube [83], graphene [84] and two-dimensional carbides [85] are
suitable for such a strategy.
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3 DEVICE PERFORMANCE CHALLENGES

This chapter elaborates the strategies and methods aiming to address the challenging issues regarding
device performance, identified in Chapter 1. Many of the performance-related issues are not only
specific to miniaturized systems but also exist for ECs’ application in macro systems, therefore the
corresponding strategies and methods can be universal.

3.1 Towards high energy with high power and long cycle life

The mathematical expression of energy, i.e. Equation (11), dictates that the energy is proportional to the
capacitance (C) and the square of the maximum operating voltage (V;2,,) for capacitive-behavior ECs.
It is thus natural to increase either C or Vmax for energy maximization. The author generalizes the
strategies by material-level and device-level optimizations.

3.1.1 Material-level optimization

The push toward high C and Vmax are directly relevant to materials science and engineering which
optimizes material physicochemical properties and structures with respect to the energy storage
mechanisms.

3.1.1.1 High capacitance materials
Carbon

Carbon materials represent the most classic type of electrode constructing ECs, i.e. EDLCs that are
favored by 10T systems due to their excellent cycle life suits the “fit-and-forget” concept. As pointed
out earlier, AC arouses tremendous interest because of its low cost and relatively high volumetric
capacitance. Micropores (pore size < 2 nm) and mesopores (2 to 50 nm) created during the activation
process (oxidation in water vapor, KOH, or CO;) are responsible for the high SSA of AC, which can
exceed 2000 m? g'. Note that SSA is preferable to be assessed by the Dubinin-Radushkevich (DR)
equation or the Density Functional Theory (DFT) model since the BET model (based on multilayer gas
adsorption on the solid surface) could overestimate surface area for micro-porous carbons [86].
Nevertheless, no matter which model is applied, a linear increase of specific capacitance as a function
of SSA seems to cease at around 1200 m? g* and then saturate [87, 88]. This is because of a mismatch
between pore size and ion size. Optimal capacitance is achievable when the pore size is very close to
the size of de-solvated ions, implying that solvated ions could undergo a de-solvation process before
entering the pore to be electro-adsorbed. This was supported/proved by a number of experimental and
theoretical research [22, 23, 89-99]. Micropores that are smaller than the ions contribute substantially
to SSA but little to charge storage due to ion sieving effect [90], while very large pores show worse
interaction with ions [95]. Therefore, carbon with both high SSA and relatively narrow pore size
distribution (PSD) is preferred to maximize capacitance. The understanding of capacitance origin has
boosted the development of carbon-based ECs. Capacitive performance of activated carbon has been
greatly improved from about 120 F g in the mid-2000s to more than 200 F g? in organic electrolytes
[100].

Templated carbons is an important direction of high-performance carbon-based materials. They are
produced by the carbonization of an organic compound in nanospace of a template substance and the
liberation of the resulting carbon from the template. The method allows for flexibility in tuning porosity.
Carbons of hierarchical porosity where there is an optimal combination of micropores, mesopores and
macropores, and a beneficial interplay between different pores present a new benchmark of carbon
electrode capacitance beyond 300 F g?! [42]. Within such a hierarchical porous structure, ions
subsequently enter the largest pores and then flow into subdivided smaller ones, and finally reach the
smallest pores, as shown in Figure 21. An optimal network overcomes the drawback of slow mass
transportation within micropore-dominated carbon materials, achieving both high capacitance and high
rate capability. The capacitance of carbon can also be increased when doped with heteroatoms such as
nitrogen and oxygen which generate pseudocapacitance. By combining the effects both from
hierarchical porosity of template carbon and nitrogen doping, a record value of 855 F g* (at 1 A g%) has
been reported for a few-layer nitrogen-doped (source of pseudocapacitance) mesoporous carbon
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fabricated from a silica hard template, and an electrode capacitance of 615 F g is still retained at 40 A
gt [101].
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Figure 21. lllustration of an ion diffusion pattern in a typical hierarchical porous structure [42].

Pseudocapacitive materials

Pseudocapacitive materials exhibit higher capacitances than carbons due to their Faradaic nature. The
theoretical gravimetric capacitance value (in F g) can be calculated through

nF .

C= yan Equation (18)
where n is the number of electrons transferred in the involved redox reaction, F is the Faraday constant,
M is the molar mass of the pseudocapacitive material and V is the maximum operating voltage or
potential window. For the most studied MnOg, the redox reaction proceeds in terms of Equation (5) thus
within a potential window of about 0.8 V, thusn=1,V =0.8V, M =86.9 g mol* and F = 96 485 C
mol? obtained the capacitance of MnO, material roughly equals 1388 F g*. For the materials that
undergo multi-electron reactions, e.g. RuO with oxidation states that can change from (I1) to (V) thus
n =2 in terms of

RuO, + xH* + xe~ & Ru0,_,(0OH), Equation (19)

where 0 < x < 2, maximum capacitance could reach 1400 to 2000 F g* [102-104] depending on the
degree of reaction and the potential window within which the reaction is assumed to complete.
Nevertheless, such a high capacitance was rarely achieved in practice [105], generally because of low
electronic conductivity (of amorphous RuO-) resulting in poor charge carrier transport and weak
interaction between nanoparticles. An intrinsically low electronic conductivity which leads to low
capacitance and inferior power capability is a challenge to almost all other transition metal oxide
pseudocapacitive materials.

One of the solutions to the problem is to engineer the material into thin film. The performance of
transition metal oxides can thus be greatly improved because the charge carrier transport path is
minimized and the interplay between particles is no longer an issue [106]. As a result, the effect of low
conductivity is minimized. However, the thin film strategy limits the overall capacity of charge storage,
giving low areal capacitance and is suitable only for niche applications. Alternatively, using
nanostructured 3D current collectors as a substrate for depositing a conformal layer of materials can be
an effective approach to increasing mass loading while still benefiting from the fast dynamics of thin
film electrodes.

The other solution to the problem is to improve conductivity by modulating the materials’ composition
and electronic structure. Introducing oxygen vacancies, as impurity states in the bandgap, into oxides to
tune their intrinsic defects is one way to increase the conductivity of transition metal oxides [107]. The
vacancies also serve as active sites for reactions. Oxygen vacancies can be obtained through annealing
under vacuum or with a reducing gas (e.g. hydrogen, ammonia) [108]. Another approach for improving
conductivity is through doping, via the regulation of donor or acceptor densities. Both non-metal [109]
and metal [110] atoms have been demonstrated as dopants to optimize the capacitive performance. The
modified materials show improved maximum capacitances, smaller ESR and increased power densities.

Compared to oxides, transition metal sulfides, nitrides, and carbides have higher electronic conductivity
with rich redox chemistry for energy storage [29, 111, 112]. Especially for carbide TisC, which exhibits
a metallic conductivity of up to 1 500 S cm™, and an extremely high volumetric capacitance of 900 F
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cm (correspond to 245 F g1) [113]. TisCzis a member of MXene family which is a new direction of
electrode materials for constructing high-performance ECs. Excellent charge storage performance of
MXenes is partly because of their 2D structures, representative of a large group of 2D and layered
structured materials [29, 111]. These materials are only a few atoms thick and therefore have a large
number of immediately accessible electrochemically active sites. On the other hand, the rich active sites
lead to an instability of such materials, which is also a common challenge to pseudocapacitive materials.
The remedy could be engineering specific microstructure in order to tolerate the volume expansion and
thus reduce stains during charging/discharging processes.

Battery-type materials

Precisely, battery-type materials should not be linked to capacitance, rather their storage capacity is
evaluated as capacity Q in a unit of C g or mAh g, and the energy density is calculated from GCD
curves through

E=[V-idt=[VdQ Equation (20)

where V is the voltage and i is a constant current. Thanks to the advancement of battery technology, a
number of battery electrodes can be readily utilized to construct hybrid EC systems, including
intercalation cathodes, phase changing cathodes, metal anodes, alloying anodes, and transition metal
compounds. Cycle life remains an issue when employing a battery electrode because ion insertion or
phase transformation create dimensional changes that have a negative impact on the integrity of the
electrodes. Whether the as constructed device is suitable for self-powered systems or not will depend
on application scenario. Besides electrodes, redox electrolytes also belong to battery-type materials that
greatly enhance the energy density of ECs. Harnessing multi-electron redox processes through the use
of battery-type materials is regarded as an important direction to boost energy storage performance [24].

3.1.1.2 High voltage materials

Electrolyte plays a decisive role in the maximum operating voltage of ECs. As reviewed in the last
chapter, in terms of the intrinsic properties of the electrolyte materials themselves, the IL is the best
material that brings Vmax beyond 3 V. However, ILs severely limit the attainable power density due to
their low ionic conductivity, especially at a low temperature. Although aqueous electrolytes of higher
conductivity are thermodynamically limited by H.O decomposition window of 1.23 V, studies have
proved that they can be kinetically stable up to a substantially high voltage (more than 2 V) for neutral
electrolytes, due to three possible factors. (1) H*and OH-equilibrium. The concentrations of H* and OH"
ions in a neutral electrolyte are extremely low, hence neither hydrogen nor oxygen evolution is favored.
(2) There is a strong solvation of both cations and anions [47]. Cations and anions exist in the form of
hydrated ions, and the surrounding H>O molecules have to depart from the hydration shell before getting
involved in H, or O, evolution reactions (HER or OER). The extra energy required for dehydration
contributes to an overpotential to HER or OER. (3) Hydrogen electrosorption in micropores of the
carbon electrode [114, 115]. Carbons with smaller particle and pore sizes would lead to a higher
overpotential for HER [114], and surface functional groups also influence overpotential [116]. With a
proper selection of electrodes and device design, a 4.2 V aqueous device is possible [117]. Water-in-
Salts Electrolyte (WiISE) [118] concept (highly concentrated LiTFSI salt solution) also promises high
voltage aqueous electrolytes (2.4 V [119], 2.9 V [120]) enabling high energy devices, but there is clear
trade-off between an improved energy density and decreased power density and cycling stability [119].
Concentration optimization is needed to minimize this effect.

Besides electrolyte, electrode materials can also be a limiting factor to Vimax. The stability window of a
variety of common electrode materials in agueous and organic media is summarized in Figure 22 [112],
which can be used as a reference map for selecting electrodes when designing high voltage and high
energy ECs.
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Figure 22. Working potential windows of electroactive materials in (a) aqueous and (b) organic
electrolytes [112].

3.1.2 Device-level optimization

A boost in capacitance and maximum operating voltage can also be realized through device engineering,
leveraging existing materials. The approach is to reach an optimal match among the positive electrode,
negative electrode and electrolyte by designing asymmetric devices.

3.1.2.1 Principles

The benefit of increasing Vmax is substantial to energy improvement as E « V,2,,.. The design of
asymmetric devices is an effective tool to enlarge the voltage window by manipulating the two
electrodes through

mpCpEp = mNCNEN Equation (21)

where m, C and E represents the mass, specific capacitance and working potential window, respectively,
and the subscript label P and N refer to positive and negative electrodes. The above equation is simply
an expression of the fact that the amount of charge flowing through the positive electrode equals to that
through the negative electrode.

In the case of a symmetric EC with identical electrodes, the working potential windows are generally
symmetric (Ep = En). However, the symmetric windows could cause some potential wasted on one side
of the electrodes. As shown in Figure 23a, assuming that the positive electrode show capacitive behavior
within a potential range between Ep; to Epz, and the negative electrode is within En: to Ene, thus the
limits of capacitive potential range (CPR) of the two electrodes are
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CPRy = Enz — Ena Equation (23)
(a) Non-optimal (b) Non-optimal
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Figure 23. Schematic of electrode potentials and operating voltages in the case of (a) Enz > Ep1 and (b)
Enz < Ep1.

In many cases, the CPR range of the positive electrode overlaps that of the negative electrode, i.e. Enz
> Ep1 (Figure 23a). Then the device can be discharged to 0 V where the potential of positive electrode
equals to that of the negative electrode, and the equal potential at O V is donated as the potential of zero
voltage (PZV). If Enz < Ep1, the EC can only be discharged to a minimum operating voltage Vmin defined
by Ep1 - Eng, instead of 0 V.

When an EC is being charged, the potential of positive electrode increases while negative electrode
potential decreases (following the arrows in Figure 23), S0 Vimax IS determined till either of the electrodes
is ramped up to its potential limit (Ep2 or En1). The electrode that first reaches its boundary potential is
the voltage-limiting electrode. As an example in Figure 23a, the positive electrode is voltage-limiting,
then there is a wasted potential on the negative electrode that is not exploited yet applicable for
capacitive charge storage. To optimize the system in order to fully maximize Vmax, the capacitance of
the positive electrode should be increased. This can be done by asymmetric design with the following
methods.

3.1.2.2 Method 1 - Increasing the mass of the voltage-limiting electrode

When loading a higher amount of material on the positive electrode, i.e. increasing the mp in Equation
(21), the working potential range of negative electrode En is accordingly enlarged, since other factors
(Ce, Ep, my, and Cn) remain unchanged in the equation. Because the reference potential PZV is relatively
stable in EDLCs [35, 36, 121, 122], the negative electrode potential is stretched to its limit of Eni, and
the Vimax Optimization is thus achieved. The theoretical mass ratio can be calculated through

mp _ Cn'(PZV—Ep;)

my - Cp'(Ep,—PZV) Equation (24)

This requires an experimental determination of electrodes’ specific capacitances (Cp and Cy), the
potential limits (En1 and Epz, mostly determined by electrolyte stability window) and PZV. For this
purpose, except the common two-electrode setup as in Figure 24a, a conventional three-electrode cell is
needed to examine the stability window of electrolyte, which can also be used for a rough estimation of
Cn and Cp (Figure 24b). Besides, a special two electrode system equipped with a reference electrode (T-
type Swagelok cell used in Paper I is shown in Figure 24c) to gather information on the real-time change
of electrode potential during device operation, measure the PZV and exact calculation of electrode
capacitances.
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Figure 24. Measurement setups (a) Two-electrode system: Swagelok cell; (b) Conventional three-
electrode cell; (c) Three-electrode system: T-type Swagelok cell.

With this method (mass-balancing), it was demonstrated that Vmax has been optimized in EDLCs with
aqueous electrolytes [35, 36, 123], as shown in Figure 25. Similar cases can also be found in ionic liquid
systems [124, 125].

It is not established but quite common that the positive electrode is usually the voltage-limiting electrode
in symmetric EDLCs, especially in neutral aqueous systems. This may be partly attributed to the fact
that negative electrode potential can be extended to a rather low potential by taking advantage of nascent
hydrogen storage and thereby large HER overpotential, making a large CPR range of the negative
electrode.
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Figure 25. CV curves of a carbon electrode in a conventional three-electrode cell (0.3 mol L™ K;SO4)
with PZV and working potential ranges (dashed curves) determined by a T-type cell: (a) non-optimized
and (b) optimized. GCD curves of device and electrodes at an operating voltage of 1.4, 1.6 and 1.8 V
with Ep; and Eni determined by a conventional three-electrode cell: (¢c) non-optimized and (d) optimized.
Adapted from [35] and [36].

28



3.1.2.3 Method 2 - Increasing the specific capacitance of the voltage-limiting electrode

Similar to the increase of mp, a higher value of Cp (while keeping others unchanged) leads to the same
effect that Ey is stretched according to Equation (21).

It is worth noticing that a symmetric device might not be optimal. For symmetric EDLCs with the same
porous carbon on both sides, the specific capacitance of positive and negative electrodes are NOT equal.
A maximized specific capacitance is achieved when matching the pore size with the ion size [97, 126].
The sizes of cations and anions in an electrolyte are different, leading to a different degree of matching
thereby different capacitances on the two electrodes.

Therefore, one can construct an asymmetric device by using a different carbon material with respect to
the selection of electrolyte ions, in order to increase Cp and optimize Vmax. This method could retain the
most power capability and cycling stability of EDLCs. A more substantial change to the system is
through replacing carbon with a pseudocapacitive material. This falls into the field of asymmetric
pseudocapacitors. Except for a high specific capacitance, another possible beneficial aspect of using
pseudocapacitive materials is a high H>O decomposition overpotential. For example, a high OER
overpotential on a MnO,/CNTs composite was found independent of the electrolyte pH [127] as shown
in Figure 26a. Thermodynamically, OER potential at pH = 10 is 0.64 V and at pH = 6.4 is 0.85 V vs.
NHE (normal hydrogen electrode). Experimental results show that the MnO, material can be polarized
to a much higher potential without showing oxygen evolution, making it a suitable positive electrode
material candidate. The maximum operating voltage of a device with an activated carbon negative
electrode is possible to be over 2 V with optimization (Figure 26).

pH=6.4 pH = 10

b
(@) 4 4 (b)

C/Fig
C/Fig
¢ 683 .288

Mn(IV)->Mn(ll) Mn(IV) *Mn(VIl)

-500

E, V vs. NHE E vs NHE/'V
Figure 26. CV curves of MnO, in KOH (pH = 10) and KNOs (pH = 6.4) and (b) CVs of activated carbon
and MnO; in KNOs solution (pH = 6.4) [127].

Further, replacing the carbon electrode with another pseudocapacitive material will result in asymmetric
devices based on all pseudocapacitive electrodes [112]. Constructing this type of devices is an effective
approach to maximizing Vmax in aqueous media, but the application of organic electrolytes for a further
boost in voltage limit remains a challenge [8]. Moreover, it is rather clear that a lack of cycling stability
is a barrier for this type of devices to be applied in self-powered systems - a considerable amount of
demonstrations show a capacitance retention less than 90% over only 5 000 cycles. A solution to this
problem relies rather on materials development.

3.1.2.4 Method 3 - Pinning the electrode potential of the voltage-limiting electrode

Another way of perceiving “increasing the capacitance” is slowing down the rate of potential increase
during charging, i.e. a smaller slope on its GCD curve. Along this line, an extreme situation is that the
potential of the voltage-limiting electrode (Ep in the case of Figure 23) is “pinned” at a certain value,
then the potential range of the other electrode is thus stretched according to Equation (21). Pinning the
electrode potential is effectively introducing a battery-like behavior which displays a plateau on GCD
curves, and therefore hybrid ECs. Since battery behavior cannot be interpreted as capacitance, Equation
(21) is converted to Equation (25) for those devices with a battery-like behavior appears on the positive
electrode, or Equation (26) for those on the negative electrode.
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mPQP = mNCNEP Equatlon (25)
where Qp and Qn refer the specific capacities (C g* or mAh g*) of the battery-like electrodes.
It is a perspective that among the two general methods constructing hybrid ECs (incorporating battery
electrode material or employing redox electrolytes), the use of redox electrolytes is more effective to
improve the energy while keeping the high power and cycling stability since it is developed on the base

of EDLCs. The dimensional change caused by e.g. intercalation/deintercalation reactions of battery
electrodes significantly impacts their lifetime, detrimental for 10T applications.
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Figure 27. (a) GCD curves f device and electrodes at 1.6 V with KI-KOH electrolyte. (b) Ragone plot
comparing energy and power densities with other systems [128].

An example of pinning electrode potential is shown in Figure 27 where the electrolyte is 4 M KI mixed
with 1 M KOH [128]. Faradaic energy storage originates from iodine related reactions as

I +60H™ - 105 + 3H,0 + 6e~ Equation (27)

The reaction generates a long plateau on the positive electrode, making the electrode potential Ep to be
pinned at around 0.5 V vs. Ag/AgCI reference electrode (Figure 27a). The negative electrode potential
is stretched to as low as around -1.1 V, with its CPR range fully exploited. The pinned potential prevents
the potential going further to invoke OER, therefore H,O is protected from decomposition by the redox
reaction. Vmax Of the aqueous electrolyte device is high up to 1.6 V, even with the presence of an alkaline
KOH. The device operating at 1.6 V shows an improved energy density and an EC level power density
is retained in this system (Figure 27b).
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Figure 28. (a) Negative and (b) positive CV scans in a three-electrode cell with 1 M KBr (Paper ).
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In Paper I, we have found that KBr in a simple form of salt is an effective redox-active electrolyte and
also displays a pinning effect. The redox reaction starts to take place in terms of

3Br~ - Bry Equation (28)

at a potential of about 0.65 V vs. Ag/AgCl, determined by CV scans of 1 M KBr with an AC working
electrode (Figure 28b). The cathodic current during the negative scan (Figure 28a) increases
continuously with the voltage ramping. No dramatic change is observed until -1.30 V although it seems
-1.2 V is around the limit for a pure capacitive behavior. This indicates that large overpotential of HER
exist on the negative electrode. If Ep; is pinned by the redox reaction, En: will be stretched to a low
potential and then a large Vmax Can be expected.

Table 5. Performance metrics of the KBr-containing device at different voltages 2 (Paper I).

Vmax 08V 10V 12V 14V 16V 17V 18V 19V
Specific capacity, Qelectroee (MA g?) 168 208 256 324 380 416 448 488
Specific capacitance, Celectrode (F g1) 752 772 804 832 8.2 84 896 920

Specific energy, Edevice (Wh kg?) 1.7 2.7 4.0 6.1 8.0 9.4 106 120
Coulombic efficiency, 7c (%) 99.7 997 996 994 987 979 972 975
Energy efficiency, 7e (%) 952 956 958 943 933 914 89.0 876

2 The numbers presented in this table are average values of 100 cycles at specified voltages at 1 A gL

We measured the performance of a KBr-containing device with two identical AC electrodes at different
Vmax Shown in Figure 29a-b. The performance metrics extracted from GCD measurements are listed in
Table 5. The experiment indicated that the device can reach 1.9 V without compromising stability in
this agueous system, which is remarkable considering the simplicity of the system. The electrode
potential values were recorded using the T-type Swagelok cell. As shown in Figure 29, Ep; finally tends
to saturate at around 0.8 V vs. Ag/AgCl when the cell operates at 1.9 V, which is close to the standard
electrode potential of 0.84 V vs. Ag/AgCI for the redox reaction. Accordingly, Ena eventually decreases
to about -1.1 V. The 1.9 V high voltage aqueous device shows considerable improvement in energy
density and its power density remains high (Figure 29d). Moreover, the energy efficiencies are still high
as 87.6% when battery-like reactions are heavily involved at 1.9 V.
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Figure 29. KBr-containing device: (a) CV scans and (b) GCD curves from 0.8 to 1.9 V, (c) variation of
electrode potential as a function of operating voltage, and (d) Ragone plot (Paper I).
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The approach of pinning electrode potential seems to be effective for developing ECs for self-powered
systems, in terms of increasing energy at a high power and high stability. Nevertheless, one should be
cautious about the complexity of the system. The introduction of redox activity causes voltage-
dependent behavior - it behaves as pure EDLC up to 1.6 V, and then hybrid features appear from 1.7 V
and above. Moreover, we have also observed a history-dependent behavior. As shown in Figure 30,
GCD curve “swells” with the cycling process at 1.9 V operation. If the device is pre-cycled at 1.9 V for
500 cycles and then operated at 1.6 V, a small portion of redox activity is “triggered”, evidenced by the
changing of the GCD curve slope towards the high voltage (Figure 30c), in contrast to the pure EDL
behavior when directly operated at 1.6 V (Figure 30a). We donate the pre-cycling process as “triggering
operation”. The history-dependent behavior is accompanied by a variation of En1, Epz, and PZV caused
by complex redox chemistry as well as the transport and storage of redox-active ions. We believe the
observations are not unique to KBr, but also to other redox enhanced EDLC systems. Therefore, one
should be aware of these changes in storage mechanism, and evaluate them carefully before bringing
them into practical application.
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Figure 30. The history-dependent behavior of KBr-containing devices: GCD curves at specified cycle
numbers at (a) 1.6 V, (b) 1.9 V and (c) 1.6 V after a triggering operation (Paper I).

3.1.2.5 Method 4 - Tuning PZV
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Figure 31. (a) Schematic of PZV tuning to maximize operating voltage window [129], (b) PZV and
electrode potential shift after triggering operation in KBr-containing system (Paper 1).

PZV is a reference point of potential with respect to which the two electrodes starts to work against. If
PZV can be tuned to shift away from the CPR of the voltage-limiting electrode, Vmax is enlarged. For
example in Figure 23, a downshift of PZV towards Er: would exploit the maximum CPR of the positive
electrode, and at the same time, working potential of the negative electrode is enlarged accordingly with
regard to a balanced charge flow i.e. Equation (21). Therefore, PZV is an important parameter that affects
Vmax, however, it is difficult to predict its exact value in practice, but it is located within the open-circuit
potentials of the positive and negative electrode. It is believed that when operated at 0 V, there is a fast
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potential balance between the two electrodes and PZV is determined when the balancing process reaches
equilibrium [129]. Along with this vein, researchers pre-charged the voltage-limiting electrode (positive
electrode) at lower potential values than its OCP in a conventional three-electrode cell, then assembled
the device with the pre-charged positive electrode, and managed to downshift PZV to from 0.17 to -0.1
V vs. SCE (standard calomel electrode). The downshift of PZV leads to a utilization of wasted potential
on the negative electrode, and finally optimized Vimax from 1.4 to 1.8 VV in 5 M LiCl electrolyte [129].
The schematic of PZV tuning by pre-charging is shown in Figure 31. Besides the pre-charging method,
there can be other applicable methods, especially when redox reactions involve and the surface charge
of the electrode become complex. The complexity can allow for the possibility of more tuning methods
or even self-adjustment of PZV, e.g. PZV shift caused by triggering operation in the KBr-containing
system. Future efforts are needed to manipulate the PZV more effectively and productively.

3.1.3 Remarks

Improvement of the energy density of ECs relies on a joint effort of both materials science and device
engineering. The insight from the viewpoint of electrode potentials and a simple theoretical
consideration of Equation (21) help to optimize device performance. In the process of enhancing energy,
one should be aware of the influence on power and cycling stability, and critically evaluate the device
in accordance to application requirements. Among the presented strategies, methods and examples, it is
a perspective that high voltage redox electrolyte based EDLC systems is promising for applications in
self-powered systems. KBr redox electrolyte enables battery-level energy density with EC-level power
density and cycle life, and also very high energy efficiency. The complex yet interesting redox
electrochemistry of redox electrolytes allows the possibility for performance manipulating through a
triggering operation or PZV tuning, while the continuous change of GCD curves at high voltage
operation might cause difficulty to accurate power management.
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3.2 Towards high operating voltage limit
321 Bipolar design

titanium bipolar plate
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Figure 32. Bipolar design [130].

The maximum operating voltage limit Vimax Of a single device is determined by the electrode and
electrolyte materials and can be optimized through device engineering with the methods stated in the
last section. Normal Vmax Of single devices is 1 to 3 V. For applications that require higher voltage than
3V, one can use two or even more devices connected in series. The bipolar design aims for higher
space-efficiency of series-connection of multiple devices.

