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Preface

This edited volume is a collection of reviewed and relevant research chapters, concerning
the developments within the Supercapacitors - Theoretical and Practical Solutions field of study.
The book includes scholarly contributions by various authors and is edited by a group of
experts pertinent to electronic devices and materials. Each contribution comes as a separate
chapter complete in itself but directly related to the book’s topics and objectives.

The book contains eight chapters.

The target audience comprises scholars and specialists in the field.
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Chapter 1

Supercapacitor-Based Hybrid Energy Harvesting for
Low-Voltage System

MD Shahrukh Adnan Khan,
Rajprasad Kumar Rajkumar, Wong Yee Wan and
Anas Syed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71565

Abstract

This research provides a platform for a novel innovative approach toward an off-grid
energy harvesting system for Maglev VAWT. This stand-alone system can make a differ-
ence for using small-scale electronic devices. The configuration presents a 200 W 12 V 16
Pole AFPMSG attached to Maglev VAWT of 14.5 cm radius and 60 cm of height. The
energy harvesting circuit shows better efficiency in charging battery in all aspects com-
pared to direct charging of battery regardless with or without converter. Based on analysis
and results carried out in this research, all feasibility studies and information are provided
for the next barrier.

Keywords: supercapacitor, hybrid energy harvesting, low voltage, VAWT, MOSFET
switch, PMSG

1. Introduction

Supercapacitors have started to gain attention and are widely used for energy storage in recent
years especially in the renewable energy sector. The advantages such as fast charging time,
unlimited life cycle, low equivalent series resistance (ESR) and robust and high power density
make it attractive and have been used to replace battery in a number of applications [1].
However, supercapacitors are greatly affected by temperature as an increase in temperature
will produce negative effects to the electrolyte in the supercapacitor, thus reducing the
lifespan. Charge balancing of supercapacitors has always been an issue, and it is important to
minimize it in order to improve the performance and reliability. Analysis of few existing

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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charge balancing circuits along with their pros and cons have been taken into consideration.
By placing passive resistors across each capacitor, there is a high power loss from the resistors,
which causes the circuit to be inefficient. Another concept of using DC/DC converters across
two supercapacitors, on the other hand, results in high efficiency as no other losses occur
besides from the converters itself. However, this circuit requires a large amount of components
which adds to the cost.

Liyan Qu, Wei Qiao (2011) proposed a novel two-layer constant power control (CPC) scheme
for a wind farm equipped with doubly fed induction generator (DFIG) wind turbines [3],
where each wind turbine generator (WTG) is equipped with a supercapacitor energy storage
system (ESS). The ESS serves as either a source or a sink of active power to control the
generated active power of the DFIG wind turbine. Results have shown that the proposed
CPC scheme enabled the wind farm to effectively participate in unit commitment and active
power and frequency regulations of the grid [2-4]. The proposed system and control scheme
provide a solution to help achieve high levels of penetration of wind power into electric power
grids. Output power of wind turbine fluctuates constantly, which may cause grid frequency
variations, and imposes a high risk on system stability. In order to smoothen power output of
wind turbine, the proposed system was used. By using a supercapacitor-based energy storage,
the effects of frequency fluctuation and deviation on system during fault condition were
minimized. This was one of the early examples of using supercapacitors in wind turbine.
However, our research deals with off-grid wind energy harvesting; therefore, Lian Qu’s model
cannot be used. Moreover, our research aims to charge a DC battery, whereas Lian Qu worked
with three-phase grid connection.

Battery and supercapacitors are used together to form a hybrid system. As discussed earlier,
battery and supercapacitor have their own advantages and disadvantages. Supercapacitors
have high-power density but low energy density, whereas batteries have low power density
and high energy density. Besides, battery also has higher ESR which results in high internal
loss, thus less efficient compared to supercapacitors. Therefore, both devices are often inte-
grated so that they can complement each other. This system known as hybrid energy storage
system (HESS), which is widely used now in order to prolong the lifespan of each device and
improve stand-alone systems [5]. For example, Babazadeh et al. [6] implemented an HESS
system into a PMSG wind turbine with a large variable wind speed between 6 and 21 m/s. The
HESS system helps to smoothen and regulate the output caused by peaks generated due to
variation in the wind speed by using a control system to disconnect the battery from wind
turbine. This successfully proved that the battery life is able to last longer as the battery
experiences lesser stress. The average urban driving patterns that require rapid discharging of
battery banks when accelerating and charging of banks when decelerating will reduce the
battery banks’ lifespan; thus, supercapacitors are beneficial in this case. Since supercapacitors
are able to charge and discharge at a fast rate, it is able to provide a boost of power during
acceleration and absorbs power during regenerative braking [7, 8].

One of the problems of establishing the hybrid storage system is the different voltage level of
the supercapacitor and battery bank. The most common way of coupling the two storage
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devices is to connect them in parallel. Although this way of harvesting energy maintains the
same voltage in both storage banks, yet it restricts the power delivered by the supercapacitor.
The role of an electronic control unit in a ‘battery supercapacitor hybrid energy storage system’
under different load conditions with the aid of various sensors have been previously studied
[9, 10]. Here, the DC/DC converter permits the supercapacitor to supply extra power required
by the load. However, in low wind speed, it will not be possible for the turbine to charge a
hybrid storage system where both the supercapacitors and battery are connected in parallel.
Because at low wind speed the turbine rotates at a very low RPM resulting in a low output
voltage at the generator terminal, which is not sufficient to charge the hybrid storage in
parallel configuration.

Also areas with low wind do not require a system that includes a generator of mega watt
range. Coming back to the energy harvesting circuit, this investigation discovers a novel
hybrid circuit with a combination of a battery and supercapacitor bank. In 2010, Worthington
proposed a novel circuit that combines the synchronous switched harvesting technique, which
was connected to a load capacitor directly to harvest energy [11]. This allowed the capacitor to
act as a reservoir that would be disconnected when fully charged and then would discharge
to a load. The circuit was connected with a charge pump tire circuit [11]. Experiment results
showed that this idea was capable of harvesting three times more the amount of energy
compared to the usual bridge rectifier circuit. However, this idea has not yet been implem-
ented into the off-grid wind energy sector. Although Lee [12] implemented a hybrid energy
harvesting storage in 2008 for wind power application, it was meant for grid connection and
again was of high power range. Hence, it was impossible for the energy storage system to be
implemented for the off-grid system. This study brings the supercapacitor-based hybrid
energy harvesting for first time into the off-grid low wind power application. A supercapacitor
bank is used in this experiment that charges up from the turbine and discharges through the
battery with the use of power electronics.

Batteries have relatively high energy density compared to supercapacitors; however, they do
not have the characteristics of supercapacitors, that is, instantaneous charging and discharging
[13, 14]. Even though batteries can store more energy, it requires longer time to discharge and
recharge. Moreover, batteries require constant voltage for charging. If the current exceeds
battery rating, it may get heated up and voltage fluctuation reduces life span of the battery. In
order to give a constant voltage from the generator, a DC/DC converter has to be used.
However, the internal voltage drops in DC/DC converter together with low voltage at gener-
ator output does not make a vertical axis wind turbine worthy of charging a battery in
low wind speed. Therefore, this research proposes a balancing circuit which introduces
the supercapacitor to act as a buffer between the turbine and a battery. The supercapacitor
would get charged up from the turbine and discharge through the battery in two separate
processes by using MOSFET control switching system. In this research, the proposed hybrid
supercapacitor-based battery charging circuit has been implemented into a vertical axis wind
turbine in low wind speed and compared with direct charging of battery from the turbine with
or without a DC/DC converter. Finally, the proposed system has also been compared with
current existing systems of rural Malaysia in terms of cost-effectiveness.
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2. Methodology

The novel idea we introduce in this research does not include the conventional DC/DC con-
verter between turbine supercapacitor. Therefore, the converter voltage loss is removed. What
had been done is, just after the supercapacitor gets fully charged by the turbine directly, the
supercapacitor gets disconnected from the turbine by smart MOSFET switching using
Arduino. Then, the fully charged supercapacitor gets connected with the battery by the
MOSFET switch, which will charge the battery through a DC/DC converter by self-discharging
and the process go on. In this method, voltage as small as 3-4 V can charge up a 6 V/12 V
battery.

2.1. System architecture

For harvesting energy from the wind, MagLEV VAWT with PMSG is used, and its specifica-
tions are as follows.

From Table 1, it can be seen that for low wind speed configuration, voltage ranges from 3.5 to
8 V. As the whole configuration is in low voltage, the battery choice we have is either 6 or 12 V.
In low voltage settings, stepping up low input voltage as low as 3-12 V will result in stepping
down current by even a smaller amount. Considering the facts stated, 6 V battery was chosen,
which was to be charged by the turbine. Between the turbine and battery, a supercapacitor
bank is placed which will be charged up by the turbine at first. Then subsequently it will be
discharged through the battery. Since a constant voltage is needed for battery to be charged up
properly, a DC/DC boost converter is needed between supercapacitor and the battery which
will ensure constant stepped-up voltage to the battery when supercapacitor discharges. The
field testing was done in the laboratory.

Figure 1 is the schematic diagram of the system architecture. As seen in Figure 1, few LED
lights along with a 434 Ohm resistor were inserted as loads to discharge the battery.

2.2. Hardware architecture

Initially, supercapacitors are used to store the charges as a part of the hybrid energy
harvesting. In this chapter, to construct a supercapacitor bank, four supercapacitors rated
35 F-2.7 V each by Cooper Bussmann are used, which were connected in series. Therefore, a
supercapacitor bank rated 8.75 F-10.8 V is formed. Battery choice is a tough one as there are
many variations and specifications. For example, for rechargeable or nonrechargeable, differ-
ent types such as lithium-ion, lead-acid, nickel-metal hybrid, and so on exist, which ultimately
lead to confusion. In the research laboratory, there were few good quality batteries but they
were rejected due to cost effectiveness and maintenance issues. For instance, Li-ion batteries
are omitted because it needs extra circuitry for protection even though it has high efficiency
and life cycle. Therefore, considering all these facts lead-acid battery was chosen to be fit for
the research for having the optimum characteristics. For this project, a three-cell lead-acid
battery manufactured by Yokohama rated 6 V (3.2 AH/20HR) was chosen.
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VAWT Wind speed 5m/s
Height 60 cm
Radius 14.5 cm
Number of blades 9
PMSG Phase 3-Phase
Rated power 200 W
Rated voltage 12V
Diameter 16 cm
Weight 12.5 kg
Open circuit voltage ® 8V (wind speed 5 m/s)

L4 6.5V (wind speed 4 m/s)
° 3.5V (wind speed 3 m/s)

Table 1. System configuration for energy harvesting circuit.
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Figure 1. Schematic diagram of system architecture of energy harvesting system.
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A DC/DC boost converter was used to give a constant voltage of 7.5 V to the 6 V battery as per
the schematic diagram of the hardware architecture. As the setup environment is for small-
scale and low voltage system, the “LT1303” micropower step-up high-efficiency DC/DC con-
verter was selected. There is another version of LT1303, that is, LT13035, which has added
features like it can supply output voltage up to 25 V and also it is adjustable.

To smartly control the charging and discharging of the supercapacitor bank and the battery,
two N-channel MOSFETs were used as a switch, which are controlled by Arduino.

2.2.1. Transducers

Transducers or also known as electrical sensors are a vital part of the system which constantly
monitors the physical quantities of the system. The current and voltage transducers used in the
system are as follows.

2.2.2. Rotary encoder

A rotary encoder was used to measure the rotational speed of the wind turbine. It was
mounted at the base of the turbine. It senses the rotation of the turbine and sends the signal
directly to LabView through data acquisition (DAQ). In this case, a simple binary system is
used where and whenever the turbine blade cuts through the encoder that sends logic high or
otherwise logic low. Counter was used in LabView where it counts the number of logic high
sent by the encoder per minute.

Figure 2. Anemometer.
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2.2.3. Anemometer

To measure wind speed, an anemometer was used as shown in Figure 2. The device gives
measurements in miles per hour (mph); therefore, conversion to m/s was required.

2.2.4. Liquid crystal display
To display power and most importantly the current flow through the load in real time, a ‘16 x

2 LCD’ was used as shown in Figure 3. LCD screen was controlled by Arduino.

2.2.5. Energy harvesting control system

Switching circuit is the crucial part of this energy harvesting system. Arduino UNO microcon-
troller is used in this circuit where it controls two N-type MOSFETs namely P36NFO6L. For
testing, LED was placed in parallel to the gate-source pin of the MOSFET. The system will
continue to charge and discharge until the battery reaches up to 6 V. In the stripboard of the
energy harvesting circuit, MOSFETs are placed as shown in Figure 4. Aligned with the bias
voltage, two LEDs are placed to indicate the status of the circuit. When the MOSFET is turned
on, the LED will glow and vice versa.

MOSFET
Switch 1

MOSFET
Switch 2

Figure 4. MOSFET configurations in energy harvesting circuit.
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The algorithm of the decision-making switching algorithm is illustrated in Figure 5. Here
MOSEFET 3 is usually turned off all the time. However, it is significant to declare that although
the MOSFET does not have any role worthy of mention in the system, it is placed there if
in case the battery has to be discharged manually. Therefore, unless stated otherwise, this
MOSFET will be turned off all the time.

As it is seen in Figure 5, the control system has mainly two conditions. First one is the
supercapacitor charging circuit which occurs when Vgypercap 15 less than 4 V. Under this condi-
tion, MOSFET 1 is turned on; thus, it will charge the supercapacitor bank. In the meantime,

Check Supsr-capacitor
Bank Voltage [36v)

SBV>=7.5V SEV Ay

MOSFET 1: OFF MOSFET 1- ON
Dizconnect from wind turbine to
prevent cvercharge

Charge Supsr-capacior bank

Check Rechargeablz
Batt=ry violtage [REV]
RBV:==6Y RBW=iEV
i
MOSFET 2: OFF KMOSFET 2: ON
Disconnect from Discharge from  Super-capaciior
Super-capacitor bank bank to recharzeabls battery
]
-
Replace fully charged
battery with dzpleted
— battery
L

Figure 5. Flowchart of EHC control structure.
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MOSFET 2 whose job is to charge the battery from supercapacitor is turned off. When Vg percap is
greater than or equal to 7.5 V, the second condition triggers which will turn off the MOSFET 1
and turn on MOSFET 2. Thus, overcharging does not occur from the wind turbine. In this time,
the rechargeable battery will be charged up to rated voltage 6 V. When the supercapacitors’
voltage dropped to 4 V, MOSFET 1 was switched on again. The switching circuit coding in
Arduino is given in Figure 6.

The basic working principle of this part of the code is very simple. A signal “LOW”
corresponding to 0 V was sent to the Arduino digital pin assigned to “MOSFET 1.” As soon
as the voltage across the supercapacitor bank exceeded 7.5 V, MOSFET 1 was switched off to

if (voltage cap >= 7.5)
{
digitalW@rice (MOSFETL , LOW) 2
digical¥rite {MOSFETZ HIGH) :
'

elae 1f (voltage cap < 4)
{
digicalWrice (AD3IFETL HIGH) ;
digitalWrive (NOSFETZ,LOW) ;
}

Figure 6. Arduino control coding.
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' | Nottingham
Pml .
Wit e L)
s 2l
Energy Harvesting (DC Values) |
V. dnmerag| LA [l [Susieap Chasging]
53 ]
Battery Chargineg (D€ Valuss) |
e | () (Supercag Diprmargeng |
ds o
Programmable Load Readings |
AE Values |
ac Lac 7
b =
DC Values I
Vs fLac
'S 1]

Figure 7. Developed GUI panel of Labview.
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prevent overcharging. A signal “HIGH” which equals to 5 V was sent to Arduino digital pin
“MOSFET 2” at the same time, and the rechargeable battery then was charged by the
supercapacitor bank. Now, a signal “HIGH” was sent to one of the Arduino digital pins
assigned “MOSFET 1” as soon as the voltage across supercapacitor bank was lesser than 4 V.
A signal “LOW” equivalent to 0 V was sent to Arduino digital pin assigned to “MOSFET 2” at
the same time. This charging and discharging of supercapacitor bank algorithm repeated
simultaneously until battery was fully charged.

2.2.5.1. DAQ and Labview

With NI-6212 device, data acquisition was implemented. A graphical user interface (GUI) was
developed using LabVIEW. This GUI enables the user to easily monitor and analyze data. The
LabVIEW interface is shown in Figure 7. This GUI displays supercapacitor and battery’s

A B € o E F G H o i

1 Time Suprcapaciiod 1 Time Supercapatitor 3 Time Supercapaotor 1 Time Supeicipacinor 4 Time Battery

3 B0l AM LITL7 B0l AM LIZE E0001 AM O0ES]  BeOce0l AMA 00751 8:00a0K AM 43097
1 BO02AM LTHT R:00:00 AM L1M1  B00:0% AN QOB OO0 AN 00T E:00:00AM 40187
4 BO0c0d AM 17652 B:00DE AM L1381 E00oDE AM 00976 EaD0eDG AM DOTIG  B:0o0d AM 43187
% I B0t AN L2 R:0008 A LAkEE  E:00:08 AM 087 RO0e0B AN 007 A:D0:00 AL 4.1157
4 0005 AM L77LT B:DO00G AM L1356 E00:03 AM e B9 AM 0OTAL §:0009 AM 4.31&7
T ROe06 AN LITI? A:DO:11AM L1416 EO011 AM OS] EBODoc1l AN 00776 B:00:10 AM 43167
B BT AM LI7LT B0l AN L1411 S00:1F AM 0gMe, OOl AM Q0731 01X AM 43187
5 | S00:08AM L7652 R:D0:14 AN LESEN B:00:14 AN CLOATE. BO0id AN QOTIE . B:00:4 AM 40167

Figure 8. Data exported to excel spreadsheet from LabVIEW.

Rechargeable AC/DC ——
- ncoder
b+ Battery | Rectifier AWT
i ’! s r ! =, =

II - n - | .. I !
: ) =
Multimeter 4 .
Laptop for

Data Logging

@
Voltage Energy Harvesting Power Supply Anemometer
Transducer Circuit

Figure 9. Experimental setup for the integrated system.
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voltage, charging current of the supercapacitor, charging current of the battery when
supercapacitor discharges and finally the rotational speed of the turbine. The data gathered
here can also be easily exported to the spreadsheet software (Figure 8). Therefore, this enables
the user to keep track of the system in real time of the system 9.

2.2.6. Experimental setup

The energy harvesting circuit built and the experimental setup are shown in Figure 9. The field
testing was done in the Research Building, Block N, University of Nottingham Malaysia Campus.

3. Results

This section gives a performance analysis of a Supercap (supercapacitor)-based energy
harvesting battery charging device operated by the Maglev VAWT adopted to a 200 W PMSG
as per the configuration discussed previously which was sent for fabrication. Upon arrival of
the turbine, the system was set up in the laboratory, and field testing was performed to
tabulate the data.

This subchapter has two parts. First part includes one of the three cases in detail which has
been compared for performance analysis. “Case A” showed a battery of 6 V, 3.2 AH, which
was charged from 4.2 to 5 V through a DC/DC converter followed by a series of four
supercapacitors (2.7 V, 35 F). “Case B” and “Case C” demonstrated the direct charging of the
battery where “Case B” was experimented with the converter and “Case C” was without
converter. All the three cases were experimented in low wind speed that ranges between 6
and 3 m/s. To keep it short, only results from wind speed 4 m/s will be discussed in detail. The
remaining results have been given in a tabularized form to compare and find out the efficiency
of the EHC.

3.1. At wind speed =4 m/s

Case A: Energy harvesting through supercapacitor.

The same procedure from the earlier section was followed, and results were graphically
plotted for analysis. Following figures are the details of the charging process. It is noteworthy
mentioning that both the Supercap discharge voltage and discharge current were the same as
the previous value. This is because while Supercap bank discharged its charge to the battery,
the turbine system was isolated through the MOSFET switch. Therefore, wind speed cannot
make any impact on the discharging half cycle. Consequently, in all the three cases, the
discharge voltage and current amount with respect to time were the same. Here, Figures 10
and 11 show the charging voltage and current graph with respect to time. For the discharging
details, Section 4.5.1 may be reviewed as in both of the cases, the data will be the same.

At this point, 35 min were required to charge up the Supercap bank. Adding the discharging
cycle time which was 2 min, the complete cycle duration was then 37 min. The starting current

11
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was 145 mA which took a rapid fall in the next second, bringing the current down to 22 mA.
As for the inertia of the turbine, understandably, the charging current at first was very high but
that could not be misinterpreted as the actual current. The real current started from 22 mA
followed by a gradual decrease that ended up at 2.5 mA. Therefore, the pick current could be
considered as 22 mA. Figure 12 displays the complete cycle process, which basically was the
charging and discharging cycle of 37 min.

Again 18 cycles were needed to charge up the Supercap bank from 4.8 to 5V, but in this time,
one cycle consisted of 37 min which in total made the system take 10.4 h of charging time.
Figure 13 represents the battery voltage charging up to 5 Vin 10.4 h.

Case B: Energy harvesting without Supercap (with converter).

According to Figure 14, it took 18.75 h to reach its maximum value of 4.54 V. After that
the increase of the voltage was so less with respect to time, the value was not taken into

consideration. Therefore, this charging system was incapable to charge up the device at
4 m/s.

Case C: Energy harvesting without Supercap (without converter).

“Case C” took 15 h to finish the task. Figure 15 shows the battery charging voltage with respect
to time.

Table 2 recapitulates the result of this section in brief.
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Figure 10. “Supercap charging voltage” vs. “time” at wind speed 4 m/s.
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Supercap charging cycle:

Supercap discharging cycle:

Number of complete cycle:

Maximum Supercap charging current:
Maximum Supercap discharging current:

Time duration:

35 min
2 min
18

22 mA
18.5 mA
104 h

Efficiency comparison among Case A, Case B and Case C at 4 m/s

Battery charging voltage (4.2-5 V) Efficiency (%) Reference point:
Case A (Energy harvesting): 31
Case B (Charging with converter): Incompetent

Case C — Direct charging without converter

Table 2. Charging battery (from 4.2 to 5 V) through Supercap at 4 m/s wind speed.

3.2. At wind speed = 3 m/s

Table 3 recapitulates the result of this section in brief.
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Supercap charging cycle: 95 min
Supercap discharging cycle: 1 min
Number of complete cycle: 25
Maximum Supercap charging current: 18 mA
Maximum Supercap discharging current: 18.5 mA
Time duration: 38.4h

Efficiency comparison among ‘Case A’, ‘Case B” and ‘Case C" at 3 m/s

Battery charging voltage (4.2-5 V) Efficiency (%) Reference point:
Case A (Energy harvesting): 28 Case C — Direct charging without converter
Case B (Charging with converter): Incompetent

Table 3. Charging battery (from 4.2 to 5 V) through Supercap at 3 m/s wind speed.

3.3. At wind speed =5 m/s

Table 4 recapitulates the result of this section in brief.

3.4. Efficiency comparison

As shown in Table 5, the energy harvesting circuit data show excellent values for all the results
with very good performance overall. Change in the wind speed from 5 to 4 m/s produces
better efficiency as it goes to 31% from 19%. For a low speed of 3 m/s, where direct charging
displays a poor performance, the energy harvesting circuit, even though it took a long time of
38.4 h to charge up the battery, still maintains its productivity by producing 28% efficiency.
Here, the highest amount of efficiency drawn from the system was 31%. Comparing to

Supercap charging cycle: 25 min
Supercap discharging cycle: 2 min
Number of complete cycles: 18
Maximum Supercap charging current: 30 mA
Maximum Supercap discharging current: 18.5 mA
Time duration: 8.1h

Efficiency comparison among Case A, Case B and Case C at 5 m/s

Battery charging voltage (4.2-5 V) Efficiency (%) Reference point:
Case A (Energy harvesting): 19% Case C — Direct charging without converter
Case B (Charging with converter): Incompetent

Table 4. Charging battery (from 4.2 to 5 V) through Supercap at 5 m/s wind speed.
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Wind speed (m/s) Battery charging via Supercap (h) Direct battery charging time (h) Efficiency (%)
5 8.1 10 19
4 10.4 15 31
3 38.4 53 28

Table 5. Summary of energy harvesting circuit result for charging a 6 V lead acid battery from 4.2 to 5 V.

Worthington’s work of pulling off 300% more efficiency with hybrid energy harvesting, it is
drastically low. However, his storage system was implemented to a pump tire circuit, whereas
our circuit was designed for a low wind application. As an off-grid stand-alone low voltage
energy harvesting system, the EHC was able to provide, noteworthy, better efficiency in all
three low wind speeds.

An important observation had been made in this experiment. At low wind speed, the turbine
tends to slow down and stop if there is a heavy load. This is because a permanent magnet
synchronous generator has an output frequency, which is proportional to its armature speed.
The required torque to rotate the PMSG is proportional to the electrical load. Therefore, at low
wind speed, with the increase of the electric load, there is always a tendency to slow down
while the mechanical input coming from the VAWT restores it. However, if the load is too
much to handle, the mechanical speed from the turbine becomes very slow and eventually the
turbine stops.

3.5. Theoretical analysis of battery charging via supercapacitor cycle

For wind speed = 5 m/s.

Theoretical calculation:

1 1
Energy in supercapacitor bank, Esypercay Bank = ECVZ = 58.76 x 10.8% = 5117 (1)

The peak voltage of Supercap bank cycle=10.8V,
However, the boost converter cannot step up voltage less than 4 V. Therefore, usable energy in

the supercapacitor bank is

1 1 1
ESupercap_Bunk_Eﬁective = E CV12 - E CV22 = EC(Vlz - V2>

= %8.76 x (10.87 —4%) =440

Battery rating, 6 V, 3.2 AH which is equivalent to 19.2 Wh [A 6 V 1 AH can store 12 Wh].
Here, 19.2 Wh ~ (19.2 x 3600 ]) ~ 69,120 J.

From one cycle of supercapacitor bank, battery can store energy up to 440 J.
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Again, 440 ] is stored into a 6 V 3.2 AH battery in one cycle.

Therefore, 69,120 J can be stored into a 6 V 3.2 AH battery in (69,120/440) or 157 cycles.
Note: one charging cycle of supercapacitor bank takes 27 min on average.

Therefore, average time required for battery charging = [(27 x 157)/60]h = 70.65 h.
Experimental observation:

It takes 8.1 h to charge 1 V of the battery [from the previous result section]. Moreover, after 5V,
it takes 18.8 h to charge another 0.5 V.

Therefore, total estimated battery charging hour =[(8.1 x 5) + (18.8 x 2)]h=78.1 h.

Percentage of error:

(170.65 — 78.1|)

P E POE =
ercentage of Error, PO 70.65

x 100% = 10.54% 3)

The voltage drops in boost converter and MOSFET switch are the main reasons for difference
in theoretical and experimental values.

Direct charging without converter:

The battery takes 15 h to charge 1 V from the turbine until 5 V. After 5V, it takes 24.2 h to
charge 0.5 V.

Therefore, average time required for battery charging = [(15 x 5) + (24.2 x 2)]h=123 h

(|123 — 78.1|)

5 x 100% =36% (4)

Efficiency of Supercap — based Battery Charging Circuit =

4. Conclusion

As a conclusion to this research, the achievements are reviewed in terms of research
objectives. This consequently facilitates the system, and results are to be analyzed in terms
of the percentage and degree of the research objectives that were achieved. Three cases
had been compared for performance analysis. “Case A” showed a battery of 6 V, 3.2 AH,
being charged from 4.2 to 5 V through a DC/DC converter followed by a series of four
Supercaps. “Case B” and “Case C” demonstrated the direct charging of the battery, where
“Case B” was experimented with the converter and “Case C” was without converter.
Investigation was carried for 3, 4 and 5 m/s wind speed. “Case C” was taken as a
reference. For a wind speed of 5 m/s, the result showed an increase of 19% of the charging
time for Case A while charging through the Supercap. It took only 8.1 h whereas direct
charging without converter took 10 h. Supercap-based charging was also found to be
133% more efficient than direct battery charging with a converter. Keeping in mind, direct
charging might not be the appropriate way of charging a device since fluctuation of wind
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would result in damaging the battery. As far as wind speed of 4 m/s was concerned, the
energy harvesting circuit, taking only 10.4 h to charge up the battery, again showed an
excellent performance of 31% efficiency comparing with direct charging that took a
straight 15 h lap. For 3 m/s, the energy harvesting circuit still held the top position
handsomely with 28% efficiency in comparison with direct charging.

To recapitulate, this research provides an excellent novel idea of a stand-alone Maglev-
based VAWT system connected to a PMSG that can harvest energy via Supercap-based
battery charging circuit in low wind areas of rural areas. Research contribution is original,
and it gives an outstanding foundation for future study in energy harvesting for low wind
rural areas.

The entire research had not been absolutely smooth all throughout and naturally it faced few
ups and downs.

The limitations of the developed system and technique are listed below:

i.  Firstly, turbine blade design was not taken into consideration in the simulation. As
there was no proper mathematical model that relates turbine blade number to output
torque or power, the simulation therefore did not account for blade design although
it could give better performance if blade number was included in the design. It was
not possible to apply finite element analysis (FEA) on turbine blades due to lack of
time. Moreover, the position of blade, cut-in angle and vibration analysis of the
turbine could be done with FEA. Surely it could have given a wider research scope
area on modeling, and blade material could have been brought into the optimization
process for a better configuration.

ii. Moreover, DC/DC boost converter used in this research did not perform well according
to the data sheet in its minimum range. As it was stated in the data sheet, the converter
can step up voltage from as low as 2.5 V, practically it could not step up voltage less than
4 V. Therefore, the Supercap charging range was made from 4 to 7.5 V, which should have
been 3-7.5 V. This had a direct effect on system efficiency.

5. Future work

Conventional DC/DC boost converter is to be replaced with the efficient one, which is specif-
ically designed to work with voltage as low as 2-3 V. This will help Supercap to discharge even
more and will play a vital role while dealing with low wind. All these changes will improve
the system and should make it capable of performing at 2 m/s. Since most of the electronic
devices operate at 12 V, a second DC/DC converter may be placed to charge a 12 V battery
from the current 6 V-led acid battery.

Laptop should be replaced with wireless system in the future. A real-time wireless monitoring
interface could be made available. Embedded solutions providing wireless end point connec-
tivity to devices like XBEE modules can be of use in cases like this.
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Abstract

Pure ionic liquids (ILs) and IL mixtures in organic solvents have been investigated for
higher operating voltages around 3.0-4.0 V. ILs have design flexibility due to the numer-
ous possible combinations of anions and cations. Current research on ILs as electrolytes
has focused on several ILs, including imidazolium and pyrrolidinium. At early stages,
various ILs have been studied as salts of electrolyte with organic solvents like acetonitrile
and propylene carbonate. Neat ILs have been applied for high-performance electrolyte,
and some of them have been used as electrolyte (1-ethyl 3-methylimidazolium tetrafluo-
roborate). These liquid electrolytes need additional encapsulation; therefore, SCs applied
ILs face difficulty in integration and manufacturing flexible devices. These drawbacks
can be solved by adopting a polymer electrolyte because the ILs maintain the conductiv-
ity even when solidified, unlike a typical organic electrolyte. Common polymer matrixes
such as PVdF, PMMA, and PVA have been suggested to embed ILs. Poly(ionic liquid)
(PIL) is also studied. PIL is a polymer electrolyte containing a polymer backbone and an
IL species in the monomer repeat unit. PIL-based polymer electrolytes have high ionic
conductivity, wide electrochemical windows, and high thermal stability.

Keywords: ionic liquid, ion gel, poly (ionic liquid), high voltage supercapacitor,
all-solid supercapacitor

1. Introduction

As new markets using energy storage devices increase, various types of energy storage
devices are striving to enter the market [1, 2]. In the case of electric vehicles (EVs), Li ion
batteries (LIBs), fuel cells (FCs), and supercapacitors (SCs) are in a competitive relationship
[3]. LIBs are emerging as the most promising candidates because of their high energy den-
sity and technical maturity. However, there is a problem of safety. The unstable supply and
price of lithium and cobalt are also serious problems. In addition, FCs still have difficulties in

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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commercialization due to the disadvantage of obtaining hydrogen from petrochemistry and
the reluctance of establishing a hydrogen station. As an alternative to this situation, SCs can
be proposed. Up to now, SCs have been applied to an electric bus using regenerative break
and electric train powered by pulse power, since the large power density of SCs is suitable for
intermittent power supply [4]. However, SCs are facing with critical challenge of low energy
density. Therefore, LIBs and SCs are applied together for the complementary purpose. The
operating voltage of LIBs is from 3.5 to 4.0 V and that of SCs is approximately under 2.8 V. If
SCs achieve the 3.5-4.0 V rated voltage with high energy densities or LIBs achieve high power
densities, then the power supply unit can be minimized and integrated [5]. In other words, if
SCs archive high energy density without sacrificing power density, SCs can be applied as an
alternative energy storage system replacing LIBs and FCs.

There are two ways to increase the energy density of SCs. One is to enhance capacitance, and
the other is to increase the operating voltages, since the energy density is proportional to
capacitance and operating voltage. At the initial stage, many researchers focused on widen-
ing the electrode area for enhancing electric double layer (EDL) capacitance. Various types
of activated carbon (AC) are commercialized as a result of these efforts. Carbon nanomate-
rials like carbon nanotubes (CNTs) and graphene are also highlighted as large capacitance
materials [6]. Additionally, redox active electrode materials like metal oxide and conductive
polymer are proposed to enlarge capacitance by pseudocapacitance. However, those mate-
rials struggle with process abilities, limiting of electrolyte adoption, charging/discharging
properties, minimizing high cost, and checking suitability for commercial production lines.
Another approach of redox active materials is electrolyte that contains redox active couples.
Representative redox couples are halides, vanadium complexes, copper salts, hydroquinone,
methylene blue, indigo carmine, p-phenylenediamine, m-phenylenediamine, lignosulfonates,
and sulfonated polyaniline [7]. Most of electrolyte adopting redox couple has a problem of
solvent selection because such redox couples are effective in aqueous medium. This means
that the operating voltage of aqueous electrolyte containing redox active couple is limited
under 1.23 V, which is the electrolysis voltage of water. Such boundaries with electrode mate-
rials motivate the development of advanced electrolyte with high operating voltages for high
energy densities because the operating voltages for SCs depend on the electrochemical stabil-
ity window of the electrolyte.

At early stages, classical salts and systems are suggested. The solvent is organic solvents such
as acetonitrile (AN) and propylene carbonate (PC) [8]. Quaternary ammonium salts and AN
are representative electrolyte of SCs, and their operating voltage is about 2.8 V. The electro-
lytes adopting AN exhibit large specific capacitance due to high ionic conductivity derived
from low viscosity of AN. However, SCs applied AN-based electrolyte have to be operated
under 80°C due to the boiling point of AN. Otherwise, PC is less toxic and has higher ther-
mal stability than AN. Thus, the electrolyte adopting PC is generally considered a safe elec-
trolyte. Using PC-based electrolytes can achieve slightly higher operating voltages for SCs
than those using AN. However, formation of carbonate and evolution of H, and CO, caused
by reaction of carbon electrode and PC have been identified as the main causes of perfor-
mance degradation at high voltages [9]. To overcome these drawbacks, many electrolytes
have been proposed over the past several years as an alternative electrolyte to increase the
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operating voltage of SCs. Next alternative organic solvent for high operating voltage is linear
sulfones, alkylated cyclic carbonate, and adiponitrile [10-12]. These alternative electrolytes
archive 3-3.2 V of operating voltage. Meanwhile they show relatively high viscosity and low
ionic conductivity, these characteristic occur decrement of power density. Another type of
alternative electrolyte is the LIBs electrolyte system. These electrolytes contain common sol-
vents (cyclic carbonate for high dielectric constant and linear carbonate for low viscosity) and
lithium salts like LiPF,. These electrolytes exhibit high ionic conductivity and high operating
voltage over 3 V. However, they have some issues of moisture sensitivity (formation of HF
from LiPF,), slow intercalation reaction of Li cation, and the presence of a solid electrolyte
interphase (SEI). These problems are directly connected to electrical performance and safety
of SCs. Also, organic solvent is highly flammable and thermally unstable.

To solve these issues, ionic liquids (ILs) are investigated. ILs are thermally stable because
they have negligible vapor pressure and they are nonflammable and relatively high ionic
conductivity. More importantly, ILs are very effective for widening the operating voltage
due to their wide electrochemical stability window over 3 V. Additionally, ILs are composed
of only ions, which means that ILs play a role in both salts and solvents. Therefore, there are
no additional salts or solvents. For these reasons, ILs have been widely investigated as an
electrolyte material.

2. Ionic liquid as liquid electrolyte for supercapacitors

2.1. Neat ionic liquid as liquid electrolyte for electric double layer

In 1807, Humphry Davy pioneered the study for the electrolysis of molten salts which is
referred as ILs later and presented the electrochemical theory of the molten electrolyte, despite
the research was concentrated on reactive metal preparation [13]. After that, synthetic method
of aluminum with electrolysis of aluminum oxide dissolved in cryolite was suggested by Hall
[14]. This method is meaningful that eutectic molten salts were formed at low temperature
with electrolysis, and this method is still applied in aluminum industrial production.

ILs have been studied for electrochemical devices such as SCs, FCs, rechargeable batteries,
photovoltaic cell, and actuator etc. due to the mobility and flexibility of ions [5, 14-20]. ILs
are composed of large and asymmetrical organic cation and charge delocalized inorganic/
organic anion by weak interaction [21]. Despite that ILs exist in the cation-anion state, these
structures lower the tendency to crystallize, so they provide a fluid phase with reasonable
ion conductivity, and they show no decomposition or significant vapor pressure [21, 22].
As mentioned, ILs are composed of organic ions and can be combined to various structures
with easy preparation. Thus, various kinds of ILs can be used for the given application with
desired properties (Figure 1).

Wide tunability of ILs can be combined to satisfy the desired characteristics of SCs such as
working voltage, operating temperature range, and internal resistances [23]. For these reasons,
ILs have been widely investigated as electrolyte material. As mentioned above, quaternary
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Figure 1. Synthetic mechanism of imidazolium-based ILs.

ammonium salts which is one of ILs are widely investigated with organic solvents, and some
of them were already commercialized (1 M of tetraethylammonium tetrafluoroborate ([Et,N]
[BE,]) in AN or PC) [24]. Ammonium with different alkyl groups ([Et,N], tetrapropylene
ammonium ([Pr,N]), and tetrabutyl ammonium ([Bu,N])) and various anions ([BF,], hexa-
fluorophosphate ([PF,]), perchlorate ([CIO,]), and triplate (|[CF,SO,])) was applied in organic
solvents such as PC, AN, y-butyrolactone (GBL), and N,N-dimethylformamide (DMF). The
ionic conductivities generally decrease in the following order: [Et,N] > [Pr,N] > [Bu,N] >
[Me,N], [BF,] > [PF,] > [CIO,] > [CF,SO,]. Similarly, nonaqueous electrolyte with various alkyl
imidazolium salts was studied [25]. According to development of organic electrolyte, carbon
electrode material which is effective for enhancing EDL capacitance was investigated. These
studies were focused about suitability between the ion size of ammonium salts and the pore
size of carbon electrode [26].