In essence, a bipolar design is simply to stack devices, but through bipolar electrode plates. A bipolar
electrode plate can serve as a current collector for a positive electrode in one cell, while as a negative
electrode’s current collector in the adjacent cell. In this way, only N+1 plates are needed for stacking N
devices, while normal stacking requires 2N plates together with 2N individual packages. An example
of a bipolar device is shown in Figure 32. This device uses titanium as the bipolar plate, and the unit
cells are insulated by rubber rings. With this configuration, researchers fabricated a 20 V bipolar device
consisting of 19 PPy-CNTs (+) | 3 M KCI | CMPB (-) cells [130]. Other examples of bipolar design
devices can be found in references [131-135]. Besides, the author has developed bipolar device
prototypes with 3 unit cells encapsulated in CR1220 coin cells for a project application. Graphite papers
were used as the bipolar plates, and water-proof double-sided tape was employed for insulation.

3.2.2 Remarks

The bipolar design is desired for high-frequency ECs as the one in Paper Ill, which utilize a KOH
electrolyte and thus Vimax Of a single device is limited to less than 1 V. A bipolar design is a device-level
engineering approach which can absolutely achieve high operating voltages that are not achievable for
single devices. Energy and power densities (per weight) of a bipolar cell is at the same level as its unit
cells, but the bipolar design is advantageous over the design that externally connects multiple devices,
because a bipolar device needs less packaging and current collector materials. Exploiting lighter
materials for bipolar plate can further strengthen this advantage. Moreover, when using high voltage
bipolar devices for low voltage applications, each unit cell works at only 1/N of the voltage applied on
the device, which is beneficial for achieving slow self-discharge or low leakage current, as well as high
cycling stability.

The main drawback associated with a bipolar design is its relatively complicated manufacturing process.
Unit cells must be isolated from each other, which is challenging when using liquid electrolytes, and
especially when fabricating miniature devices for microsystems. Employing solid- or quasi-solid-state
electrolytes can alleviate the problem. Furthermore, the bipolar design requires high uniformity of unit
cells, meaning that the cells should have the same capacitance, working voltage range, etc. Otherwise,
the system is not balanced and lifetime is thus seriously shortened, similar to battery system balancing.
Another concern comes with the fact that malfunction of any unit cell in a series connection leads to a
failure of the whole device. Therefore, the bipolar design poses very high requirements on manufacture
engineering.
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3.3 Towards extreme temperature operation

For extreme temperature performance, the electrolyte is the most critical component. At low
temperatures, energy and power are limited by ionic conductivity of the electrolytes, while electrolyte
decomposition causes safety and reliability issues at high temperatures. Therefore, kinetics-related
parameters (such as ionic conductivity) and thermal stability properties are the main factors when
evaluating electrolyte for extreme temperature operations.

The influence of temperature on electrolyte physicochemical properties is presented in Figure 33 [136].
Temperature change directly alters the ionic conductivity, viscosity and diffusion coefficient, and the
latter two factors are highly relevant to ionic conductivity via different governing rules. All the
variations are reflected by the capacitance and ESR. The intrinsic properties of an electrolyte, i.e. glass
transition temperature (Tgy) and decomposition temperature determine the usable temperature range, and
Ty also influences ionic conductivity of particularly solid- or quasi-solid state electrolytes. The relation
network should help scrutinize electrolyte options for ECs that target extreme working temperatures.
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Figure 33. Relation network of temperature and different properties of electrolytes.

3.3.1 Towards extreme low-temperature
3.3.1.1 Aqueous electrolyte systems

It is of industrial interest to develop low-temperature ECs based on aqueous electrolytes because of their
low cost compared to other counterpart electrolytes. Aqueous electrolytes typically cease to work when
temperature below -10 °C, because most electrolytes start to freeze and solubility of salts sharply
decrease which significantly diminishes ionic conductivity, although -52 °C was reported for RuO;
pseudocapacitor using 39 wt% (5.26 M) H.SO, without no additional treatment [137].

To extend the low-temperature limit, industrial anti-freeze (ethylene glycol, methanol or formamide)
can be considered as an electrolyte additive that maintains a liquid phase at extremely low temperatures.
An anti-freeze agent of ethylene glycol was added into Li»SO4 and achieved a limit of -20 °C for an
EDLC [138]. The addition of the same agent into solutions of sodium, lithium, potassium and
ammonium sulfate resulted in -30 °C aqueous electrolytes for a MnOz/carbon pseudocapacitor, and it
was found that the addition of ethylene glycol increases viscosity and decreases ionic conductivity [139],
therefore alternative electrolyte systems have been developed. Methanol, an alternative to ethylene
glycol, was used as an anti-freeze additive in a NaClO, electrolyte for AC based EDLCs, and a limit of
-40 °C was achieved at an operation voltage window of 1.2 V [140]. Further, a 1.6 VV window operating
at -40 °C in 7:3 volume ratio water/methanol Li.SO. system was reported demonstrating reasonable
EDL behavior [141]. In addition, formamide was also used as an anti-freeze agent, and an electrolyte of
calcium chloride (CaCl,) dissolved in formamide/water (1:1 volume ratio) was proposed as an
electrolyte for down to -60 °C application in a CNTs-based EDLC system.
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In general, the use of anti-freeze extends the low-temperature limit, but at the same decreases solubility
of salts due to a low dielectric constant of the organic moiety promoting ionic association [142], resulting
in low conductivity and impairing room temperature performance. For example, the solubility of Li,SO4
is reduced to around 0.7 M in water/methanol (7:3 volume ratio) mixture and the conductivity decreases
to 40.6 mS cm compared to 64 mS cm for 1 M Li,SO, in water at 24 °C, correspondingly capacitance
drops from 103 to 89 F g for the mixture [141]. In an effort of searching highly conductive neutral (for
high voltage operation) electrolytes that withstand freezing conditions, binary mixtures of cholinium
chloride [HOCH,CH,N(CHz3)s]*Cl- 5 mol kg water solution was recently demonstrated as a low-
temperature electrolyte capable of working as low as -40 °C with little capacitance loss compared to
room temperature performance (from 126 to 106 F g*) [143].

3.3.1.2 Organic electrolyte systems

Many commercial ECs can already work reliably at a low-temperature of -40 °C based on ACN based
organic electrolytes. A further extension of the limit is restricted by similar concerns as for aqueous
electrolytes, i.e. freezing point of the solvent, the solubility of salts and viscosity, etc. Accordingly,
methods of extending low-temperature limit of organic electrolytes include using low freezing/melting
point solvent or use such chemicals as co-solvent and employing salts of high solubility to maintain
adequate ionic conductivity and minimize ESR at low temperatures [144-148].

Adding low melting point co-solvent (such as formates, esters, and cyclic esters) into the TEABF4/ACN
electrolyte can enable carbon EDLCs working at -75 °C but the limit is -55 °C with a moderate ESR
value [144]. Interestingly, the study found that the capacitance value shows less dependency on the
electrolyte variation, while ESR seems to be quite sensitive. By employing a zeolite-templated porous
carbon as the electrode, a low-temperature limit of -70 °C was demonstrated in SBPBF. (spiro-(1, 1°)-
bipyrrolidinium tetrafluoroborate) in ACN to show up to 86% of the energy density available at room
temperature [147]. Note that the addition of co-solvents could limit the upper-temperature tolerance to
50 °C [149].

3.3.1.3 lonic liquid electrolyte systems

lonic liquids are well known for their high thermal stability that is suitable for high-temperature
operations, however, ILs are restricted for low-temperature applications due to high viscosity, a melting
point that is greater than 0 °C, and low conductivity. Strategies to enhance low-temperature performance
includes mixing an IL with organic solvents [150-152] and mixing an IL with another IL [149, 153-
156]. The former strategy improves ionic conductivity at a cost of thermal stability. Comparably,
eutectic mixture of ILs represents an important direction to very wide temperature range electrolytes.

Eutectic mixtures of ILs have large stable liquidus temperature range (the span of temperatures between
the freezing point and boiling point of a liquid). The size and symmetry of cations strongly influence
the melting points of ILs. Usually, one of the two pairing ions (usually the cation) is particularly large
and possesses a low degree of symmetry, leading to inefficient packing of the large irregular cations
with small charge-delocalized anions, which is why organic salts have a reduced crystal lattice energy
and hence a lower melting point compared to inorganic salts [153].

It was demonstrated that the selection of a proper combination of cations with the same anion prevents
an ordered arrangement and crystallization, thereby inhibiting the formation of a lattice. The liquid state
of the mixture can then be maintained several tens of degrees lower compared to ILs taken individually
[149]. A eutectic mixture of N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide (PIP13FSI) and
N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (PYR14FSI) was used as the EC electrolyte in
conjunction with exohedral nanostructured carbon (CNTs and OLC) electrodes. The system exhibits a
remarkable working temperature range from -50 to 100 °C as shown in Figure 34, with a liquid state
maintained down to -80 °C [149]. Recently, a new eutectic IL mixture based on 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIMTESI) and 1-propyl-3-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (PMPyrrTFSI) was developed and the low
temperature limit has been lowered to -70 °C [157].
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Figure 34. Change of capacitance versus the temperature for OLC and CNT electrodes in PIP13FSI-
PYR14FSI eutectic IL [149].

3.3.1.4 Solid- or quasi-solid-state electrolyte systems

Solid- or quasi-solid-state electrolytes have an advantage in high package compatibility for leak-proof
encapsulations and find applications in consumer electronics, microelectronics, and wearable or
printable electronics. Application of this type of electrolytes for low-temperature operation is
challenging, as their ionic conductivity is already moderate at room temperatures (at a level of 102 S
cmt). There has been no comprehensive work addressing the low-temperature performance of solid-
state electrolytes, but it was shown that the PV A/KOH based electrolyte is capable of working at -20 °C
for a NiO-AC system [158].

lonic conductivity in solid- and quasi-solid-state electrolytes is governed by the concentration of
dissociated carrier ions and their mobility. The mobility is highly relevant to the polymer matrix applied.
Therefore, it could be beneficial to use low Ty polymers in order to facilitate ion movement.

3.3.2 Towards extreme high-temperature
3.3.2.1 Aqueous electrolyte systems

Limited by the water evaporation issue, agueous electrolytes are not likely to be used at very high
temperatures above 80 °C. Some research work demonstrated H>SO4 aqueous electrolyte can be
operated at up to 73 °C at a 17% capacitance drop compared to room temperature [137]. The capacitance
drop can be explained by the increasing thickness of the Helmholtz layer (increased charge separation
distance d thus a decreased C in Equation (2) caused by accelerated Brownian motion [159].

Unfortunately, there seems no solid solution from materials development point of view to address the
issue. Instead, one can apply thermal management (cooling) systems for aqueous EC packs to keep the
temperature constant, however, this measure increases cost and reduces energy density and reliability,
and more importantly, it necessitates maintenance which is against the vision of 10T systems and adding
a cooling system is basically impractical for miniaturized systems. Therefore, aqueous ECs are not
recommended for high-temperature applications.

3.3.2.2 Organic electrolyte systems

Typical upper-temperature limit for organic electrolytes is 70 °C. Under extreme high-temperature
operation, an organic electrolyte undergoes decomposition causing safety issues and impairing the
cycling stability.

PC and ACN based organic electrolytes are most common among commercial products and in research
reports. Comparably, PC are less thermally stable than ACN (although in some cases PC based organic
electrolytes are used up to 100 °C [160]). ACN has a boiling point of only 80 °C and it is not
recommended for temperatures above 70 °C due to safety concerns. In the event of abusive electrical,
thermal, or mechanical conditions, a very toxic substance of hydrogen cyanide can be generated. ACN
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also has a low flash point of about 5 °C, which also poses safety issues. In general, organic electrolytes
are not suitable for extreme high-temperature applications, the same as aqueous ones.

3.3.2.3 lonic liquid electrolyte systems

lonic liquids are an important candidate for constructing ECs that can withstand extreme high-
temperature conditions, due to their high decomposition temperature (typically 200 to 400 °C [161]).
Thermal stability of ILs is influenced by water and impurities [162]. In principle, ILs can be used at an
operating temperature below the decomposition point. However, at extremely high temperatures, the
interaction between different components (electrode, binder, current collector and electrolyte) becomes
predominant thus limiting operations under extreme conditions. Moreover, at high temperatures, the
thermal expansion of components is not negligible. We have observed that the Swagelok cells (with
stainless steel current collector and a Teflon jacket) are not suitable for high-temperature experiments,
because of the mismatch in thermal expansion efficiencies of different materials of components.
Likewise, coin cells configuration is not qualified because the pressure build-up at relatively high
temperatures destroys the encapsulation, and the plastic gasket ring is not thermally stable. Above
reasons may justify why a good amount of work demonstrating IL electrolyte working at high
temperatures from 60 to 80 °C, while it is rarely reported above 100 °C. To deepen the knowledge of
the performance of IL above 100 °C, special measurement set-up may be necessary.
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Figure 35. Schematic of the customized chamber and EC cell assembly (Paper 1I).

In Paper 11, a measurement setup for temperatures above 100 °C is custom-made and shown in Figure
35. The customized setup consists of a top and a bottom housing made of stainless steel. The housings
provide one end connection to the EC cell from an external power supply. The second end connection
is maintained by a flat head pin (made of stainless steel) through the top housing. A thin Teflon gasket
is kept between the top housing and the flat head pin in order to avoid any connection with the rest of
the housings. The EC cell is placed inside a cavity of the bottom housing. The cell is separated from the
wall of the cavity by an inner Teflon body to make sure that the external connection through the housings
is maintained only at the one side of the cell. A thin Teflon gasket on the surface of the bottom housing
provide isolation for a piston-shaped current collector that is attached to the flat head pin with a stainless
steel spring which could compensate thermal expansion issues at elevated temperatures.

3.3.2.4 Trading Vma for stability under extreme high-temperature operation

Although a high Vmax results in a high energy density, it accelerates the ageing process of ECs. An
increase of voltage window by 100 mV can reduce lifetime by a factor of two [163]. Charging to a
voltage of 200 mV above the rated voltage can increase ageing rate by a factor of 64, equivalent to
increasing temperature by 40 °C above room temperature (25 °C) [164]. Therefore, it is not uncommon
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to lower the voltage limit in order to gain a higher stability at high temperatures. Of particular practical
significance, for neat ionic liquid electrolyte systems, this action can gain stability at no energy and
power sacrifices.

With the measurement setup in Figure 35, an AC-based EDLC system with an ionic liquid electrolyte
EMImAC is evaluated at up to 150 °C. Note that the selection of EMIMAC as an electrolyte is mostly
driven by the smart-MEMPHIS project which requires device assembly to be conducted in an
uncontrolled environment and therefore the component (EMImACc) should be of low toxicity [165, 166]
for staff safety. The maximum voltage limits Vmax at different temperatures were determined by a series
of CV measurements. At room temperature up to 80 °C, the limit is set at 1.5 V, while it is lowered to
1.4V for 100 and 120 °C, and further down to 1.3 VV when operating at 150 °C. The result of a thorough
evaluation is listed in Table 6. Due to a high viscosity and low ionic conductivity of the neat IL EMImACc
at room temperature, a large IR drop is observed leading to a usable voltage of 1.31 V. With an increased
temperature, ionic conductivity increases resulting in higher capacitance and at the same time much
smaller IR drop. As a result, the energy and power density are much greater at elevated temperatures
than the ones obtained at RT with a higher Viax.

Table 6. Performance metrics of EMImAC containing EC (Paper II).

a Useable Energy Max. . b
'(I;eCn)ﬂperature 2/\?;“ lgn g;;) P voltage density Power density g:agi(;nance
V) (Whkg™) (kW kg™)

RT 15 186 131 4.3 4.6 84

40 15 79 1.42 6.1 12.8 98

80 15 35 1.46 8.3 30.5 122

100 14 29 1.37 7.3 325 121

120 14 26 1.37 74 36.0 121

150 1.3 23 1.28 7.7 35.6 142

2R drop at 3 A g'1; ® Maximum capacitance is achieved at 1 A gt while 2 A g for 150 °C

Above observation on EMImAc can be universal to other neat IL electrolyte systems. As high
temperature greatly enhances the conductivity of neat ILs and therefore increases effective voltage range
during a discharge, the energy and power loss as a result of decreasing Vmax can be minimal. It is a
perspective that neat ILs are very promising candidates for extreme high-temperature operations.

3.3.2.5 Solid- or quasi-solid-state electrolyte systems

Compared to low-temperature applications, there is a great interest in using solid- or quasi-solid-state
electrolytes at elevated temperatures. The accelerated ion diffusion rate in the electrolyte with less
viscosity results in increased conductivity with operating temperature and good energy storage
capability. HsPO. doped proton-conducting film poly[2,5 benzimidazole] (ABPBI) was evaluated up to
120 °C with AC electrodes, showing capacitance increased from 197 to 248 F g* from room temperature
[167]. Similarly, a HsPOa-doped poly-[2, 20-m-phenylene-5, 50-bibenzimidazole] (PBI) electrolyte
sandwiched between two reduced graphene oxide (rGO) electrodes was demonstrated to have extremely
high stability at up to 160 °C [168]. Record temperature of 200 °C was reported for an ionic liquid based
ionogel [169] and another ionic liquid infilled with clays [51]. For the most common PVA based
electrolytes, typical high-temperature limit is below 70 °C (T4 of PVA is 85 °C), and crosslinking of the
PV A matrix may be beneficial in enhancing high-temperature performance [170].

3.3.3 Remarks

loT systems such as wireless sensor networks with storage units are applied for a wide range of
applications in diverse environmental conditions, but it is usually a very rare case when a specific
application requires an extremely wide range of temperatures from extremely low e.g. -40 °C to
extremely high e.g. 200 °C, which can be probably tolerated only by eutectic ionic liquids without a
thermal management system. Therefore, the design is mostly application-specified towards either low
temperature or high temperature.
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For extreme low-temperature applications, agueous systems are advantageous because of relatively high
conductivity and low cost. For extreme high-temperature, neat ILs are a good option, and trading voltage
limit for stability can be considered. The benefit of gaining stability at little or no compromise in energy
and power reveal in Paper Il may also be observable for other low room-temperature conductivity
electrolytes such solid- or quasi-solid-state electrolytes. The use of neat ILs is also favored from a
packaging point of view, as the absence of a solvent precludes an evaporation issue during a high-
temperature encapsulation. In addition, special encapsulation and a package design may be necessary
for extreme high-temperature ECs, taking into account the thermal expansion coefficient of the
components.

This section addresses extreme temperature operation from electrolyte options viewpoint, however, the
consideration of electrodes, separators, current collectors and their interaction with electrolytes may not
be trivial.
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3.4 Towards slow self-discharge and low leakage current

Self-discharge and leakage current are detrimental to preserving the harvested energy in a self-powered
system. Especially in miniaturized systems where the magnitude of the current (converted from the
harvested energy) for charging an EC is at as low as uA or even nA level. Self-discharge dissipates
energy through a spontaneous voltage decay under open circuit conditions, while leakage current is
relevant to consuming energy for keeping the EC at a constant voltage (for buffering battery
applications) and also related to charging behavior at low current. Minimizing self-discharge and
leakage current is a critical task for EC development targeting loT applications.

34.1 Mechanisms and mathematical treatments

An ideally polarized capacitor has no pathway for current to leak in an open circuit, and the equivalent
circuit can be represented by Figure 36a, in which charging current i: enters through a resistance Rs into
the capacitor C. For a constant voltage V applied, the variation of charging current can be calculated as

i, = ijexp[— Etc] Equation (29)

In reality, self-discharge and/or leakage current set in, and the equivalent circuit contains a potential-
and time-dependent leakage resistance, Rsp, in parallel to the capacitor [171]. Under constant voltage
charging, it is decomposed to ic that charges the capacitor and the leakage current, isp, resulted from the
self-discharge through Rsp. When Rsp >> Rs, self-discharge is slow and charging current is close to that
charging an ideal capacitor as in Equation (29). If Rsp << Rs, the rate of self-discharge is high and a
large leakage current is required to maintain charge stored in the capacitor to sustain a constant voltage.

(a) Ve
i = VW
i Ry C
e Ve o v —]

Figure 36. Equivalent circuits of ECs (a) without and (b) with self-discharge / leakage current [171].

The leakage resistance originates from different mechanisms. Conway [7] has classified them into three
categories: (1) So-called activation-controlled electrochemical reaction which kinetically follows the
Tafel equation. This corresponds to overcharging beyond the respective (plus or minus potential)
decomposition limit of the electrolyte. The voltage decay as a function of time is mathematically
represented as

RT | aFi
V=—-=In—
aF  RTC

RT C .
——In(t + T) Equation (30)

where V is the voltage at time t, R is the gas constant, T is the temperature, F is Faradaic constant, a is
transfer coefficient, iy is the exchange current density, C is the capacitance and 7 is an integration
constant. Therefore, voltage declines linearly with log t. (2) Discharge through ohmic resistance,
physically corresponding to any undesired imperfection of insulating material, e.g. short-circuit leakage
currents between adjacent electrodes in imperfectly sealed bipolar configurations. In this case, voltage
decay is in the mathematical form of

' t .

s exp(— E) Equation (31)
where Vj is the initial voltage, R is the leakage resistance. Therefore, InV declines linearly with t. (3)
Diffusion-controlled processes. It can correspond to practical examples where some depolarizing
impurity is present that can undergo a Faradaic redox reaction within the potential range of charging
and that for solvent stability. The dynamics of voltage decay is governed by Fick’s law and in the
mathematical form of

C(Vy — V) = 2zFAD 2t/ 2 ¢y t1/? Equation (32)
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where A is the area of flux, D is the diffusion coefficient and ¢, is the initial concentration of the
diffusive species. Therefore, V declines linearly with t*2. The pattern of the voltage decay as a function
of time is generally used to detect the mechanism of self-discharge.

(@  Pore mouth Pore mouth (b) ,_‘il" o
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Figure 37. (a) Charge redistribution in a slit pore; (b) Vertical ladder network of TLM [172].

In porous carbon electrodes, charge redistribution is an important phenomenon relating to self-
discharge [172, 173]. Graphically, charge redistribution within one slit pore is displayed in Figure 373,
where the charge is first accumulated at the pore “mouth” and distributed down to the pore base
gradually. To simulate the charge redistribution effect in porous carbon structures, transmission line
model (TLM, different RC sub-systems forming a ladder-like circuit) as shown in Figure 37a can be
employed. Each RiC; system has its own characteristic time z; (not necessarily equal to another time
constant z;), at which it may be charged or discharged. The circuit is proposed to be universal for any
porous electrode having non-branching pores [172]. Due to different time constants, the system cannot
be charged synchronously, implying that smaller z; of RC circuit are firstly charged up and then the
charge is redistributed throughout, causing apparent voltage decay, i.e. self-discharge. It was proven that
charge redistribution leads to the same mathematical expression of voltage decay as activation controlled
Faradaic reactions [173].

For a practical EC, the mechanism of self-discharge and leakage current can be “hybrid”, but takes
mathematical forms of above. Therefore, the voltage decay can be eventually simulated with the
equation below

V(t) =V, — aexp (é) + bin(t) + ¢t Equation (33)
where a, b and c are all constants [174].

3.4.2 Influences of charging history and temperature

The charging history and the ambient temperature significantly influences the rate of self-discharge and
leakage current [175]. Applying a small Vimaxand charging current, hold the voltage for a long duration
at a low temperature will lead to minimal self-discharge and leakage current.

The observation for porous carbon-based ECs can be understood by the charge redistribution model.
Bearing in mind the role of pores with different sizes (Figure 21), bigger pores at the periphery
adsorb/de-adsorb ions at a faster rate than meso- and micropores due to the higher resistance of the
latter. Upon charging at high current for a short period of time, ions accumulate at the big pores and the
small pores remain unoccupied. A charge redistribution process will then set in so that the meso- and
micropores reach an equilibrium potential with the big pores, and a rapid voltage decay will be observed.
However, if the EC is charged for a long time before being open-circuited, the ions reach the micropores
of the electrode, and this sudden voltage drop can be averted. The time constant of charge redistribution
for porous carbon-based ECs can be more than 50 hours [173]. A low charging current will allow more
time for ions distribution into small pores, which in turn alleviate fast voltage decay.

Regarding temperature, Arrhenius equation is used to model its relation with self-discharge current I, in
connection to leakage current, and temperature T

AE,
RT

I(T) = Aexp[— Equation (34)
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where E, is in the order of 40-80 kJ mol* for Faradaic processes, and 16-20 kJ mol* for diffusion-
controlled processes. Assume an E, of 40 kJ mol?, the leakage current is 37 times higher at 70 °C than
at0 °C.

34.3 Suppressing self-discharge and leakage current

Similar to batteries, a charged EC is at a relatively high free energy state compared to its discharged
state, therefore the phenomenon of self-discharge and leakage current is thermodynamically driven. It
cannot be totally prohibited but the process can be kinetically slowed down to a certain degree until
meeting application requirements.

To find a solution, one can first identify the mechanism based on the mathematical simulation discussed
in section 3.4.1. It is advised to employ three-electrode systems to identify the individual behavior of
two electrodes [7, 176]. This procedure is useful if there are different mechanisms or rates of self-
discharge at the positive and negative electrodes, which is usually the case. For example, Chen and co-
workers [177] used this method and identified that in a hydroquinone/H,SO4 redox electrolyte system,
self-discharge takes place through the shuttle of redox species BQ (p-benzoquinone) between the two
electrodes. Accordingly, remedies including using an ion-exchange membrane Nafion® 117 as a
separator to block the diffusion pathway of BQ, or selecting a redox electrolyte which is converted into
insoluble species during a charging process. Besides, Tevi et al. [178] proposed to deposit an ultra-thin
layer of poly (p-phenylene oxide) (PPO) to block electron transfer to prevent reactions related to redox-
active impurities of the electrode or electrolyte. Adding electrolyte additive such as surfactants of
sodium dodecyl sulfate (SDS) and p-t-octylophenol (Triton X-100) [179], as well as a liquid crystal of
4’-Pentyl-4-biphenylcarbonitrile (5CB) [180], have also been reported to be effective solutions in
suppressing self-discharge.