ILs can be classified as aprotic, protic, and zwitterionic types. Aprotic type ILs have been used
for SCs [21]. In the published literature so far, most of ILs used in SCs are based on imidazo-
lium, pyrrolidinium, ammonium, sulfonium, and phosphonium cations. Anions of ILs are
[BE,], [PF,], bis(trifluoromethanesulfonyl)imide ([TFSI]), bis(fluorosulfonyl)imide ([FSI]), and
dicyanamide ([DCA]). Among them, iomidazolium and pyrrolidinium based ILs were widely
investigated because of relatively lower viscosity and reasonable ionic conductivity [27].
Generally, imidazolium salts were used for high ionic conductivity, and pyrrolidinium salts
were applied for wide electrolchemical stability window [28, 29] (Figure 2). Table 1 shows
representative ILs for electrolyte of SCs.

Most ILs in Table 1 have several problems, such as high viscosity, low ionic conductivity, and
high cost comparison to typical SCs electrolytes. These issues prevent actual application in
SCs. (Numerous ILs maintain solid phase at room temperature.) 1-ethyl-3-methyl imidazo-
lium ([EMI]) [BF4] shows high ionic conductivity among ILs; however, the ionic conductiv-
ity value of [EMI][BF,] is 23% level in comparison to 1 M [Et,N][BF,] in AN. The viscosity of
[EMI][BF ] is also 130 times higher than common organic electrolyte of SCs [29]. Generally,
low ionic conductivity and high viscosity of electrolyte occur increment of internal resistance
(equivalent series resistance, ESR) and limit both the energy density and the power density.
The energy density is decreased due to Ohmic drop and the power density is also reduced
because the power density was oppositely proportional to ESR described as Eq. 1.P is power
density, and V is working voltage [30].
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Figure 2. Basic types of ionic liquids: Aprotic, protic, and zwitterionic types [21].
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This problem appears to be more severe at room and low temperatures, as evidenced by com-
parative studies between organic electrolytes and IL electrolytes [22, 28, 31]. These issues are
more serious below room temperature. In addition, the EDL capacitance values of ILs adopt-
ing SCs can be decreased especially at high scan rates or high charging/discharging rates [32].
Despite these problems, ILs are still attractive materials for electrolytes. ILs show wide stabil-
ity windows because the ILs are composed of individual ions, which do not participate in any
considerable electrochemical reaction over a wide range of potential. Additionally, proper-
ties of ILs derived from ionic structure, such as high viscosity, increase the electrochemical
decomposition voltage (Figure 3).

In terms of the energy density, increment of the operating voltage is advantageous rather
than increase the capacitance. The energy density of the SCs is proportional to the square of
the voltage as shown in Eq. 2, and E and C are energy density and specific capacitance of SCs,
respectively [34].

E=-1CV 2

Figure 4 shows the energy density deference of typical electrolytes of SCs such as KOH aque-
ous solution, battery electrolyte, and ILs [35]. The hierarchical carbon nanostructure with
mesoporous carbon CMK-5 intercalated between reduced graphene oxide (RGO) sheets was
proposed as electrode in this research. According to cyclo-voltammograms, capacitive behav-
iors of applied electrolyte are very similar; however, the differences of stable windows result
in significant differences of energy density. When adopting [EMI][BF ], energy density was
increased to 60.7 Wh kg™, and this value was 11 times higher than energy density of KOH
electrolyte (5.2 Wh kg™).

The electrochemical properties of SCs, especially their capacitances, are highly dependent
on the suitability of the electrode material and the electrolyte. ILs are also heavily influenced
by the electrode materials. In carbon material including porous activated carbon (AC), the
graphitic edges are twisted, which can lead to uneven charge distribution [36]. This effect is
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Table 1. Representative cations, anions of ILs for SCs.

more important in ILs because the entire medium is made up of charged ions, so ions interact
directly with the localized charge on the electrode surface [37]. Aligned mesoporous carbon
provides a good opportunity for diffusion of electroactive species through well-ordered struc-
tures, but the chemical composition and degree of graphitization play a decisive role in elec-
trochemical behavior and EDL formation [38]. This effect is more prevalent in ILs, in which
the ionic medium is fully interacting. The nature of IL has a profound effect on the capacitive
behavior of well-defined mesoporous carbon [39]. Graphene and similar carbonaceous mate-
rials are generally covered with various functional groups. Molecular dynamics simulations
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Figure 3. Cyclic voltammogram of the ionic liquids based on the DEME cation and EMI-BF, at 25°C. Scan rate: 1 mV s™,
working and counter electrode: Platinum, reference electrode: Ag/AgCl electrode [33]. (DEME: N,N-diethyl-N-methyl-
N-(2-methoxyethyl)ammonium, EMI-BF,: [EMI][BE ]).

suggest that functional groups, especially hydroxyl groups, prevent ILs ions from interact-
ing directly with the electrode surface [40]. These phenomena can be occurred polarity and
hydrophilic/hydrophobic physical property of functional groups. In case of partially nega-
tive functional groups of carbonaceous materials like chlorine treated carbon prevent anion
adsorption, or hydrophilic ILs indirectly bonded with the functionalities on surface of porous
carbon electrode by hydrogen bonding and ions of ILs cannot be penetrated into narrow
micropores. These ions block pores, and consequently, the specific capacitance was reduced
especially at the high scan rate [41, 42]. Interestingly, these functional groups of carbona-
ceous materials are helpful to increase the specific capacitance of SCs in conventional electro-
lytes especially the aqueous electrolytes due to pseudoreaction. Thus, functional groups of
carbonaceous materials have disadvantageous for ILs electrolytes system, while they are not
effective with the conventional electrolyte adopted SCs. Pinker et al. controlled the specific
capacitance by surface treatment of ordered mesoporous carbon [41]. [EMI][BF,] was used
as the electrolyte. The surface treatment of pristine-ordered mesoporous carbide-derived
carbon (OM-CDC) in chlorine gas and oxygen was evaluated. The chlorine gas protects the
surface from reoxidation and lowers the surface polarity, thus enhancing the rate capability.
The surface treatment of OM-CDC in air introduces oxygen functionalities, which result in a
significant decrease of the rate capability. Silicon nanowires coated have attracted attention
as a promising candidate for electrolytes for ILs electrolyte-based SCs due to their excellent
cycle performance and thermal stability [43, 44]. Since the silicon electrode is not suitable for
aqueous electrolytes, the importance of ionic liquid electrolytes has been further emphasized.

Along with the compatibility with the electrodes, the behavior of the ionic liquid at the elec-
trode/electrolyte interface is also important. Without destructive chemical interactions of the
ILion, itis electrochemically stable, but structural changes during cycling are still an important
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Figure 4. CV behaviors (a), Ragone plots (b), and change of energy density with current density (c) of the RGO-
CMK-5 composite electrode measured in different electrolytes. (d) Cycle performance of the RGO-CMK-5 electrode
measured in EMIMBF4 electrolyte, with the arrows showing the beginning of a new cycle [35] (CV: cyclic voltammetry,
EMIMBF :[EMI][BF,]).

issue and should be carefully considered. To understand the aging or failure mechanism of
ILs, electrochemical decomposition of ILs was investigated using in situ techniques (infrared
and electrochemical spectroscopy methods and XPS) [45, 46]. These studies were performed
to understand the EDL structure of ILs, enhancing electrochemical properties by modifying
positive or negative ions or adopting pseudoelectrode material.

As previously mentioned, imidazolium-based ILs are one of the candidates for SCs electro-
lyte. The electrochemical characteristics of various ILs electrolytes with [EMI] cations and
different anions ([BF ], tetracyanoborate([B(CN),]), tris(pentafluoroethyl)trifluorophosphate
([PF,(C,F,),]), [TFSI], [FSI], and thiocyanate ([SCN])) was reported using carbon cloth elec-
trodes [47]. Working voltage was changed according to anions, and [EMI][BE,], [EMI][TESI],
and [EMI][B(CN),] were stable up to 3.2 V. The highest energy values at 3.2 V for [EMI]
[B(CN),] were 49 Wh kg™'. Graphene sheet electrode was also evaluated [EMI] cation with
various anions, which were categorized representative chemical species. The five anions were
[BF,] as inorganic fluoride, [FSI] as organic fluoride, [DCA] as cyano functionality, ethylsul-
phate ([EtSO,]) as ester functionality, and acetate ([OAc]) as acid. The hydrogen-bond-accept-
ing ability of anions was closely related to the viscosity of the ILs. Moreover, [EMI][DCA],
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[EMI][BF,], and [EMI][FSI] showed excellent cycling stability with the same potential window
of 2 V. SCs adopting [EMI][BF,] had the widest potential window of 4 V, which displayed a
maximum energy density of 67 Wh kg™ at a current density of 1 Ag™ [48] (Figure 5).

Other types of imidazolium-based ILs were also investigated. Bettini et al. studied film SCs
by adopting ILs electrolytes. The electrolyte was varied out through cation based on [FSI]
anion. The applied cations are EMI, 1-butyl-3-methylimidazolium ([BMI]), 1-dodecyl-3-me-
thylimidazolium ([C,MI]), and 1-butyl-1-methylpyrrolidinium ([PYR ,]), and electrode was
nanostructured carbon (ns-C) [49]. The ionic conductivities were decreased depending on
cation size in the order of [EMI] > [BMI] > [PYR ] > [C ,MI]. [BMI][FSI] adopted SCs exhibited
the highest specific capacitance of 75 F g despite of secondly high ionic conductivity. This
means that [BMI][FSI] have chemical affinity with ns-C. Borges et al. use 1-butyl-2,3-dimeth-
ylimidazolium [EBDMI] cation and [TFSI] anion as electrolyte of temperature stable SCs [50].
The proposed electrolyte achieved 4.4 V of electrochemical stability window with functional-
ized double-walled carbon nanotubes (DWCNT).

The pyrrolidinium cations were extensively studied for the wide operating voltage. Most of
cases, [PYR ] cation was selected. Largeot et al. introduced high-temperature carbon-carbon
SCs working at 100°C with [PYR ][ TFSI] electrolyte and microporous carbide-derived carbon
electrode [51]. High operating temperature means that ILs are thermally stable, and the vis-
cosity of ILs is not enough to obtain reasonable specific capacitance (Most of pyrrolidinium
based ILs exist in quasi solid state at room temperature). The specific capacitance of suggested
SCs reached a maximum at 130 F g™'. Mastragostino group also reported several studies using
pyrrolidinium cation, [PYR, ], [TFIS] was used as anion [52-54]. They tested the ILs electro-
lytes using hybrid SCs (asymmetric SCs). The AC and the conductive polymer (poly(3-methyl-
thiophene)) were adopted as electrodes. These SCs achieved 3.6 V of the working voltage and
16,000 cycle of the cycle-ability at 60°C. The hybrid supercapacitor delivered 24 Wh kg™ and
14 kW kg™ as maximum values. However, low ionic conductivity remains as problems.
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Figure 5. (a) Cyclic voltammograms measured at cell voltage scan rate 1 mV s™ for SC test cells filled with RTILs.
(EMImBE : [EMI][BF,], EMImB(CN),: [EMI][B(CN),], EMImPF (C,F,),: [EMI][PF,(C,F,),], EMImN(SO,CF,),: [EMI][TFSI],
EMImN(SO,F),: [EMI][FSI], and EMImSCN: [EMI][SCN]) [47], (b) the relationship between the electrical conductivity,
viscosity, and "H NMR chemical shift of the proton in the 2-position of the imidazole ring of the ILs studied [48].
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To overcome the viscosity issue, factionalized electrodes were proposed. Nitrogen-doped
reduced graphene oxide aerogel (N-rGO aerogel) was one of them [55]. [PYR J[DCA] was
matched with N-rGO aerogel. Reported SCs show excellent electrochemical characteristics
of wide working potential of 4.0 V, high specific capacitance of 764.53 F g-1 at 1 A g-1, and a
capacity retention of 86% over 3000 charge discharge cycles, and this system provided maxi-
mum specific power of 6525.56 W kg™ and energy of 245.00 Wh kg™. In addition, ILs with
various cations have been studied as electrolytes. The sulfonium and the piperidinium were
also investigated to achieve high electrochemical performances [31, 56]. However, these ILs
have relatively high meting point about 40-60°C; thus, they applied as electrolytes for high-
temperature SCs or as electrolytes with solvents.

2.2. Other approaches of ionic liquid as liquid electrolyte

Approach for reducing the viscosity of ILs is anion eutectic ILs mixture. Several studies were
reported to reduce melting transitions and an enhance liquids range, pyrrolidinium- and
piperidinium-based ILs which have relatively high viscosity as previously mentioned were
selected [57-59]. SC with mixed ILs gave the assurance that the eutectic mixture of ILs could
dramatically extend the temperature range of the electrical energy storage device. This is a
sufficient result to dispel the recognition that the ILs cannot be used as a low-temperature
electrolyte due to the high viscosity of them. SC with mixed ILs showed electrical double
layer capacitors able to operate from -50 to 100°C over a wide voltage window (up to 3.7 V)
and at very high charge discharge rates of up to 20 V s [59]. Figure 6 shows the change of
specific capacitance versus the temperature according to various electrolytes.

Recently, Lian et al. introduced mixed anion ILs in order to have the same cations but hav-
ing two types of anions with different sizes and geometries for enhancing the capacitive

New ionic Ngund mixiure glectrolyte
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Figure 6. Normalized capacitance (C/C,,..) for the onion like carbon and vertical aligned-CNT electrodes (new ionic
liquid mixture electrolyte: ([PIP ,][FSI]), ([PYR, ][FSI]),, conventional EDLC electrolyte: 1 M of [Et,N][BF,] in PC, and
[PIP,]: N-methyl-N-propylpiperidinium). Capacitances were calculated at 100 mV s™, except for the -50°C (1 mV s™)
and -40°C (5 mV s) experiments. This plot shows that the use of the IL mixture extends the temperature range for
supercapacitors into the =50 to 100°C range, while conventional electrolytes using PC as solvent are limited to the -30 to
80°C range. C, .. was 80 and 4 mF, respectively, for OLC and VA-CNT cells. All cells were cycled from 0 up to 2.8 V [59].
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performance [60]. This research provided the capacitive behavior of a planar carbon in two
kinds of ILs and their mixture both experimentally and computationally. They selected single
cation [EMI] and two different anions of [BF,] and [TFSI]. This study explained that the mix-
ture effect, which makes more counterions pack on and more co-ions leave from the elec-
trode surface, leads to an increase of the counterion density within the EDL and thus a larger
capacitance. Figure 7 compares the distribution of ions at the electrode surface in pure ILs
electrolyte and their mixture.

Another approach for ILs is redox active electrolyte. Until recently, SCs using redox reac-
tions have been studied with electrodes. As a result, various electrode materials such as metal
oxides and conductive polymers have been proposed [61-63]. These pseudomaterials have
been mostly studied using aqueous electrolytes because of the redox mechanism using pro-
ton. However, application of ILs has been studied as alternatives due to the limitation of
the operating voltage of aqueous electrolyte and the inadequacy of surface functionality of
electrode materials. Protic ILs which contain proton were investigated as the electrolyte for
pseudo-type electrode. Protic ILs are advantageous over aprotic ILs; however, the high vis-
cosity and slow proton transfer in the ILs electrolyte could limit the charging rate [64, 65]. And
their cycle-ability was not enough to actual application. Aprotic ILs were tried as electrolyte
for pseudoelectrode in some cases [66]. The pseudomaterial was manganese dioxide (MnO,),
and the IL was [BMI][DCA]. The redox mechanisms between ILs and MnO, were expressed in
Eq. (3). Within a potential range of 3 V, a specific capacitance of 70 F g-1 was obtained.
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Figure 7. (a) Schematic representation of a ILs mixture near the electrode surface, (b) distributions of cations (red line for
[EMI]) and anions (green line for [BF,] and blue line for [TFSI]) in EDL of pure and mixed ILs near a positive surface with
positively charged surface =1.5 V: (a) x=0, (b) x =0.25, and (c) x = 1. The inserts are schematics of the EDL structures. (x
is the weight fraction of [EMI][TFSI]) [61].

33



34 Supercapacitors - Theoretical and Practical Solutions

MnO,  [DCAL, +2x~ « MnO,+2x[DCAl- (x < 0.5) 3)

A new strategy has been explored to increase the capacitance of SCs by inducing the pseudo-
capacitive contribution from the redox-active electrolytes [67]. The Faradaic reactions occur
in the electrolyte, which can contribute extra capacitance to the SCs. In this case, the pseudo-
capacitance is not only contributed by the pseudocapacitive electrode materials but can
also be contributed from the electrolyte. The introduced redox mediator was halide (mostly
iodide), vanadium (IV) oxide sulfate (VOSO,), metal cation (Cu*), heteropoly acids, factional-
ized arene, and quinode-benzoide [67-71]. As mentioned previously, most of redox couple
were applied with aqueous medium. However, to achieve higher cell voltage and thus a
higher energy density, a number of nonaqueous electrolytes including organic and IL-based
electrolytes have been studied and reported. In the case of ILs, halide ion species was used as
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Figure 8. (a) Specific energy vs. specific power and (b) energy density vs. power density plots for EDLCs based on
microporous-mesoporous carbon electrodes in EMImBF4 + 5 wt% EMImI mixture (triangles), in neat EMImBE, (circles),
obtained from constant power tests within the cell potential range from 2.4 to 0.4 V and for comparison for EDLCs based
on TiC-CDC carbon electrodes in EMImBEF, (squares), and obtained from constant power tests within the cell potential
range from 3.0 to 1.5 V. (EMImBF : [EMI][BF,] and EMImI: [EMI][T]) [74].
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Figure 9. Cyclo-voltammogram of [EMI][TFSI] and [EMI][I and Br]/[EMI][TFSI] mixture at 1 mV s™.

redox active couple. Taniki et al. reported that the N-ethyl-N-methylpyrrolidinium ([EMPyr))
fluorohydrogenate ([(FH), ,F]) could significantly contribute extra specific capacitance to the
SCs through the redox reaction of the electrolyte [72]. In the case of charging up to 2.5V, the
EDL capacitance of the positive electrode is 140 F g, and the redox capacitance is 150 F g™,
both of which contribute to the total capacitance. Correspondingly, the negative capacitance
is the sum of the double-layer capacitance of 130 F g™ and the redox capacitance of 116 F g™
In 2014, Tooming et al. reported redox active electrolyte using 5 wt% [EMI] iodide into [EMI]
[BF,], and they archive a nearly 50% increase in specific capacitance in comparison to bare
[EMI][BF,] [73]. As shown in Figure 8, noticeable increase in specific power and power den-
sity (~30% at P ~ 1 kW kg'/ 1 kW dm™) as well as in specific energy and energy density (~60%
atP ~1Whkg™/1Wh dm?) has been achieved by 5 wt% addition of [EMI][I] into [EMI][BF ].

However, EDL capacitance is proportional to number of the ions (charges). Thus, weight ratio
is not appropriate for comparing [EMI][I]/[EMI][BF,] mixture and neat [EMI][BF,]. For this
reason, our group suggested redox active electrolyte, which have same number of ions. We
choose bromide and iodide as redox mediator. The specific capacitances were increased by
amount of [EMI] halide (Figure 9). The SCs adopting 0.12 mole fraction of [EMI][I] show the
highest specific capacity of 176.1 F g with 3.5 V of working voltage. The energy density is
231.9 Wh kg at 0.5 A g, when the power density is 2705.6 W kg™.

3. Ionic liquid as quasi solid and solid electrolyte

Liquid electrolytes need additional encapsulation. Thus, SCs applied ILs face difficulty in
integration and manufacturing flexible devices. These problems can be addressed by solidify-
ing the ILs because the ILs maintain the conductivity even when solidified, unlike a typical
organic electrolyte. Generally, polymers are applied for solid state with various devices, and
ILs adopted polymer structure are described in Figure 10.
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Figure 10. Ionic liquid-polymer electrolyte.

3.1. Ionic liquid-blended polymer electrolyte

ILs blended polymer electrolyte can be referred to ion gel (iongel, ionogel) because most of
the ILs blended polymer electrolytes were synthesized in gel polymer type. The initial gel
polymer electrolyte consisted of ion conducting salts (ILs), organic solvent, and polymers like
gel polymer electrolyte of LIBs. In 1997, Fuller et al. reported iongel that contains ILs, organic
solvent, and poly(vinylidene fluoride-co-hexafluoropropylene) (PVAF-HEFP) [74]. The iongel
which was composed of [EMI][BF4] and [EMI][CF,SO, ] and PVdF-HFP achieved the highest
ionic conductivity of 5.8 mS cm™. Various carbon materials were adopted from classical AC to
nanostructured carbon such as CNT and graphene [75-77]. Pandey et al. also proposed [EMI]
[B(CN),] and PVdF-HFP-based iongel electrolyte [77]. SCs applied ion gel was tested with
multiwall carbon nanotube (MWCNT) electrode. The SCs adopting [EMI][B(CN),] based ion-
gel shows good thermal stability up to 310°C, a wider electrochemical window of ~3.8 V, and
a high ionic conductivity of ~9 x 102 S cm™ at room temperature. The SCs also show a specific
energy of ~3.5 W h kg™ and a specific power of ~4.2 kW kg™. Lu et al. also studied ion gel
with PVAE-HFP and [EMI][FSI] [78]. They compared different polymer composites. The ion
gels were flexible and mechanically strong and show 28 Wh kg™ of the energy density with
2317 W kg™ of the power density. The features of iongel and the structure of the SCs using the
iongel are shown in Figure 11.

Each carbon electrode was attached on a polypropylene plate on the aluminum foil side.
([EMIM][Tf,N]: [EMI][FSI] and PTFE: Poly(tetrafluoroethylene)) [78]. Other type of poly-
mers and ILs has been tried as ion gel electrolyte. Tamilarasan et al. reported ion gel as
stretchable electrolyte. The synthesized [BMI][TFSI] incorporated stretchable poly(methyl
methacrylate)(PMMA) electrolyte [79]. The device has specific capacitance of 83 F g7,
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Figure 11. (a) Photographs of ILGPEs prepared by different methods: (A) PVAF-HFP/EMIMT{2N by ionic-liquid-
polymer gelation method, (B) PVAF-HFP/[EMIM][Tf N]/zeolite by ionic-liquid-inorganicpolymer composite method,
and (C) PTFE/[EMIM][T{,N] by ionic-liquid-polymer membrane method. (b) Photograph of a capacitor before assembly
from two carbon electrodes and a PVdF-HFP/[EMIM][Tf,N]/zeolite ILGPE.

specific current of 2.67 A g, and energy density and power density of 25.7 Wh kg™ and
35.2 kW kg™, respectively. The ion gel stretched up to 150%. Other polymeric matrixes
such as poly(acrylonitrile), polyvinylidene fluoride/polyvinyl acetate, poly(ethylene oxide),
poly(vinylalcohol), poly(methylmethacrylate), poly(tetrafluoroethylene), and chitosan were
investigated [80-83].

Most of the introduced ILs and iongel operated at 2.0-3.5 V. These operating voltages were not
enough to overcome intrinsic limitation of ILs because ILs have low ionic conductivity and
high viscosity, such properties cause decrement of specific capacity. To overcome relatively
low specific capacity, operating voltage have to be enhanced at 3.5-4.0 V. Additionally, high
operating voltage is helpful to manage power supply. SCs are regarded as excellent energy
storage devices due to their high power density and permanent life cycles. However, SCs face
with critical challenge of low energy density. Therefore, LIBs and SCs are applied together for
the complementary purpose. The typical case is a wireless detection system that needs two
kinds of power supply units. One is a continuous power supply for operation, and the other
is a pulse power to transmit data to the control system. Continuous power systems require
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high-energy densities, while pulse power systems need high-power densities. Consequently,
LIBs are responsible for device operation, while SCs are used for data transmission. A critical
issue in this system is voltage leveling between the LIBs and SCs. The operating voltage of
LIBs is from 3.5 to 4.0 V. Thus two or more SCs in series are needed for a wireless detection
system. If SCs achieve the 3.5-4.0 V rated voltage with high energy densities or LIBs achieve
high power densities, then the power supply unit can be minimized and integrated. LIBs have
intrinsic limitations in power densities due to their energy storage mechanisms. Hence, SCs
that show high energy densities and wide operating voltages have been researched exten-
sively. Thus, new approaches were reported to enhance working voltage of SCs. Pandey et al.
adopted zeolite as additives for enhancing operating voltage, and the zeolite added SCs was
stable up to 4.1 V [78]. Cross-linked polymer matrix was suggested as solid electrolyte for
high-voltage SCs. Choi et al. suggested all printable SCs using UV curable materials. [BMI]
[BF,] and UV-cured ethoxylated trimethylolpropane triacrylate (ETPTA)-based gel polymer
electrolytes are incorporated to produce the solid-state SCs. They showed various shapes of
inkjet-printed SCs described in Figure 12. Interestingly, proposed UV-cured ion gel was water
proof despite of adopting [BMI][BF,] [84].

Our team proposed a quasi-solid polymer electrolyte based on a composite cross-linked poly-
4-vninyphenol (c-P,VPh) embedded [EMI][TFSI] [5]. [EMI][TESI] was selected for its high ionic
conductivity, and c-P,VPh was used for its ability to enhance electrochemical stability by hydro-
gen bonding between [EMI][TFSI] and c-P,VPh in addition to maintaining a quasi-solid state.
Also, cross-linked polymers can keep a larger amount of ILs than other polymer by swelling.
The composite electrolytes are highly ionic conductive solid state due to the rigid framework
of c-P,VPh and high ionic conductivity from large contents of [EMI][TFSI] over 60 wt%. The
IL-CPs are thermally stable over 300°C and electrochemically stable over 7.0 V, since there are
hydrogen bonds between c-P,VPh and [EMI][TFSI]. We also introduced all-solid state SCs that
operate at 4.0 V and have high energy density without sacrificing power density. SCs showed
the best electrochemical performances and had capacitance of 172.5 F g-1 and energy density
of 72.3 Wh kg™. Their structure and electrochemical characteristics are displayed in Figure 13.

3.2. Poly ionic liquid as solid electrolyte

A poly IL (PIL) or polymeric ionic liquid is a polymer electrolyte containing a polymer back-
bone and an IL species in the monomer repeat unit. Certain characteristics of IL such as
negligible vapor pressure, thermal stability, nonflammability, relatively high ionic conductiv-
ity, and broad electrochemical stability window are transferred to the polymer chain (from
oligomers to high molecular weight polymers) [85]. Various PIL structures and properties
are required for various applications of polymer electrolytes, electrochemical devices, smart
materials, catalyst supports, porous polymer structures, and antibacterial PILs. The standard
synthetic pathway for PILs relies on a basic strategy: (1) direct chain growth polymerization
of IL with or without nonionic monomers; (2) step-growth polymerization of IL. monomers;
and (3) post-modification of polymer chains with IL monomers.

Properties required as solid electrolytes include ionic conductivity, thermal stability, and elec-
trochemical stability. The ionic conductivity of PILs is an important property when applied as
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Figure 12. Esthetic versatility and IoT applications of the inkjet-printed SCs as object-tailored/monolithically
integrated power sources. (a) Photograph of the inkjet-printed Korea map, wherein the inkjet-printed SCs (marked
by red boxes) were seamlessly connected to LED lamps (marked by blue boxes) via the inkjet-printed electric
circuits. (b) SEM image of the LED lamp connected to the inkjet-printed electric circuits. (c) CV profile (scan
rate = 1.0 mV s™) of the inkjet-printed SC in the map. (d) Photograph of the inkjet-printed, letter (“OR”)-shaped
SCs that were seamlessly connected to the letter (“HOT” and “COLD”)-shaped electric circuits onto A4 paper. (e)
Galvanostatic charge/discharge profile (current density = 1.0 mA cm™) of the inkjet-printed, letter (“OR”)-shaped
SCs that were composed of 4 cells connected in series. (f) Photograph depicting the operation of the blue LED lamp
in the smart cup (for cold water (~10°C)), wherein the inset is a photograph of a temperature sensor assembled
with an Arduino board. (g) Photograph depicting the operation of the red LED lamp in the smart cup (for hot water
(~80°C)) [84].
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Figure 13. (a) Chemical structure of IL-CPs, (b) LSV for EMITESI and IL-CPs in the SUS/SUS cell (CR 2032), (c) flexibility
of IL-CPs and bending performance of SCs with IL-CPs for 1000 cycles, and (d) photograph of a green light-emitting-
diode (LED) powered by a single SC with IL-CP3.5. (IL-CPs: [EMI][TFSI]/c-P,VPh composite, and IL-CPx: x = weight
ratio of [EMI][TFSI]) [5].

a solid electrolyte. Unlike ILs and ion gels in which both anions and cations can move, PILs
are typically single-ion conductors. In this case, anions or cations are structurally constrained
as part of the polymer skeleton [86]. Therefore, the ionic conductivity of PIL is generally lower
than that of monomeric ILs ionic conductivity. This phenomenon is due to the significant
increment of glass transition temperature (T,) and depletion of mobile ions after covalent or
ionic bonding [85]. The ionic conductivity of PIL is affected by polymer architecture, molecu-
lar weight, and chemical nature of polymer chains.

Particularly, the ionic conductivity of PIL is related to the glass transition temperature, and
the ionic conductivity is usually increased when the T, is low. PIL has weak binding ions and
can exhibit low T, despite having very high charge densities due to weak electrostatic ion pair
interactions. Counter ions affect the T, of these polymers. Therefore, a method of lowering the
T, using a different kind of anion has been proposed. Tang et al. found that anion tendency
with poly 1-(p-Vinylbenzyl)-3-methyl-imidazolium cation, the T, also changes in order [FSI]
(3°C) < o-benzoicsulphimide (40°C) < [BF,] (78°C) < [PF,] (85°C) [87]. For PILs with the same
anion [BF ], the T varied according to the backbone and Poly[(1-butylimidazolium-3)methyl-
ethylene oxide (33°C) < 1-[2-(Methacryloyloxy)ethyl]-3-butyl-imidazolium (54°C) < Poly[1-
(p-Vinylbenzyl)-3-butyl-imidazolium (78°C) < poly 1-(p-Vinylbenzyl)-3-methyl-imidazolium
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(110°C). Flexible backbones yield lower T values. Similarly, Hu et al. directly grafted TFSI
anions onto the polyethylene oxide backbone via anionic ring-opening polymerization [88]. The
resulting PIL exhibits a low T, value (up to ~14°C) and an average conductivity of 10° S ecm™ at
30°C and ~102 S cm™ at 90°C.

The thermal stability of the PILs is directly related to the lifetime and stability of the capaci-
tor and chemical and electrochemical stability. In thermogravimetric analysis (TGA) experi-
ments, the decomposition starting temperature (T __ ) is usually controlled through the nature
of the PIL backbone chemical structure. Imidazolium-based PILs have improved thermal sta-
bility due to conjugate structure and steric hindrance. They have higher T _, values than
pyrrolidinium-based PILs. The thermal stability of PILs increases with the length of the sub-
stituent of the cation. The chemical structure of anions also affects the T __ value of PILs. Poly
(1-vinyl-3-ethyl-imazazolium) X-PIL was studied by comparing the effects of counter anions
on PIL thermal stability [89]. [CF,SO,7] > [TFSI] > [C ,H,,C.H,SO,] > [PF] > bromide >
[C,H,PO, ]

167 734

PIL-based polymer electrolytes have high ionic conductivity (up to 10° S cm™ at 25°C),
wide electrochemical windows (up to 5 V), and high thermal stability (up to 350°C) [86].
Pyrrolidinium-based PILs have been reported to have better electrochemical stability than
imidazolium-based PILs. The pyrrolidinium cations also exhibit a much larger cathodic elec-
trolysis potential than the quaternary ammonium cations of the noncyclic and unsaturated
rings [90]. Because of excellent electrochemical stability and reasonable ionic conductivity
in solid phase, PIL electrolytes have been considered as an ideal electrolyte for supercapaci-
tors. However, only a few studies have been reported in this area by Marcilla group, and
(Diallyldimethylammonium) bis (trifluoromethanesulfonyl) imide dissolved in [PYR ] was
prepared and applied as a solid state electrolyte [91, 92]. Impregnating the electrode with
the electrolyte before assembling the SCs is an important process for improving the carbon-
electrolyte contact. However, these manufactured SCs high ESR values due to poor electrode/
electrolyte interface performance. Further studies using pyrrolidium-based PIL electrolytes
with high ionic conductivity have greatly improved relative dielectric constant. Figure 14
shows the PILs structure and electrochemical characteristics.

In conclusion, ILs have tremendous potential in electrochemical systems with combination
of cations and anion. However, their applicability has been limited by the general perception
that they are ionic electrolytes for replacing conventional electrolytes. However, due to its
high viscosity, low ionic conductivity, and high price, it is difficult to replace conventional
electrolytes directly. In other words, ILs should not be chosen as an alternative to organic
solvents. Therefore, it is considered that the ILs-based liquid electrolyte are used to enhance
the energy density by increasing the high operating voltage of the SCs. They are also helpful
to secure the stability and safety of SCs. In addition, since IL is stable at high temperatures,
it can be applied to SCs that must be used under extreme conditions. In the same way, IL
is more attractive as a solid electrolyte instead of a conventional electrolyte. In particular,
IL-based solid polymer electrolytes appear to be one of the most promising choices for flexi-
ble SCs. However, current research on ILs as electrolytes has focused on several ILs, including
imidazolium and pyrrolidinium cation. As mentioned, ILs have design flexibility due to the
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numerous possible combinations of anions and cations. We believe this flexibility should be
achieved by designing a new type of supercapacitor by thinking outside the box beyond what
is available.
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Abstract

Due to low energy characteristics such as energy density and cyclic life, it is mandatory
to enhance the energy characteristics of the supercapacitors (ESs). Electrolytes have been
recognized as the most prominent ingredients in electrochemical supercapacitor perfor-
mance. Most commercially available ESs use organic electrolytes and have some advan-
tage like wide operating voltage. However, compared with aqueous alternatives, organic
electrolytes are expensive, flammable, and, in some cases, toxic. It is reliable to assert that
even though aqueous electrolytes examined by a cramped working voltage, the ions pres-
ent in them are yet capable of incredibly faster carrier rates than organic electrolytes and
can achieve better performance of ESs. Thus, efforts turned toward enlarging the work-
ing voltage window of aqueous electrolytes to increase overall operating potential and
energy density of supercapacitor devices. This book chapter comprises the latest accom-
plishments in this area and provides an insight into the aqueous electrolyte advancement.

Keywords: supercapacitors, energy density, aqueous electrolyte, operating voltage, electrolyte

1. Introduction

The dramatic global warming and the accessibility to fossil fuels in the earth require society
to shift in the direction of renewable and sustainable resources. Due to this, the growth and
ramp-up of sustainable, clean energy sources, as well as their associated technologies, are
taken into account worldwide as a critical problem. The majority of the renewable and clean
energy sources depend on the countrywide weather conditions. Among different energy
storage systems, the electrochemical energy storage (EES) systems including batteries, fuel
cells, as well as electrochemical capacitors or supercapacitors (ESs) are most efficient and
frequently used in several applications [1]. The most common characteristic of these three
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devices is that the energy-producing processes perform at electrode/electrolyte interfaces. In
both academia and industry, supercapacitors have drawn much importance due to benefits
of high power density and long cyclic life compared with batteries and fuel cells [2]. By their
charge storage process, ES is divided into three categories: (1) electric double layer capacitors
(EDLC), (2) pseudocapacitors, and (3) hybrid capacitors [3]. Due to the technical maturity of
EDLCs, almost all of the commercially available supercapacitors are made up by using EDLC
electrode materials such as activated carbon. The low energy density (~10 Wh kg™ for com-
mercial supercapacitors) is truly the most significant challenge for supercapacitors in compar-
ison to rechargeable batteries and fuel cells [4]. For that reason, enormous research attempts
were carried out aiming to enhance the energy density of supercapacitors [5]. The important
characteristic to get extraordinary energy density of supercapacitors is shown in Figure 1.
As seen from the figure, the energy density of supercapacitors is directly proportional to the
capacitance and square of the working voltage. Therefore, enhancing the capacitance and
improving the working potential are considered as promising approaches to further improve
high energy density supercapacitors. The high energy density can be attained by choosing
appropriate electrode material with a high specific capacitance and electrolyte with a large
operating voltage. Considering that the energy density is directly proportional to the square
of the voltage, increasing the working potential window could be a more efficient way to
improve the energy density rather than to improve the specific capacitance. Therefore, devel-
oping a new electrolyte with a large potential window is the top priority effort in comparison
to seeking new electrode materials.

1.1. Effect of the electrolyte on supercapacitor performance

It is well recognized that the working potential of the supercapacitors is highly relying on the
electrochemical stability of the electrolytes. For example, organic electrolytes and ionic liquid
(IL)-derived supercapacitors can easily be handled at a large potential window of 2.5-2.7 and
3.5-4.0 V, respectively [6]. However, the electrodes are steady in aqueous electrolytes within
the potential choice of 1.0-1.3 V due to H,/O, evaluation reactions [7]. Since the interaction
involving the electrode and electrolyte acts an essential function in the overall supercapacitor

Figure 1. Important characteristic of high energy density supercapacitors.
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performance, aside from the operating voltage, the electrolytes have substantially influenced
on the other parameters such as power density, cycling stability, operating temperature,
equivalent series resistance, life time, and self-discharge rate of the capacitors [8]. The electro-
lyte ionic conductivity performs a serious role in the internal resistance of supercapacitors. It
is highly crucial that the electrolyte ion size should be equal or less than that of the pore size of
electrode material to possess a high capacitance and a high power density [9]. For a few cases,
the freezing point and viscosity of electrolytes also affect the thermal stability of supercapaci-
tor performance, and hence the working voltage range would be shifted [10, 11].

An ideal electrolyte of supercapacitor needs to have some fundamental requirements: (1)
broad potential window, (2) a wide range of working temperature, (3) high ionic conductiv-
ity, (4) low viscosity, (5) high electrochemical stability, (6) environmentally friendly, (7) low
cost, and (8) low flammability. Each electrolyte has its merits and drawbacks, and it is feasible
to meet all the above specifications with one electrolyte. Nonstop and tremendous research
efforts have been made in the present and will also keep going in the future for the electrolyte
development investigation.