In paper 111, we found that the utilization of a GPE electrolyte with graphite/\VACNTS electrodes could
alter the self-discharge mechanism and result in low loss ECs, compared to aqueous systems. As shown
in Figure 38a, 85% of initial voltage was retained after 10 min open circuit for the PVA/H3PO, device,
12% higher than that with a KOH electrolyte. In another comparison in Figure 38b-c, mathematical
analyses suggest that the self-discharge mechanism could have been altered by using a different
electrolyte. For the gel electrolyte, the self-discharge curve can be fairly well fitted with a governing
equation derived from Fick’s law, i.e. voltage decays linearly with t*”2, suggesting that the self-discharge
may mainly originate from diffusion controlled processes while ohmic or Faradaic processes have little
contribution. On the other hand, the curve of the device with a KOH electrolyte cannot match any single
mechanism, indicating that its self-discharge is governed by multiple processes. The results demonstrate
the possibility of achieving slower self-discharge / lower leakage current and capacitive behavior at
extremely low current through the kinetics restriction in the electrolytes. However, it should be noted
that the effectiveness of using a gel electrolyte for reducing self-discharge in porous structures may
require special attention to device fabrication, especially to ensure the penetration of gel electrolyte into
the porous matrix.
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Figure 38. (a) Comparison of self-discharge of graphite/\VACNTSs electrodes with a PVA/H3PO4 GPE
electrolyte and a KOH aqueous electrolyte, (b-c) Fitting of voltage decay curve in time'? as a
characteristic of a diffusion-controlled process (Paper I11).
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3.4.4 Remarks

It has been argued that self-discharge is not necessarily relevant to direct energy loss, considering (1)
the charges within porous carbon are not lost but rather redistributed, and (2) the law of energy
preservation and no heat dissipation has ever been reported under open-circuit operation (meaning no
exchange of energy between the EC and the environment) [174]. Nevertheless, the apparent performance
is greatly diminished by the voltage decay according to energy and power calculations that are related
to the voltage squared (V2).

From materials and devices development point of view, the solutions differ from one system to another,
with respect to different mechanisms, but it seems most of the measures proven effective would inhibit
kinetics of ion movement and therefore would decrease power performance, except an addition of Triton
surfactant [179]. The relation between charging history, temperature and self-discharge rate may help
to design PMUs that operate the EC in a favorable way for low losses, i.e. applying low current charging
and voltage holding at low temperature. Another engineering method is through a bipolar design as
stated in section 3.2, in which individual EC units take low voltage distribution on them, thereby
achieving low self-discharge while retaining all the other merits of ECs. Yet again, high-level
manufacturing control conditions are desirable to minimize the negative effects of non-uniformity of
constituting units.
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3.5 Towards high-frequency response
351 Capacitor metrics in relation to high-frequency response property

Every capacitor has a “comfortable” frequency range to work properly, otherwise, the behavior deviates
from capacitive features and the device transforms from a capacitor to a resistor if being
charged/discharged at an overrated current. The work towards high-frequency EC is driven by the need
of system size reduction for IoT systems, where a suitable EC could substitute conventional bulky
electrolytic capacitors for line filtering and smoothing ripples on a rectified wave (section 1.2.3). A
high-frequency EC as a storage unit is also believed to be able to absorb the energy pulse from an energy
harvester in the self-powered systems [181].

As elaborated in Chapter 1, a capacitive behavior of a capacitor implies that the current leads voltage
by 90° in an AC circuit. Due to the nature of device structure and working mechanisms, conventional
capacitors, i.e. electrostatic capacitors and electrolytic capacitors, can perform as ideal capacitors (phase
angle close to -90°) at high frequencies up to the order of 107 and 10* Hz, respectively. In contrast,
common ECs are in a range from a low frequency to 10 or 10 Hz, depending on the size and material
used. The development of high-frequency ECs is intended to increase the operational frequency to a
substantial value, hopefully to a kHz level, with EDL mechanism unchanged for a higher energy density
than in conventional capacitors.

The laboratory technique to evaluate frequency range is through an EIS measurement, and a phase angle
variation against frequency can be obtained as in Figure 39. Of particular interest, the frequency at which
phase angle is -45° is a characteristic frequency, also called cut-off frequency fo. At operation
frequencies beyond fo, the resistive behavior starts to dominate. The reciprocal of fyis the relaxation time
constant o, i.e. RC time constant in relation to charging an RC circuit in Figure 36a and Equation (29).
This is an indicator of how quickly an EC can be charged or discharged. For electrostatic capacitors, 7o
is generally below 1 ps, and for electrolytic capacitors, the RC product is generally < 1 ms. An ideal
capacitor discharges about 63% of its energy during one RC time constant. Another figure of merit is
the phase angle at 120 Hz, ¢1201,. For AC line filtering purposes, @120+, is normally used for comparison
in performances of smoothing ripples of 60 Hz (U.S. city power line frequency) AC after a full-wave
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Figure 39. An example phase angle variation with frequency (Paper Il and I1I).

3.5.2 Design guidelines of high-frequency ECs

The understanding of transmission line model from the vertical ladder RC circuits in Figure 37b should
provide insights into designing ECs with an excellent frequency response property. The reason that
conventional ECs with porous carbon electrode having low fo is asynchronous charging. The rich
porosity leads to a distribution of the ionic resistance network, corresponding to different branches of
the ladder circuit, with each of them having a different RC time constant. Therefore, charge
redistribution takes place through different time domains. The resistance of micropores is huge and it
can take an enormous amount of time to reach an equilibrium of a fully charged state [173]. If the pores
of the electrode are uniform in size and shape, the ladder network can be eventually degenerated into a
single branch RC circuit as in Figure 36a. In this way, the EC is charged in a synchronous manner.
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Further, if equivalent resistance R is substantially small, together with a moderate capacitance, the RC
product i.e. time constant zo could reach down the order of milliseconds, in contrast to seconds for
common ECs with porous carbon electrodes.

Based on the above discussion, an ideal electrode material should be of high electronic conductivity
with an optimal porosity. The latter implies that the pores are preferably well-connected and relatively
large in diameter. Micropores, dead pores and tortuous pore geometry should be avoided. Moreover,
ESR is a result of an optimized combination of the electrodes, electrolytes and current collectors,
therefore, the contact between the components should also be optimal.

In terms of applications in miniaturized systems, the footprint or space allocated for an EC component
is limited. This indicates that instead of specific capacitance in Farads per gram, the areal and volumetric
capacitance should be examined. Thus, the electrode fabrication is preferably to be scalable in terms of
mass loading or thickness, with little compromise in the frequency response property.

3.5.3 State-of-art of high-frequency ECs

The first report on high-frequency ECs was published in 2010 with graphene as an electrode material
[182]. Graphene is a compelling material for such application because of extremely high electronic
conductivity and a pore-less structure. The monolayer or few-layer graphene-based devices have shown
good frequency response [183], but the extremely low mass loading severely limits the energy content
(per footprint) of such devices: a basal plane produces only 3 uF cm2, estimated from a polished graphite
electrode in NaF electrolyte [184] or 21 puF cm? for a 0.3 nm thick graphene layer in BMImPFs
electrolyte [184]. The low areal capacitance is generally a common concern for many nm-layered
devices. Although high metrics can be calculated based on the ultrathin layer device, the true
performance may not be the same as ultrathin layer devices when scaling up to achieve a desired areal
device capacitance [82]. Vertically aligned graphene sheets [182] enable the utilization of edge planes
which have a greater areal capacitance of 50 to 70 uF cm™[184], and therefore a decent capacitance of
0.4 mF cm at 0.01 Hz was achieved, though the capacitance is still less than 0.2 mF cm2 at 120 Hz.

A recent review [181] compiled the materials development of high-frequency ECs. The materials option
has expanded over nearly all carbon allotropes, and further to some of the pseudocapacitive oxides and
conducting polymers. As one can find, increasing areal capacitance remains a challenge to overcome.
Most devices rely on thin film electrodes for a high-frequency response property. For example, by
reducing a CNT film thickness to nm scale, a cut-off frequency of nearly 16 kHz can be obtained, while
areal capacitance is as low as 58 uF cm [185]. By increasing the film thickness and mass loading to a
proper extent, a higher capacitance can be obtained, however at a certain degree of compromise in
frequency response. For instance, a 0.28 mF cm EC with 1995 Hz cut-off frequency was demonstrated
for a 298 nm thick CNT film on gold-coated Al foil with a vacuum filtration method [185], and a 0.6
mF cm device with 1425 Hz cut-off frequency was fabricated with CNT film pressed on gold-coated
roughened stainless steel rods [186].

A hybrid structure of graphene/VACNTSs can potentially solve the problems associated with their
constituting material components. Integrating VACNTs with graphene could increase the areal
capacitance of the latter, and graphene as the substrate for VACNTS could be a solution to replace metal
layers. The hybrid formation mechanism is preferred to be chemical bonding rather than a mere physical
mixture, in order to reduce the contact resistance. A hybrid structure between graphene and VACNTS
was investigated by Tour’s group [187], and a microsupercapacitor (on a rigid Si substrate) based on
this hybrid material was demonstrated exhibiting 1343 Hz cut-off frequency, -81.5° phase angle, 0.23
mF cm capacitance at 120 Hz for a 10 um VACNTSs device. The performance is encouraging but this
graphene/VVACNTS hybrid material requires chemically active copper or nickel metal underlayers for
growing single-layer graphene. Moreover, the areal capacitance could be further enhanced.
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In paper Ill, we demonstrate a graphite/VVACNTSs hybrid material as an electrode with high areal
capacitance (1.38 mF cm?) and volumetric capacitance (345 mF cm?) at 120 Hz, with phase angle
around -85°. This represents the state-of-art performance of high-frequency ECs (Table 7).

The material was fabricated through chemical vapor deposition of CNTs on a highly oriented graphite
film with a plasma treatment to introduce oxygen groups for hydrophilicity with an aqueous 6 M KOH
electrolyte. The material has a great flexibility (Figure 40a) and roughly 40 um long CNTSs vertically
aligned on the substrate (Figure 40b). The length of CNTs is longer than those reported previously [188],
which enables a high capacitance (Figure 40d) due to high mass loading, and encouragingly superior
frequency response with a cut-off frequency of 1.9 kHz and phase angle of -84.82° at 120 Hz (Figure
40c). The connection between CNTs and the graphite substrate was examined. There is a sign from
TEM observations that the CNTs are covalently bonded to the graphite substrate, which optimizes the
contact between active electrodes (CNT array) and the current collector (graphite paper). In addition, fo
shows no clear dependence on CNT length, which is an indirect evidence supporting the covalent
bonding claim.

Table 7. Comparison of high-frequency ECs (Paper III).

Material Electrolyte, 120 Hz fo ) Ca 120 Hz Cve10m:?  Cva1om”  Ref.
Voltage ©) (H2) (ms) (mF cm) (mF cm) (mF cm)
VACNTSs on KOH, 0.8V -84.82 1980 0.51 1.38 690 345 Paper
graphite i
SWCNTs H,SO,4 1.0 V -81 1425 0.7 0.601 13065 - [186]
SWCNTs TEABF4, 25V -82.2 1995 0.501 0.282 4732 69.3 [185]
Graphitic carbon  TEABF4, 25V -80.3 1000 1 0.3 3947 72.4 [189]
/| CNT
Carbon KOH, 0.9V 819 1300 0.779 2.25 187.5 - [190]
nanofiber
VOGN 9 KOH, 1V -82 15000 0.06 0.175 1458 24.3 [182]
VOGN @ KOH, 0.9V -83 10000 0.1 0.3 150 - [191]
VOGN 9 KOH, 0.9V -82 4000 0.248 0.36 - 7.5 [192]
VOGN @ KOH, - -85 6300 0.16° 0.265 - 17.2 [193]
Holey graphene KOH, 0.8 V -81.2 1220 0.819 0.478 1200 - [194]
rGO KOH, 0.8 V -84 41679 0.24 0.283 70 6.4 [195]
Ketjen black TEA BF4, 2.8 V -79.8 1000 1 0.574 3679 137.8 [196]

3 Cy.e is the volumetric capacitance considering only electrode thickness, and Cv-q is volumetric capacitance considering
electrode and current collector thicknesses. Estimated/inferred from presented data. © Estimated or derived from the
presented data. 9 VOGN stands for vertically oriented graphene nanosheets.
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Figure 40. (a) Optical picture and (b) SEM image of graphite/VVACNTS electrodes. (c) Phase angle and
(d) frequency-dependent capacitance of the graphite/\VACNTS based EC (Paper I111).
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354 Remarks

High-frequency ECs can replace bulky electrolytic capacitors, one of the biggest components in circuit
boards, for smoothing ripples, with advantage in higher energy density and thus size reduction of circuit
boards for loT systems. However, for high operating voltages, designs such as bipolar capacitors must
be employed to stack ECs together in series. Since capacitance density of ECs scales up as 1/V? (V is
the device operating voltage), and by contrast, capacitance density of an electrolytic capacitor scales
like 1/V because the CV product of anodic dielectric is approximately constant [197]. Therefore, the
advantage of capacitance density for ECs will disappear at a particular voltage (43 V for the high-
frequency EC in Paper III). Fortunately, in portable electronics equipment, 2 V can be sufficient for
bypass and filtering purpose capacitors [182]. At such low voltages, the size advantage of ECs is rather
significant.
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4 ENCAPSULATION AND INTEGRATION CHALLENGES

As a practical device, the best combination of core EC materials, i.e. the electrodes, electrolytes, and
separators, must be properly encapsulated in a certain form factor, and then be integrated with other
system components such as energy harvesters, sensors and PMUs to construct effective miniaturized
self-powered systems. The encapsulation and integration aspects pose mostly engineering challenges in
device design and fabrication of ECs, and also materials challenges that the EC materials must be
compatible with the ambient conditions that occur during the encapsulation and integration processes.
This chapter starts with overviewing common COTS ECs with emphasis on their configurations, then
elaborates the call for surface-mount designs for the purpose of high circuitry density and system
miniaturization, and in the end briefly discusses the solutions from EC development point of view.

4.1 Common COTS electrochemical capacitor configurations

The configuration design of COTS ECs is strongly linked to targeted market and cost-efficiency.
Common options are coin cells, cylindrical (wound) cells, prismatic cells, and pouch cells. Large
modules of unit cells in the above configurations connected in series or parallel are also commonly seen
in the market for high energy and power applications.
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Figure 41. (a) Schematic and (b) picture of coin cells [198].

Coin cells, also known as button cells, are usually shaped like a squat cylinder (Figure 41) typically 5
to 25 mm in diameter and 1 to 6 mm in height. Materials are encapsulated by metal cans separated by
an insulating gasket in a coin cell configuration, and the positive and negative terminals are thus located
on the opposite side of the squat cylinder.
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Figure 42. (a-b) Schematic of cylindrical (wound) ECs, and pictures of cylindrical ECs with (c) axial
type and (d-e) radial type terminals (picture courtesy of Panasonic, Kemet, and Maxwell).

Cylindrical cells (Figure 42) are also called wound type cells by some manufacturers. The electrode and
separator layers are rolled up, fitted with pin connectors and placed in a cylindrical casing. The positive
and negative terminals can be arranged either on the same base plane (e.g. radial or radial snap-in type,
Figure 42d-e) or on the two different base planes of the cylinder (axial type, Figure 42c). Before the
winding process for encapsulation, a rubber gasket is placed on the top, and the case opening is folded
over and then pressed into the rubber to form hermetic sealing. A safety vent can be provided for
releasing excessive pressure (usually over 7 atm) built up during operation [199].
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Figure 43. (a) Schematic and (b) picture of prismatic type EC [200].

In prismatic cells (Figure 43), the materials (rolled-up sheets) are wrapped in a metallic housing
resembling a box of chewing gum. This configuration is suitable for high energy and power applications
since a relatively large surface area in dissipating heat from the cell interior to the exterior is available.
There is a debate on which of the cylindrical and prismatic types is better. It is acknowledged that large
prismatic cells have a higher energy density, especially when they are assembled in modules for
geometric aspects, however, prismatic cells contain more parts than cylindrical cells and are more
expensive to manufacture [199].
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Figure 44. (a) Schematic and (b) picture of pouch type EC [201].

In pouch cells (Figure 44), a number of “positive electrode - separator - negative electrode” stacks are
piled up, and the electrodes of the same polarity are connected and welded to the terminal conductive
foil-tabs which are brought to the outside in a fully sealed way. The pouch cell makes the most efficient
use of space and achieves 90-95% packaging efficiency. However, pouch cell has little tolerance for
swelling due to gassing from electrolyte decomposition, and vulnerable to puncture and similar types of
mechanical influence because of soft packaging. Pouch cells use aluminum laminated film containing
polymer layers [81] for the casing. Polymer-based sealed wraps are not water- and air-tight for long-
term application. Thermal management efficiency is low compared to other configurations, though it
can be a minor issue for miniaturized systems.

4.2 Design considerations for system miniaturization
421 Surface-mount ECs

For a small size of the whole system, the constituting unit components should be miniature, then it is
essential to consider the method of integration for a high space efficiency. In electronic industries,
surface mount technology (SMT) is regarded as a revolutionary change [202]. By mounting flat leaded
or leadless components and electronic packages on the surface of printed circuit boards (PCBs), SMT
allows a higher degree of automation, higher circuitry density, and smaller volume, as opposed to the
counterpart through-hole technology (THT). Using surface mount devices (SMDs) can deliver up to
90% reduction in both weight and volume, compared to using through-hole devices (THDs) [202] as
sketched in Figure 45. Therefore, it is advantageous to design surface-mountable ECs for miniaturized
self-powered systems based on PCBs.
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Figure 45. Through-hole technology and surface-mount technology [203].

A few types of surface-mount ECs are available on the market. Some designs are basically a coin type
capacitor sitting on a surface mountable holder, which unfortunately leads to a high profile. The same
concern comes with the cylindrical type ECs that can sit on a holder, or with their terminal leads
designed to be flat for surface mountability. Comparatively, prismatic and pouch cells have smaller dead
volumes on the module level and higher degrees of design freedom. The companies of Cap-XX, AVX
and muRata have presented a series of pouch type ECs with very thin profiles, down to 0.4 mm for a 35
mF muRata product [204]. The pouch ECs can be surface mountable with flat leads. Cellergy, another
player in the market, utilizing conventional screen or stencil printing techniques for the fabrication of
prismatic type of ECs. Cellergy ECs are also surface mountable with a low profile by designing flat
leads. Using the printing technology, the smallest footprint achievable is 12 x 12.5 (L x W) mm?, and
the highest capacitance of 12 mF is at 2.4 mm thickness and 3.5 V voltage, highest voltage is 6.3 V at
3.4 mmand 7 mF [205]. Specifically, aiming for applications in microsystems, SEIKO and CLC Factory
have presented the smallest 3.2 x 2.5 x 0.9 (L x W x H) mm? surface-mount chip type ECs with
capacitances on the order of 10 mF [206, 207].

The successful commercialization of above devices evidences the effectiveness of their designs.
Nevertheless, there is still room for improvement. For example, sizing down of the footprint may be
problematic for pouch cells, considering that sufficient sealant area on the edge should be preserved for
hermetic sealing, otherwise the device would be more vulnerable to mechanical shocks and pressure
build-up caused by gas generation. The water and airtightness may also be questionable under harsh
climate conditions. For printing technology, the choice of electrode and electrolyte materials could be
limited, indicating that the advanced materials developed in the laboratory cannot be directly utilized.
Additional development of stable inks may be necessary. Moreover, the allocation of terminals is
difficult to be designed on the flat surface for the conventional configurations. This makes it necessary
to use glue or adhesive tape on the flat surface (to attach on PCBs) for mechanical stability, unfortunately
aggravating reliability concerns.

In a nutshell, novel encapsulation and integration concepts are always appreciated. Ideally, the design
and manufacturing technology should allow for surface mountability, convenient allocation of terminal
positions, and easy adaptation in geometry design as well as an arbitrary choice of materials, moreover,
compatibility with bipolar designs.

4.2.2 Reflow-soldering

SMDs can be assembled onto PCBs with the used of solder paste reflow, wave soldering or conductive
adhesive curing processes. The last is mostly used in some flexible circuit boards or boards with heat
sensitive components, while the wave soldering is more efficient for THDs [202].

To start the reflow-soldering process, the solder powder and flux are pre-blended to form a sticky
thixotropic solder paste, and the paste is used to temporarily attach SMDs on their contact pads.
Afterward, the entire assembly is subjected to controlled heat above the liquidus temperature of the
solder paste for a short period of time, which melts the solder, permanently connecting the joint [202].
Although the heat may be applied by soldering individual joints with a hot air pencil, a higher degree of
automation and productivity is through the use of reflow oven for batch processing. This could pose
challenges to EC technology, since the peak temperature can go up to more than 300 °C, depending on
the solder material. Therefore, the EC encapsulation and the core materials are preferred to be durable
to high-temperature exposure, usually for a short period of time, on a scale of minutes. The exploitation
of ionic liquid electrolytes is a promising solution. For the smart-MEMPHIS project, we have validated
that the EMImAC electrolyte could withstand an exposure at 190 °C for up to 2 hours without
deteriorating the stability.
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4.3 Unconventional electrochemical capacitors

Addressing the encapsulation and integration challenges, on the one hand, relies on an enormous amount
of engineering efforts for new encapsulation concepts, and simultaneously, the materials development
also facilitates finding the solution. Along with this vein, unconventional EC configurations are being
developed (Figure 46a-b). The materials innovation has resulted in prototype devices which are flexible,
transparent, stretchable and/or compressible, viable to be of almost arbitrary form factors such as fiber-
like, being space efficient. The advancement in solid- or quasi-solid-state electrolytes apparently eases
the encapsulation concerns because of their leakage-proof nature. Also, structural ECs serving as an
energy storage device that takes zero space provides another option for optimal space efficiency. Micro-
supercapacitors, typically interdigital fingers on a planar substrate, offer a possibility of seamless on-
chip integrations with other components (Figure 46c).

(b) Structural EC
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Figure 46. (a-b) Unconventional EC configurations [208, 209], (c) Seamless on-chip integration with a
microsupercapacitor (MSC) component.

All the new technologies contribute to constructing miniaturized self-powered systems, but mostly these
unconventional ECs are still premature and challenges to their final accomplishments are also
encountered. Specifically, encapsulation of microsupercapacitors remains a hurdle for their wide
application. The general idea of encapsulation is bonding the device wafer with a lid wafer or cover it
with a protective coating. Currently, all the hermetic encapsulation processes (anodic bonding, glass frit
bonding, eutectic or diffusion bonding) are usually performed at high temperatures [210]. Therefore, the
development of high-temperature durable materials is also needed in this frontier.
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5 CONCLUSIONS AND FUTURE WORK

51 Conclusions

This thesis focuses on ECs application in miniaturized self-powered systems which is essential for the
internet of things (1oTs) and further the internet of everything (IoE), 5G mobile communication and
tactile internet. Besides energy storage related purposes, ECs can also be used for AC line filtering, with
benefits of system size reduction. Bringing high-level IoT requirements down to a device-level, we have
identified that the existing challenges to EC technology in the regard of electrochemical performance
and device encapsulation/integration as follows:

Device performance challenges

e Improving energy density towards battery-level while keeping high power and long cycling
stability

e Increasing the maximum operating voltage limit

e Achieving high power under operations at extreme low-temperature, and high stability at
extreme high-temperature

e Minimizing self-discharge and leakage current

e Enhancing frequency response property with a high areal capacitance

Device encapsulation/integration challenges

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

e Enhancing the tolerance to high-temperature exposure that is required for reflow soldering
and/or other encapsulation and integration methods

The solutions to above challenges are explored in this thesis. Specifically, in relation to the thesis
experimental research, we have found in Paper I that constructing hybrid systems with the use of redox-
active KBr electrolyte is an effective approach in enhancing the energy density while keeping high
power and long lifetime. The redox activity of bromide pins the potential of the positive electrode,
thereby stretching the negative electrode potential to much wider stability window. As a result, 1.9 V is
achieved in this aqueous system. Battery level energy density is thus achieved with little compromise in
capacitor-level power density and cycle life. Moreover, both voltage- and history-dependent behaviors
are revealed, reminding the complexity of redox enhanced EDLC systems. The complexity allows for
possibility of regulating performance metrics by a triggering operation, but on the other hand it may
cause difficulties to power management, therefore, special care is needed before incorporating hybrid
ECs into loT networks.

As an effort in exploring extreme high-temperature ECs in Paper Il, we introduced an EMImAC ionic
liquid electrolyte which enables an AC based EDLC working at maximum of 150 °C for short period
and at 120 °C for long time. Importantly, we point out that maximum operating voltage can be traded
for gaining stability at high temperatures, without sacrifice in energy and power densities. This strategy
can be applicable for all electrolytes that have a moderate conductivity at room temperature, e.g. neat
ionic liquids and solid-state electrolytes. This finding is of practical significance as it provides hints for
PMU designers.

Regarding efforts to minimize self-discharge and leakage current, in Paper Ill, we presented a
graphite/VACNT carbon hybrid material, and proved that using a gel polymer electrolyte can mitigate
self-discharge and leakage current effectively, compared to using aqueous electrolytes. Moreover, the
results indicate that the graphite/’VACNT is an excellent material for constructing high frequency ECs
that are suitable for AC line filtering. The high frequency response property is achieved along with a
state-of-art level areal (1.38 mF cm?) and volumetric capacitances (345 mF cm®), benefiting from a
possible covalent bonding between graphite substrate and the CVVD grown VACNTS.
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Not limited to the research work, a more comprehensive review and summary of strategies and methods
have been given in this thesis. It is clear that to date, there is no single perfect solution to address all the
challenges, rather the development of ECs is always specific to application defined requirements.
Overviewing the state-of-art development, it seems current storage technologies are far from being ideal,
and there is a need for redesign of the energy storage systems in terms of materials, device configurations
and encapsulation techniques as well as integration with other components. To accomplish this goal,
extensive parametric experimental studies are required. However, it is almost impractical, considering
the tremendous amount of options of materials and configurations, as well as their combinations. There
is a perspective that EC development will contribute to the advent of 10T, and finally lIoT would boost
EC technology in turn, in a way that networking researchers worldwide, building up big database for
high throughput calculation and accelerating the screening processes.

5.2 Future work

Among all the identified challenges to ECs, reducing self-discharge and leakage current is regarded as
the most difficult tasks because the process is favored by thermodynamics. Taking appropriate measures
such as Kinetics limitation is supposed to be effective in mitigating the loss. Except device level
performance, the knowledge of individual electrode behaviors should be beneficial for a better solution.

Bearing in mind the target application of ECs in self-powered systems, one has to take into account the
encapsulation and integration aspects which needs attention in device-level development. New EC
device concepts that is compatible with SMT, allow for easy geometry tailoring and arbitrary assigning
the location of terminals is highly desired and is part of the ongoing research. Besides,
microsupercapacitors offer another viable route for convenient on-board or on-chip integration. The
optimization of microsupercapacitors is also being pursued and foreseen to be one of the most attainable
goal in the near future.
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bromine, or other redox species with a comparably high electrode potential.

© 2017 Elsevier B.V. All rights reserved.

Keywords:

Redox-EDLC

Aqueous supercapacitor
Redox electrolyte

High voltage

Electrode potential

1. Introduction another source of energy in addition to electrostatic energy storage

[7—13]. This provides a new route towards energy enhancement, in

Electrochemical double layer capacitors (EDLCs) are capable of
rapid energy delivery, work with less complicated circuits and have
almost limitless lifetime [1—4]. Although an EDLC stores far more
energy than a conventional dielectric capacitor, its storage capacity
lags behind that of a battery. Therefore, the application of EDLCs is
presently limited and energy density enhancement of EDLCs has
thus attracted significant attention among researchers [5,6]. Recent
reports have demonstrated that replacing an inert electrolyte with
a redox-active one introduces multi-electron faradaic reactions as

* Corresponding author.
E-mail address: qili@chalmers.se (Q. Li).

http://dx.doi.org/10.1016/j.jpowsour.2017.02.082
0378-7753/© 2017 Elsevier B.V. All rights reserved.

addition to surface engineering of carbon electrodes [14—16]. The
implantation of different catholytes (the portion of an electrolyte
near a cathode) and anolytes (the portion of an electrolyte near an
anode) in one system is a remarkable way to optimize the device
performance [12,17,18]. An efficient design can further increase the
energy density several times [12].

Applicable to all EDLC systems, the maximization of cell voltage
(U) should be taken into account when designing electrochemical
capacitors since the stored energy is proportional to U% The voltage
limit is mostly determined by the electrochemical stability window
of an electrolyte (solvent). In this regard, organic electrolytes used
commercially enable a range over 2 V. The energy of an organic
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EDLC can be further enhanced by a redox electrolyte [19].
Compared with organic electrolytes, aqueous electrolytes have
more industrial potential since they have higher power capability,
convenient fabrication at ambient conditions and less safety con-
cerns [1,20]. Therefore, there is an ongoing effort to develop high
performance aqueous EDLC systems. The incorporation of redox
functionality to construct aqueous redox-EDLCs is recognized to be
a promising approach [17].

In aqueous redox-EDLC systems, a smart design for energy
maximization utilizes redox couples whose electrode potential is
close to the H,O decomposition window. This strategy allows the
highest potential of a redox reaction before water splitting.
Explicitly, the potential should be around the oxygen evolution
potential (OEP) for catholytes, and correspondingly, it should be
close to the hydrogen evolution potential (HEP) for anolytes.
Among various couples mentioned in recent reports, Br~ /Br3 has
the highest electrode potential of 1.05 V vs. NHE (normal hydrogen
electrode), 0.23 V higher than the OEP of 0.82 V at pH 7. Considering
the overpotential of water decomposition in neutral media,
Br~/Br;y is an ideal catholyte species. The effectiveness of the
Br~/Brz redox couple was first shown in an ionic liquid based
device [12] where EMImBr was used as a redox additive. This
resulted in an 81% capacitance increase compared to the pure
EMImBF,4. Another effort of using KBr as an additive in acidic media
(1 M H3S04) was reported by Melo et al. [21] and led to a 22%
capacitance increase in the voltage window from 0 to 1 V. In neutral
systems, the bromine chemistry is rarely studied. Some information
can be found in the recent report by Boettcher's group [12] which
provides further evidence of the high efficiency of Br~/Brs for
energy enhancement. However, that detailed electrochemical
study on a Br-containing aqueous electrolyte was limited to 1.0 V,
and investigated only a particular case where the positive and
negative electrodes were mass-imbalanced.

In addition, due to the rather high electrode potential of 1.05 V
vs. NHE for Br~ /Brs, the correlation between cell voltage and en-
ergy storage properties is an important feature that should be
investigated for Br-containing devices. At a low cell voltage, the
electrode potential may not be able to reach the 1.05 V required to
initiate redox activity, causing the device to behave as a regular
EDLC. In contrast, when the cell voltage is sufficiently high, Br~ /Br3
reactions take place, thus turning the cell into a redox-EDLC. The
“boundary voltage” may not be clearly defined, considering the
complex hybrid EDLC and battery-like behavior. However, this
complexity makes it possible to adjust the performance by means
of specific cell operations. For instance, an initial polarization to a
redox-active voltage may influence the behavior at a lower voltage.
This possibility exists for all high-electrode-potential redox couples
besides Br~ /Brs, and implies that the performance of a redox-EDLC
may be highly dependent on cell operation history. This scenario is
comparable to the “formation cycles” [22—24] which are critical in
the battery industry. However, there is currently not sufficient
attention given to such an issue in redox-EDLC studies.

As a highly soluble species with a high electrode potential in
neutral aqueous media, a Br-containing electrolyte is a promising
candidate for inexpensive high-voltage aqueous electrochemical
devices. Herein, we investigate bromine's redox effect in a neutral
aqueous symmetric carbon-carbon prototype using KBr. KBr is
found to outperform many other electrolytes in different aspects.
To the best of our knowledge, we demonstrate for the first time that
an aqueous symmetric supercapacitor device with a KBr electrolyte
can perform steadily up to 1.9 V. Moreover, a controllable transition
in the energy storage mechanism related to cell operation is
revealed. These findings provide important hints for the design and
operation of electrochemical devices which contain Br, as well as

other high-electrode-potential redox species.

2. Experimental
2.1. Electrode preparation

Activated carbon (AC, Kuraray, YP-80F) was used as received
without further treatment. The surface area and average pore size
of the AC were calculated to be 2112 m? g~ and 1.32 nm, respec-
tively, using the Brunauer-Emmett-Teller (BET) equation and
quenched solid density functional theory (QSDFT) [25]. The elec-
trodes used in this work were prepared by thorough mixing of AC,
carbon black and polytetrafluoroethylene (PTFE) binder (60 wt. %
dispersion in H0) in a weight ratio of 80:10:10. After water
evaporation in a 75 °C water bath, the mixture was processed into a
freestanding film by a rolling press. 10 mm pellets were punched
out from the film and used as electrodes. A single electrode was
around 3 mg in mass and 100 um in thickness.

2.2. Electrochemical measurements

Three different types of setup were used for electrochemical
measurements. A traditional three electrode setup which con-
sisted of a counter electrode (10 mm x 10 mm Pt plate), a
reference electrode (Ag/AgCl, 3 M KCI) and a working electrode
(an electrode pellet attached to a graphite rod with conductive
carbon paste). A two electrode setup was assembled by sand-
wiching a glass fiber separator (®12 mm, thickness 200 pum
Whatman®) between two electrode pellets in a two-electrode
Swagelok® cell (SS316 current collector). Approximately 100 pL
of electrolyte was added into the devices. The other setup was a
T-type Swagelok® cell customized from the two-electrode Swa-
gelok® cell by adding an Ag/AgCl reference electrode. The mea-
surements were carried out on a Gamry Reference 3000AE and a
Neware BTS 2000 multi-channel potentiostat at room tempera-
ture (21 °C).

For the device performance (measurements in two-electrode
and T-type Swagelok® cells), the specific capacitance of an elec-
trode, Celectrode (F 1) was calculated from cyclic voltammetry (CV)
or galvanostatic charge/discharge (GCD) measurements. Equation
(1) was applied to CV profiles:

Va
1000
Cocrote = 37305 =775 | NV)IAV (1)

Vi

where M (mg) is the mass of both electrodes including the PTFE
binder and carbon black, v (mV 5*1) is the scan rate, V; and V, are
the lower and upper limits of the voltage range in V, and I(V) is the
current response in mA. For GCD profiles, equations (2) and (3)
were applied for capacitance Cepectroge (F € ') and capacity Qeec-
trode (MAh g~ 1) calculations, respectively:

2l it i

Celectrode = % (2)
2l 4ist4i

Qelectrode = % (3)

where Ij;; (mA) is the constant discharge current, tgis (s) is the
discharge time, and V is the maximum cell voltage. The specific
energy density of the device, Egevice (Wh kg™ !), was derived from
the integration area beneath the discharge curves by applying
equation (4):
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where V(t) is the voltage response against time. The specific power
Pyevice (W kg~ 1) was calculated using the following equation:

36OOEd3vice
Lais

(5)

P device =

The coulombic and energy efficiencies (7¢ and ng) of the device
were calculated by equations (6) and (7):

ne = Qelacct;ode (6)
_ Eelectrude

where Qg (mAh g~1) and E, (Wh kg™1) are the charges and the
energy accumulated during the charging process, calculated by
equations (8) and (9), respectively.

_ 2Ich tch

Qn=—p1" (8)
tch

Eg = ICM“ / V(t)dt 9)
0

where I, (mA) and tq, (s) are the constant charging current and
charging time.

3. Results and discussion
3.1. Device performance and the “triggering operation”

The performance of a device consisting of two identical AC
electrodes and 1 M KBr electrolyte is initially evaluated with a two-
electrode setup. The CV curves sweeping from 0 V to different
upper voltage limits are recorded at a scan rate of 20 mV s~!
(Fig. 1a). In general, the KBr electrolyte enables ideal EDL behavior
up to 1.6 V, giving high coulombic efficiencies (over 97%). Sweeping
beyond the limit causes a distortion from the ideal rectangular CV
shape. From 1.6 up to 1.9 V cell operation, a significant increase of
the anodic current is observed and an associated hump appears in
the beginning period of the cathodic scan, suggesting the presence
of redox activities in the system. Coulombic efficiencies remain
high, i.e. 96, 95 and 93% for 1.7,1.8 and 1.9 V operations respectively.
Representative GCD curves at selected voltages are displayed in
Fig. 1b. As in the CV measurements, significant deviations from an
ideal EDLC behavior take place after 1.6 V; the slope of the charge/
discharge curve is reduced at high voltages. Further, charging
beyond 1.9 V causes a severe decrease in stability and efficiency
(see supporting information, Fig. S1). Therefore, the voltage limit is
set at 1.9 V.

According to the features of the CV and GCD curves in Fig. 1, we
assume that the device is principally an EDLC up to 1.6 V, since the
CV curves maintain a rather rectangular shape and the voltage
response in the GCD test is approximately proportional to the total
amount of stored charge (charge/discharge time). A kinetics ex-
amination of the CV scan rate dependence at 1.6 V (Fig. S3) is
performed by using equation (10) [26]:
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Fig. 1. (a) CV scans at 20 mV s~! and (b) GCD curves at 1 A g~ of a Swagelok® cell at
different voltage limits.

i(V) = kyv + kpv'!/2 (10)

where i(V) is the current response at a specific voltage, k;v and kov!/
2 correspond to the current contributions from the surface capac-
itive effects and the diffusion-controlled redox process, respec-
tively [26]. The calculation quantitatively confirms the high
proportion of EDL capacitive contribution - 89% at a scan rate of
20 mV s~ ! and 94% at 100 mV s~ .. On the other hand, at higher
voltages (1.7 V and above), the voltage response severely deviates
from the linear feature due to redox reactions, hence the device
should be considered as a hybrid device (rather than a pseudoca-
pacitor) [27]. It is worth noting that the concept of “capacitance” is
not ideally applicable for hybrid devices, but could be practically
used in this case where the EDL behavior still dominates over
battery-behavior [28]. For hybrid devices, the coulombic efficiency
has been found to be inconclusive in reflecting the device effec-
tiveness, wherefore energy efficiency is of particular interest in this
case [28,29]. As exhibited in Table 1, the coulombic efficiencies at
specified voltage limits are higher than 97%. In contrast, the energy
efficiency drops from 95.2% at 0.8 V to 87.6% at 1.9 V. The 4.8%
energy loss at 0.8 V can be at least partly resulting from heat
dissipation [30], and at higher voltages, additional energy is lost
through overpotential of the Br-related redox activities, which will
be revealed in section 3.2.2.

A stepwise cyclic charge-discharge (CCD) test is conducted by
performing 2000 cycles at each specified voltage from 0.8 to 2 V,
and the results confirm the stability of the system (Fig. S1, rapid
decrease is observed only at 2.0 V). The performance of a device
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Table 1
Performance metrics of the KBr-containing device at different voltages.®
08V 1.0V 1.2V 14V 16V 1.7V 1.8V 19V

Specific capacity, Qeectroqe (MAh g~ 1) 16.8 20.8 256 324 38.0 41.6 44.8 48.8
Specific capacitance, Cerectroge (F £71) 75.2 77.2 804 83.2 85.2 88.4 89.6 92.0
Specific energy, Egevice (Wh kg™ 1) 1.7 2.7 4.0 6.1 8.0 9.4 10.6 12.0
Coulombic efficiency, nc (%) 99.7 99.7 99.6 99.4 98.7 97.9 97.2 97.5
Energy efficiency, ng (%) 95.2 95.6 95.8 943 933 914 89.0 87.6

2 The numbers presented in this table are average values of 100 cycles at specified voltages with a current density of 1 A g~.

directly polarized to 1.6 V is exhibited in Fig. 2a. As expected, the
cell at 1.6 V shows almost no capacitance decrease over 10000
cycles with an average value around 85 F g~ ! for a single electrode.
The specific energy is also rather stable and an average value of
7.4 Wh kg~ is obtained. For the cell working at 1.9 V, the specific
capacitance is 91 F g~ ! in the beginning and stabilizes at 101 F g1
in the end of cycling (Fig. 2c). Likewise, specific energy displays a
12% increase from 9.7 to 10.9 Wh kg~

Both the 1.6 and 1.9 V cells are very efficient in charge and en-
ergy utilization, exhibiting almost 100% coulombic efficiency and
energy efficiency around 90%. In order to gain more details of the
behavior change during cycling stability tests, the charge/discharge

curves at 50, 1000™, 5000™ and 10000™ cycles were extracted
from the corresponding CCD test and compared in Fig. 2b and d. The
amount of charge being stored or released during the charging or
discharging process is proportional to the respective time, and the
amount of energy can be graphically reflected by the enclosed area
under the GCD plot. For the cell working at 1.6 V, the GCD curves
collected along the cycling tests are rather linear and represent
predominant EDL behavior. The curves are well overlapped
showing no significant change in charge/discharge time and shape,
indicating essential stability of the energy storage mechanism. In
sharp contrast, when the cell is operated at 1.9 V, the slopes of the
GCD curves are markedly lower at the high voltage part of the cycle,

(a) ,20
27 e 100
= F ~_
% 15 —— Coulombic efficiency 80 g\c_/
b —e— Lnergy cfficicncy r .
%3 10 - —— Specific energy ? 60 %
5 - 40 3
o §4— - 2=
h=! 20 =
3 1 L
20 ——— 0
0 2000 4000 6000 8000 10000
Cycle number
c) %,25
© 2 100
g 2l J —e— Coulombic cfficicncy - 80 g\i
15 4 —o— Energy efficiency r S
EB . —o— Specific energy - 60 ;’:)
210 ;40 'g
o ] -
& 5 20 M
8 . L
% 0 y T T T T 0
0 2000 4000 6000 8000 10000
Cyclc number
(e) ©,20
27 100 . 4
% 15 —a— Coulombic efficiency ~ 80 § % 1.5
B —— Energy efficiency I Py =) 1
%B 10 —e— Specific energy - 60 % § 1.0
S - [E
8 -40 B >
g 7] 20 @ 8937
o 1 I i
20 — 0 0.0
0 2000 4000 6000 8000 10000 -20 20

Cycle number

Time (s)

Fig. 2. Cycling stability and GCD curves at selected cycle numbers of two-electrode Swagelok® cells operating at 1.6 V (a, b), 1.9 V (c, d) and 1.6 V after triggering operation (e, f).
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and this phenomenon develops with cycling. The evolution of the
GCD curves suggests that more and more redox activities are
coming into effect, which results in the increases of capacitance or
capacity (charge/discharge time) and specific energy (enclosed
area). The capacitance and energy increase with cycling is also
observed for KI (Fig. S4) which is consistent with previous reports
[11,31,32]. Although the underlying mechanism remains to be
explained, we propose that it might be related to the kinetics of
redox species — a possibility which will be discussed in section 3.3.

As the cycle number increases, the deviation from linearity
starts to take place at lower and lower voltages (Fig. 2d). At the
10000™ cycle, linear deviation occurs above 1.2 V, which means
that at this junction, the redox activity could be utilized at a cell
voltage lower than 1.6 V. This feature suggests that the onset of
redox reaction can be manipulated by pre-cycling at 1.9 V for a
certain number of cycles, and thereafter be utilized at lower volt-
ages. Since redox activities are usually diffusion-controlled re-
actions with slow kinetics [31], they contribute additional energy to
an EDLC and simultaneously decrease the power capability. The
manipulation of redox activity is thus necessary, in order to
assemble an effective supercapacitor with properly enhanced en-
ergy density while maintaining a high power capability. Otherwise,
the device turns out to be a mediocre battery. The trade-off has
been observed in several cases [17,19], and also applies in the
present system. The device working at 1.6 V shows a high rate
capability (capacitance retention at 15 A g~!, normalized to the
value at 1 A g~ ') of 92%, whereas at 1.9 V the value is 81% after
10000 cycles (Fig. S5).

Figs. 2e—f demonstrate the energy enhancement of an EDLC at a
minimum sacrifice of power. After pre-cycling at 1.9 V for 500 cy-
cles, the cell voltage is lowered to 1.6 V and cycled for 10000 cycles.
The initial specific capacitance and energy density at 1.6 V after pre-
cycling are 97 Fg~! and 9.0 Wh kg, corresponding to 22% increase
based on the results in Fig. 2a before pre-cycling, thereafter the
device stabilizes at 94 F g~! and 8.6 Wh kg~ . As exhibited in Fig. 2f,
the curves at the specified cycles are almost perfectly overlapped,
suggesting an extraordinarily stable system with no further evo-
lution of redox species. As compared to the curves in Fig. 2b, the
GCD profiles show the features of redox activity after initial high
voltage (1.9 V) cycling. The rate capability is calculated to be 88%.
This value is slightly lower than for the pure EDLC, but significantly
higher than the value when redox activity is heavily involved.
Moreover, it is worth mentioning that another advantage of
manipulation of the redox activity is a reduced risk of current
collector corrosion. This is especially relevant when stainless steel
collectors are used in halogen-containing systems [33]. For con-
venience, we denote the effect of the pre-cycling at 1.9 V as “trig-
gering” of redox activity.

The relationship between energy and power in the neutral
aqueous carbon-carbon device is measured and compared to
published reference data [2] in a Ragone chart (Fig. 3). The specific
energy for the device at 1.6 V, 1.9 V and 1.6 V after triggering is 7.9,
12.1 and 9.0 Wh kg~ ! at a current density of 1 A g~ 1. The maximum
specific power is around 12, 15 and 14 kW kg~! respectively ach-
ieved at 15 A g~ . The gravimetric values are reported by normal-
izing to the mass of both electrodes (including additives). The mass
of the KBr electrolyte is excluded, considering that KBr performs as
a redox-active electrolyte and it has a comparable molar mass
(119.0 g mol~!) to conventional electrolytes [28]. In practical ap-
plications, carbon materials account for approximately 1/3 of the
total mass of the packaged commercial device; dividing by a factor
of 3 thus gives an extrapolation to a real device performance [34].
The re-calculated metrics at the three different conditions are still
located outside the reference area of electrochemical capacitors in
the Ragone plot. A few conventional electrolytes are also measured.

10°
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Fig. 3. Ragone plot of the KBr-containing high-voltage electrochemical device.
Adapted by permission from Macmillan Publishers Ltd [2].

Note that in acid or alkaline electrolytes, carbon materials usually
show higher capacitance than in neutral media — the specific
capacitance in 1 M KBr is 20% lower than in 6 M KOH (Table S1).
Therefore, it is considered to be an effective practice to use KBr as a
redox additive to these non-neutral electrolytes, in order to further
enhance the energy storage capacity. However, there presents a few
drawbacks in terms of strict requirements on anti-corrosion
equipment, current collectors and the loss of maximum voltage
due to the low electrochemical stability window of acidic and
alkaline electrolytes. In contrast, fewer concerns exist for pure KBr
as a neutral electrolyte. Comparing with some other commonly
used electrolytes (Figs. S2, S4), KBr exhibits competitive merits in
specific capacitance, maximum working voltage and/or energy ef-
ficiencies. Taking all these into account, KBr is seen as a promising
electrolyte candidate for practical applications.

3.2. Detailed electrochemical analyses

The low-cost aqueous high-voltage electrochemical device with
a KBr electrolyte fills a gap between high-power batteries and
traditional EDLCs. It is necessary to further investigate the elec-
trochemistry — especially the as-described behavior change after
the “triggering operation” in redox-EDLC systems. The phenome-
non suggests a method to harness the redox activity and prevents
the transformation of an EDLC into a low-energy battery with
slightly improved power. More detailed electrochemical analyses
are conducted as an effort in further understanding the redox en-
ergy enhancement phenomenon.

3.2.1. The electrochemical stability window of 1 M KBr

A traditional three electrode cell is employed to investigate the
electrochemical stability window of 1 M KBr electrolyte with AC as
the working electrode. Fig. 4 shows the recorded CV curves at the
negative and positive potential region vs. an Ag/AgCl reference
electrode (3 M KCl, 0.21 V vs. NHE). The cathodic current during the
negative scan increases continuously with the voltage ramping
(Fig. 4a). However, no dramatic change is observed till —1.30 V vs.
Ag/AgCl. The mild current increase could originate from the
enhanced hydrogen electrosorption on carbon. A very strong
cathodic polarization is observed by stretching the negative limit
beyond —1.40 V vs. Ag/AgCl (Fig. S6), which is an effect of irre-
versible hydrogen evolution. On the positive scan, quasi-
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Fig. 4. (a) Negative and (b) positive CV scans of a three electrode cell in 1 M KBr

electrolyte at a scan rate of 20 mV s~ .

rectangular CV curves are obtained from 0 to 0.65 V. Extension of
the potential window towards more positive values demonstrates
significant Br~ /Brz redox activity.

By combining the three electrode measurements in both the
negative and positive regions, it can be concluded that the capac-
itive potential range (CPR) of the KBr electrolyte ranges roughly
from —1.30 to +0.65 V vs. Ag/AgCl, i.e. around 1.95 V for cell
operation. This value is much higher than the theoretical water
decomposition window of 1.23 V. The large CPR of KBr in the
presence of a porous carbon electrode is a beneficial feature of
neutral electrolytes and could be a result of three factors: (1) HT
and OH™ equilibrium. The concentrations of H" and OH™ ions in a
neutral electrolyte are extremely low, hence neither hydrogen nor
oxygen evolution is favored. (2) There is a strong solvation of both
cations and anions [35]. K* and Br~ exist in the form of hydrated
ions, and the surrounding H,O molecules have to depart from the
hydration shell before getting involved in H; or O; evolution. Extra
energy required for dehydration contributes to the overpotential;
(3) hydrogen electrosorption in micropores of the carbon electrode
[36,37]. Before irreversible H, evolution, the hydrogen species are
stored inside the micropores in statu nascendi, i.e. as a monoatomic
molecule, Hyq. The Haq atoms can be reversibly adsorbed/desorbed,
which postpones the rapid current increase on the CV scan.

Despite the large CPR of more than 1.9 V, the device perfor-
mance has suggested that redox activities come into place when
the cell operation voltage reaches 1.7 V in the symmetric carbon-
carbon system (Fig. 1). This suggests that the potential of zero

voltage (PZV) is not positioned in the middle of the CPR [38].
Regarding the triggering operation, the shift of the PZV and elec-
trode potentials is complex in the redox-EDLC system. A custom-
ized T-type Swagelok® cell equipped with an Ag/AgCl reference
electrode is further employed to reveal the phenomenon underly-
ing the electrode potential behavior.

3.2.2. The electrode potential evolution

The triggering operation is reproduced with a T-type Swagelok
cell. The GCD curves of the cells, as well as positive and negative
electrodes are obtained at four different stages (Fig. 5). The cell is
firstly polarized to 1.6 V and the curves are recorded for future
comparison (Fig. 5¢). Thereafter, the device is further polarized to
1.9 V (Fig. 5a) to start the triggering operation. The profiles at the
end of triggering are shown in Fig. 5b, and the curves of the cell
operated at 1.6 V after triggering are exhibited in Fig. 5d. At least 20
cycles at each stage were recorded, and the curves were collected
when the cell was stabilized (open circuit potential variation rate
lower than 2 mV min™").

In general, the negative electrode shows EDL capacitive behavior
throughout the process. On the other hand, except the non-
triggered cell at 1.6 V (Fig. 5c), the positive electrode shows two
distinct time charging regimes, suggesting the co-existence of
capacitive and battery-like (redox) behaviors. Redox activities start
to take place around 0.65 V vs. Ag/AgCl, which is in good agreement
with the electrochemical stability window of KBr (Fig. 4). The redox
activity produces a plateau in the charging phase and a concomi-
tant one during the discharge. The voltage of the latter is slightly
lower than the charging plateau, as a consequence of the over-
potential. Such an overpotential causes energy loss because the
energy is a product of capacity and voltage. The energy loss on the
positive electrode side accounts for the majority loss at a cell level.
For instance, 5.2 mW is lost for the whole cell and 4.5 mW of it is
lost from the positive electrode in the case of Fig. 5b.

The following potential values are determined by the T-type
Swagelok® cell measurements: the electrode potential limit of the
positive electrode (PL), and of the negative electrode (NL) as well as
the PZV. From the results in Fig. 5, one can observe a positive shift of
those parameters after triggering. Further, the position of the PL is
essential for understanding the varied behaviors at different stages.
The redox activity comes into effect when the PL goes beyond
0.65 V. Beyond this limit, a higher PL value corresponds to more
energy contribution from redox reaction. The potential values, as
functions of cell voltage, are also examined (Fig. 6a, Table S2). A
positive shift of the PL, NL and PZV is observed at all the specified
voltages and makes the cell reach the redox activity region earlier
on the positive side — sparing more un-utilized capacitive range on
the negative side.

The above measurements have explicated the triggering phe-
nomenon from both cell voltage and electrode potential aspects. It
can be inferred that the phenomenon is essentially constituted by
the shifts of the PL, NL and PZV. The triggering effect is an example
of the Br-containing device's susceptibility to operation conditions.
The electrochemical system is complex and many important issues,
e.g. factors influencing the PZV, remain unclear [11]. In section 3.3, a
qualitative explanation of the observed phenomena is provided.