2. Types of electrolyte

Following the nature of electrolyte like the ion type, ion size, ion concentration, and the inter-
play among the ion and solvent, various electrolytes have been developed and examined
currently. The electrolyte can be divided into three groups such as liquid, solid or semisolid,
and redox-additive as shown in Figure 2. The liquid electrolyte can be further classified into
aqueous electrolyte, nonaqueous electrolyte, and organic electrolyte [12].
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Figure 2. Classification of supercapacitor electrolytes.
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As mentioned previously, no single electrolyte can meet all the requirements. For example,
both high capacitance and ionic conductivity can be achieved by aqueous electrolytes, but
the narrow decomposition voltage made the lower operating voltage of aqueous electrolytes.
Though organic and ionic liquid electrolytes provide a wide operating voltage, they normally
suffered from the low conductivity (large internal resistance), high cost, and high flammabil-
ity which cause continual trouble during application in supercapacitor device. In this regard,
extensive efforts are committed to the successful development of the overall performance of
electrolytes. Some strategies have already been strived to enhance the electrolyte performance,
including “(1) developing an entirely new electrolyte as well as improving its efficiency con-
cerning a wide range of functioning voltage, high ionic conductivity, large working tempera-
ture range, and so on [13]; (2) investigation of the effect of electrolytes on capacitance, energy
and power densities, thermal stability, and self-discharge rate of supercapacitors [14]; and (3)
initiate and becoming familiar with a fundamental concept of the electrolyte on supercapaci-
tor performance over sophisticated characterization, modeling, and simulation utilities [15].”

3. Aqueous electrolytes

Usually, regarding the energy density study, the aqueous electrolytes really are a poor selec-
tion for technical supercapacitor products because of their small voltage window. This could
be the reason for why nearly all the commercial supercapacitors use organic electrolyte rather
than aqueous electrolytes. Though aqueous electrolytes possess an insufficient cell voltage,
they were considerably employed in the literature from 1997 onward because of that aqueous
electrolytes seem to be cheaper and can be quite easily taken care of in the laboratory without
having a special circumstance. However, ionic liquid and organic electrolytes generally call
for complex purification treatments under a rigidly controlled environment to stay clear of
moisture. All of these features of aqueous electrolytes tremendously explain the design and
assembling of supercapacitors. Generally, aqueous electrolytes exhibit extremely high con-
ductivity (Table 1) which is at least one magnitude larger than that of organic or IL electrolytes.

Electrolyte Conductivity (mS cm™) Potential window (V)
Aqueous KOH 540 0-1

Aqueous KCl1 210 0-1

Aqueous H,SO, 750 0-1

Aqueous K,SO, 88.6 0-1

Aqueous Na SO, 91.1 0-1

Organic TEABF, /PC 14.5 2.5-3

Organic TEABF,/ACN 59.9 2.5-3

IL, [Et, MEIM]'[BF, | 8 4

Table 1. Electrolytic conductivity and operating voltage of various electrolytes at room temperature.
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The high conductivity of the aqueous electrolyte is propitious for reducing equivalent series
resistance (ESR) which leads to significantly high power density supercapacitors.

To evaluate the overall performance of aqueous electrolytes, some typical criteria should be
taken into consideration such as the dimensions of hydrated and bare ions (Table 2), the flow
of ions which alters the ionic conductivity, as well as the specific capacitance.

The aqueous electrolytes can be categorized into three groups such as alkaline, acid, and neu-
tral solutions. The most commonly used aqueous electrolytes are KOH, H,50,, and Na,SO,,
respectively.

3.1. Acid electrolytes

Sulfuric acid (H,SO,) is the most frequently used aqueous acid electrolyte in supercapacitor
simply because of its extremely high conductivity (~0.8 cm™ at 25°C for 1 M H SO,) [16]. Since
the electrolyte ionic conductivity is dependent on the concentrations, optimum molar con-
centrations have already been investigated to attain the highest possible ionic conductivities
of a given electrolyte at particular temperature. So far, the electrolyte ionic conductivity can
be quickly dropped when the concentration becomes extremely low or excessively high. So,
the greater number of research studies uses 1 M H,SO, solution, especially for carbon-based
supercapacitors.

Type of ion Size ?f bare  Size of hydrated ions Gibbs energy (kcal mol™) Ion conductivity
ion (A) (A) (S cm? mol™)

H* 1.15 2.80 350.1

Li* 0.60 3.82 138.4 38.69

Na* 0.95 3.58 162.3 50.11

K 1.33 3.31 179.9 73.5

NH, 1.48 3.31 - 73.7

Mg, 0.72 4.28 - 106.12

Ca,’ 1.00 412 - 119

Ba, 1.35 4.04 - 127.8

Cr 1.81 3.32 - 76.31

NO," 2.64 335 - 71.42

SO» 2.90 3.79 - 160.0

OH- 1.76 3.00 - 198

Clo, 2.92 3.38 - 67.3

PO> 223 3.39 - 207

CO» 2.66 3.94 - 138.6

Table 2. Size of electrolytic bare and hydrated ions and their conductivity [10].
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3.1.1. H,50, electrolyte-based EDLC and pseudocapacitors

Recently, several researchers discovered that for the carbon-based capacitors (EDLCs), specific
capacitance obtained in the H,SO, electrolyte is much higher than the specific capacitance in a
neutral electrolyte. Moreover, due to the high value of H,SO, ionic conductivity, the ESR value
of supercapacitors is much lower in comparison to the neutral electrolyte. Torchala et al. have
examined the EDLC behavior of activated carbon in the H SO, electrolyte, and they ascertained
that the specific capacitance could be raised with increased electrolyte conductivity [17]. In past
several years, many literatures have reported that the carbon-based materials had provided
the specific capacitance within the range between 100 and 300 F g™'. Certain reported values
are usually higher compared to those acquired in the commercial electrolytes. The changes in
specific capacitance might replicate the diverse interplays among the electrode materials and
the electrolyte ions caused by various electrolytes. As pointed out above, because of the small
potential window of aqueous electrolyte, the energy density of EDLCs turns considerably
lower. Thus, enormous attempts have been performed to raise the ES energy density by inves-
tigating other methods which can include utilizing pseudocapacitive behavior in electrodes.

In addition to the EDLC capacitance, it was discovered that the H,SO, electrolyte also induced
pseudocapacitance contribution due to the active redox reactions of carbon material surface
functionalities. Introducing some heteroatoms that include nitrogen, oxygen, and boron to the
carbon materials surface could enhance the pseudocapacitance contributions [18]. The doping
of heteroatoms not only increases the specific capacitance but also improves the cycle life of
the electrode materials even at a larger potential in the aqueous electrolytes. The pseudoca-
pacitance materials including metal oxides, metal sulfides, and conducting polymers have
much higher theoretical capacitance value compared to carbon-based electrodes in aqueous
electrolyte [19]. Since the metal oxides and sulfide materials are highly sensitive to nature
and pH of the electrolyte, these electrodes typically are not steady in the acidic electrolyte
which restricts use in commercial products. As well known, ruthenium oxide (RuQO,) is one
of the potential electrodes that has been extensively examined for its pseudocapacitance in
the H SO, electrolyte. Amorphous RuO, can deliver a very high value of ~1000 F g in acidic
electrolyte resulting from easy insertion of the proton in the amorphous structure. Sadly, the
expensive and limited Ru sources have restricted their practical usage.

3.1.2. H,S0, electrolyte-based hybrid supercapacitors

To increase the energy densities of supercapacitors in aqueous electrolytes, designing a
hybrid supercapacitor is the most potentially promising way. As a result of the gas evaluation
reactions, the maximum cell voltage is limited for a symmetric supercapacitor by using the
same electrode materials in aqueous electrolyte. The combinations of two alternative elec-
trodes (asymmetric supercapacitors) can be performed in different working potentials, lead-
ing to a larger functioning potential window in aqueous electrolyte. Currently, several types
of asymmetric-based supercapacitors such as carbon//PbO, carbon//RuO,, and carbon with
various mass and properties in cathode and anode electrodes have already been examined in
strong acidic electrolytes. An energy density of 25-30 Whkg™ has been delivered by carbon//
PbO, asymmetric supercapacitor, which was considerably higher than that of the symmetric
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carbon-based EDLCs (3—6 Whkg™) in the acidic electrolyte. Similar to metal oxide, conduct-
ing polymer and carbon-based asymmetric supercapacitor have delivered enough energy
density for commercial applications. It was found that the energy density could reach up to
11.46 Whkg™ when polyaniline (PANI) was used as a positive electrode and carbon as a nega-
tive electrode at a wider potential range (-1 V to +1 V) [20]. Though the energy density has
reached higher than symmetric carbon capacitors, PANI is limited in the commercial prod-
uct due to its poor stability. The stability can be improved through the use of liquid H,SO,
electrolyte for conducting polymer-based electrodes. When compared to solid-state polymer
aqueous electrolytes, the thermal stability of liquid H,SO, is high. Thus, the stability and the
energy density of supercapacitors could possibly be improved in liquid-based electrolytes.
For example, 0.5 M H,SO, liquid electrolyte has delivered the energy density about ~20 W h
kg™ for RuO,/carbon nano-onion symmetric ESs, which is twofold higher than that of poly-
mer gel acidic electrolyte (Figure 3) [21].

3.2. Alkaline electrolytes

Since acidic electrolytes are commonly not suitable for some cost-effective metal materials
and metal oxides (Ni, Co, Eu, etc.), alkaline electrolytes have been utilized extensively in the
literatures. Potassium hydroxide (KOH) is most commonly used alkaline aqueous electrolyte,
simply because of its significantly better ionic conductivity (0.6 S cm™).

3.2.1. Alkaline electrolyte-based EDLC and pseudocapacitors

The energy density of EDLC-based supercapacitors in aqueous KOH is similar to that reported
with H,SO, electrolyte. So, massive efforts have been given to raise the EDLC material
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Figure 3. Ragone plot of RuO,/carbon nano-onion symmetric ESs. (Reproduced from [21] with permission from ACS).
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energy density in the alkaline electrolyte by increasing the capacitance and enhancing the
operating voltage. Some of the efforts were made as follows: (1) increasing carbon materials’
specific capacitance by doping some pseudocapacitance functional groups, (2) discovering
some pseudocapacitance materials with large specific capacitance, (3) establishing new com-
posite materials (EDLC material + pseudocapacitance material), and (4) developing asymmet-
ric supercapacitors with a wider potential window.

As pointed out previously, the functional groups of carbon materials undergo the faradic
redox reactions which are due to the interaction involving the electrolyte ions and the attached
functional groups. It has been confirmed in literatures that the KOH electrolyte was favorable
for the functioning/doping carbon materials to further increase their pseudocapacitance. The
existence of oxygen functional groups in carbon material (graphene) can increase the pseudo-
capacitance contribution in KOH electrolyte, and hence overall capacitance of the electrode
can be improved [22]. The redox reaction of those functional groups in KOH electrolyte can
be expressed as follows:

- COOH + OH" & - COO + H,0 + e~ )

>C-OH+OH < >C=0+H,0+e" (2)

From this, it is well known that the electrode and electrolyte ion interaction performs a seri-
ous role for pseudocapacitance contribution. Since the theoretical capacitance of some metal
oxides, sulfides, and hydroxides such as Co,O,, NiO, MnO,, NiCo,0,, Ni(OH),, CoS, etc. have
extremely high values, these electrode materials have also been examined for supercapacitor
applications in aqueous KOH electrolyte. For example, the specific capacitance has reached
extremely high (~1400 F g) for Co,O, nanofilm in 2 M KOH electrolyte [23]. The conversa-
tion of different oxidation states like Co" to Co™ and then Co' in KOH aqueous electrolyte

enhanced the capacitance of the electrode and described as follows:

Coll + OH- < Coll OH+ ¢! @3)

Coll OH,, < ColllOH_, + ¢! )

Similarly, though metal sulfides (CoS, MnS, NiS, etc.) have poor pseudocapacitance perfor-
mance in KOH electrolyte, the electrochemical transformation of sulfides into some different
electroactive forms (Co(OH), Ni(OH),) might improve the pseudocapacitance of the elec-
trodes. Some characteristics of the electrolyte including ion type, size, and concentrations can
affect the working temperature and ES performance. Since the pH of KOH electrolyte seems
to be high, the corrosion of electrode surface might be possible when using more concentrated
electrolyte. Thus, optimization of the electrolyte concentration is a mandatory task to avoid
the corrosion behavior of current collector. In addition to the concentration, the electrolyte ion
type and size also impact the total efficiency of ESs. The rate of intercalation/de-intercalation
of the ions in the electrolyte can determine the quantity of pseudocapacitance of materials.
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Misnon et al. [24] have achieved a higher specific capacitance of MnO, electrode in LiOH
electrolyte than that in KOH, resulting from the miniature-sized ionic radius of Li*" ions. The
smaller radius can be favorable to the relatively easy intercalation/de-intercalation of ions
into electrode material and improved the redox reactions. In addition, the effects of the dif-
ferent aqueous electrolytes on NiCo,O, nanostructures at a wider range of temperature have
been investigated, and the highest energy density from KOH electrolyte has been achieved in
comparison with NaOH as well as LiOH electrolytes (Figure 4). Because of the smaller size
of K*, the ion mobility in KOH turned into much higher which enhances the fast redox reac-
tions between electrode and electrolyte [25]. Barzegar also reported that for activated carbon
electrode, 6 M KOH could demonstrate significantly better electrochemical performance than
Na,SO, and LiCl electrolytes [26]. Besides of the cations, electrolyte anions also play a crucial
role in ES performance. Ramachandran et al. performed extensive research toward the effect
of anions on the specific capacitance behavior in potassium-based alkaline and neutral elec-
trolytes (KOH and KCl) [27]. They have reported that the small size of OH" ions can enhance
the redox reaction of cobalt sulfide/graphene materials in KOH electrolyte. Due to the smaller
ionic size of OH", only a limited number of literatures are available for comparative studies
of different alkaline aqueous electrolyte behaviors, and still the electrolyte phenomenon and
mechanisms are unclear.

It is well known that the cyclic stability of pseudocapacitive materials is generally poor in the
alkaline electrolyte when compared to EDLC materials, which could be associated with the
repeated redox reactions in the electrolyte. An existing research was focused on enhancing
the cyclic life of pseudocapacitive materials with carbon materials (composite materials). The
composite materials not only improved the electrode stability but also increased the work-
ing potential range of alkaline electrolytes. For example, Fe,O, nanodots/N-doped graphene
composite material showed the ultralong cyclic stability of 75.3% even after 100,000 cycles in
KOH electrolyte [28], and this might be due to the fact that the pyrolic N atoms in graphene
can promote the electron transfer reactions of the composite.
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Figure 4. (a) Specific capacitance plot and (b) Ragone plot of NiCo,O, at various alkaline aqueous electrolytes. (Repro-
duced from [25] with permission from Nature).
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3.2.2. Alkaline electrolyte-based hybrid supercapacitors

A sequence of alkaline electrolytes has been studied for hybrid supercapacitors to increase
their energy density with a wide range of the potential. The working voltage of the KOH
electrolyte can be improved up to ~1.7 V when asymmetric electrodes are used. For example,
carbon//metal hydroxides (carbon//Ni(OH), -1.7 V and carbon//Co(OH),) -1.6 V) and car-
bon//RuO, (~1.4 V) asymmetric devices have been delivered high energy densities in KOH
electrolyte. As a result of their wider potential window and high faradic reactions, most of
the hybrid devices could deliver higher energy densities between 20 and 40 W h kg™, which
has been similar to rechargeable lithium-ion batteries. Recently, Chen and Xue [29] have dem-
onstrated that the vanadium-based colloids/activated carbon-based hybrids could provide a
high energy density of ~50.4 W h kg™ with potential range of 0-1.8 V in 2 M KOH electrolyte.
In situ formation of electroactive vanadium-based colloids with high utilization of cations in
asymmetric device enhanced the performance and the operating voltage. Thus, developing
asymmetric hybrid supercapacitor is an efficient way to increase the operating voltage and
could be used in practical applications in KOH electrolyte.

3.3. Neutral electrolyte

When compared with alkaline and acid electrolytes, neutral electrolytes have also been stud-
ied extensively due to their larger working potential and less corrosive feature. Up to date,
there are many types of neutral electrolytes such as LiCl, Li,SO,, Na,SO,, NaCl, KCl, K ;SO,,
etc. used in supercapacitor studies. Among them, Na,SO, neutral electrolyte has shown prom-
ising electrochemical reactions for electrodes especially pseudocapacitance materials.

3.3.1. Neutral electrolyte-based EDLC and pseudocapacitors

Since the lower H" and OH" concentrations of the neutral electrolyte, the potential of hydro-
gen and oxygen evolution reaction can be shifted into the higher potential window and the
electrolyte-stable potential windows (ESPW) can be increased in comparison to the alkaline
electrolyte. Demarconnay et al. reported an excellent cyclic stability even after 10,000 charge-
discharge cycles for the symmetric-activated carbon-based device at a high cell potential of
1.6 V in 0.5 M Na,SO, neutral electrolyte [30]. The cell voltage can be extended up to 2.2 V
for carbon-based electrodes in the Li,SO, electrolyte as a consequence of its miniature size of
bare ions (Table 2). The small size of Li* ions can enhance the charge accumulation process in
carbon electrode/electrolyte interfaces and avoid the evolution of gases such as oxygen and
hydrogen at higher potential. The reported operating voltage of neutral electrolyte for carbon
materials is relatively higher and less corrosive than H,SO, and KOH electrolytes. Symmetric
carbon ESs in neutral electrolyte have been identified as a potential candidate for higher
energy density and lower environmental impact devices. A few comparable studies of the
neutral electrolyte with various salts (Li*, K*, Na*) based on carbon ESs have been reported to
experience the impact of ions on capacitive performance. Several studies reported the electro-
chemical performance of carbon materials shown in neutral electrolytes following the order
Li,SO, > Na,SO, > K,SO, [31, 32]. As mentioned above, the performance of ESs not only relies
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on the type of electrolyte but also depends on the electrode preparation and analysis circum-
stances, which include voltage, scan rate, and temperature. With this view, the additional
research work may be required to interpret the effect of salts on the ES performance.

Some of the pseudocapacitive materials like RuO,, MnO,, and V,O, have shown excellent ES
performance in neutral electrolytes. MnQ, is the most common pseudocapacitive material,
and it has been studied widely in the neutral electrolyte. Li et al. [33] have confirmed that the
order of energy density and specific capacitance of mesoporous MnO, electrode is obtained
in neutral electrolytes as follows: Li,SO, >Na,SO, > K SO,. This behavior appears to be associ-
ated with the magnitude of these alkali metal bare and hydrated ion size, i.e., Li* <Na" < K",
suggesting that the smaller ion size is advantageous for improving the performance. The
same phenomenon was also confirmed from Fic et al., for a RuO, electrode in different neu-
tral electrolytes. They observed that the mobility of alkali metal ions rises in the order of
Li* <Na* <K*. In accordance with the ion shape and dimensions (obtained by modeling) [31],
which is shown in Figure 5, the high mobility of Li* ions is more favorable for increasing the
overall performance of the pseudocapacitive materials.

3.3.2. Neutral electrolyte-based hybrid supercapacitors

Like EDLC and pseudocapacitive ESs, neutral electrolytes were also utilized for asymmetric
supercapacitor devices, which provided a wider range of potential window to achieve high
energy density. Though MnO,-based symmetric ESs delivered enough specific capacitance, the
operating voltage is limited and so is its overall energy density. The cell working voltage of
approximately 1 V was applied for MnO, symmetric devices in many cases. By substituting
some carbon materials (CNT and activated carbon) as the negative electrode, the cell voltage of
MnQO, can be significantly increased [34]. In contrast, manganese phosphate (Mn, (PO,),)-based
symmetric ESs can be performed at an extremely high voltage in the Na,SO, electrolyte (~1.8 V);
therefore, it reached a maximum energy density of 19.09 Wh kg™ [35]. From Figure 6, it is notice-
able that both symmetric and asymmetric ESs have delivered high energy density in neutral
electrolyte rather than the alkaline electrolyte. The reason for this enhanced performance and
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Figure 6. Ragone plot of Mn, (PO,),-based symmetric and asymmetric ESs in different neutral electrolytes. (Reproduced
from [35] with permission from RSC).