®

3.3. Discussion

3.3.1. Electro-oxidation of the positive electrode

The electro-oxidation of the positive electrode could be at least
partially responsible for the potential shifts. During the cycling at
1.9V, the PL is always higher than the theoretical oxygen evolution
potential (OEP, 0.61 V vs. Ag/AgCl). It means that H,O oxidation is
potentially happening in addition to strong Br~ oxidation during
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charging. Working in the highly active potential region, the positive
electrode keeps being electro-oxidized. Correspondingly, the
charge storage ability should be deteriorated. The calculation from
T-type Swagelok® cell measurements find that Cp (the specific
capacitance of the positive electrode) at 0.8 V decreases by 32%
after the triggering operation (Table S3). The working potential
range must be increased to compensate the decrease of Cp, in order
to keep the balance of charge flow in terms of equation (9):
mpCpEp = myCnEn (1 1)
where m is the mass of electrode, C is the specific capacitance (or
“claimed capacitance” [28] for non-EDL behaviors), and E repre-
sents the working potential range. Since the PZV is relatively stable
against the cell voltage as observed in Fig. 6a, as well as in previous
studies [10,39], the PL has to shift positively to enlarge the Ep
(Ep = PL - PZV). As presented in Fig. 6b, Ep is indeed enlarged after
triggering, except when very strong redox activity occurs, e.g. at
1.9 V. Correspondingly, the ratio of Ep/Ey increases significantly.
Given that mp = my, the result that Ep > Ey suggests Cp < C.

The mass ratio between positive and negative electrodes has
been demonstrated to be critical to the device performance [40,41].
With the unequalisation strategy [42], the cell voltage is possible to
be pushed to a higher limit. In this work, all the devices are
designed to be mass balanced. The maximum difference between
mp and my is 0.03 mg, and the actual mp/my ranges from 0.99 to
1.02. Therefore, the influence of mass imbalance on the maximum
cell voltage should be negligible in the initial states. However,
electro-oxidation might break the balance by creating mp mass loss.
Such mass loss could be due to the gas (CO,, CO) evolution induced
by further oxidation of surface groups that are generated by
electro-oxidation [39,43]. Similar to the Cp decrease, mass loss also
leads to the enlargement of the working range Ep and pushes the
potential limit beyond 0.65 V vs. Ag/AgCl to involve Br™ /Br3 redox
at lower voltages. Overall, the electro-oxidation causes the loss of
capacitive energy storage. A supplementary measurement
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indicates that a short-term cycling at 1.9 V decreases the cell
capacitance at 0.8 V by approximately 2% (Fig. S7b).

3.3.2. Possible changes in electrolyte composition

Adsorption is one of the most essential energy storage mecha-
nisms for redox-EDLC systems. It is sensitive to the matching be-
tween micropores of an electrode material and ion sizes [44], ion/
ion or ion/solvent interactions related to diffusion coefficients of
the species in solution, or the ion mobility and polarizability
[35,45]. Adsorption of the charge carrier species could change the
electric double layer, and thereby capacitance and potential of an
electrode. A previous study has indicated strong adsorption of Brz
in a porous carbon electrode, leading to a lowered electrode po-
tential than standard values [12]. Therefore, the electrolyte
composition is an important aspect that helps to understand the
triggering phenomenon.

Ideally, the redox reactions that are involved in a redox-EDLC
system is completely reversible. Correspondingly, at a discharged
state, the charge carrier species in the electrolyte should always be
K* and Br~ in a certain hydrated form. However, the triggering
phenomenon contradicts the 100% reversibility assumption. As
exhibited in the cell-level measurements, there is an increasing
energy trend during the cycling at 1.9 V (Figs. 2c—d), and a subse-
quent enhanced energy storage with excellent stability at 1.6 V
(Figs. 2e—f). The former qualitatively indicates that some reaction
keeps being developed at 1.9 V, while the latter verifies that certain
“irreversible species” associated with that reaction remain in the
system, thus the electrolyte composition being changed. This
change might be associated with kinetics of the redox reaction.

In Br-containing electrochemical devices, the involved redox is
acknowledged to be Br~/Brz [12,19,21]. It is speculated that, in a
redox-EDLC system, the redox species must reach a transition state
before electron transfer [28]. Therefore, the process can be
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:

formulated as two consecutive steps: Br~ «< Br” and Br’ «< Br3
(here we use the symbol of Br” to represent the transition state),
and the overall redox path can be summarized as Fig. 7a. During the
charging process, Bry; (ions in the bulk electrolyte) firstly enter into
the pores of AC and becomes Br,. With the cell voltage and elec-
trode potential ramping up, Br, start to be involved in redox re-
actions, and is oxidized into Br; via a transition state Br'.
Previous studies indicate that three elementary steps are
involved in a Br~/Brz reaction [46—50], which can be generally
presented as follows for a discharging process: (1) Br3 — Bry +Br~;
(2)Brp +e~ — Br- +Br—; (3)Br- + e~ — Br~. In this scenario, Bry
and/or Br- could be regarded as the transition state Br". The elec-
trochemical studies on the Br3 /Bry /Br~ redox kinetics suggest that
the first dissociation of Brs, i.e. step (1) is kinetically fast, while step
(2) and (3) are comparably rate-limiting [46—50]. This is inter-
preted that Br~ < Br" (Bry, Br- ) transformation is relatively slow. At
the above given considerations, Br® that is produced during
charging cannot completely transform back into Br~ during a single
discharging process. The consequence could be a progressive Br*
accumulation over cycling. It implies a disequilibrium state for the
Br~ < Br" transformation: R. (the reaction rate of Br~ — Br" during
charging) is higher than Ry (the reaction rate of Br* — Br~ during
discharging). Assuming R. > Rg at 1.9 V, only a small proportion of
Br~ completes the Br~ /Brz redox and a few Br’ remains (Fig. 7b-1).
With repeated cycling, Br* accumulates in the system, and the
presence of Br” may facilitate Br~/Bry reaction thus producing
more Brz (Fig. 7b-2). Correspondingly, the energy increases
slightly. Fig. 7b-3 represents the imaginary species variation during
1.9 V cycling. Br, is abundant in the bulk solution, so the change
after cycling is considered to be negligible. The Br" accumulation in
the system is accompanied by the increase of Br3 and decrease of
Br,, at a fully charged state. On the other hand, the stable energy at
1.6 V after triggering could be explained if the system reaches a
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Fig. 7. Schematic of possible explanation of the triggering phenomenon: (a) redox path, (b—c) speculated variation during cycling at 1.9 V and 1.6 V after triggering.
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dynamic equilibrium in Br, « Br" <, Bry complying R, = Ry as in
Fig. 7c. In this case, there should be little change in the electrode
status (Figs. 7c-1, 2). The electrolyte composition should also be
constant (Fig. 7c-3). As a result, the electrode potential as well as
the device energy is stabilized over the cycling process. The energy
at 1.6 V after triggering operation is lower than that at 1.9 V but is
improved than at 1.6 V before triggering, which is experimentally
observed in Figs. 2c—f, and briefly described in Fig. 7.

It should be noted that the proposed hypothesis is only a
simplified picture with a focus on the positive electrode. The hy-
pothesis provides a qualitative understanding of the experimental
observations regarding the triggering phenomenon. Although
through some supplementary electrochemical tests (Fig. S7),
postmortem materials analysis (Fig. S8) and impedance measure-
ments (Fig. S9), a few tentative evidences that support part of the
hypothesis can be obtained, the opportunity remains to study the
exact mechanism in situ, with the aid of e.g. in situ gas analysis
techniques [43]. In addition, the reversible hydrogen storage [36],
and electrochemical processes on the negative electrode should
also be considered.

4. Conclusions

We demonstrate that Br™/Brz is an effective redox couple in
enhancing the energy storage capacity of an EDLC. The symmetric
carbon-carbon electrochemical device with an aqueous KBr elec-
trolyte principally performs as a regular EDLC up to 1.6 V. Beyond
this voltage threshold, the Br~ /Br3 redox reaction comes into effect
and the device transforms into a redox-EDLC with an enhanced
energy storage capacity. The aqueous device has a maximum
voltage of 1.9 V, working with a high energy density, excellent
stability and efficiencies. More interestingly, pre-cycling at 1.9 V
“triggers” the redox activity and increases the energy storage ca-
pacity at 1.6 V with little compromised power. Investigation into
the electrode potential suggests that the triggering phenomenon is
the positive shift of electrode potential metrics including PL, NL and
PZV. We speculate that these observations can be qualitatively
explained by the possible electro-oxidation of the positive elec-
trode and the slow kinetics of Br~/Br3 electrode reaction. Our re-
sults shed lights on the interesting bromine chemistry, and provide
possible insight into to the design and operation of other redox-
EDLCs.
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Fig. S1 | Supplementary electrochemical measurements on the two-electrode Swagelok cell. (a) A
stepwise cyclic stability test at a current density of 1 A g*. Rapid energy decrease is observed at 2.0 V,
otherwise the device exhibits good stability. (b) CV curves at 20 mV s scan rate between 0 and 2.0 V.
The successive CV test indicates the instability of this system. (c) Representative GCD curve at 1 A g2,
2.0 V. The charge/discharge curves are asymmetric, giving low coulombic and energy efficiencies.
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Fig. S2 | Representative GCD curves at 0.8 V, 1 A g* of AC electrode in different electrolytes. To
compare the capacitive performance of different electrolytes, the cells are tested in a voltage range from 0
t0 0.8 V. The calculated specific capacitances are listed in Table S1. Except K, all electrolytes exhibit EDL
behavior, showing triangular GCD curves. KBr enables a higher specific capacitance than some other
neutral electrolytes. In consistent with previous reports, significant redox contribution can be observed even
at a rather low cell voltage 0.8 V in KI electrolyte. The value is thus much higher than for pure EDLCs.

Table S1 | Specific capacitance of AC electrode in different electrolytes
1 MKI IMKBr 1MKClI 1MLi;SOs 1M NaySOs 6 M KOH

56 94

Specific capacitance, F g* 1532 75 63 58

2 Precisely, the value is a AQ/AV ratio.
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Fig. S3 | The proportion of capacitive energy storage at 1.6 V. (a-b) Linear fitting the experimental data
of anodic and cathodic scans, respectively. (c-d) Voltammetric response (1.6 V at scan rates of 20 and 100
mV s'*) for the two-electrode Swagelok cell with AC electrode and KBr electrolyte. The total current (black
line) is obtained experimentally. The capacitive currents (shaded regions) are determined by using equation
i(V) = kyv + k,v? where i(V) is the current response at a specific voltage, kiv and kov? correspond to
the current contributions from the surface capacitive effects and the diffusion-controlled redox process,
respectively. The symbol v stands for the scan rate, ki and k; are coefficients and determined by the analysis
in (a-b): by rearranging the equation as i(V)/v'/? = k,v/? + k,, ki and k, can be obtained by the linear
fitting of i(V) /v'/? against v'/2. The capacitive proportion is calculated as the ratio of the shadowed area
to the overall enclosed area of the CV loop in Figure S3c-d. The capacitive proportion is about 89 and 94%
at 20 and 100 mV s scan rates, respectively.
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Fig. S4 | Cycling performance of a Swagelok cell with AC electrode and 1 M KI electrolyte. A
stepwise cycling stability test at 1 A g*: (a) capacity, (b) Specific energy and (c) efficiency against cycle
number. (d) GCD curvesat 1.2 V.

The capacity increases with cycling process throughout the process, while the calculated energy is observed
to be relatively stable till 1.1 V cell voltage. Beyond this limit, energy decreases even though capacity still
increases. On the other hand, efficiency decreases significantly with pushing the voltage limit to higher
values, especially the energy efficiency. By comparing the GCD curves at the specified cycle number, one
can see the charging curve is greatly expanded to sustain a similar discharge performance. The above results
suggest that the KI system may be suitable for working at 0.8 V, for a sufficient stability and high efficiency.
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Fig. S5 | Rate capabilities of a KBr-containing device at different stages (two-electrode Swagelok
cell). The measurements were conducted at a current density of 1 A g*.
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Table S2 | PL, NL and PZV values at different cell voltages (T-type Swagelok cell) 2

Before triggering After triggering

PL NL Pzv PL NL Pzv
0.8V 0.26 -0.54 -0.18 0.38 -0.42 -0.14
1.0V 0.36 -0.64 -0.18 0.49 -0.51 -0.13
1.2V 0.47 -0.73 -0.19 0.60 -0.60 -0.13
1.4V 0.58 -0.82 -0.19 0.70 -0.70 -0.14
16V 0.65 -0.95 -0.21 0.76 -0.84 -0.14
1.8V 0.68 -1.02 -0.23 0.78 -0.92 -0.14
19V 0.68 -1.12 -0.29 0.79 -1.01 -0.13

2 The numbers are the average values of at least 20 cycles at each voltage, and are collected after the cell
is stabilized (open circuit potential variation rate lower than 2 mV min)

Table S3 | Metrics of positive and negative electrodes (T-type Swagelok cell) 2

0.8V 16V 19V

Before After Before After Before After

triggering triggering triggering triggering triggering triggering
Er, V vs. Ag/AgCI 0.44 0.52 0.86 0.91 1.01 0.92
En, V vs. Ag/AgCI 0.36 0.28 0.74 0.69 0.89 0.98
Ep/En ratio 1.22 1.86 1.13 1.31 1.15 0.94
Ce, Fg! 67.7 46.2 75.7 73.6 81.4 105.2
Cn, Fg' 81.5 85.8 88.0 94.6 94.3 96.7
Celectrode, F g 73.4 60.1 814 82.8 87.4 100.8

2 Calculated from the recorded GCD curves with the T-type Swagelok cell.
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Fig. S7 | Supplementary measurements (two-electrode Swagelok cell, AC electrode, 1 M KBr
electrolyte). (a) Cycling stability at 1.9 V, current density of 0.5 A g*. (b) A comparison of specific
capacitance of AC electrode at 0.8 V before and after cyclingat 1.9V, 1 Ag™.

In contrast to the increasing trend at 3 A g%, the device working at a low current density of 0.5 A g* shows
a slight decrease in capacitance (approx. 2% over 200 cycles). Cycling stability of the Br-containing device
is dependent on the charge/discharge current density, which indicates that kinetics concern might exist in
the present system. The variation of the cycling stability trend at different current densities can also be
found in some other redox-EDLC systems [1].
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Fig. S8 | C 1s spectrum of (a) Fresh electrode, (b) KBr crystal on a fresh electrode, (c) Negative
electrode and (d) Positive electrode. The XPS (X-ray photoelectron spetroscopy) measurements were
performed with the Quantum 2000 scanning XPS microprobe from Physical Electronics. An Al Ka (1486.6
eV) X-ray source was used and a beam size was 100 mm. The charging shift was calibrated using a PET
(polyethylene terephthalate) reference, C 1s photoemission line at binding energy of 284.8 eV. Shirley-type
background are used for the analyses.

A ex situ XPS analysis was conducted on the positive and negative electrodes that were recovered
from a cycled device (1.9 V, 1000 cycles). A fresh electrode as well as KBr crystal (on a fresh electrode)
were also measured to obtain reference data.

The C 1s band of the fresh electrode (Fig. S8a) can be deconvoluted into peak 1 at 284.8 eV and peak
2 at 285.3 eV. Peak 1 is assigned to the C-C bonding as graphitic carbon, and peak 2 can be attributed to
C-OH [1, 2], which could be from surface bonding of the raw AC material, and conductive additives. The
spectra of KBr that is crystalized on a AC electrode substrate is shown in Fig. S8b, consisting of peak 1
(from the carbon substrate) and peak 3 at around 284.0 eV. C 1s of the negative electrode is a combination
of peak 1-3. In contrast, the positive exhibits additional signal at around 287.5 eV, i.e. peak 4. Peak 4 is
assigned to carbonyl groups (C=0)[2-4]. This surface group might be generated by electro-oxidation during
the cycling at 1.9 V.
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Fig. S9 | Impedance test: Nyquist plots after 50 and 1000 cycles at (a) 1.9 V and (b) 1.6 V after
triggering. The tests were carried out in the frequency range of 100 kHz -10 mHz with a5 mV ac
amplitude on a Gamry Reference 3000AE.

We conducted EIS (electrochemical impedance spectroscopy) measurements on two devices working
at 1.9 V and 1.6 V after a triggering operation, respectively. The Nyquist plots obtained after 50 and 1000
cycles are displayed in Fig. S9. All the Nyquist plots consist of a semicircle in the high frequency region
and a nearly vertical line in the low-frequency region. The x-intercept of the plot is series resistance, Rs,
which reflects the internal resistance including solution resistance and resistance from electrical
connections of the device; The diameter of the semicircle defines the charge transfer resistance, Ret [1-3].

In the beginning period at 1.9 V cycling, Rs is 0.47 ohm, and increases slightly to 0.68 ohm after 1000
cycles. Re also shows an increasing trend from 5.73 to 6.40 ohm. In contrast, for the device working at 1.6
V after triggering, the Nyquist plots are almost identical, indicating the excellent stability of the system
which is in agreement with the stability test in Fig. 2e-f. The resistance increase at 1.9 V could be a sign of
electro-oxidation. It was reported that electro-oxidation could reduce the electrode integrity and contact
with the current collector due to evolution of gases (CO, COq, etc.) [4, 5].
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Emerging demands on heat-durable electronics have accelerated the need for high temperature super-
capacitors as well as for understanding the influence of elevated temperatures on the capacitive
behavior. In this work, we present a comprehensive study of the thermal influence on a supercapacitor
containing 1-ethyl-3-methylimidazolium acetate (EMIM Ac) electrolyte and activated carbon (AC) elec-
trodes. The performance variation as a function of temperature in a range from 21 °C to 150 °C reveals
that a high specific capacitance of 142 Fg~! can be achieved at 150 °C at a current density of 2 A g~ ! with
arate capability of 87% at 15 A g~ (relative to 2 Ag™1). At 150 °C, equivalent series resistance (ESR) is only
0.37 Q cm?, which is a result of improved ionic conductivity of the electrolyte at elevated temperature.
The ESR value of 2.5 Q cm? at room temperature reflects a good compatibility between EMIM Ac and AC.
In addition, a capacitance retention of more than 95% (in the end of 1000 cycles) is maintained up to
120 °C followed by 85% at 150 °C. These results confirm EMIM Ac as a suitable candidate for carbon-based
high temperature supercapacitors, and the observations regarding the thermal influence on performance

metrics e.g. usable operation voltage could be applicable to other energy storage devices.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochemical capacitors or supercapacitors (SCs) are
receiving strong attention as a result of their ability of ultrafast
energy delivery and limitless lifetime. Consequently, they have
become an integral part of modern electronics either as a primary
storage device or as a backup device [1].

In recent years, intensive research efforts are focusing on high
temperature applications of supercapacitors. The ability to operate
at high temperatures is especially important in electric vehicles
(EVs) or hybrid electric vehicles (HEVs) where SCs are used in place
of, or in combination with, batteries that provide acceleration po-
wer and store energy form regenerative braking, and in turn
improve the battery lifetime [2]. Capacitor banks used in such
systems can heat up to 60°C by a nearby combustion chamber.
Therefore, thermal stability is one of the most important consid-
erations prior to designing any system of this kind [3]. As shown in
Fig. 1, there are a number of other applications that operate at a

* Corresponding author.
E-mail address: mhaque@chalmers.se (M. Haque).

https://doi.org/10.1016/j.electacta.2018.01.029
0013-4686/© 2018 Elsevier Ltd. All rights reserved.

wide range of elevated temperatures and require energy storage
devices [4]. These applications include underground drilling tools,
military equipment, aircraft power electronics and wireless sensors
operating in harsh environments [5]. Moreover, SCs, aimed for
room temperature (RT) application, can also be exposed to tem-
perature variation due to changes in air temperature or self-heating
during device operation [3]. Operating SCs at off-design tempera-
tures often lead to problems with safety, reliability and perfor-
mance through accelerated ageing and thermal runaway [3], which
makes this task very challenging.

Among the essential constituents of a SC device, electrolyte
plays the most critical role in stable high temperature performance
compared to electrodes and separator. Organic electrolytes used in
commercial SCs are not well suited for high temperatures (above
70°C) due to their high flammability, possible evolution of toxic
gasses and low boiling points of solvents [3,6]. Aqueous electrolytes
are limited by low boiling point of water and are not preferable to
be used at more than 80 °C [3]. In this regard, ionic liquids (ILs) can
satisfy high temperature requirements due to their unique physi-
ochemical properties such as high thermal and chemical stability,
wide voltage range, non-flammability and negligible vapor pres-
sure [7]. ILs are molten salts that remain liquid at or close to room
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Fig. 1. Temperature requirements of storage devices in different applications. Adapted
from Ref. [4] with permission from The Royal Society of Chemistry.

temperature (RT), as they cannot easily form an ordered crystal
structure [8,9]. They consist of a relatively large asymmetric organic
cation (limiting the negative potential window) and a weakly
bonded inorganic or organic anion (limiting the positive potential
window and melting point/temperature range) [10]. Due to the
bulky nature of ions, ILs are generally more viscous compared to
conventional electrolytes, and therefore exhibit inferior capaci-
tance and power density at RT. It was shown that the best perfor-
mance for an IL is expected at a temperature around 60 °C [3,11,12].

A number of research groups have investigated the thermal
stability and capacitive performance of IL containing SCs in com-
bination with different electrodes that can operate at a maximum
temperature of 100 °C [11,13—18]. Studied SCs exhibited quite high
equivalent series resistance (ESR) due to unsuitable combinations
of electrodes and electrolytes and low ionic conductivity of elec-
trolytes. As a strategy to improve the ionic conductivity, some
works have been focused on mixtures of ILs and organic solvents
[19—23]. However, for high temperature applications, especially
above 100 °C, the thermal stability of such a device is endangered
due to the presence of organic solvents. Besides, another study
showed that the addition of solvents with low dielectric constant
(acetonitrile, regardless of being highly polar) can actually decrease
the conductivity of the corresponding neat IL by promoting ionic
association [24]. Therefore, a solvent with high dielectric constant,
for example water is favorable for the dissociation of the ions that
increases the conductivity of IL [24]. With a very small amount of
water, often water molecules exist as clusters and stay isolated,
whereas, with a relatively larger amount, ILs form a three dimen-
sional network linked by a strong hydrogen bond among anion,
cation and water [25]. The solvation in IL can result in a significant
change in the chemical reactivity of solute water as it is strongly
bound to solvent anions. In fact, water have a very large negative
excess chemical potential (—29 kj mol~!) in imidazolium-based ILs
[26], meaning a higher energy is needed to decompose the water
present in the system.

Theoretically, neat ILs possess adequate ionic conductivity at
elevated temperatures and the absence of solvents allows high
ionic concentration, which could facilitate good capacitive perfor-
mance. In this work, we use a new IL electrolyte EMIM Ac with a
certain amount of water content for a SC containing AC electrodes
and carry out a thorough electrochemical investigation. The main
purpose of this study is to demonstrate high temperature tolerance
and common trends for the temperature dependence of the device

performance. An [EMIM]* cation-based IL is chosen due to its high
conductivity (10 mS cm~ ') compared to most of the ILs [27] and less
chance of forming aggregates [25]. Additionally, the water present
in the EMIM Ac should associate itself with the [Ac]~ anion by a
strong hydrogen bond network due to its small size (0.15 nm) and
highly polar nature. Consequently, it should reduce the direct
coulombic interaction between [EMIM]|' and [Ac] ions and that
can result in even higher ionic conductivity. Additionally, the large
solvation shell due to the small size of the acetate ions (0.15 nm) is
expected to be guided by the large amount of mesopores available
in the prepared AC electrode and eventually fit in the vast majority
of the micropores (average pore size 0.85nm) [28]. Moreover,
acetate-based ILs have low toxicity and corrosiveness with a
favorable biodegradability [8]. Lower toxicity allows less critical
operation requirements, which fits well with our customized high-
temperature electrochemical test cell. The customized test cell also
eliminates thermal expansion issues, indicating that the observed
performance variations should mainly originate from the interac-
tion between electrode and electrolyte. This study reveals that an
EMIM Ac containing SC can function at a temperature as high as
150 °C and enables a specific capacitance that is even greater than
most aqueous-based SCs at RT.

2. Experimental
2.1. Materials and characterization

1-Ethyl-3-methylimidazolium acetate 97% (EMIM Ac, with im-
purities < 0.5% water, Sigma Aldrich), was used as an electrolyte
solution without further purification. Commercially available
glassfiber sheet (GF, Whatman®) with 200 um thickness and a
diameter of 12 mm was used as separator.

AC (Kuraray®, YP-80F) was used as the main component of the
electrodes. First, the AC powder and carbon black (Sigma Aldrich)
were mixed and finely grinded in a quartz mortar. Subsequently,
the mixture was added to a beaker containing acetone and poly-
tetrafluoroethylene (PTFE) binder (60 wt % in H;0). The weight
ratio of the AC powder, carbon black and PTFE was 80:10:10. Then
the mixture was kept in sonication for 30 min and later on trans-
ferred to a 75 °C water bath for solvent (acetone) evaporation. Af-
terwards, a dough was obtained from the mixture and processed
into a freestanding film by a rolling press technique. The film was
subsequently dried in vacuum for 24 h at 80 °C. Pellets with 10 mm
diameter were punched out from the dried film and used as elec-
trodes. A single electrode was around 2.5 mg in mass, 100 um in
thickness and 10 mm in diameter.

The surface area and porosity of commercial AC material (Kur-
aray®, YP-80F) has been reported in Ref. [29], where nitrogen gas
sorption measurements at 77 K were conducted, surface area of
2112 m?g”! was determined with Brunauer-Emmett-Teller (BET)
method, and average pore size of 1.31 nm were calculated with
quenched solid density function theory (QSDFT) method. To
examine the difference in surface area between AC powder and the
AC electrode pellet (80% YP-80F AC, 10% PTFE and 10% carbon black),
the same nitrogen sorption measurement at 77 K was conducted on
TriStar 3000 V6.05 A and BET surface area was calculated accord-
ingly (Fig. S1). Prior to measurements, the samples were degassed
under vacuum at 150 °C for 3 h.

Electron spectroscopy for chemical analysis (ESCA) was per-
formed with the Quantum 2000 scanning ESCA microprobe from
Physical Electronics to evaluate the elemental composition of the
AC powder (Fig. S2). An Al Ko (1486.6 eV) X-ray source was used
with a beam size of 100 pm.

The surface morphology of the AC powder and AC electrode
material was investigated with scanning electron microscopy (SEM,
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Leo Ultra 55 FEG SEM, Zeiss) in a secondary electron mode at an
acceleration voltage of 3 kV (Fig. S3).

2.2. Thermal characterization

Thermal stability measurements of the pure EMIM Ac electro-
lyte and the mixture of EMIM Ac and AC electrode were performed
by thermal gravimetric analysis (TGA) using a Mettler Toledo TGA/
DSC 3+ instrument. Pure EMIM Ac weighing 9.7909 mg and the
mixture of EMIM Ac and AC electrode weighing 9.9523 mg were
placed into aluminum crucibles. Then the samples were heated in
air from 30 °C to 600 °C with a heating rate of 10 °C min~! followed

by a flow rate of 20 mL min .