Aqueous electrolyte/ Electrode material ~ Cs (F/g) E(Whkg?) Potential window (V) Ref

concentration
H,50,/0.5M RuO,-graphene 479 20.28 12 [36]
H,S0,/1M Graphene- 510 133 1 [37]
mesoporous PANI
H,S0,/1M RuO,-carbon 570 10.62 1 [21]
nano-onion
KOH/6 M Graphene 303 6.5 1 [38]
KOH/2 M NiCo,O, 1647.6 38 0.41 [39]
KOH/1M Ni(OH),/graphene 160 48 15 [40]
KOH/6 M Iron nanosheets/ 720 140 1.2 [41]
graphene
KCl/3M Ni (OH), 718 - 0.5 [42]
NaOH/1 M Fe,0, 178 - 0.5 [43]
Na,SO,/1M CNT/V,0O, - 16 1.6 [44]
nanocomposite//
MnO,/C
Li,SO/1M Activated carbon 180 - 22 [31]
Na,SO,/1M Hydrous RuO, 56.66 18.77 1.6 [45]

Table 3. Some important aqueous-based electrolyte supercapacitors and their performance.
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high cyclic stability of Mn, (PO,), is still unclear in neutral electrolyte. To date, several posi-
tive and negative electrodes have been investigated for asymmetric supercapacitors in neutral
electrolytes, and some of them are given in Table 3. The potential window of these asymmetric
devices in the series of ~1.5-2.0 V is larger than those described in alkaline and acidic electrolytes.

The advantage of the neutral aqueous electrolytes is not solely solving the corrosion problems
of the ESs but also affording a low cost and environmentally friendly choice to enhance the
performance of ESs with larger operating voltage and energy density. There are still some
challenges to develop the cycle stability of ESs in neutral aqueous electrolytes.

4. Summary and future research directions

In summary, this chapter contributes comprehensive review of the development and mod-
ern trends concerning aqueous electrolyte for ESs. The effect of aqueous electrolyte properties
including ionic conductivity, ion size, ESPW, etc. on the ES performance like specific capaci-
tance, cyclic stability, energy density, and temperature performance have been reviewed in
details. In particular, the effect of interaction among the electrodes and electrolytes has been
discussed. This argument shows that the current explored ESs relying on neutral aqueous elec-
trolytes provide numerous benefits such as low cost, environmentally friendly, and safe, over
the other electrolyte systems. Despite of considerable accomplishments in this field, still, some
difficulties exist such as lower energy density and operating voltage in aqueous electrolytes. To
overcome these problems, several research directions can be considered in the future as follows:

1. Increasing the ESPW values of electrolyte: In aqueous electrolytes, the ESPW values are de-
pendent on the cations and anions of a given conducting salts. Therefore, the enhance-
ment of the ESPW values could be achieved by finding a new aqueous electrolyte salt and
by optimization of the suitable electrolytes.

2. Enhancing surface area of the pseudocapacitive materials: As the energy density mainly de-
pends on the capacitance, the performance of ESs could be enhanced by improving
charge capacity of the electrode material. Compared to EDLC, the pseudocapacitive ma-
terial-based symmetric and asymmetric ESs provide higher energy density in aqueous
electrolyte. Thus, improving the specific surface area of the pseudocapacitive materials is
the promising strategy to enhance the efficiency of ESs.

3. Building the purity of the aqueous electrolyte: In some cases, the contamination in electrolyte
causes the negative effect on ESPW and also leads to high self-discharge rate. So, it is
highly considered to develop the purity of the electrolyte to improve the ES performance.
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Abstract

The discharge time dependence of key parameters of electrostatic capacitors employing
a dielectric composed of the oxide film formed on titanium via anodization, saturated
with various aqueous ion solutions, that is tube-super dielectric materials (T-SDM), was
thoroughly documented for the first time. The capacitance, dielectric constant, and energy
density of novel paradigm supercapacitors (NPS) based on T-SDM saturated with various
concentrations of NaNO,, NH,Cl, or KOH were all found to roll-off with decreasing dis-
charge time in a fashion well described by simple power law relations. In contrast, power
density, also well described by a simple power law, was found to increase with decreasing
discharge time, in fact nearly reaching 100 W/cm? for both 30 wt% KOH and NaNO, solu-
tion-based capacitors at 0.01 s, excellent performance for pulsed power. For all capacitors,
the dielectric constant was tested, which was greater than 10° for discharge times >0.01 s,
confirming the materials are in fact T-SDM. The energy density for most of the capacitors
was greater than 80 J/cm? of dielectric at a discharge time of 100 s, once again demonstrat-
ing that these capacitors are competitive for energy storage not only with existing com-
mercial supercapacitors but also with the best prototype carbon-based supercapacitors.

Keywords: supercapacitor, superdielectric material, anodized titania, electric energy
storage

1. Introduction

High-pulsed electrical power is required for lasers, flash photography, spark ignition, spot
welders, fusion reactors, kinetic weapon systems, rapid acceleration of electric vehicles, etc.
Capacitors, generally electric double layer capacitors (EDLC), also known as supercapacitors,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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are preferred for pulse power applications, because they provide far higher power electric
pulses, per weight/volume, than batteries [1, 2]. Moreover, unlike batteries, capacitors are not
damaged by providing pulsed power. This robust feature leads to their employment as power
load levelers to extend battery life. For example, in satellites, systems designed to transfer
high power demand from batteries to a parallel capacitor system can significantly increase
battery and satellite, lifetime.

Most research into increasing capacitor energy density is focused on developing graphene,
the conductive material with the highest surface area (~2600 m?/g), electrodes for the next
generation EDLC [3-7]. The theory suggests that capacitors with graphene electrodes could
have an ultimate energy density of ~800 J/cm? a value far less than the current generation
commerecial lithium ion battery (~2200 J/cm?®). Notably, current commercial supercapacitors
have an energy storage rating of <50 J/cm®.

Recently, a new type of ‘supercapacitor’ was invented, NP supercapacitors (NPS) with energy
density rivaling the best prototype EDLC, but based on an entirely different paradigm [8-14].
Unlike EDLC that gain energy density through the use of high surface area electrodes with
low dielectric value, NPS use low surface area electrodes and dielectrics with remarkably
high dielectric constants, specifically super dielectric materials (SDM), that is materials with
dielectric values greater than 10° although values >10" are reported. SDM are composed of
an ‘active phase’, such as salt dissolved in a liquid, and an “inactive’ mechanical phase such
as anodized titania, T-SDM [8, 9], high surface area porous refractory oxides, Powder-SDM
[10-12], or even simple fabrics, Fabric-SDM [13], that hold the active phase in place. The theo-
retical basis of SDM [8, 9] is that in an electric field the ions in solution travel to create dipoles,
which are far longer (ca. 1 pm) than those found in solid dielectrics (ca. 10 um). It is the ‘field
canceling’ effect of dipoles, proportional to length, which leads to increased capacitance, as
per the classic model of dielectric behavior [15-17].

It is reasonable to label NPS, a new type of supercapacitor based on the energy storage val-
ues achieved, approx. 400 J/cm® for T-SDM with aqueous NaCl solutions at very slow dis-
charge rates, rivaling, perhaps surpassing, the best graphene-based EDLC prototypes [18-20].
One unresolved issue: NPS performance as a function of frequency. Given the theory of NPS
requires micron scale ionic migration in a liquid to form giant dipoles, there should be signifi-
cant performance degradation (‘roll-off’) with increasing frequency. That is, if not enough time
is available in a charge cycle for dipoles to fully form via ion travel, the dielectric value, energy
density, etc. will be reduced. Thus, it is important to directly test the performance of NPS as a
function of frequency. Given the most likely application, power release over very short times,
ca. 0.05 s, special attention should be paid to discharge rate dependence of power and energy.

The one study of NPS performance as a function of discharge time was on F-SDM, a variety
not found to have particularly high energy density. Significant roll-off of all parameters with
decreasing discharge period (roughly equivalent to increasing frequency) was documented.
The roll-offs, all parameters, were well fit by simple power law relations over orders of mag-
nitude of discharge time. In the present study, we employed the same method used in the
earlier study to characterize performance as a function of discharge period of a variety of
high energy density NPS, those employing anodized titania saturated with various aqueous
free ion solutions. Once again, significant roll-off was observed as expected and the power



Performance of Aqueous lon Solution/Tube-Super Dielectric Material-Based Capacitors as...
http://dx.doi.org/10.5772/intechopen.71003

law relation was found. Still, even with the noted degradation, the performance at the time
periods of interest (e.g. 0.05 s discharge) was better than any commercial supercapacitor and
possibly any EDLC prototype. Notably, comparison with EDLC prototype performance was
difficult as fitted data on time response of these capacitors are apparently nonexistent.

2. Experimental

The NP supercapacitors were constructed of anodized titania foils filled with various aqueous
salt solutions. The remaining metal of the original titania was one electrode and a graphitic
material served as the other electrode. The performance of these capacitors was characterized
using standard galvanostat constant current protocols. All procedures are described below.

Anodization process-Titanium foil anodes (99.99% Sigma Aldrich), approx. 0.05 mm thick,
were anodized, as described elsewhere [8, 9, 21-23], in an ethylene glycol solution containing
small quantities of ammonium fluoride (0.25% w/w) and water (2.75% w/w), using a titanium
cathode (2 cm distant from the anode) at a constant DC voltage of 40 V for 46 min. This pro-
cess created a layer of cylindrical hollow titania tubes on the parent titanium, average length
measured to be 7.7+/-0.4 um [24], but for purposes of conservative computation of energy
density and all other parameters, assumed to be 8 pm in length. The tube diameter was found
to be approximately 90 nm, but that figure does not enter the computations. In prior stud-
ies employing a nearly identical protocol, but using different anodization time periods, the
intent was to create anodized layers/tubes of various lengths in order to test the impact of tube
length on dielectric value and energy density. In this study, the intent was to focus only on
the impact of the liquid phase composition, thus all the matrix material, that is the anodized
titania, was produced using a single protocol and produced nearly identical anodized lay-
ers. Typical tubes formed from this process are very regular in structure and densely packed
together [8, 9, 23, 24]. They are all oriented with the long axis perpendicular to the surface of
the parent foil. No effort was made to crystallize the tubes via a thermal treatment.

Assembly of capacitors— All the capacitors employed were a standard parallel plate construc-
tion, consisting of an electrode composed of the unanodized section of the original titania
foil, the dielectric consisting of the anodized section (2 x 1 cm) filled with an free ion contain-
ing aqueous solution, and a positive electrode of Grafoil, a form of compressed graphite.
The tubes in the anodized layer were filled with solution simply by placing them in a bea-
ker filled with the solution for 50 min at room temperature. Three different ion precursors
were used: sodium nitrate (NaNO,), ammonia chloride (NH,CI), and potassium hydroxide
(KOH). Capacitors were constructed from aqueous solutions of the three salts, specifically
three weight percent concentrations of each salt, 10, 20, and 30%, for a total of nine capacitors.
A “control study’ employing distilled water was run as well.

After the salt solution saturation, the capacitor had one electrode, the metallic component of
the anodized titanium foil, and a compound dielectric in the form of the titania tubes filled
with aqueous solution. Placing a Grafoil sheet (2 x 1 cm) on top of the open tube end of the
anodized film completed the capacitor. Specifically, a rectangle of Grafoil (compressed natural
graphite, 99.99% carbon [25, 26]) 0.3 mm thick was placed on top. The metallic part of the
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anodized foil was connected to the negative terminal of the galvanostat, and the Grafoil sheet
connected to the positive terminal. The final volume used in subsequent calculations was that
of the dielectric section, 8 pm x 2 cm x 1 cm. Greater detail is given elsewhere [24].

2.1. Electrical measurement

All parameters, including energy density, power density, capacitance, and dielectric values,
were derived from ‘constant current’ galvanostat data (BioLogic Model SP 300 Galvanostat,
Bio-Logic Science Instruments SAS, Claix, France). Operated in constant current charge/dis-
charge mode over a selected voltage range (2.3-0.1 V), the data can be employed directly to
determine capacitance as a function of voltage from the slope of voltage as a function of time,
that is, for constant current:

_dq.qv  _av
C=%la=Va

Clearly for capacitance which is not a function of voltage, this equation predicts a perfect
saw tooth voltage vs. time pattern. In fact, in this and earlier studies, it was found that the
capacitance is a function of voltage, leading to ‘irregular wave forms’ [8-13]. As discussed
in earlier work, this indicates that the capacitance is voltage dependent, specifically decreas-
ing as voltage increases. For this reason, the capacitance reported herein is for the voltage
region between 0.1 and ~0.8 V. In this voltage regime, the voltage vs. time relationship was
always found to be nearly linear for all discharge times greater than 0.001 s indicating con-
stant capacitance over this voltage region. In all cases, it was found that capacitance decreases
with increasing voltage as a function of discharge time. The shorter the discharge time the
more pronounced the departure from constant capacitance (Figure 1).

Given the variability of capacitance with voltage, energy cannot be computed directly from
‘capacitance’, but it can be determined directly from the constant current data. Specifically,
energy was determined from the integrated area under the total discharge curve (volt seconds)
multiplied by the constant current. Power was determined by dividing the directly deter-
mined energy, by the time required, during discharge, for the voltage to go from the maxi-
mum to the minimum value. Energy and power density were then determined by dividing
energy or power by the volume of the dielectric.

Methods to determine energy and power density that require the use of data ‘extrapolated’
beyond the voltage range actual measured can lead to severe errors, generally overestimates.
For example, impedance spectroscopy measures the dielectric constant over a narrow volt-
age range, generally 0 + 15 mV [27, 28], and provides little reliable information about energy
storage characteristics. Determining the energy storage/power production of most capacitors
requires a collection of data over the full voltage operating range [29-31].

Galvanostats operated in the constant current mode do not permit selection of frequency. In order
to obtain capacitance as a function of frequency, the current is changed. In essence increasing the
current decreases the period required to charge/discharge. Hence, each capacitor was tested over
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Figure 1. Deviation from voltage independent capacitance. (Top) For relatively long discharge times (>1 s), the
capacitance is nearly independent of voltage to nearly 2V, as illustrated by the dashed line nearly matching data over a
broad voltage range. (sample: NH,Cl 30%; charge rate: 10 mA). (Bottom) As the discharge time decreases, the deviation
from ideal behavior, capacitance independent of voltage, becomes more pronounced (sample: NH,Cl 30%; charge rate:
100 mA). For all discharge times studied, the capacitance was nearly constant below 0.8 V.

a wide range of current values over the range 5-250 mA. In all cases, the charging current was the
same magnitude as the discharge current, but of opposite sign. For each capacitor studied nine
different currents in this range were used to determine capacitive behavior over approximately
four orders of magnitude of the discharge time. At each selected constant current at least 10 com-
plete cycles were recorded and generally 20. Averaged data from these cycles are reported. As
noted, in all cases, the voltage was in the range 2.3-0.1 V. The finding that linear power law data
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could fit the data collected in this fashion (see Results) demonstrates the efficacy of this method
for determination of frequency response. An error analysis of this approach available elsewhere
[13] suggests that all data for energy and power density is accurate to within 10% absolute.

3. Results

In brief, experiments were interpreted to yield information regarding the frequency depen-
dence of these parameters: capacitance and dielectric values below 0.8 V, energy density, and
power density over the range of 0.1-2.3 V. For all nine capacitors containing aqueous solu-
tions with dissolved ions, but not the control using distilled water, the data permitted excel-
lent power law fits to all parameters.

3.1. Control

A capacitor employing distilled water as the electrolyte had such low values of relevant
parameters that it was difficult to determine any parameters with precision, given the small
capacitor size and the parameter ranges chosen for this study. A reliable power law ‘roll-off’
function was not obtained for any parameter as the absolute values were so small that the sig-
nal/noise ratio was large; however, it can be stated with certainty that the highest measured
energy density was less than 0.03 J/cm® clearly demonstrating that anodized titania-based
T-SDM containing distilled water are not SDM.

3.2. KOH

In order to illustrate general trends for all three solutes, the data on all three capacitors created
with KOH-based SDM are presented in detail. The trends of energy and power density as well
as dielectric and capacitance values determined below 0.8 V are shown on log-log plots, and
in each case, it is clear that the data are well represented by simple power law relations over
a wide range of discharge times.

Energy and power values are derived directly from data over the entire discharge voltage,
thus may be considered as the most reliable. As shown in Figure 2, all the energy density
data for KOH are well fit by simple power law relationships over four orders of magnitude of
discharge time, that is from 20 to 0.002 s. Moreover, the curve fit is clearly of a quality that per-
mits reasonable extrapolation to the energy density anticipated even for a 1000 s discharge.
This value of energy density at this very slow discharge rate is suggested herein as a reason-
able comparison point with battery energy densities (Table 1). It is notable that energy density
is not a linear function of KOH concentration, but the 30 wt% sample was clearly superior.

Power density, following a trend observed previously for capacitors constructed with fabric-
SDM (13), increases as the discharge time decreases. The data for the KOH SDM-based capacitors
are shown in Figure 3. The trend shown was also found for SDM based on NaNO, and NH,CI
aqueous solutions. The absolute values are also very informative. For example, the capacitors
can provide of the order 100 W/cm? for discharges of 0.01 s, a remarkably high value appropriate
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Figure 2. Energy density vs. discharge time for KOH-based capacitors. At all three KOH concentrations, the energy density
‘rolls off’ as a very specific function of discharge time. This allows determination of energy density with high precision
over a broad discharge time range. Note the curve slope increases, and the energy density at all concentrations increases
with increasing solute concentration. Employing the linear fitting equations with DT, in seconds, yields energy in J/cm®.

for many pulsed power applications. The data for NaNO, and NH,Cl are only shown in a figure
representing a summary of all nine capacitors. Greater detail is available elsewhere [24].

Capacitance as a function of discharge time for all three KOH-based systems is shown in
Figure 4. These values were computed directly from the slope of the curves below ~0.8 V
(Figure 1) and hence are only valid below this value. Despite this limitation, the data are of
interest as it shows remarkably high values for very small volume systems.

It is notable that none of the parameters, including capacitance, show a clear pattern with
salt concentration. The fact that key parameters do not track with salt concentration has been
noted with all other SDM-based capacitors [9-13].

The final parameter of interest is the dielectric constant, generally an excellent engineering
value as it permits the selection of capacitors, based on this single number, with a high degree
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Solute (wt%) Dielectric constant<0.8V Energy density (J/cm®) Power density (Watt/cm®)
10s 1000 s 10s 1000 s 0.01s
KOH (10) 1.1 E+8 7.3 E+8 22 208 74
KOH (20) 1.2 E+8 1.0 E+9 21 230 58
KOH (30) 2.1 E+8 1.8 E+9 44 602 85
NH,CI (10) 2.7 E+8 4.1E+9 35 556 56
NH,CI (20) 2.2 E+8 29 E+9 30 356 72
NH,CI (30) 2.1 E+8 1.9 E+9 34 363 98
NaNO, (10) 1.3 E+7 9.8 E+7 4 23 26
NaNGQO, (20) 3.1 E+7 3.0 E+8 12 125 37
NaNGQO, (30) 3.0 E+7 2.8 E+8 12 142 36

The values at 10 s (discharge time) are in the measured range. The values at 1000 s are extrapolated values based on
using the power law fits.