2.3. Device configuration and high temperature profile

A symmetrical two electrode SC cell was prepared according to
AC|| (GF/EMIM Ac) ||AC configuration and assembled in a custom-
ized chamber (Fig. 2) consisting of a top and a bottom housing
made of stainless steel. The housings provided one end connection
to the SC cell from external power supply. The second end
connection was maintained by a flat head pin (made of stainless
steel) through the top housing. A thin Teflon gasket was kept be-
tween the top housing and the flat head pin in order to avoid any
connection with the rest of the housings. The SC cell was placed
inside a cavity of the bottom housing. The cell was separated from
the wall of the cavity by an inner Teflon body to make sure that the
external connection through the housings was maintained only at
the one side of the cell. A thin Teflon gasket on the surface of the
bottom housing provided isolation for a piston shaped current
collector that was attached to the flat head pin with a stainless steel
spring which could compensate thermal expansion issues at
elevated temperatures.

Electrochemical measurements at room temperature were car-
ried out 24 h after cell assembly, in order to provide enough time
for electrolyte absorption. Approximately 100 puL of electrolyte was
injected into the cell.

The cell was characterized at a wide temperature range in the
following order: RT (21 °C) — 40°C — 80°C — 100°C — 120°C —
cooled back to RT after 120°C (RT/120°C) — 150°C. High

Flat head pin

Top housing

Teflon gasket
Spring

./—o Current collector

Teflon gasket

Electrode
Separator
/’ Electrode

Z

Teflon body
Bottom housing

Fig. 2. Schematic of customized chamber and SC cell assembly.

temperature exposure was achieved by placing the cell in a DZF-
6020 oven (temperature fluctuation+ 1°C). Temperature was
additionally monitored by a UT61B Modern Digital Multimeter
coupled with a thermal sensor connected to the cell. The accuracy
of the sensor is + (1.2% + 3) in a temperature range of —40°C to
1000 °C. Once the cell reached a pre-defined temperature, it was
maintained at that constant temperature for at least 4 h before
electrochemical measurements were performed. This ensured that
critical dynamical processes in the cell reached thermal equilibrium
prior to characterization.

2.4. Electrochemical characterization

Different electrochemical measurements were conducted at RT
and elevated temperatures. Specifically, cyclic voltammetry (CV)
with scan rates ranging from 10 to 3000 mVs~!, galvanostatic
charge discharge (GCD) with a normalized current from 1 to
100Ag~! and cyclic charge discharge (CCD) with a normalized
current of 7Ag~! were performed. In addition, electrochemical
impedance spectroscopy (EIS) was carried out at a frequency range
of 100kHz to 10mHzat OV with an alternating current (ac)
perturbation of 5 mV at open circuit potential. All electrochemical
measurements were conducted using a Gamry Reference 3000AE
Galvanostat/Potentiostat workstation with a current accuracy
(+10 pA + 0.3%) and voltage accuracy of (+1 mV + 0.3%) of reading.

Capacitance was calculated from both CV and GCD measure-
ments according to the following equations:

Vs

__4 -1

G = ayee | 1WAV (g™ (1)
Vi

_4><Id><td -1

G=trlxd (g 2)

where C; is the specific capacitance of a single electrode, I (V) is the
current response, V; and V, are lower and upper limits of the po-
tential range respectively, AV is the working voltage range, vs is the
scan rate, I; is the discharge current, t; is the discharge time and m
is the total mass of both electrodes (each electrode had approxi-
mately the same mass). The factor of 4 modifies the device capac-
itance (normalized to mass of two electrodes) to the capacitance of
a single electrode [30].

Power density and energy density of the device were calculated
from GCD measurements based on the following equations:
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where C is the specific device capacitance, AV is the voltage range
excluding internal resistance (V;.) drop, E is the energy density of
the device, Pmax is the maximum power density of the device, Pq,g is
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the average power density of the device, t; is the discharge time,
and R; is the equivalent series resistance from GCD measurements.

3. Results and discussion
3.1. Cyclic voltammetry (CV)

In order to determine the operating voltage limit at RT, CV of the
SC containing EMIM Ac electrolyte was carried out in different
voltage windows ranging from 1.2V to 1.7V with a scan rate of
20mV s~ ! (Fig. 3a). An anodic current increase leads to a noticeable
deviation from the rectangular cyclic voltammogram (CV) loop at
higher voltages. The deviation should be a result of oxygen evolu-
tion due to decomposition of residual H,O in the electrolyte, which
involves electron transfer through the interface. This effect is more
significant at slower scan rates and higher temperature. Therefore,
identifying the voltage related to the accelerated increase of anodic
current deviation can be a fair approximation of defining the
maximum voltage window. According to the recorded CVs, 1.5V,
the highest voltage with less than 10% accelerated relative standard
deviation (RSD) of anodic current is set to be the voltage limit at RT
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Fig. 3. (a) CV plots at different voltage ranges (at 20 mV s, RT), (b) relative standard
deviation (RSD) and change of RSD of anodic current as a function of voltage, and (c)
CV plots at different scan rates (voltage range 1.5V, RT).

(Fig. 3b). The calculations are made according to the following
equations:

RSD:%X 100% (7)

a

RSDy, — RSDy,

Change of RSD = RSDy,

x 100% (8)

where ¢y, is the standard deviation of anodic current, I, is the
average anodic current, RSDy, is the relative standard deviation of
anodic current at voltage V; and RSDy, is the relative standard
deviation of anodic current at voltage V5.

Fig. 3c displays CVs at different scan rates in a voltage range of
0—1.5V at RT. The rectangular shape of the CVs at slow scan rates
are indicative of a characteristic capacitive behavior. Consequently,
the transformation into a more oval shape at fast scan rates points
out a deviation from ideal capacitive performance. The specific
capacitance at a slow scan rate of 10mV s~ ! is calculated to be 1.7
times higher than the specific capacitance at 200 mVs~! (54 Fg™1).
The drop of capacitance at fast scan rates is a consequence of
several factors. First, due to electrode and electrolyte intrinsic
resistance, a potential loss in the system is unavoidable, which
renders the actual potential smaller than the applied potential.
When the response current increases with increasing scan rates the
potential loss is enhanced, and a smaller potential is left to drive the
ions into or from the electrode. Second, at faster scan rates, the
electrolyte ions have a shorter transport time and are able to access
only a small portion of the active surface [31].

Due to their inherent high viscosity, most IL electrolytes provide
much lower capacitance and higher ESR than aqueous and organic
electrolytes [10,22,32,33]. Despite that, a maximum specific
capacitance of 93 Fg~! is achieved at a scan rate of 10 mV s~ with
EMIM Ac, which is comparable to aqueous KOH [34] and acetate-
based [35] aqueous electrolytes. Moreover, a capacitance reten-
tion (ratio of capacitance at 200 mV s~ to the one at 10mV's~!) of
58% is maintained at 200mVs~L Such a high capacitance and
reasonable rate capability is believed to be a benefit from the
relatively low viscosity (0.16 Pas) [36] of the EMIM Ac electrolyte.
Moreover, presence of a certain amount of H,O in the current
system (Fig. S4) would reduce the viscosity to one-half of that value
[36].

To further explore the voltage limit at elevated temperatures, CV
voltage-ramp measurements were performed at 100 °C, 120 °C and
150 °C, respectively. Corresponding CVs at a scan rate of 20 mv s~
are presented in Fig. 4a—c. A quasi-rectangular shape with less than
10% accelerated increase of the anodic current is maintained up to
1.4Vat 100°C and 120°C followed by 1.3Vat 150°C (Fig. 4d),
which sets the maximum voltage for EDL type behavior at elevated
temperatures for this particular system. This trend of shrinkage of
the voltage window with elevated temperature is reasonable as
there will be an increase of hydrogen chemisorption from the
cation either by reorientation of the imidazolium ring or removal of
the anion from the surface [37]. And the extent of the phenomenon
might depend on the amount of water present in system [38].
However, the shrinkage of the voltage window with elevated
temperature can also be noticed in dry ILs [39], which originates
from a very fundamental reason: the change in dielectric constant.
As the temperature increases, the random thermal motion of the
molecules or ions increases to a large extent resulting in a decrease
of the dielectric constant that consequently reduces the voltage
window.

Therefore, a reduction in voltage at elevated temperature is
highly required in order to achieve a good capacitive behavior with
high thermal stability.
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CVs at a scan rate of 100mV s~ ! obtained for cells at different
temperatures are compared and presented in Fig. 5. The working
voltage of the supercapacitor cell remains the same (1.5 V) for RT,

40°C, and 80 °C (Fig. 5a), indicating that the limited temperature
increase hardly has any effect on the maximum voltage. Instead, the
shape of the CV curves widens and results in an improved



254 M. Haque et al. / Electrochimica Acta 263 (2018) 249—260

capacitive behavior even at a high scan rate of 100mVs~!
(Fig. 5a—b). The specific capacitance is 125 Fg~! at 150°C, 115 F g~
at 120°C,113Fg~1at 100°C, 99 Fg ' at 80°C, 85 Fg ! at 40°C and
68 Fg~! at RT. Since the electrical conductivity of carbon electrodes
does not vary significantly with elevated temperature [6], the
observed capacitance improvement is possibly attributed to an
increased ionic conductivity of the electrolyte, resulting in greater
charge accumulation at the electrode/electrolyte interface. This
increase of the ionic conductivity of EMIM Ac electrolyte could be
explained from the following reasoning: due to a strong affinity of
the [Ac]™ anion to abstract hydrogen from water (nearest water
molecule from acetate), the formation of acetic acid, especially at
elevated temperatures could be expected [40,41], therefore, the
acetic acid could increase the ionic conductivity of the IL by two
orders of magnitude [42], considering the conformations arising
from the hydrogen atom of water.

However, with elevated temperature, the water content from
the bulk EMIM Ac solution will be reduced, consequently, attraction
of the [Ac]™ anion to create the hydrogen bond will shift towards
the hydrogen atom (aromatic acidic proton) in the imidazolium
ring (attached to the carbon atom present between the nitrogen
atoms), which will lead to the formation of carbenes (intrinsic
impurities in dry EMIM Ac) in the system [41].

During charging of the supercapacitor these protonated car-
benes diffuse deeply into the micropores and become confined. As a
result, the mobility of carbenes is constrained compared to the rest
of the bulk solution. At a later event, when the rest of the ions or
ionic species from the bulk electrolyte solution are driven to the
pores as a result of diffusion caused by electrical or thermal fields,
the confined carbenes remain available for re-protonation [38]. A
strong carbene protonation/re-protonation can be noticed by the
presence of reversible peaks on both anodic and cathodic scans at
150 °C, which contributes to the enlargement of the CV area
(Fig. 5b) and thus to the specific capacitance. In fact, the extent of
the reversible reaction is noticeable already at 100 °C and 120 °C to
a certain extent.

Fig. 5¢ presents the trend of specific capacitance variation with
different scan rates at each temperature. An improved rate capa-
bility of the device can be noticed with increased temperature. A
capacitance retention (ratio of capacitance at 500 mVs~! to the
value at 20mV s~ !) of 71% is maintained at 120 °C, which is over 2
times greater than the retention at RT (30%). CV measurements
performed at 120 °C with different scan rates (Fig. 5d) maintain the
capacitive behavior with moderately rectangular shape (even at
500mVs~!), ensuring a good rate performance and thermal
tolerance of the device.

Taking all of the above into account, the maximum voltage at
different temperatures has been determined, as listed in Table 1.
Although the present system could be functional even at 150 °C
within 0—1.3V, the reliability is still questionable for long-term

Table 1
Performance metrics of the supercapacitor from GCD measurements.

operations at this voltage range. Therefore, for less risk of cell
failure, 120 °C is suggested as approaching an upper temperature
limit for the SC operation within a decent voltage range of 0—1.4 V.

3.2. Galvanostatic charge discharge (GCD)

Fig. 6a—b illustrate the comparison of GCD curves at a normal-
ized current of 3 Ag~!. Symmetrical and nearly linear slopes of the
voltage response represent typical capacitive behavior of the SC
device, which becomes more apparent with increasing tempera-
ture up to 120 °C. Similar to the CV results, a wide bending of the
GCD profile at 150 °C confirms the presence of side reactions.

Fig. 6c—d display the specific capacitance and IR drop of the SC
cell as a function of normalized current in the temperature range of
RT to 150 °C. In general, the specific capacitance decreases with the
increase of normalized current. At RT, the cell is not able to charge
at a current more than 10A g~! due to high voltage loss. At 120 °C,
the charging capability of the cell improves significantly — it is
chargeable at a current of more than 30Ag . Therefore, an
improved rate capability (the ratio of capacitance at 7Ag~! to the
value at 1A g~ 1) of 85% can be achieved at 120 °C compared to 62%
at RT.

When the current increases the IR drop becomes larger due to
its direct proportionality to the current. In addition, the IR drop
shows a descending trend with the gradual increase of operating
temperature. This decrease of the IR drop facilitates a larger usable
voltage at the same current (Table 1). For example, even though the
maximum voltage at 120°C is 0.1 V lower than 1.5V at RT, the us-
able working voltage is actually larger. The IR drop at RT is 186 mV,
reducing the active working voltage to 1.31 V, whereas the IR drop
at 120 °C gives only a modest 26 mV reduction. The energy density
is directly proportional to the capacitance and the square of the
useable voltage; hence the energy density at elevated temperature
(120°C) is 1.7 times higher than the energy density at RT. A similar
trend is observed for each temperature, as shown in Table 1. High
power density is the main characteristic of a SC. Therefore,
improving energy density without sacrificing the power density
should be highly prioritized. The tested SC cell delivers a remark-
able maximum power density (Table 1) due to its low internal
resistance (V;,) and at the same time ability to function with a high
current. The values compare well to other reports (Table S1). Also,
the applied current has a significant influence on the average power
density and energy density of the device at each temperature. A
Ragone plot comparing the performance variation can be seen in
Fig. S6.

Fig. 6e shows the GCD profile of the SC operating at 120 °C. All
the curves display nearly symmetric triangular shape, which in-
dicates the dominance of EDLC behavior in the system. The IR drop
increases with increasing normalized current but still it remains as
low as 128 mVat 15Ag L

Temperature Max. IR drop ? Useable Energy density Max. Power Rate capability Capacitance
(°C) voltage (V) (mV) voltage (V) (Whkg™) density (kW kg ") (%) b
(Fg™
RT 15 186 1.31 43 139 62 84
40 1.5 79 142 6.1 38.2 78 98
80 1.5 35 1.46 8.3 924 82 122
100 14 29 1.37 7.3 97.4 85 121
120 14 26 137 74 107.5 85 121
RT/120 1.5 134 1.36 49 20.8 66 88
150 13 23 1.28 7.7 107.1 87 142

3 [Rdrop at 3Ag™!
> Maximum capacitance is achieved at 1Ag~" while 2Ag~! for 150°C.
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densities.

3.3. Electrochemical impedance spectroscopy (EIS)

EIS measurements have been conducted in order to distinguish
the temperature dependence of the capacitive and resistive parts of
the SC. Fig. 7a presents a typical Nyquist plot consisting of different
impedance contribution of the SC cell. In the high frequency region,
the intersection point of the depressed semi-circle on the Z..-axis
closest to the origin is due to equivalent series resistance (ESR) that
generally comprises electrolyte solution resistance, separator and
external circuit resistances, where the electrolyte solution resis-
tance usually contributes the most [43,44]. The ESR value is fairly
low (Table 2) at RT compared to values reported for other systems
containing IL (Table S1). The intersection points are shifting to-
wards the origin with an increase in the operating temperature.
Hence, a definite decrease of ESR (Table 2) confirms an enhanced
ionic conductivity of the EMIM Ac electrolyte with increasing
temperature, which essentially speeds up the dynamics of the
charge accumulation in the double layer formation. At elevated
temperatures, the electrostatic forces between cations and anions
become weaker, resulting in a lower viscosity of the electrolyte. The
viscosity (Pa-s) decreases by a factor of 32 from RT to 120 °C [36].

The second intersection point of the semi-circle in the middle
frequency region is associated with the ion migration across the
bulk electrolyte and electrode interface (interfacial resistance, Rin¢
[44] in the current EDLC-dominated system. Note that for pseu-
docapacitive systems, Riy¢ is replaced by R¢ (charge transfer resis-
tance) that defines the kinetics of electrochemical reaction in the
electrode/electrolyte interface [43,45]. According to the recorded
values (Table 2), Rin¢ keeps decreasing with temperature increase,
until the second intersection of the semi-circle is hardly visible at
80°C and beyond, revealing an enhanced affinity between AC
electrode and EMIM Ac electrolyte.

A transition from high to low frequency can be recognized
through the presence of a leaning line with a slope of 45° on
Nyquist plots and is indicative of transmission line behavior rep-
resented by the Warburg impedance. The Warburg region becomes
shorter with increasing temperature, indicative of a better ion
diffusion into the porous AC electrode [46]. After the Warburg re-
gion, a long spike, parallel to the Z;,-axis, with a slope of nearly 90°
appears in the low frequency region, which is associated with an
ideally polarizable mass capacitance [21]. However, for tempera-
tures above 40°C, the low-frequency part deviates from ideal
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Fig. 7. EIS measurements at different temperatures, (a) Nyquist plots, (b) normalized real capacitance as a function of frequency, (c) normalized imaginary capacitance as a function
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Table 2
Performance metrics of the supercapacitor from EIS measurement.

Temperature ESR (Q cm?) Rint (Q cm?) Phase angle Phase angle Peak Frequency, Relaxation time
(°C) at 10 mHz (°) at 20 mHz (°) f, (Hz) constant, T, (s)
RT 2.52 2.06 -84 -80 0.13 7.9
40 0.91 0.93 -87 -85 0.32 3.1
80 0.48 0.22 -85 -86 0.80 12
100 0.46 0.17 -81 -85 0.80 12
120 0.44 0.15 —74 -81 1.0 1.0
RT/120 1.96 1.42 -84 -81 0.16 6.3
150 0.37 0.09 -68 —74 13 0.8
capacitive features (parallel to Zjy-axis). The degree of inclination
with the abscissa is related to the extent of leakage current [21,47]. c_ ~-Z'(w) <Fg*1) (10)
Generally, leakage current arises due to parasitic side reactions or w’ Z(w)\z
charge redistribution and increases with elevated temperature
[48—50]. This behavior can be better explained in terms of time
constant and dielectric relaxation time constant of the SC cell c _ Z (w) (F _]) (1)
through the complex capacitance analysis. In this way it is possible - w’ Z(w) ‘2 g

to resolve the capacitive performance at low frequency, unlike in
the Nyquist plot, which is best suited for observing the resistive
response at high frequency and which requires sophisticated
nonlinear fitting of increasing complexity for elevated tempera-
tures [51,52].

With an alternating signal at frequency w, a complex capaci-
tance can be defined in terms of a complex permittivity and com-
plex impedance in the following manner [22,53,54]:

C(w) = C(w) —iC'(w)
(F)

:’3 x [e’(w) —ie' (w)

where, C(w) is the frequency dependent complex capacitance, C’
being its real part and C” its imaginary, A is the geometrical area of
the electrode, d is the double layer thickness, ¢ (») and &' () are the
real and imaginary part of the complex permittivity, |[Z(w)| is the
frequency dependent impedance,Z’(w) is the real part of the
impedance, Z' (w) is the imaginary part of the impedance.

Fig. 7b—c demonstrate the change of real and imaginary
capacitance (complex capacitance) with frequency. The real
capacitance is essentially the deliverable capacitance, which in-
creases with elevated temperatures. More importantly, the fre-
quency at which the capacitance reaches half of its maximum
(stored energy is not fully accessible above this frequency) has been
remarkably increased with temperature increase (Fig. 7b). It is
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worth mentioning that the total dielectric polarization of ILs is a
combination of electronic polarization as a result of the molecular
polarizability and the orientation polarization caused by the per-
manent dipole moment of the ions [55]. In an alternating field, the
average dipole orientation requires a characteristic time to align
with the changing field direction. This is known as the dielectric
relaxation time, which can be extracted from the characteristic
frequency corresponding to the maximum capacitance in the
imaginary capacitance plot (Fig. 7c): 7o = 1/fp . 7, is the dielectric
relaxation time and f, is the peak frequency. The dielectric relax-
ation time is the minimum time required to deliver the stored
energy with an efficiency of more than 50% [54,56], meaning that a
high characteristic frequency (equivalent to a low relaxation time
constant) is a reflection of high power capability with improved
rate performance [57]. As shown in Table 2, the peak frequency at
RT is 0.13 Hz which is two times higher than what was reported for
an EMIM BF4 containing SC [15]. With increasing temperature, the
peak frequency shifts towards higher frequency and the relaxation
time constant decreases significantly (Table 2). The increasing
characteristic frequency at elevated temperatures follows similar
trend as reported for an (1-butyl-1-methylpyrrolidinium bis-(tri-
fluoromethylsulfony) imide (BMPY TFSI) containing SCs [6] but
with higher operating frequency (Table 2). The high characteristic
frequency is believed to be a consequence of good affinity between
AC and EMIM Ac and thus a low ohmic resistance at elevated
temperatures.

It can be noticed from Fig. 7c that there are some resistive tails in
the low frequency region at high temperatures (80 °C and beyond)
in addition to the capacitive peak. The extent of the leakage current
can be estimated from the magnitude of these resistive tails [58]. By
taking into account the presence of leakage current, another time
constant can be defined as a product of total capacitance and
leakage resistance. The time constant can be extracted from the
frequency corresponding to the resistive tail: 7; = 1/ft, where 71 is
the time constant and f; is the tail frequency. When 7 is sufficiently
larger than 7,, the leakage current is smaller [58]. The time con-
stants are calculated to be 40s, 255, 20's and 6s for 80, 100, 120,
and 150 °C, respectively. By comparing the time constants (71) with
the dielectric relaxation time constants (7,) (Table 2), it can be
estimated that with increasing temperature the leakage current
also increases. The enhanced leakage current under thermal in-
fluence is a common observation in various systems, because the
extent of charge redistribution increases significantly at high
temperature as a consequence of increased ionic mobility [59,60].
Besides, in the EMIM Ac electrolyte, the abstraction of hydrogen
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atoms by the acetate anion may occur, especially when the elec-
trolyte is dry, leading to charge transfer caused by the formation of
carbenes (an intrinsic impurity of pure EMIM Ac) [41,61]. Therefore,
the extent of the leakage current could be further increased as a
result of these parasitic side reactions. On the other hand, leakage
current is comparatively low at lower temperatures possibly due to
two factors. First, charge redistribution is mitigated as a result of
slow ionic mobility. Second, the presence of higher H,O content
(around 10%, Fig. S4) reduces the carbene formation [41] and
further decreases the leakage current. The former is believed to be
the main contributor.

Fig. 7d represents the impedance data in a Bode plot. The phase
angle of an ideal capacitor is —90° but slight deviations are very
common in reality due to the presence of intrinsic resistance in the
system. The greater deviation with increasing temperature can be
clearly seen at very low frequency (10 mHz), with the largest de-
viation occurring at 150 °C (Table 2). The phase angle at 20 mHz
(Table 2) for temperatures above 40 °C approaches —90°, which
indicates that the capacitive behavior is improving at a compara-
tively higher frequency at elevated temperatures.

3.4. Cyclic charge/discharge (CCD)

CCD measurements were carried out for 1000 cycles at each
temperature with a normalized current of 7Ag~! (Fig. 8a). The
inset compares the 50™ and 1000™ cycles of GCD curves. The
change of the curves is insignificant after cycling, except a small
reduction in charging and discharging time. The deviation of the
triangular shape is only evident at 150 °C, which indicates that cycle
life degradation occurs and puts an upper limit on the device
operating temperature.

Fig. 8a—b present capacitance retention at 1000 cycles and
average coulombic efficiency over the temperature range from
40°C to 150°C. A capacitance retention of more than 95% (specif-
ically 98% at 40°C, 97% at 80°C, 96% at 100°C, 95% at 120°C) is
maintained up to 120 °C, while at 150 °C it is 85%. A high average
coulombic efficiency of 98% is maintained up to 100 °C followed by
96% at 120°C and 81% at 150°C.

As stated in section 3.1, even though the device can function at
150 °C at 1.3 V and the capacitance retention in the end of cycling is
fairly high (85%), it should not be operated at this temperature and
voltage for long time period due to a higher risk of device failure. An
interesting result was revealed when the SC cell was cycled for
1000 cycles at 1V prior to 1.3 V: a capacitance retention of 95% was
maintained in the end of cycling (Fig. S5). Therefore, as the working
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voltage is very sensitive to temperature due to enhanced electro-
chemical activity, a relatively low operating voltage can ensure an
improved long-term stability at elevated temperatures.

3.5. Influence of high temperature exposure on room temperature
performance

All electrochemical measurements such as CV (with a scan rate
from 10 to 3000 mV s~ 1), GCD (1-100 Ag™1), CCD (1000 cycles) and
EIS have been carried out on the same cell with a gradual increase
of temperature in the following way RT, 40, 80, 100 and 120 °C, over
a period of 30 days. Afterwards, the cell was cooled down to RT, and
the performance was examined again to investigate whether there
is a hysteresis caused by the thermal treatment or operation history
(Fig. 9).

Interestingly, the electrochemical performance of the cell has
been measurably improved compared to the initial RT perfor-
mance. Both the CV (Fig. 9a) and GCD (Fig. 9b) measurements
illustrate ideal EDLC behavior. At RT, a specific capacitance of
88 Fg~ ! has been calculated from the CV, and this value increases to
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Fig. 9. Electrochemical performance of the supercapacitor before and after high

temperature (120 °C) exposure, (a) CV at 20mV s, (b) GCD at 1Ag~" and (c) Nyquist
plot. Measurements are performed at RT.

92Fg! after 120 °C exposure. From the GCD profile, the charging
and discharging time also increased with a reduced IR drop (from
62 mV to 44 mV). The Nyquist plot (Fig. 9¢) follows a similar trend
with a reduced ESR and Rj,¢ (Table 2). This improvement suggests
that the enhanced surface modification at high temperature re-
mains in the system to some extent even if the system cools down
to RT. Also, it is speculated that the high temperature exposure and
repeated charging/discharging might have improved the interface
in terms of more complete wetting of AC electrode surface with the
EMIM Ac electrolyte. More importantly, the capacitive signature of
the cell remains similar after all the cycling and high temperature
exposure. Therefore, the progressive change on the performance of
the cell validates the robustness of the device. At the same time, the
evidence of the performance improvement due to high tempera-
ture treatment can also be considered as a potential strategy to
improve the RT performance of other supercapacitor systems
containing carbon electrodes and IL electrolytes.