Table 1. Select parameters.
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Figure 3. Power density vs. discharge time for KOH-based capacitors. At all three KOH concentrations, the power
density increases with decreasing discharge time. The data clearly follow a simple power law in all cases, permitting
determination of power density with high precision over a broad discharge time range. Employing the linear fitting
equations, with DT, in s, yields power in W/cm®.
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Figure 4. Capacitance vs. discharge time for KOH-based capacitors. At all three KOH concentrations, the capacitance
clearly follows a simple power law in all cases, permitting determination of its value with high precision over a broad
discharge time range.

of certainty they will perform as anticipated. However, for SDM-based capacitors employed
for energy storage, for which dielectric constant is not a constant of voltage or frequency,
it is not a quantitative predictor of performance. Notably, the dielectric constant also does
not serve any role in rating EDLC for which dielectric constants in the traditional sense can-
not really be measured. In fact, for EDLC a dielectric constant with units, F/cm? is the only
‘dielectric’ value cited [31-34]. Still, there are two good reasons for measuring and reporting
this value. First, it provides a qualitative predictor of energy and power density. Second,
the values (Figure 5) permit a quantitative comparison with the historic database of dielec-
tric materials, including other super dielectric materials. For example, the far greater values
of dielectric constants for SDM below ~1 V, generally more than 10° greater than any solid
dielectric, show them to be a distinct class of materials.
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Figure 5. Dielectric constant vs. discharge time for KOH-based capacitors. At all three KOH concentrations, the
dielectric constant follows, below ~0.8 V, a simple power law, permitting determination of its value with high
precision over a broad discharge time range. The absolute values of the dielectric constant are greater than 10° even
at a discharge time of order 107 s, indicating these materials were super dielectric materials over the full range
tested.

3.3.NH,CI

The only complete data set shown for the aqueous NH,Cl-based dielectric is the dielectric con-
stant as a function of discharge time (Figure 6). The values of this parameter are similar to those
of the aqueous KOH-based dielectrics and the other values are as well. Only dielectric constant
is displayed as this parameter is most easily compared to the historic data set of dielectric
materials. It is also notable that the data derived from aqueous NH,ClI solutions show greater
variability than data from capacitors made with either of the other solutions.

3.4. NaNO,

For the aqueous NaNO,-based dielectric, the only complete data set provided is the dielec-
tric constant as a function of discharge time (Figure 7). The values of this parameter are
distinctly less, on the order of a factor of five at any given discharge time, than those
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Figure 6. Dielectric constant vs. discharge time for NH,Cl-based capacitors. At all three NH,Cl concentrations, the
dielectric constant follows, below ~0.8 V, a simple power law. The absolute values of the dielectric constant are similar
to those of KOH at all discharge times, and greater than 10° even at a discharge time of order 107 s, indicating these
materials were super dielectrics over the full range tested.

observed for both the aqueous KOH- and NH,Cl-based dielectrics. This is a qualitative
indicator that the energy and power density of capacitors built T-SDM employing this
solution will not perform as well for storing energy and providing power. This is shown
to be true in the next section.

3.5. Energy and power

The energy density for all three aqueous salt solutions with 30 wt% concentration is shown
in Figure 8. The energy density for two of these solutions, KOH and NH,Cl, are very similar
across the entire range of discharge times collected. This is consistent with the observations
that they have very similar dielectric values over the same tested time range. The energy den-
sity of the capacitors employing NaNO, is less than a third the value of capacitors built using
either of the other two solutions at any given frequency and also qualitatively consistent with
the relatively low dielectric value of this solution. Also notable is the clear indication that the
method does not provide reliable data for discharge times less than approximately 0.001 s. At
this high rate of discharge, the method does not capture a sufficient number of data points to
provide a reliable integrated energy density.

A comparison of the power density for the three capacitors built with 30 wt% salt solutions is
shown in Figure 9. Once again, the KOH and NH,Cl behavior is very similar, as anticipated
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Figure 7. Dielectric constant vs. discharge time for NaNO,-based capacitors. At all three concentrations, the dielectric
constant follows, below ~0.8 V, a simple power law. The absolute values of the dielectric constant are about an order of
magnitude less than the KOH and NH,Cl-based capacitors at any given discharge time. Still, at all discharge times tested
the dielectric constant was greater than 10°, indicating these materials were super dielectrics over the full range tested.
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Figure 8. Energy density comparisons. The energy density for capacitors built with three different 30 wt% salt solutions
is shown over more than three orders of magnitude of discharge time. The data below 0.001 s discharge time are
considered inaccurate due to insufficient data collection times.
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Figure 9. Power density comparisons. The power density for capacitors built with three different 30 wt% salt solutions
is shown over more than three orders of magnitude of discharge time.

based on the similarity in the reported dielectric values over the full range of discharge times
studied. It is also clear that the aqueous NaNQO, capacitor yields the lowest power densities, by
a factor of approximately three at all discharge times, as expected given the lower dielectric val-
ues reported. Although not shown here, the relative energy and power densities observed for
the 30% solutions are exemplary of the relative values of these parameters at all concentrations.

4. Discussion

The following were observed for all nine ion capacitors containing dissolved ions: (i) All
the capacitors displayed ‘roll-off’ of capacitance (<0.8 V), dielectric constant (<0.8 V), and
energy density (0.1-2.3 V) as discharge time decreased. (ii) The roll-off, of all these param-
eters, is well described by simple power law expressions derived from data covering more
than three orders of magnitude of discharge times. (iii) Power density is also well described
by a simple power law, but in contrast to all other parameters of interest, increased in all
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cases as the discharge time was reduced. (iv) The identity and concentrations of the solutes
had a strong impact on the value of all capacitor performance parameters. (v) The value
of all parameters was not a clear function of solute concentration, although the highest
weight concentration, 30%, performed the best. (vi) In general, capacitors based on KOH
and NH,Cl were similar in behavior, but the NaNO,-based capacitors consistently showed
the lowest values.

The data presented herein provide the first report on the behavior of T-SDM as a function
of discharge time. This information is critical for assessing the value of any type of capaci-
tor for application to ‘pulsed power’. Indeed, the measured power densities, just greater
than 100 W/cm?® for both the aqueous KOH- and NH,Cl-based capacitors, for discharges
of 0.01 s, are exceptional. As shown in Figure 10, the KOH-based capacitor parameters
fall above the ‘range’ of operation anticipated for EDLC-based supercapacitors and are
far better than the performance determined using the identical methodology employed in
this work to assess real commercial ‘supercapacitors’ [24] in our laboratory. Three super-
capacitors were tested and the best passed through the bottom range of values anticipated
by the plot shown (Figure 10), and the other two were completely below the “bubble” of
performance anticipated for ‘double layer capacitors’.

Itis alsoimportant to compare the data obtained in this study with earlier work on T-SDM. That
earlier work was undertaken with a different objective: Study very slow discharges (>1000 s)
appropriate for determining their potential use of T-SDM as energy storage devices. The
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Figure 10. KOH 30 wt% NPS energy/power performance. On a modified US Defense Logistics Agency Ragone chart,
it is clear that the 30 wt% KOH-based capacitor (solid line) is superior to that anticipated for EDLC or double layer
capacitors. Also, the data fall on a line, which can reasonably be extrapolated using the power law fits (dashed curve). It
was assumed that the dielectric is half salt water and half titania with density 2.6 g/cm?.
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measured energy densities reported herein, for both KOH- and NH,Cl-based capacitors, are
comparable to the values obtained in prior studies. Those were obtained using a different
solution, 30% NaCl, and a different measurement method, the traditional RC time constant
method. In fact, using the simple power law dependencies obtained here and extrapolating to
1000 s, the energy density is a remarkable ~600 J/cm?. In the earlier RC time constant work a
nearly identical titania matrix containing 30 wt% NaCl aqueous solution yielded nearly 400 J/
cm?® for similar discharge times. Given the different ionic solutions, the different measure-
ment protocols and other minor differences, there is an excellent agreement between the two
studies.

The basic model of T-SDM presented elsewhere [7, 8, 10] predicts high capacitance that
decrease as the discharge time decreases. To understand both, a brief review of the static
model of SDM and a qualitative review of the dynamics of SDM is required. Regarding
the former: As illustrated by the cross-section model of an anodized titania filled with
aqueous solution, Figure 11, dipoles created by the movement of ions in solution toward
oppositely polarized electrodes create “giant dipoles’. These dipoles, opposite in polariza-
tion to the electrodes, reduce the field, everywhere, created by charges on the electrodes.
As voltage is the line integral of field from ground to electrode, the lowering of field
everywhere reduces the voltage. Thus, it takes more charge on the electrodes to reach the
same voltage when these giant dipoles are fully (static conditions) aligned. More charge,
at the same voltage, means a higher capacitance, by definition. In essence, dipole forma-
tion is the basis for capacitance enhancement for all types of dielectrics; however, for
SDM the dipoles are orders of magnitude longer than in any solid so the field reduction,
and consequently the increase in capacitance, is more dramatic. Next, it is necessary to
reflect on the dynamics of dipole formation, that is the impact of frequency, or period,
on dipole strength. Specifically, if the electrode polarization is switched too quickly for
the ions in solution to ‘swim’ to the maximal (static) dipole positions, the net or effective,
dipole length, and concomitantly the dielectric and capacitance values, are reduced. The

Figure 11. X-Section model of dipole formation in SDM. 1. Top electrode, Grafoil. 2. Tube filled with aqueous ion
solution. 3. 90 nm x 8 um titania tubes formed by anodization. 4. Titanium metal electrode. Upon the application of a
field, the ions in solution migrate to form dipoles oppositely polarized to the electrodes. The effective dipole strength
in the dielectric is a function of time. Given sufficient time (static) dipoles of maximum length and charge separation
form. The effective dipole length/strength is a function of net length and thus is discharge time/frequency dependent.
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data suggest that effective dipole length follows a very simple pattern as a function of
discharge time.

It is notable that this is only the second time [13] the constant current charge/discharge
method has been employed to determine the power law relationship for ‘supercapacitor’
parameters, specifically capacitance, dielectric constant, and energy and power density, over
orders of magnitude of discharge times. This method arguably provides higher fidelity, more
reliable, insight into “frequency” dependence of this type of capacitor than other measurement
protocols.

5. Conclusions

This study establishes, empirically, that T-SDM capacitors, based on dielectrics created by
filling micron scale titania tubes that form during titanium ionization with aqueous salt solu-
tions, are superior to all other energy storage capacitors, relative to standard metrics. Using a
recently developed constant current protocol, it was demonstrated that the capacitance, dielec-
tric constant, and energy and power density as a function of discharge time follow power law
relationships. Plotted on a Ragone chart, the power vs. energy density data is linear. All data
lie above the values recorded for supercapacitors, ultra capacitors, and electrolytic capacitors
on standard Ragone charts. Furthermore, the consistency of the data, that it resulted in power
law relationships for capacitors derived from nine different salt solutions, indicates that the
data and the fitted power laws are precise and are probably accurate. Notably, dielectric con-
stants of more than 10® were recorded, and even for very short discharges for all capacitors,
the dielectric constant was >10°, establishing that the dielectrics are SDM over a broad range of
discharge times (ca. 10°->10 s). Finally, it should be noted that the measured power delivery
increases as the discharge time decreases. For three of the capacitors, the measured power
delivery was greater than 70 W/cm?® for a 10 ms discharge, a time frame and a power delivery
value consistent with the needs of pulsed power systems.
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Abstract

Supercapacitors are a class of energy storage devices that store energy by either ionic
adsorption via an electrochemical double layer capacitive process or fast surface redox
reaction via a pseudocapacitive process. Supercapacitors display fast charging and
discharging performance and excellent chemical stability, which fill the gap between high
energy density batteries and high-power-density electrostatic capacitors. In this book
chapter, the authors have presented the current studies on improving the capacitive
storage capacity of various electrode materials for supercapacitors, mainly focusing on
the metal oxide electrode materials. In particular, the approaches that mathematically
simulate the behavior of interaction between electrode materials and charge carriers
subject to potentiodynamic conditions (e.g., cyclic voltammetry) have been described.
These include a general relationship between current and voltage to describe overall
electrokinetics during the charge transfer process and a more comprehensive numerical
modeling that studies ionic transport and electrokinetics within a spherical solid particle.
The two aforementioned types of mathematical analyses can provide fundamental under-
standing of the parameters governing the electrode reaction and mass transfer in the
electrode material, and thus shed light on how to improve the storage capacity of
supercapacitors.

Keywords: pseudocapacitance, diffusion-limited redox process, electrode/electrolyte
interface, electrokinetics
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1. Introduction

Supercapacitors (SCs), also called electrochemical capacitors, are a class of energy storage
devices that store electrical energy by either ionic adsorption via an electrochemical double
layer capacitive process or fast surface redox reaction via a pseudocapacitive process. As
shown in Figure 1, SCs bridge the performance gap between high energy density batteries
and high-power-density capacitors (referring to electrostatic capacitors), the two leading
electrical energy storage technologies [1]. Batteries technology, especially non-aqueous
lithium-ion batteries (LIBs), has been successfully used in various applications in the past
two decades especially in consumer electronics and electrical vehicles. On the other hand,
capacitive storage technology offers a number of desirable properties hardly found in batte-
ries, including fast charging and discharging process (usually achieved within seconds),
long-term cycling life (>10° cycles), and high power performance (able to deliver at least 10
times more power than batteries). As a result, capacitive storage technology is very impor-
tant for applications where a large amount of energy needs to be either stored or delivered
quickly, including repetitive conversions between kinetic energy and electric energy (e.g.,
regenerative braking and forklifting), pulse power applications for laser or radar, power
conditioning in the electrical grid to smooth the output of a full or half wave rectifier [2]. It
is notable that both capacitive and battery storage technologies have promising applications
in stationary storage. Renewable sun and wind energy sources generally have on-peak and
off-peak load variations. To accelerate the adoption of renewable energy generation sources,
chemical energy storage (e.g., batteries) and capacitive energy storage (e.g., capacitors) are
required. Thus, electricity generated during off-peak hours can be stored efficiently and
economically for use during peak demand [3].
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Figure 1. Ragone plot showing supercapacitors are intermediate energy storage devices filling the gap between batteries
and conventional capacitors.
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Although SCs offer complementary energy storage solution for many applications that are not
suitable for batteries, the relatively low storage capacity and energy density limit SCs in more
widespread usage. SCs usually contain three general classes of charge storage mechanisms:

*  Electrical double-layer (EDL) capacitive process relies on the charge separation in a Helmholtz
double layer at electrode/electrolyte interface by means of static charge (non-faradaic).
The storage capacity of an EDL capacitor can be improved by a large surface area of the
electrode/electrolyte interface (most EDL capacitors have a capacitance in a range from 10
to 20 uF/cm?). EDL capacitors serve as the basis for the current technology in capacitive
energy storage. Carbons are ideal EDL electrode materials for its high electrical conduc-
tivity, large surface area, and low density, delivering a storage capacity of up to 150 F g~
in ionic liquid electrolytes [4].

*  Pseudocapacitive process relies on the charge transfer process primarily happening at the
interface between the electrode and the electrolyte. Three faradaic mechanisms have been
identified to account for the capacitive electrochemical features that appear in pseudoca-
pacitors, namely, underpotential deposition, redox pseudocapacitance, and intercalation
pseudocapacitance [5]. Underpotential deposition typically involves hydrogen atom on
the near surface on noble metal oxides (e.g., IrO, or RuO;) [6]. Redox pseudocapacitance
occurs at or near the surface of a material, accompanied by adsorption of ions [7]. Interca-
lation pseudocapacitance occurs when ions intercalate into the channels or layers of a
redox-active material accompanied by a faradaic charge-transfer with no crystallographic
phase change [8]. Metal oxides, metal carbides or nitrides are ideal pseudocapacitive
electrode materials for their reversible redox activity, wide electrochemical potential and
high chemical stability [9]. The storage capacity of a pseudocapacitive material is much
higher than an EDL capacitive material (the former has a capacitance larger than 100 puF/cm?,
nearly one magnitude higher than the latter).

*  Diffusion-limited redox process relies on the kinetically limited intercalation reactions as
found in most standard battery materials, where ion intercalation and de-intercalation
are intrinsically tied to the slow kinetics of solid phase transition between the intercalated
and non-intercalated phases. It is notable that the difference between pseudocapacitive
charge storage and battery-like diffusion-limited intercalation is rather vague, especially
when the dimensions of an electrode material decreases from the micron-scale down to
the nanoscale [10]. At the nanoscale, the specific surface area of a material (overall surface
area per unit volume) increases inversely with the size, which results in a significant
enhancement of redox pseudocapacitance and intercalation pseudocapacitance. Such
enhancement of surface redox (pseudocapacitive) process may become the more domi-
nant charge storage process traditional battery-like intercalation process as the sizes of
materials progress from micro-scale to nanoscale. Thus, the materials may evolve from
being a typical battery material to a pseudocapacitor material based on their size and/or
nanoscale architecture, where phase transition is no longer a distinct structural feature of
the electrode materials between the intercalated and non-intercalated states (Figure 2).

As discussed above, improving the storage capacity of SCs requires the enhancement of redox
processes, such as redox pseudocapacitance, intercalation pseudocapacitance, as well as
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Figure 2. Schematics of charge transfer and storage processes observed in (a, a’) large-sized battery-materials; (b, b’)
pseudocapacitive materials, and (¢, ¢’) nano-sized battery-materials.

diffusion-limited redox process. Therefore, the analysis of different charge storage mechanisms
also becomes important. The goal of this chapter is thus to examine the parameters (e.g., size,
morphology and structure) that will affect the evolution from battery-like behavior to
pseudocapacitor behavior and to explore the interplay of these parameters to control redox
kinetics.

2. Understanding electrochemical kinetics of charge transfer process by
analyzing the electrochemical data during the cyclic voltammetry
measurements

Redox reactions involve both surface adsorption/desorption and intercalation/deintercalation
of electrolyte cations as shown in Eq. (1):

MOxC < MOy + C" + e~ Q)

where MO is the transition metal oxide and C" is the charge carrier (e.g., Li*, Na®, or K"). Upon
the incorporation (via intercalation or adsorption) of C*, M cations will be reduced to balance
the charges, and vice versa. Moreover, due to the dispersive nature of the electrode composites,
separate percolation paths for ion and charge transport may be present, resulting in different
paths for long range electronic and ionic conduction. Therefore, influences of the kinetic
parameters (e.g., scan rate, potential window) and the structural parameters (e.g., size,
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morphology, and crystalline structures) on the redox reactions are crucial to understand the
charge-storage mechanism in electrode materials. All the kinetic and structural parameters
need to be optimized in order to design cost-effective electrode materials that can store more
energy while maintaining a stable electrode/electrolyte interface.

The understanding of the electrokinetics of charge storage inside the metal oxide nanomaterials
can be obtained through analyzing the current-voltage curves at various scan rates obtained
from CV measurements in the half-cell. The total charge stored in the electrode during SC
operation is dependent on a relatively fast surface-controlled capacitive charge storage process
and a relatively slow diffusion-controlled redox charge storage process. The latter is promoted
by the battery-like intercalation/de-intercalation redox processes of the charge carriers (e.g., Li’,
Na"), while the former is attributed to the electrical double layer (i.e. EDL capacitance) and
pseudocapacitance formed via the separation or adsorption and desorption of charge carriers at
the near surface of the electrode.

For a strictly diffusion-limited redox reaction, the rate of charge transfer reactions, namely the
current (i), is proportional to the square root of the scan rate (v) according to Eq. (2) [11].