4. Conclusions

A thorough electrochemical study of a supercapacitor contain-
ing EMIM Ac electrolyte and AC electrodes has been carried out in a
wide temperature range from RT to 150 °C. These results manifest
for the first time that EMIM Ac could be a prospective electrolyte for
carbon-based supercapacitors, especially for high temperature ap-
plications. The AC/JEMIM Ac system is found to be functional at up to
150 °C within 0—1.3 V while 120 °C is suggested to be the maximum
operating temperature and 1.4 V as the voltage limit for long-term
use. Both good affinity between EMIM Ac and AC, and a reduction of
the dielectric relaxation time constant with temperature increase
are revealed by the devices' impedance behavior. The study points
out that maximum operation temperature could be gained at an
expense of the voltage range. However, the usable voltage range
(and thus the energy density and power density) may not neces-
sarily be compromised thanks to a lower IR drop at elevated tem-
peratures. The trade-off between maximum operation temperature
and maximum voltage as well as the performance enhancement
after thermal treatment could be of major practical significance for
designing high temperature electrochemical capacitor systems.
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1. Material characterization

1.1 Surface area difference between AC powder and AC electrode pellet
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Fig. S1. Nitrogen adsorption and desorption isotherm of AC powder and AC electrode pellet

The nitrogen adsorption/desorption isotherm of AC powder and AC pellet is shown in Fig.
S1. Both isotherms are a combination of type | and type IV curve, which suggests a good
combination of micropores and mesopores are distributed in the materials. The calculated BET
surface area is 2028 + 24 m?g* for AC powder and 1565 * 30 m?g™ for the AC electrode pellet
(80% YP-80F AC, 10% PTFE and 10% carbon black). A relatively lower surface area of the
AC electrode pellet is reasonable due to the presence of binder [1]. The shape of the isotherms
and the BET surface area are similar to those in a recent report [2], indicating a little difference
in the material’s properties.

1.2 Elemental composition of AC Powder
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Fig. S2. Typical survey scan (a) and C 1s ESCA spectra (b) of AC powder

ESCA (electron spectroscopy for chemical analysis) spectra of AC is shown Fig. S2.
Typical survey scan in Fig. S2 (a) shows that AC material contains 5.90 at.% oxygen along
with 94.1 at.% carbon. Fig. S2 (b) shows the C 1s spectra of the AC material that can be resolved
into 5 peaks with major C-C (graphitic carbon) peak in the lowest energy [3]. The other 4 bands
are C-O (phenols and ethers), C=0 (carbonyl groups), O-C=0 (carboxyl groups, lactones) and
minor shake-up satellite peaks due to n-n* transitions in aromatic rings [3-5]. The functional
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groups have good affinity to organic electrolytes, which could lead to good wettability. Besides,
the presence of the mesopores also facilitates electrolyte penetration.

1.3 Surface morphology
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Fig. S3. SEM images of (a) AC powder and (b) AC electrode pellet

SEM image in Fig. S3 (a) shows the porous nature of the AC powder as expected.
Moreover, the particles are homogeneously distributed in AC electrode pellet without any sign
of agglomeration, Fig. S3 (b). The electrodes have a fairly smooth surface with the typical grain
morphology expected of AC powder.



2. Thermal stability

TGA analysis of the pure EMIM Ac electrolyte and a mixture of electrolyte and AC
electrode was conducted and shown in Fig. S4. The result reveals that the presence of water in
both cases is around 10%. Both the samples show a similar two-step mass loss. The first step
occurs below 200 °C and is attributed to the crystalline water desorption. The second step of
mass loss, with its inflection point at 240 to 250 °C is due to thermal degradation of EMIM Ac.
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Fig. S4. TGA-thermal gravitograms and TGA-derivatograms of (a) EMIM Ac, and (b) mixture of EMIM
Ac and AC electrode pellet

The maximum rate of weight change of crystalline water is similar, which is around 125
°C for pure EMIM Ac and 118 °C for the mixture of EMIM Ac and AC electrode, indicating
that the most of the electrochemical performance variation should originate from the electrolyte.

There are two additional steps of mass loss that can be noticed in Fig. S4 (b): one is at 350
- 400 °C originating from the surface residues on the AC electrode and the one observed at 550
- 600 °C is due to the degradation of polytetrafluoroethylene (PTFE) that was used as a binder
for the AC electrode material [6].



3. Cyclic charge discharge at 150 °C

2

g

= 1004 @@ o o

= ] e oo

S 954 e
2 ] e

§ 90 95.4%

£ gs5-

3 : @150 °C
% 80 T T T T T T T T T T T
© O 200 400 600 800 1000

Cycle number
Fig. S5. Cyclic charge discharge for 1000 cycles at 1V prior to 1.3V

4. Ragone plot
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Fig. S6. Ragone plot (average power density vs energy density) at different temperature with different
current density




Table S1. Performance metrics of ionic liquid-based supercapacitors with carbon electrodes

. . Cyclic
Specific capacitance -
Electrolyte/ Voltage (V) / (Fg?)/ Energy Power ESR (?:tacblg;t)y/ Rate Time
Electroc}/e Tempera%ure °C) CV(mV s?) density density Q) Car?;lci tance capability constant Ref.
-1 -1 -1 0,
or GCD (Ag™?) (Wh Kg™) (kW Kg™) retention (%) (%) (s)

EmIm TFSA/ AC 3/RT 35 (0.1 A g?) - - - - - - [7]
Bmim TFs/ AC 3/RT 45 (0.1 AgY - - - - - - [7]
Emim BF4/ AC 3/RT 80(0.1AgY 6° - - 500/ 50 - - [7]
PyrrNO3 (0.8) + 1 ) i i Floating at 2 V i )

PyreTFSI / AC 2/RT 148 S mV's7) for 110 h / >80 (8]
EMIBFs/ ACNT -15t0 1.5/ RT 23(0.05 Ag?) 1.7° 38.1 10000 /98 5 [9]
-1.5t0 1.5/ 60 27 (0.05 A g?) 2.1¢ 43¢ 16.4 10000 /97 50 2 [9]
BDMIM-TFSI / 4
DWCNT 4/ 25 38.2 (100 mV st) 70 to
- f
BDMIM-TFSI/ 4/ 25 43.1 (100 mV s?) 3 7
DWCNT-GON :
to - 2000'/70 [10]
BDMIM-TFSI/ 4/ 100 43.9 (100 mV s?) 7
DWCNT ' 119to
BDMIM-TFSI / 4 14N
DWCNT-GON 4/ 100 47.6 (100 mV st)
1, 2-dimethyl-3- 2.6/ 15 45 (0.002 mA) 12.1 61 ™
propylimdazolium 2.6/ 25 51 (0.002 mA) - - 7.37 - 54 m - [11]
/AC 2.6/ 40 57 (0.002 mA) 5.27 84m
2.5/ 25 25.4
2.5/40 25.5
2.5/ 70 25.7 5001/ 85
DEME-BF.J/AC 251100 537 - - - - - [12]
2.5/ 130 21.3
2.5/ 150 17.5
2.5/ 25 26.3
EMI-BF4/AC 2.5/40 26.6 - - - - - - [12]
2.5/ 70 23.9




MPPipNTT./AC

cloth 35/ RT 66 1989 41 58 : i 100 [13]
MPP&L’:’J fIAC 3.5/ RT 69 215° 7.9 302 : i 63 [13]
EMImNTRIAC 3.0/ RT 75 1715 11.6 15.4 : i 39 [13]
EMimB J AC 3.0/ RT 87 196 30 6 : i 15 [13]
[MesS] [TFS1]/ 151 (347 _ _ _ ]

Al 3.0/ 50 e 47.19 0.31 [14]
[MesS] [TFSIT/ 141 (347 ] ] - ]

1l 3.0/ 80 e 44.10 0.32 78 [14]

EMIM Ac/ AC 1.5/ 80 122 (1 A gY) 8.3u 22w 0.48 (@ 1000 % /97 82" 12 This

cme) work

EMIM Ac/ AC 1.4/ 120 121 (1 A gY) 749 20% 0.44 (@ 1000 % /95 85" 1 This

cme) work

ab.¢.d Recalculated for device

e.f.9.h Extrapolated from Nyquist plot

' Cycling stability test at a temperature of 60 °C at 1 mA cm?2at 3V
I Cycling stability test at a temperature of 100 °C at 15 mA at 2.5 V
kK Cycling stability test at a temperature of 120 °C at 7 A g*

' Rate capability at 20 A g* relative to 0.05 A g*

™ Rate capability at 0.016 mA relative to 0.002 mA
" Rate capability at 20 mV s relative to 2 mV s
PRate capability at 7 A g relative to 1 A g*

ar.s tUnit of energy density is kJ kg™
UV Energy density at 3 A gt
w.x Average power density at 3 A gt
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Abstract

With the establishment of the internet of things (10T) and the rapid development of advanced microsystems,
there is a growing demand to develop electrochemical capacitors (ECs) to replace bulky electrolytic
capacitors on circuit boards for AC line filtering, and as a storage unit in energy autonomous systems. For
this purpose, ECs must be capable of handling sufficiently high signal frequencies, display minimum energy
loss through self-discharge and leakage current as well as maintaining an adequate capacitance. Here, we
demonstrate ECs based on mechanically flexible, covalently bonded graphite / vertically aligned carbon
nanotubes (graphite/'VACNTS) hybrid materials. The ECs employing a KOH electrolyte exhibit a phase
angle of -84.82°, an areal capacitance of 1.38 mF cm and a volumetric capacitance (device level) of 345
mF cm™ at 120 Hz, which is among the highest values for carbon based high frequency ECs. Additionally,
the performance as a storage EC for miniaturized systems is evaluated. We demonstrate capacitive
charging/discharging at pA current with a gel electrolyte, and sub-pA leakage current reached within 50
seconds, and 100 nA level stabilized leakage within 100 seconds at 2.0 V floating with an ionic liquid
electrolyte.

Keywords
Supercapacitors; hybrid material; AC line filter; energy storage; internet of things
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1. Introduction

Electrochemical capacitors (ECs, also known as supercapacitors or ultracapacitors) are well acknowledged
for being capable of rapid energy uptake and delivery, and almost limitless cycle life [1]. ECs have now
been widely used in macro-scale systems [2]. For example, in uninterruptible power supply (UPS) systems,
ECs smooth out the energy demand on batteries whose lifetime can thus be extended [3]; in combustion
engine and hybrid vehicles, ECs constitute start-stop modules that start the vehicle with high efficiency.
With the establishment of the internet of things (I0T) concept and the rapid development of advanced micro-
scale systems, the market of EC technology is expanding to alternating current (AC) line-filters and storage
components in energy autonomous devices.

In the line-filter regime, the use of EC facilitates compact circuit design. Nowadays, aluminum electrolytic
capacitors (AECs) are the primary component for ripple / noise filtering and decoupling on circuit boards.
However, AECs usually are among the largest components found in any electronic circuit [4]. The bulky
feature of AECs limits their applications in miniaturized systems such as portable electronics and wireless
sensor networks. Since carbon based ECs have significantly higher storage capacity, they are promising
candidates to replace low-voltage AECs for circuit board downscaling. For this purpose, the ECs must have
an adequate frequency response: at an application-specified frequency, the phase angle should be as close
to -90° as possible. In terms of 60 Hz AC line power in the United States, the critical frequency is 120 Hz
and the phase angle at 120 Hz is usually a metric to be compared in the research community. Similarly, for
50 Hz AC line power in Europe and other parts of the worlds, 100 Hz is the critical frequency for examining
the filter performance.

In the energy autonomous systems regime, EC is well suited as an energy storage component. The use of
ECs simplifies the circuitry design compared to lithium batteries due to the compatibility with the trickle
charging mode [5], and more importantly, ECs have merits of high energy efficiency (charge to discharge
energy), almost infinite recharge cycles, withstanding deep discharge and operability in a wide temperature
range. The challenge is, while maintaining the merits above, to achieve sufficient energy storage capacity,
minimal loss through self-discharge / leakage current and good capacitive response at low current input [6,
7]. Researchers claim that the energy storage EC should also respond to high frequencies in order to
efficiently store scavenged pulse electricity from an energy harvester or nanogenerator [8].

The two application areas described above require the development of ECs whose performance are
characterized by high cut-off frequency (kHz) and/or low self-discharge / leakage current (LA) with at least
moderate capacitance (mF). The research on high frequency ECs in recent years has propelled progress in
understanding some key design factors for such devices. For a high cut-off frequency, porous electrodes,
e.g. activated carbon, are normally less preferable due to non-uniformity in pore size and wall chemistry,
thereby leading to asynchronous charging and poor frequency response. Reducing porosity enables
synchronous charging, diminishes the distribution of RC time constants, and as a result, the cut-off
frequency is improved. S. Fletcher et al. [9] proved that synchronous charging minimizes self-discharge as
well, corresponding to a reduced leakage current. Low electronic resistance and low ionic resistance are
also keys to a fast response. The electronic resistance originates from electron transport inside the electrode
material and across the electrode/collector interface, while ionic resistance arises from the transport of
charged species in the bulk electrolyte and inside the pore structure. Taking all these into account, one
should accordingly consider binder-free high surface area materials with less porosity and high conductivity.

Graphene is a compelling material that has extremely high electronic conductivity and a pore-less structure
which are favored features for high frequency and low loss ECs. The monolayer or few-layer graphene
based devices have shown good frequency response [10], but the extremely low mass loading severely
limits the energy content (per footprint) of such devices (a basal plane produces only 3 pF cm?, estimated
from a polished graphite electrode in NaF electrolyte [11]; 21 uF cm2for a 0.3 nm thick graphene layer in
BMIM PFg electrolyte [11]). The low areal capacitance is generally a common concern for many nm-layer
devices: Although high volumetrics based on the ultrathin layer device can be calculated, the true



performance when scaling up to achieve a desired areal device capacitance may not be the same as ultrathin
layer devices [12]. Vertically aligned graphene sheets [4] enable the utilization of edge planes which have
a greater capacitance of 50 to 70 pF cm?[11], and therefore a decent capacitance of 0.4 mF cm™ at 0.01
Hz was achieved, though the capacitance is still less than 0.2 mF cm at 120 Hz.

CNTs are another promising material for constructing ECs for microsystems due to high electronic
conductivity and reasonable surface area for high capacitance [13-15]. For AC line filtering purpose, CNT
based ECs fabricated by solution processes have a slow frequency response if the CNT film is thick, due to
the high interfacial resistance from CNT-CNT and CNT-substrate interfaces. Reducing the CNT film
thickness to nm scale, a cut-off frequency of nearly 16 kHz was obtained, while as pointed out, the limitation
is a low areal capacitance (58 uF cm) [14]. By increasing the film thickness and mass loading to a proper
extent, a higher capacitance can be obtained with certain compromise in frequency response. For instance,
a0.28 mF cm2 EC with 1995 Hz cut-off frequency was demonstrated for a 298 nm thick CNT film on gold
coated Al foil with a vacuum filtration method [14], and a 0.6 mF cm device with 1425 Hz cut-off
frequency was fabricated with CNT film pressed on gold-coated roughened stainless steel rods [13]. In both
cases, a gold-coated current collector is a prerequisite to further minimize the contact resistance for good
high frequency response. Compared with solution-based methods, vertically aligned CNTs (VACNTS)
grown by CVD methods have an advantage in lower interfacial contact resistance because of orientation
order. Theoretically, only a small ohmic resistance exists between the grown CNTs and the substrate [16].
Successful growth on Al substrates has been demonstrated (Al foil [17] or Al underlayer [18]) which
unfortunately limits the choice of electrolyte in practical applications [19].

A hybrid structure of graphene/VACNTS potentially solve the problems associated with their constituting
material components. Integrating VACNTSs with graphene could increase the areal capacitance of the latter,
and graphene as the substrate for VACNTSs could be a solution to replace metal layers. The hybrid formation
mechanism is preferred to be chemical bonding rather than a mere physical mixture, in order to reduce the
contact resistance. For example, a hybrid structure between graphene and VACNTS was investigated by
Tour’s group [16], and a microsupercapacitor (on a rigid Si substrate) based on this hybrid material was
demonstrated [20] exhibiting 1343 Hz cut-off frequency, -81.5° phase angle, 0.23 mF ¢cm capacitance at
120 Hz for a 10 um VACNTS device, and a slower self-discharge rate compared to a rGO device [21]. The
performance is encouraging but the graphene/NVACNTSs hybrid material still requires chemically active
copper or nickel metal underlayers for growing single layer graphene. Moreover, the areal capacitance
could be further enhanced.

The progress in high frequency carbon based EC development is substantial since the first report in 2010
[4], nevertheless, there is still room for developing more compact devices for AC line filters and low loss
energy storage units in miniaturized systems. Towards this goal, we investigated ECs based on a
graphite/VVACNTS hybrid material. Graphite was selected in this study as substrate with the aim to eliminate
the need for growing fragile single layer graphene on metal substrates, at no sacrifice in performance.
Therefore, it is an easy, relatively cheap and scalable fabrication method, and the graphite/’VMACNTS
material is likely to be compatible with a wide variety of electrolytes. With 6 M KOH (an electrolyte to
exploit the highest capacitive performance of carbon, but it corrodes Al, Cu and potentially Ni), the EC
exhibits a very good high frequency response showing -84.82° phase angle, 1.38 mF cm areal capacitance
and a device level volumetric capacitance of 345 mF cm™ at 120 Hz, which is among the best values
reported for carbon-based high frequency ECs. The graphite/VVACNTSs hybrid is a freestanding material,
thus the obtained device has an excellent form factor for a wide range of applications in micro systems.
Moreover, the material has outstanding heat dissipation performance, which is beneficial for high current
and voltage line filtering. As an energy storage unit, ECs based on the graphite/’VMACNTSs with a gel
electrolyte could exhibit capacitive behavior at LA working current, and with an ionic liquid electrolyte the
device has a minimum energy loss through leakage current since the stabilization to 100 nA level leakage
at 2.0 V is fairly quick. The evaluations validate that the graphite/\VACNTS hybrid is a promising material
to construct application specified ECs for miniaturized systems.



2. Experimental

Materials fabrication: The graphite film was supplied by Panasonic Co. The surface of this graphite film
was prepared for VACNTSs growth by deposition of a 2 nm Fe film. On top of that, a 3 nm thick layer of
Al,O3 was deposited in situ by electron-beam evaporation. Here, the Fe serves as a catalyst for VACNT
growth while the Al,Os layer serves to facilitate the formation of tip grown VACNTSs [22]. A VACNT array
was synthesized on the surface of the graphite film through chemical vapor deposition (CVVD). After loading
the film, the chamber was pumped down to below 0.1 mbar before an 837 sccm flow of H, was introduced.
Thereafter, the substrate heater was ramped up to 500 °C at a rate of 300 °C min?, and when this
intermediate temperature was reached, the heater was maintained at this temperature for 3 minutes for
reducing the catalyst [23]. The heater temperature was then rapidly increased to 720 °C, while the carbon
feedstock acetylene at a rate of 240 sccm was introduced into the chamber for 5 minutes, allowing the
VACNT array to grow from the surface of the graphite film. Since the process is a tip-growth process, the
Fe catalyst and the 3 nm Al,Os layer are separated from the surface of the film during growth ending up at
the top of the VACNT array (Figure S1). An Ar plasma treatment was performed at 100 W for 30 seconds,
and a freestanding hybrid film was obtained.

Materials characterization: A scanning electron microscope (SEM, Zeiss Supra 60 VP) was employed to
characterize the morphology of the graphite/’VACNTSs hybrid material. In order to verify the bonding
between the graphite and the VACNTS, (scanning) transmission electron microscope (TEM/STEM, FEI
Technai G20/Titan) characterization was carried out. XPS measurements were conducted on PHI 5000
Versa Probe system equipped with a monochromatic Al Ka X-ray source. The charging shift was calibrated
using the Cis photoemission line at binding energy 284.8 eV. For Raman measurements, confocal Raman
equipment (XploRA™, manufactured by Horiba Scientific) with a 638 nm laser was employed. The contact
angle was evaluated using the sessile droplet technique (4 um droplet volume) with the Attension Theta
contact angle meter.

Electrochemical measurements: Three types of ECs with different electrolytes were fabricated and
measured. First, the VACNT array grown on the graphite film was used as the electrode, a glass fiber
membrane as the separator and 6 M KOH as the electrolyte. Another type of EC was constructed with a gel
PVA/H3PO;, electrolyte for the demonstration of electrochemical performance. The device was vacuum
dried at 80 °C for 2 hours and then the edges were encapsulated with Kapton® film. For the comparison of
self-discharge, an additional glass fiber membrane was used for the PVA/H3PO, device to keep the same
configuration as for the KOH device. Before encapsulated in the two-electrode setup (Swagelok® cell), the
device was also vacuum dried at 80 °C for 2 hours. The third type of EC was fabricated in the same way as
the KOH device, but using a neat ionic liquid EMIM TFSI (1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) electrolyte.

The electrochemical measurements were performed on Gamry Reference 3000 AE. The areal capacitance
C, was calculated from the GCD curves using the following equation:

— fat
Ca= Z2av @
where lq is the discharge current, t is discharge time, A is the area of the device (i.e. the area of one electrode)
and AV is the voltage window excluding the IR drop. The AC impedance characterization was carried out
in the frequency range 0.01 Hz to 100 kHz. The frequency response of the real (C") and imaginary parts

(C') of supercapacitance [22] can be calculated according to the following equations:
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where f is the frequency, Z'(f) and Z" (f) are real and imaginary parts of the impedance; |Z(f)] is the
absolute value of the impedance.

3. Results and discussion

3.1. Material characterization
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Figure 1. a - d) Schematic diagram presenting the fabrlcatlon procedure for the graphlteNACNTs hybrld
material. e - f) Schematic diagram and optical picture of the cold-wall CVD reactor. g) Demonstration of
material flexibility. h) Raman spectrum of the graphite/\VACNTS hybrid material. i) Cys core level spectrum
of the graphite/VACNTSs hybrid material in cross-section. j-k) SEM images. I-m) TEM images of the
graphite/VACNTSs hybrid.

The fabrication process of the graphite/\VACNTS composite is shown in Figure 1a-d. A freestanding highly
oriented pyrolytic graphite film (Figure 1a) supplied by Panasonic co. was used as the supporting substrate
for VACNT growth. A catalyst layer of 2 nm Fe and 3 nm Al.O; was successively deposited on the graphite
film surface by e-beam evaporation (Figure 1b). The design of the catalyst layer sequence results in tip-
growth of VACNTS, which is essential to achieve low equivalent series resistance (ESR) for the EC device.
For the tip-growth method, the catalyst particles reside on the top of tip-grown VACNTS thus enabling the
direct contact between VACNTSs and the substrate [23]. After catalyst evaporation, the graphite film
substrate was placed onto a graphite heater in a cold-wall CVD chamber (Figure 1e-f) for VACNTS growth
under 720 °C with acetylene as carbon source. Afterwards the material was treated by a mild Ar plasma
(Figure 1d). The plasma treatment could partially eliminate the evaporated metal layers [24]. Moreover,
this step introduces surface functional groups and therefore leads to a hydrophilic surface. The Cys core
level of the surface treated material constitutes more significant signals at a high binding energy, compared
to the pristine sample (Figure S2). The high resolution Cys XPS spectrum of the final product is displayed
in Figure 1h. Except the main band at 284.8 eV which is assigned to sp? graphitic carbon [25-27] and a
minor band at 291.5 eV from n-n* shake-up [26, 28, 29], the deconvoluted spectrum (Table S1) consists of
the other 3 bands at around 286.3 eV, 287.8 eV and 288.9 eV originating from C-O (e.g. in ether), C=0



(e.g. in ketone and quinone) and O-C=0 (e.g. in ester) functional groups [26-30]. The atomic concentration
ratio of oxygen to carbon content at the surface increased significantly from 5:1 to 99:1 after the plasma
treatment (Figure S2). The increased oxygen-containing groups render a hydrophilic surface with a contact
angle to H2O decreases from 139.8° to 43.0° (Figure S2b and S2d). The hydrophilic surface is believed to
be beneficial when deploying an aqueous electrolyte for electrochemical capacitors.

The Raman spectrum of the graphite/\VVACNTs material with G, D and G’ band signals is shown in Figure
1i. The G band at around 1575 cm™ is attributed to the longitudinal optical phonons / stretching of the C-C
atoms in sp? hybridized carbon samples, the D band is related to sp® hybridization and is a disorder induced
vibration mode, and G’ is regarded as the second order Raman overtones [31, 32]. The D-/G-band intensity
ratio is an indicator to quantitatively determine the degree of graphitization or defect concentrations [31-
36]. The ratio is around 0.7 for the material after plasma treatment (Figure S3c); the initial value was
approximately 0.45 indicating that the graphitization decreased and/or defect sites (sp3-hybridization)
increased after plasma treatment, possibly because C-O, C=0 and O-C=0 functional groups (Figure 1h)
may have covalently bonded to the nanotube framework. The increased D-/G-band intensity ratio after
plasma treatment was also observed previously [34, 37] and considered as evidence of sidewall
functionalization induced by defect sites from argon bombardment of the CNT surface.

The electron microscope images of the mechanically flexible graphite/VVACNTSs material (Figure 1g) are
shown in Figure 1j-m. Uniform VACNT mats were grown on the graphite film, and VACNTSs still keep
aligned with each other at a height of 40-50 um (Figure 1j). In order to clearly visualize the interface
between VACNTSs and the graphite film, the root region of the samples were studied (Figure 1k) which
suggests that the VACNTSs were grown directly from the graphite substrate at a perpendicular angle with
no clear interfacial layer in between (the Fe/Al;Os layer resides at the tip, Figure S1). The structure of
individual CNTs were further examined. The grown VACNTS are multi-wall CNTs with diameters ranging
from 5 to 20 nm (Figure 11-m). In addition, the bonding structure between the VACNTSs and the graphite
substrate was investigated (Figure S4). Ring-like features were observed which resembles those reported
by Y. Zhu et al. [16] as indicative of covalent bonding between a graphene substrate and VACNTS.

3.2 High frequency ECs
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Figure 2. a) Schematic presentation of the EC structure. b — ¢) Cyclic voltammetry at specified scan rates.
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Cycling stability at a current density of 2 mA cm™.



An EC device was constructed by stacking two graphite/VVACNTSs layers (of approximately equivalent
dimension) with a glass fiber separator wetted by 6 M KOH electrolyte (Figure 2a). The cyclic
voltammogram (CV) was obtained by varying the scan rates in a large range from 0.05V s* upto 300V s°
in a voltage window of 0.8 V (Figure 2b-c). At all scan rates, the CV curves remain quasi-rectangular in
shape which is expected for double layer behavior [1]. For a quantitative validation of the capacitive
performance, the cathodic and anodic current response as a function of scan rate is plotted and linearly
fitted (Figure 2d). The linear relationship remains up to an ultra-fast scan rate of at least 300 V s, which is
three orders of magnitude higher than those of conventional ECs [38].

Galvanostatic charge/discharge (GCD) measurements (Figure 2e) were conducted at current densities from
0.5 to 5 mA cm (current densities lower than 0.5 mA cm result in strong deviation from capacitive
behavior, and currents higher than 5 mA cm result in milisecond charge/discharge times). The maximum
capacitance is approximately 1.8 mF cm at the lowest current density (0.5 mA cm2). The capacitance is
well retained with only a 6% loss when the current is increased by 10 times, demonstrating a good rate
capability (Figure 2f).

The self-discharge behavior of ECs is a metric of major practical significance in their operation and the
types of functions they may be required to fulfil [39]. Self-discharge is caused by leakage currents that leads
to voltage decay of a charged EC over time. Figure 2g displays the self-discharge curve of the
graphite/VVACNTSs based EC recorded after pre-charging the device to 0.8 V with a current of 0.5 mA cm™
and constant voltage charging for only 5 minutes (for the interest of practical applications where fast
charging/discharging switch are of immense importance [40]). The voltage decays to 0.63 V in the first 5
minutes and further to 0.58 V in the next 5 minutes. The segment from 5 to 10 minutes is linearly fitted and
the rate of voltage change (slope of the fitted line) is about 0.16 mV s™. The average leakage current can be
calculated by multiplying dV/dt by capacitance. For example, the leakage current is 1.6 pA after 5 minutes
for a 10 mF device. The YA level leakage enhances the energy storage efficiency for miniaturized self-
powered systems [40].

Cycle life is also an important criterion for ECs targeting loT applications - the device will be charged and
discharged 120 times/s for 120 Hz line filtering. As shown in Figure 2h, a satisfactory stability is evidenced
by nearly zero capacitance loss over 30000 cycles of repeating charge/discharge (capacitance retention
99.8%).
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Figure 3. a) Nyquist plot of graphite/\VACNTSs based EC with 6 M KOH electrolyte. b) Impedance phase
angle versus frequency. c) Areal capacitance versus frequency. d) C' and C'’ versus frequency

To examine the frequency response, electrochemical impedance spectroscopy (EIS) was performed, and
the data is presented in different forms (Figure 3). A Nyquist plot (Figure 3a) can be used to identify
different kinetic processes in an electrochemical system. For porous carbon based ECs, the porous nature
leads to asynchronous charging (adsorption of ions) and a 45° line intersecting the real axis of the complex-
plane. The absence of the 45° line indicates almost no porous structure existing in the present system.
Therefore, the charging process proceeds in a synchronous manner that is beneficial for high power
capability and high frequency response. The impedance phase angle remains close to -90° within a fairly
wide frequency range and drops rapidly to lower angles through one frequency decade (Figure 3b),
indicating the transition from capacitive to resistive behavior. Of particular interest, the phase angle at 120
Hz is regarded as an important metric for AC-line filter ECs. The 120 Hz angle is as high as -84.82°,
comparable to that of a commercial AEC (-88°). The cut-off frequency, i.e. the frequency at -45° phase
where resistance and reactance have equal magnitudes, is approximately 2 kHz (1980 Hz). The impedance
plot can be fitted with a series-RC model in which the resistance, R, is the real part of the impedance, Z’,
and areal capacitance, C, as a function of frequency (Figure 3c) is calculated as
-1
C= 2nfAZ" (4)

where f is frequency in Hz, A is the area of the device (i.e. the area of one electrode) in cm? and Z"' is the
imaginary part of the impedance. In Figure 3c, the upturn behavior above 5000 Hz should be ignored
because it is an artifact of the RC model (where Z'’ passes through zero) [4]. According to the calculation,
the capacitance could reach 2.25 mF cm? at an extremely low frequency (0.01 Hz) and decreases with
increasing frequency. The high capacitance at 0.01 Hz could originate from VACNTS defects or catalyst
residuals that lead to Faradaic energy contributions, and this value is unrealistic for high frequency
applications. Nevertheless, 1.38 mF cm is retained at 120 Hz and still 1.28 mF cm™ at the cut-off frequency
1980 Hz. For the device prototype with 0.5 cm? footprint for the impedance measurement, the resistance at
120 Hz is measured to be only 0.13 Q and the absolute capacitance is 0.69 mF, yielding an RC time constant



Trc Of approx. 90 ps which is the lowest time constant among other reported devices [4, 13, 14, 20, 41-43].
High capacitance and short RC time constant are beneficial for high quality high voltage/current filtering.
As a storage EC in energy autonomous systems, a smaller 7. also indicates the EC could be programmed
for charging/discharging during shorter periods of time, which corresponds to high duty-cycle and thus e.g.
high reliability of sensing [5].

The real (C') and imaginary parts (C'’) of the “supercapacitance” (an admittance parameter [22]) are also
extracted and displayed in Figure 3d. The relaxation time, t,, could be identified by the peak frequency of
the plot of C'"’, which gives a t, of 0.51 ms (reciprocal of cut-off frequency f;), which is close to that of
typical AECs and substantially smaller than most of ECs. The normalized performance metrics (areal
capacitance Ca, 1204z IS Normalized to the area of one electrode, volumetric capacitance Cv.e, 120 Hz IS
normalized to the volume of active electrode materials and Cv-g 120 1z iS normalized to the volume of device,
i.e. two electrodes including current collector) are compared with recent high frequency ECs in Table 1.
The device based on graphite/VACNTS in this work is superior to many devices of its kind, especially in
terms of areal and volumetric capacitances at a device level. Compared to previously reported CNTs based
ECs [13-15, 18, 20, 44], the graphite/VACNTSs device exhibited the highest areal capacitance while
simultaneously maintaining a sufficiently fast frequency response even with approximately 40 um long
CNTs on a flexible substrate. Specifically, we observed a quasi linear increase of Ca, 120+, as a function of
CNT length, with fairly little changes in metrics of fo (Table S2). This is distinct from previous reports that
frequency response decreases significantly when electrode thickness increases [8, 14, 18, 20]. The excellent
performance of the device excludes having far from optimal electrical contact between its constituting
components [13, 14], further supporting the suggestion of having obtained a covalent bonding structure
between the graphite substrate and the VACNTSs on top (Figure S4). Moreover, the choice of graphite
substrate is found to play a key role in the resulted material structure and performance (Figure S5) — only
with highly oriented graphite film can high frequency EC be obtained.

Table 1. Performance metrics comparison

Material Electrolyte, te? PR Q120 Hz fo 7 Ca 1201z Cvee, 12019 Cv.d120m®  Ref.
Voltage (um) (um) ©) (H2) (ms) (mFcm?)  (mFcm?®) (mF cm®)
VACNTs on KOH, 0.8 V 209 409 -84.82 1980 0.51 1.38 690 345 This
graphite work
SWCNTSs H,S0, 1.0V 0.469 - -81 1425 0.7 0.601 13065 - [13]
SWCNTs TEABF,, 25V 0.596 40.676 -82.2 1995 0.501 0.282 4732 69.3 [14]
Graphitic TEABF4, 25V 1.36 41.44 -80.3 1000 1 0.3 3947 72.4 [44]
carbon / CNTs
Carbon KOH, 0.9V 120 - 819 1300 0.779 225 187.5 - [8]
nanofiber
VOGN 9 KOH, 1V 1.2 72 -82 15000 0.06 0.175 1458 24.3 [4]
VOGN 9 KOH, 0.9V 20 - -83 10000 0.1 0.3 150 - [43]
VOGN 9 KOH, 0.9V - 400 -82 4000 0.248 0.36 - 7.5 [45]
VOGN 9 KOH, - - 154 -85 6300 0.169  0.265 - 17.2 [46]
Holey graphene  KOH, 0.8 V 4 - -81.2 1220 0.819 0.478 1200 - [42]
rGO KOH, 0.8V 40.4 440.4 -84 41679 0.24 0.283 70 6.4 [47]
Ketjen black TEA BF,, 28V 1.56 41.64 -79.8 1000 1 0.574 3679 137.8 [41]

3 t, — thickness of active material of both electrodes. ® t; — thickness of both electrodes including current collectors. @ Estimated/inferred from
presented data. d) After compression. €) VOGN stands for vertically oriented graphene nanosheets.

One major disadvantage of the current prototype EC is the small voltage window of the aqueous electrolyte,
KOH, which could be a limitation to practical applications - especially for line filtering. However, this
disadvantage can be mitigated by a bipolar design to increase the cell voltage while still maintaining an
advantage in form factor [4, 48]. The thickness of the pristine active electrode material is about 60 um
(graphite substrate + VACNTS), but the thickness is greatly decreased when assembled in the stacked device
since VACNTSs are compressed and bend towards the substrate (Figure S6). The thickness is roughly 20
pm for a graphite/VVACNTS film retrieved from a tested device. And further thickness reduction could be
achieved by mechanically thinning down the graphite substrate with a thermal release tape technique. For



a stacked device that comprises of two electrodes, 10 um separator and twice the materials volume for
packaging (parylene), the volumetric capacitance of the graphite/\VACNTSs EC device is on the order of 136
mF cm (calculated by using the capacitance value at 120 Hz, 1.36 mF cm). On the other hand, a 2.5 V
rated commercial AECs (KEMET®, A750 series) has a capacitance density of approx. 2 mF cm™. The
capacitance density decreases as 1/\V? (where V is the device operation voltage) with bipolar design for ECs,
and as 1/V with spiral wound design for AECs [4, 48]. Therefore, the volume advantage of EC over AEC
can be kept up to approximately 43 V (Figure S7). AECs rated at 2 V or higher are widely used today for
bypass and filtering in portable electronics equipment [4].

It should be noted that efficient line filtering requires -90° phase angle at the switching frequency. The
deviation from this ideal value implies losses in the form of heat generation, hence heat dissipation becomes
an important issue to be considered. The graphite/\VACNTSs material has a thermal conductivity over 1600
W m K (Figure S8), which is an advantage in any application where excess heat has a detrimental impact
and makes it possible to use one device for multiple functions in electronics (energy storage / line filtering
and heat conduction).

3.3 Low loss storage ECs in miniaturized systems
3.3.1 As primary storage units

As a primary storage unit in miniaturized autonomous systems, ECs are charged up by the current from
energy harvesters, the magnitude of which could be as low as pA or even nA [6, 7, 49]. The GCD
measurements with a KOH electrolyte at current densities from 0.5 to 5 mA cm? (Figure 2e) have
demonstrated good capacitive behavior, but the application as an energy storage EC in miniaturized loT
systems could still be improved. The concern comes from whether the device exhibits capacitive behavior
also at very low currents. ECs are well known for fast charge/discharge and high power capability (i.e.
excellent performance at high currents), however, their performance at low currents and low power
exchange (UW) can be equally relevant in a miniaturized system. It can be noticed from previous reports
that at low scan rates in the CV measurements [10, 42, 43, 45] (Figure S9), there is a clear deviation from
a symmetric rectangular curve, which suggests that parasitic Faradaic reactions could have happened when
the system dynamics are slow enough. The Faradaic reactions may originate from oxidizable or reducible
impurities in the system (e.g. trace quantities of transition metals, Fe catalyst in this study, absorbed oxygen
and functional groups in carbon materials), which contributes species for shuttling in both directions upon
charging/discharging [50]. Correspondingly, the self-discharge (leakage current) is enhanced. If the leakage
current is comparable to the working current, the ECs cannot be charged effectively. Therefore, Faradaic
reactions are detrimental for charge storage in low power systems and should be minimized.

Faradaic processes, especially those caused by impurities, in an electrical double layer capacitor are
governed by diffusion kinetics [50]. At low scan rates in CV measurements and low current densities in
GCD measurement, the energy contribution from Faradaic reactions becomes predominant over the
electrostatic storage. In contrast, the effect from Faradaic processes at high scan rates and high current
densities is insignificant due to kinetic limitations. Accordingly, a viable strategy to limit Faradaic effects
at low current conditions would be to slow down the kinetics further. Recently, M. Xia et al. [40] validated
the suppression of diffusion and Faradaic processes that lead to self-discharge by taking advantage of
electrorheological effect of liquid crystals. Here, we demonstrate that the suppression may also be achieved
simply by using gel electrolytes. The kinetics of capacitive processes will unfortunately be compromised
using this approach. Nevertheless, significant benefits can be gained in cycling stability, packaging
capability and, most importantly, the incorporation of a gel (non-liquid) electrolyte enables improved
compatibility with low power ASICs (application specific integrated circuits) and 10T systems.
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Figure 4. a) Schematic presentation of the solid-state EC. b) CV from 20 to 1000 mV s*. ¢) Anodic and
cathodic current versus scan rates. d — e) Comparison of GCD curves between original and bent states at a
current density of 0.01 mA cm and 1 mA cm respectively. f) Cycling stability at a current density of 0.1

mA cm, g) Comparison of self-discharge with gel and liquid electrolyte. h) Leakage current at 2.0 V with
an EMIM TFSI electrolyte.

A common PVA/H3PO, gel electrolyte was used for the following demonstration, and a solid-state device
was constructed as shown in Figure 4a. The device has a thickness of around 60 um and was directly
clamped to the potentiostat probes without adding a further current collector. CV scans from 20 to 1000
mV st exhibit quasi-rectangular shapes, indicating the dominance of double layer capacitive behavior. The
dominance is further evidenced by the linear fitting of the cathodic and anodic current as a function of scan
rates that yield R? values of 0.999 and 0.997, respectively (Figure 4c). As expected, the device could be
charged at a very low current density of 0.01 mA c¢cm, corresponding to 5 PA at a footprint of 0.5 cm?, and
capacitive behavior is well retained yielding an areal capacitance of 1.3 mF cm2. A flexibility measurement
was also performed by bending the solid state device to 90° 100 times, and the performance was compared
in bent and unbent states (Figure 4c-d), and no significant change was observed at either current density of
0.01 mA cm? or 1 mA cm respectively. The durability of the device is further examined by repeating
charging/discharging at 0.1 mA cm for 10000 cycles, which resulted in a capacitance retention of 92%.



Further, the self-discharge behavior is compared to that of a KOH electrolyte (Figure 4i). The resulting self-
discharge and leakage current of an EC depends on several factors including device dimension, type of
separator and encapsulation method. For a fair comparison, a PVA/H3;PO. device was fabricated with 2
pieces of 0.5 cm? electrodes and a glass fiber separator in a Swagelok setup, which are the same as a KOH
device except for the use of a gel electrolyte. As displayed in Figure 4i, 85% of initial voltage was retained
after 10 minutes open circuit for the PVA/H3PO4 device, 12% higher than that with a KOH electrolyte.
Accordingly, the rate of voltage change after 5 minutes is slower (1.1 mV s versus 1.6 mV s with KOH).
In another comparison (Figure S10), mathematical analyses suggest that the self-discharge mechanism
could have been altered by using a different electrolyte. For the gel electrolyte, the self-discharge curve can
be fairly well fitted with a governing equation derived from Fick’s law, i.e. voltage decays linearly with
square root of elapsed time (time*?), suggesting that the self-discharge may mainly originate from diffusion
controlled processes while ohmic or Faradaic processes contribute little. On the other hand, the curve of the
device with a KOH electrolyte cannot well match any single mechanism, indicating its self-discharge is
governed by multiple processes. A thermodynamic driving force for self-discharge exists in a charged EC
because the free energy at the charged state is significantly higher than in the discharged state [50].
Therefore, it is impossible to eliminate self-discharge for a realistic device, but one can mitigate it by
slowing down the kinetics of the relating processes. The results presented above demonstrate the possibility
of achieving slower self-discharge / lower leakage current and capacitive behavior at extremely low current
through the Kkinetics restriction in the electrolytes. However, it should be noted that the effectiveness of
using a gel electrolyte for reducing self-discharge in porous structures may require special attention to
device fabrication, especially to ensure the penetration of gel electrolyte into the porous matrix.

3.3.2 As buffer capacitors

Except for being a primary storage unit in micro systems, another type of function of ECs is to buffer the
energy source when peak power exceeds the limits of primary energy source [5, 51]. loT applications
usually use low power energy source (e.g. energy harvester with a small battery), but need to support peak
power loads for the purpose of RF transmissions, data acquisition, storage and micro-controller start-up,
etc. The peak power (current) can be significantly higher than that a battery can handle. In this case, ECs
are used in couple with the battery. The voltage of ECs are held at the value of the battery during sleeping
mode, and a pulse high current is withdrawn from ECs during active mode (for e.g. data transmission), so
that the lifetime of battery is prolonged. For such applications, it is important that ECs should be of low
leakage current at a specified voltage, in order to reduce the energy loss during the sleeping mode of a
sensor network. A graphite/VACNTS based EC with an EMIM TFSI electrolyte was fabricated to examine
the leakage property and its dynamics. The device was held at 2 V for one hour and the leakage current was
recorded. As displayed in Figure 4h, with a step voltage from 0 to 2 V, a current of 24 mA was withdrawn
in the beginning for the 2 mF device. The huge initial current indicates a small resistance and a strong
ability of working in pulse mode (high power intake/delivery). After the initial stage, the current dropped
exponentially from mA to sub-pA within only 50 seconds, and then stabilized rapidly to 100-200 nA (the
recorded value at the end of voltage holding is 129 nA) after approximate 100 seconds. Note that the initial
leakage current, and hence energy loss, would be significantly reduced when applying a shallow voltage
step (e.g. from 1.8 to 2 V) which is common in practical applications. The fast dynamics of leakage current
stabilization is highly preferred for minimizing energy loss. The 100 seconds record for the 2 mF device
reaching a stabilized 100 nA level leakage current (5 magnitudes reduction from initial value 24 mA) is
remarkable compared to traditional electrochemical capacitors that may take tens of minutes or even several
hours [52, 53], and superior to a 1 mF rGO based micro device of which the leakage current at 2.5 V
decreases from ca. 30 pA to 300 nA in 10-20 minutes, and further below 200 nA after about 2 hours [39].

4. Conclusions

In summary, we have demonstrated a graphite/\VACNTS hybrid as an electrode material for ECs targeted
at line-filtering and energy storage units for miniaturized systems. Combining with a suitable electrolyte,
the graphite/VVACNTS based ECs exhibit superior performance for different type of function. An excellent



frequency response for AC line-filtering has been obtained with a 6 M KOH liquid electrolyte, exhibiting
both state-of-art device level areal capacitance (1.38 mF cm2) and volumetric capacitance (345 mF cm)
at 120 Hz, with phase angle of -84.82°. For the applications as energy storage in miniaturized systems, ECs
employing a gel electrolyte is demonstrated for pA current charging and slow self-discharge (compared to
a 6 M KOH liquid electrolyte) as primary storage units; The graphite/'VACNTSs based EC also exhibits fast
dynamics during voltage holding, manifested by an example of a device containing EMIM TFSI electrolyte,
of which a sub-pA leakage current could be obtained within only 50 seconds, and 100 nA level stabilized
leakage after 100 seconds at a voltage step from 0 to 2 V, thus being a suitable buffer capacitor for
supporting peak power loads. We believe that the excellent performance of the devices originates from a
near optimal electrical contact between its constituting components including a covalent bonding between
graphite and VACNTSs. This work with emphases on application specified performance assessments should
provide hints for the development and evaluation of electrochemical capacitors for miniaturized systems.
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Figure S2. XPS survey spectrum and contact angle of the graphite/VACNTSs a-b) before plasma
treatment and c-d) after plasma treatment.



Table S1. XPS C1s core level curve fit summary. | Samples were analyzed by XPS employing a PHI
5000 Versa Probe system equipped with a monochromatic Al Ka X-ray source. Spectra were analyzed by
MultiPak software. Spectra were calibrated setting the graphitic carbon to 284.8 eV. The CASA XPS
program with a Gaussian-Lorentzian mix function (maximum 20% Lorentzian contribution) and Shirley
background subtraction was employed to deconvolute the spectrum. For detailed analysis of the Cls
spectrum, the components and restrictions summarized in Table 1 were employed. FWHM were restricted
below 2.0 eV for all other components except for shake-ups.

Band Assigned to Position FWHM 9%Gauss %Area y°

1 Graphitic carbon 284.8 1.63 81 54.5

2 C-0 286.3 1.41 80 10.81

3 C=0 287.8 2 80 15.35 20.19
4 0O-C=0 288.9 1.97 80 14.76

5 7- w¥ shake-up 291.5 241 80 4.59
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Figure S3. a) Representative Raman spectra of the graphite/VACNTSs before and after plasma
treatment. b) Raman mapping in a 10 x 10 um? area of the material before plasma treatment. c)
Raman mapping in a 10 x 10 pm? area of the material after plasma treatment.

Table S2 Frequency response of graphite/VACNTSs with different CNT length. | By controlling the
growth time during the CVD step, the length of VACNTSs on the graphite substrate can be manipulated.
The electrochemical characterization found that the frequency response performance shows little decrease
with the increase of CNT length by 2 times, with cut-off frequency dropping from 2430 Hz to 1980 Hz. In
contrast, areal capacitance at 120 Hz increased by 1.8 times, and volumetric capacitance remained around
360 mF cm™®. The results suggest a semi linear capacitance increase as a function of CNT length, while
frequency response is almost independent of CNT length.

VACNT length Growth time $120 Hz fo Ca, 120 Hz Cv, 120 Hz
(um) (min) (°) (Hz) (mFcm?)  (mFcm?®)
~40 5 min -84.82 1980 1.38 345

~35 3 min -83.95 2100 1.28 365

~ 20 0.5 min -84.69 2430 0.76 380




Figure S4. a) TEM images showing ring-like structures existing in the system. b-d) An inner ring-like
shell at different magnifications. | The atomic scale nanostructure was examined by TEM and STEM
(Figure S4) where the multiwall structure of the carbon nanotubes was clearly observed with a diameter
range of 5-10 nm. Moreover, ring-like structures can be observed in Figure S4a, which are absent in
VACNTSs grown on Si. An inner ring-like shell positioned inside the VACNTS shells exists in the root
region of VACNTSs (Figure S4b). According to previous reports [1, 2], these ring-like structures are seen as
a typical characteristic of covalent bonds between CNTs and graphene-like structures. STEM images were
further captured to analyze the transition part between the VACNTS and the graphite film. As shown in
Figure S4c-d, each white dot represents an aromatic ring [1]. The dots appear in an orderly arrangement
around the shells of VACNTSs. It is regarded as a seamless connection between the VACNT and the
graphene-like structure due to the absence of any visible gap or crack at the interface except for some
distorted white dots. These distorted white dots existing at the interface could be seven edge rings structure,
marked by a red arrow, due to their out-of-plane orientations from the 2D planar graphene structure [3-5].
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Figure S5. Electrochemical performance of a graphite/VACNTs material based on a laminated
graphite film. a-c) CV scans at specified scan rates. d) Anodic and cathodic currents as a function of
scan rates. | The current response to scan rate keeps linear until around 1 V s*. The performance of this
material is much inferior to that of the material based on a highly oriented pyrolytic graphite (Figure 2).

Figure S6. a) SEM image of pristine graphite/VACNTs. b) SEM image of compressed
graphite/VACNTS.
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Figure S8. a) and b) Graphite/VACNTSs and graphite strips are heated up through joule heating effect
after loading the same power. The temperature distribution of the sample was captured by IR camera.
c¢) The temperature distribution curves. | To compare the thermal conductivity of graphite/VVACNTSs and
graphite substrate, so-called through bridge joule heating method was used to measure the temperature
distribution of the bridge. The setup structure was shown in Figure S7a-b. The two terminals of the film
were attached on the copper bulk by solder paste. Then the film was self-heated up by joule heating through
loading current on the both terminals of the bridge. As shown in IR images, the maximum temperate always
is located in the middle of bridge where is furthest away the copper cooler. Thus, the middle part would be
cooled down in a relatively low efficiency due to extra heat resistance of half bridge long of film. According
to the previous report, the difference of temperate between middle part and terminals can be used to deduce
the thermal conduction capability of this film. Here the graphite can reach 1600 W m? K, and
graphite/VACNTS is even beyond pure graphite. After forming graphite/’VACNTSs hybrid structure, the
maximum temperature decreased from 39.5°C to 35.1°C under the same power. This result indicated that
the graphite/VVACNTS has an excellent heat dissipation capacity.
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Figure S9. a) CV scans of graphite/VACNTSs based EC with a KOH electrolyte at low scan rates. b)
Galvanostatic charge/discharge of the same device at a current of 0.01 mA cm=2,
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Figure S10. Voltage decline in time, as t*2, for the graphite/VVACNTSs device using a) PVA/H3POy4, b)
6 M KOH electrolyte. | Self-discharge of an EC can be categorized into three mechanisms with different
governing equations [6]. (1) For self-discharge by activation-controlled Faradaic reactions, the dynamics is
governed by Tafel equation in exponential form, and the voltage decay is in the mathematic form of

RTl aFi, RT1 - Ct

aF "RTC T M)
where V is the voltage at time t, R is the gas constant, T is the temperature, F is Faradaic constant, a is
transfer coefficient, i, is the exchange current density, C is the capacitance and 7 is an integration constant.
Therefore, voltage declines with log t. (2) For self-discharge by an ohmic leakage resistance, the self-

discharge can be treated by a parallel RC equivalent circuit, and then the voltage decay is in the mathematic
form of

V=

v t
A exp(—2~)
where V, is the initial voltage, R is the leakage resistance. Therefore, InV declines with t. (3) For self-
discharge by diffusion control, the dynamics of voltage decay is governed by Fick’s law and in the
mathematic form of



C(Vy — V) = 2zFADY 2/ 2 ¢y t1/?

where A is the area of flux, D is the diffusion coefficient an c, is the initial concentration of the diffusive
species. Therefore, V declines with t2, Self-discharge mechanism can be distinguished by fitting the self-
discharge curve in above equations.

For the comparison of self-discharge by using gel and liquid electrolyte, the devices were charged to
0.8 V and held for 5 minutes and left open circuit for 10 minutes. The data was treated using the above
three equations of different mechanisms. It is found that for the gel electrolyte device, the self-discharge
follows the linear trend as t*2, which is assigned to diffusion controlled process. On the other hand, the
same treatment cannot produce the same fitting for the aqueous electrolyte. Though the confirmation shall
be done by analyzing the individual curve of positive and negative electrodes in the three electrode setup,
the brief comparison above indicates the different governing mechanisms by using the two different
electrolytes.
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