Dava)]E )

iy = 0.495FCA(
iy = ko 3)

where C is the concentration of charge carriers in the accumulation layer, « is the charge
transfer coefficient, D is the diffusion coefficient of the charge carrier inside the electrode
materials, n is the number of electrons involved in the Faradaic reaction, A is the surface area
of the electrode materials, F is Faraday’s constant, R is the molar gas constant, and T is the
temperature. Eq. (2) can be further simplified to a form shown in Eq. (3) when all the reaction
conditions are fixed except the scan rate.

On the other hand, the capacitive current (i) from EDL capacitance and pseudocapacitance has
a linear dependence on the scan rate according to Eq. (4):

i, = ACw 4)
i = ko ")

where C, is the capacitance from capacitive process and A is a constant. Eq. (4) can be further
simplified to a form shown in Eq. (5) when all the reaction conditions are fixed except the scan
rate.

Accordingly, the overall current at a given potential can be express as the sum of two separate
charge storage mechanisms, that is capacitive current and kinetic current as shown in Eq. (6).
Therefore, at higher scan rates, the overall current is dominated by capacitive current (i.), due
to its stronger linear dependence on scan rates shown in Eq. (6), whereas the overall current is
dominated by diffusion-limited kinetic current (i;) at lower scan rates. In this context, the
overall current (i) is usually described by a simple power law as shown in Eq. (7).
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itotal = Ic + g = kv + kdvo'5 (6)

itotrzl = m)b (7)

where a is an adjustable parameter and b is a variable heavily dependent on the relative
contribution from i, or iy. It is apparent that the value of b is equal to either 0.5 or 1 when the
overall currents are strictly dominated by capacitive (i) or kinetic (i;) current, respectively.

Figure 3 shows the electrokinetic analysis of aqueous K-ion storage within vanadium oxide
nanostructures using cyclic voltammetry (CV) measurements in a three-electrode half-cell with
a 1 M KClI electrolyte, where the b-values of the peaks in all three of the color shadowed
sections of the anodic and cathodic scans are plotted. In the potential range from —0.1 to
0.3 V (gray region in Figure 3a) the K-ion storage in the vanadium oxide is dominated by a
diffusion-limited redox process as the b-values for the anodic and cathodic scans are close to
0.5 (banodic = 0.44, beathodic = 0.69). In the potential range from 0.7 to 0.9 V (red region in
Figure 3a) the charge storage process is controlled by surface-related capacitive process
because the b-values for the anodic and cathodic scans are very close to 1.0 (banodic = 0.95,
beathodic = 0.99). While in the potential range from 0.3 to 0.7 V (blue region in Figure 3a) both
the surface-controlled capacitive and diffusion-limited redox processes contribute to the
charge storage as the b-values for the anodic and cathodic scans are between 0.5 and 1.0
(banodic = 0.81, beathodic = 0.87). The electrokinetic analysis suggests that charge storage of the
vanadium oxide nanostructures benefits from both capacitive and diffusion-limited redox
processes. The former process allows the high rate performance and the latter allows the high
capacity performance of K-ion storage in the vanadium oxide nanostructures. The contribution
of capacitive process (double-layer capacitance and/or pseudo-capacitance) and diffusion-
limited redox process to the overall capacity can be quantified with the infinite sweep rate
extrapolation, as shown in Figure 3c. For example, at a scan rate of 5mV s, 46% of the total
capacity is attributed to capacitive process, whereas 93% of the total capacity is attributed to
capacitive process at 200 mV s .

Moreover, after rearranging Eq. (7) into Eq. (8), the values of k. and k; can be determined by the
slope and intercepts of the resulting linear function via plotting i/v%° as a function of v at
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Figure 3. Electrokinetics analysis (b-values) of K-ion storage within the vanadium oxide nanostructures. (a) Cyclic
voltammetric curves at various scan rates. (b) The calculated b values during the anodic and cathodic scans. (c) A stacked
bar graph showing the percent of total capacitance coming from the diffusion limited and capacitive contributions.



Enhancing Pseudocapacitive Process for Energy Storage Devices: Analyzing the Charge Transport...
http://dx.doi.org/10.5772/intechopen.73680

o

0

Capacilrre

L

Co-Mn-0 @ 5 my 5~ Co-Mn-O & 200 mv 8™ 001 ae

[57] Deffusion-limited Redox

Capaativg Conmbnson

.

Duffusion-imied Redon

s F Y

8

Current Density (A g™)
:
g
Current Density (Ag") =
= 8

Spacific Capacity (mAh g)
=

Dettunogn-hirdted Redox

]l B &
05 00 05 10 05 0.0 05 10 5 W S0 100 200
Potential (V vs Ag/AgCl) Potential (V vs AglAgCl) Scan Rate (mV s

fa
=

Figure 4. Electrokinetics analysis (k. and k,; values) of Na-ion storage within the manganese oxide materials. CV current
responses of the manganese oxide material are shown at the scan rates of (a) 5 mV s~' and (b) 200 mV s~1. The total
current (black line) is obtained experimentally and the diffusion-limited redox current (blue dot line with shadow) is
calculated; (c) a stacked bar graph showing diffusion-limited redox capacity and capacitive capacity contribution of the
manganese oxide material as a function of scan rate from 5 to 200 mV s~ (diffusion-limited redox capacity contributions
are indexed).

various scan rates at a given potential. Therefore, the current attributed to diffusion-limited
redox process (i = ks0°°) and capacitive process (i. = k.v) at each scan rate can be obtained.
And thus the potential- and scan rate-dependent charge storage mechanisms (e.g., capacitive
or diffusion-controlled redox) during the CV scans can be revealed.

rotar /0°° = ko™ + kg 8)

Figure 4a and b show the typical CV curves of the manganese oxide material at scan rates of
5 mV s~ ! and 200 mV s, where the distributions of diffusion-limited redox current and
capacitive current are calculated and plotted. The complete results of diffusion-limited redox
and capacitive contributions of manganese oxide from 5 to 200 mV s~ can be found in
Figure 4c. It is clear that diffusion-limited redox contributions to the overall charge storage
decreased with the increasing scan rate: at low scan rate of 5 mV s~ diffusion-limited redox
process contributed nearly 69% of the overall current, while it only remained 25% at high scan
rate of 200 mV s~ '. The enhanced capacitive contribution for Na-ion storage found in the
manganese oxide material can be attributed to its layered MnO, component, where the large
interlayer distance (~0.7 nm) facilitates the transport of Na-ion during charge and discharge
processes.

3. Understanding electrochemical kinetics of charge transfer process using
numerical analysis

Modeling electrodes or full-cells of batteries or supercapacitors has been extensively studied
[12-15]. For example, Popov and coworkers have developed a one-dimensional model to
analyze the performance of a hybrid system comprised of battery and supercapacitor (based
on a Sony 18650 battery and a Maxwell’s 10F supercapacitor) under pulse discharge currents
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[15]. The proposed model has not only successfully predicted the power-energy relationship
compared with the practical experimental conditions, but also reveals the capability of the
hybrid system to deliver higher energy density than the battery-alone system while operating
at high power density. However, little has been done on simulating the transition of the
electrochemical behavior between the battery-type and capacitor-type charge storage mecha-
nisms. In this book chapter, we present numerical solutions for a simple model of an electrode
material and discuss in detail the interplay between redox reaction and diffusion of charge
carriers, as well as the effect of dependence of open-circuit-voltage on chemical composition on
the overall cyclic voltammetry behavior of the electrode in a half-cell setting. We are able to
show the transition from a diffusion-limited charge transfer process (battery-like electrochem-
ical behavior) to kinetic-limited charge transfer process (capacitor-like behavior) by changing
the structural and experimental conditions.

3.1. The description of the mathematical model

Figure 5 shows a schematic of a single spherical electrode material model. The following
assumptions are made during the analysis:

i.  The particle is a perfect solid sphere.

ii. The transport of charge carriers (cations) within the solid particle is only limited by
diffusion, and only radial diffusion has been considered. It is also assumed that the
potential gradient within the particle is negligible, and thus migration of cations does
not occur.

iii. The charge-transfer reaction is governed by the Butler-Volmer electrokinetic expression.

Therefore, the flux of charge carriers (N) within the particle can be described using Eq. (9), and
mass conservation of the charge carriers in the particle can be described using Eq. (10)

N =-DVc 9)
dc
3" —V-N (10)

where c is the concentration of charge carriers (such as Li* or Na®), D is the diffusion coefficient
during the ionic transport within the particle (assumed to be a constant).

Combining Egs. (9) and (10) gives the conservation of the charge carriers in spherical coordi-

nates:
dc dc 2dc
aD(ﬁﬁa) (1)

Starting from certain discharged state with a homogenous concentration of the charge carriers
(co) in the particle, the electrokinetics during charging (oxidation or extraction of charge
carriers out of the particle) and discharging (reduction or insertion of charge carriers into the
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Figure 5. Schematic of a single spherical electrode material model in (a) a regular parameter denotation and (b) a
dimensionless parameter denotation (when ¢o = cy).

particle) processes can be described by a partial differential equation (Eq. (11)) with a set of
initial condition (Eq. (12)) and boundary conditions at the surface of the particle (Egs. (13) and
(17)) and at the center of the particle (Eq. (14)):

c(r,t=0) =co (12)
i oc
f-p (a ) (13)
oc
3 . 0 (14)

where i is the current density at the electrode surface and 1 is the radius of the particle.

It is notable that the current density at the surface is also governed by the Butler-Volmer

equation:
L=k e (e {ep (LD - exp( BT ] 15)

where k is a reaction rate constant, C, is the concentration of the charge carrier in the liquid
phase (assumed to be a constant in the calculation), ¢y is the surface concentration of vacant
sites ready for cation intercalation, ¢ is the concentration of cation on the surface of the
electrode, and ¢ is the concentration of total sites for seating cations (cg = ¢; — ¢;). R is the gas
constant, T is the temperature, and f8 is the symmetry factor, representing the fraction of the
electrical potential used to promote the cathode reaction (§ is usually considered to be 0.5). The
overpotential 7 is defined as the difference between the applied potential (U,,,) and the open-
circuit potential of the particle (U) as shown in Eq. (16). It is assumed that U,y is uniform
throughout the particle.
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n= uapp -u (16)

Combination of Egs. (13) and (15) gives the following equation:

) ke e (e {oxp (%) ~e(-BD)

To facilitate the numerical analysis, the partial differential equation with its initial condition
and boundary conditions as shown from Egs. (11)—(17) can be transformed into dimensionless
form with the following dimensionless variables:

r=rp

i.  dimensionless time 7 = 2
0

ii. dimensionless distance from the particle center x = =

iii. dimensionless concentrationy = &

irg

iv.  dimensionless current density j = ¢1-

Egs. (11)—(14) then become following expressions accordingly:

oy Py 2y
o2 Ty o 18)
y(x,0) = 1(when cy = c;) (19)
. (oy
= <ax x—l) (20)
oy
-7 — 21
0x|,_o 0 @1

Eq. (19) is applicable only when (cy = ¢;), while here we assume ¢ is lower but near ¢; (y < 1)
and the electrochemical process starts from the oxidation of the particles (extraction of charge
carriers from the solid particles as shown in the forward direction in Eq. (1)), Eq. (17) then
becomes:

Y rat) 1 -vl) P ep (R =) e (B~ D) g )

kroc, F
where y|,_; = ¢;/c; and a = —Z—.

Under potentiodynamic simulation, the applied potential changes linearly with time

Uy = Up + 0t (23)

where U is the initial applied potential, v is the potential sweep rate.
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Egs. (18)-(23) can be solved with a partial differential equation solver PDE2D using the
parameters listed in Table 1.

3.2. The influence of open-circuit voltage on the electrochemical behavior

From the numerical analysis, we have found that the value of the OCV of the particles at
different concentration of the charge carriers strongly affects the shape of the CV, and therefore
the entire charge storage mechanism. In this study, two different open-circuit voltage (OCV)
expressions (as a function of the concentration of the charge carrier in the particle) are used as
shown in Figure 6. They include (i) the simplified OCV of a capacitor material (Figure 6a),
where the OCV linearly decreases with increasing concentration of charge carrier within the
particle; (ii) the simplified OCV of a Li-ion battery material during phase transition (Figure 6b),
where OCV of the particle is nearly independent of the charge carrier concentration within the
particle for most of the composition range.

Considering one-electron transfer and the insertion of the charge carrier into the solid spherical
particles occurs as shown in Eq. (24).

MOx + C* +e~ < MCOx (24)

We assume that the conversion of MOy into MCOx is a one-phase reaction, where MOx and
MCOx have a similar solid-solution type structure, analogous to proton intercalation into
RuO, materials. The degrees of freedom can be calculated by the Gibbs phase rule:

F=C-P+2 (25)

where F is the degree of freedom, which is the number of thermodynamic parameters neces-
sary for defining a system, C is the number of components, and P is the number of phases. For
the reaction shown in Eq. (24), the system has two components (C = 2) including the charge
carriers (C") and the host particle (MOy), the degree of freedom is equal to 3 (F=2 — 1+2=3).
Beside the two intensive parameters, usually pressure and temperature, there is one additional
degree of freedom that needs to be specified for the system. Thus, the chemical potential of the
electrode (or OCV) has to be a function of temperature, pressure, and composition (the con-
centration of the charge carriers in the particle). Once composition changes (as the last degree

D (cm?s71) 10°°

B 0.5

¢; (mol dm?) 1.0

7o (cm) 5x107*
K (em®? s~ mol 172 6.3 x 107°
V (Vs 107*

a (dimensionless) 1

Table 1. Parameters set for the calculation.
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Figure 6. Simulated open-circuit-voltage (OCV) as a function of concentration of charge carrier (Li") in (a) one-phase
reaction and (b) two-phase reaction, and (c and d) their corresponding CVs curves.

of freedom), the OCV of the host particle changes accordingly at fixed temperature and
pressure, as shown in Figure 6b. Therefore, in the one-phase discharge reaction (Eq. (24)), the
voltage changes linearly with the concentration of the charge carriers.

As C" continuously inserts into MCOy, the further reduction of M cation eventually leads to the
formation of new M-containing species (now it becomes a two-phase reaction), resulting in a
new degree of freedom of 2 (F =2 — 2 + 2 =2). For a fixed pressure and temperature, there is no
more independent degree of freedom left and all the thermodynamic functions including OCV
should remain constant once the composition changes. Therefore, as shown in Figure 6a in the
two-phase discharge reaction, the OCV is constant with the concentration of the charge carrier.

It is clear that in a two-phase reaction (Figure 6d), the CV curves show the distinct redox
features that represent conventional battery material behavior. This is also congruent with the
fact that a typical battery intercalation/deintercalation reaction is accompanied with a phase
transition. On the other hand, in a one-phase reaction (Figure 6c), the CV curve shows a
square-shaped current versus potential plot without distinct redox features. This unique CV
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shape is often observed in classic EDL capacitor that uses carbon as electrode material or
pseudocapacitor that uses RuO, as electrodes and H,SO; as electrolyte. This simulation again
highlights the fundamental difference between a battery material and a capacitor material: the
former undergoes a phase transition upon the interaction with cation, while the latter can
interact with cation without generation of a new crystalline phase.

3.3. The influence of interfacial reaction and diffusion of charge carriers on the
electrochemical behavior

Parameter 4 is the dimensionless factor (shown in Eq. (22)) involving the concentration of the
charge carriers in the liquid phase, and can be considered as the ratio of interfacial reaction rate
(ke*P) to the diffusion rate of the charge carriers on the surface of the particle (Dc)/ro) as shown
in Eq. (26).

_ krocl1 - _ kclz_ﬁ 2%

D Da/r (26)
A large value of a indicates a faster interfacial charge-transfer kinetics and a slower diffusion of
charge carrier, usually resulting from a large rate constant (k), a large particle radius () or a
small diffusion coefficient (D). Figure 7 shows the simulated CVs for various values of 4 at the
scan rate of 0.1 mV/s, in which all the parameters described in the definition of a are fixed
except the value of k. It is clear that the shapes of the CV are strongly dependent on the value of
a. When the values of a increases, the peak potential of the anodic scan (oxidation reaction)
shifts to lower potential values with a relatively narrower peak. Similarly, the peak potential of

0.2+ —a=0.01
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Figure 7. Simulated CV curves as a function of parameter a.
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the cathodic scan (reduction reaction) shifts to higher potential values with a narrower peak.
These changes strongly suggest that a large value of a reflects a fast interfacial reaction and/or a
slow diffusion. Therefore, the extraction (anodic scan) and insertion (cathodic scan) of the
charge carriers are limited by diffusion of charge carriers in the solid spherical particle, prob-
ably attributed to a relatively low diffusion coefficient (D) and/or a large particles size (ro).
Accordingly, at a large value of g, the solid particle behavior is closer to a battery electrode
material, where diffusion-limited charge transport is the slowest step during the electrochem-
ical process. In this context, to increase the capacitive charge transfer contribution, a smaller
sized electrode and an electrolyte with cations having a higher diffusivity in the host electrode
material is needed. The former points to the synthesis of nanostructured electrode material and
the latter indicates Li-containing electrolyte. It is also notable that since the value of f is
between 0 and 1, the value of (1 — f) is always higher than zero. Therefore, it indicates that a
low electrolyte concentration favors the contribution of capacitive process, though the overall
charge storage might decrease.
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Abstract

Direct laser writing is a single-step fabrication technique for the micro and nanostruc-
tures even below the sub-diffraction limits. In recent times, the technique is adapted
to the fabrication of on-chip energy storages with additional features of flexibility and
stretchability. The major category of the energy storages taken into consideration for
laser writing belongs to the family of supercapacitors which is known for the high rate
of charge transfer, longer life spans and lesser charging times in comparison with tradi-
tional batteries. The technology explores the possibilities of non-explosive all solid-state
energy storage integration with portable and wearable applications. These features can
enable the development of self-powered autonomous devices, vehicles and self-reliant
infrastructures. In this chapter, we discuss the progress, challenges and perspectives of
micro-supercapacitors fabricated using direct laser writing.

Keywords: direct laser writing, nanomaterials, on-chip supercapacitors, flexible

1. Introduction

The rapid technological advancements in this era demand the provision of electricity for the
maintenance. In addition, the household requirements for the electricity are also in its peak
of demand. The current energy resources like coal and oil are irreversible and depleting at
a faster rate. On the other hand, the developments of renewable energy resources like solar
and wind energies are limited by the intermittent nature and it demands the provision of
energy storages to be accompanied which leads to the high cost of the resulting commercial
energy modules resulting in a less attractiveness in the market. In addition, the disposal
issues generated by the energy storages like traditional batteries are a major concern for the
environment. On the other hand, green on-chip energy storages offer an efficient, cost-effective
platform for integrated miniaturized devices, energy-harvesting, self-reliant residential and
commercial buildings.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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Micro-supercapacitors (MSCs) are a recent addition to the environmentally friendly energy stor-
ages with higher charge-discharge transfer rates on the contrary to traditional batteries [1]. The
batteries whose lifetime is restricted due to the involvement of electrochemical redox reaction
create the issues of additional storage and disposal space where MSCs which can be fabricated
on any substrates utilize the electrostatic interactions of electrode-electrolyte materials.

The performance of MSC is determined by the available active electrode material and the volt-
age window of the electrolyte [2]. Based on the electrode-electrolyte interactions, the superca-
pacitors are divided into three major types: (i) electrochemical double layer capacitor (EDLC),
(ii) pseudocapacitors and (iii) hybrid supercapacitors. EDLC works based on the electrostatic
interaction between electrode and electrolyte ions where pseudocapacitors involve the redox
reaction between electrodes and electrolyte ions similar to the batteries. A strong pseudo-
capacitance is not desirable in many applications due to the slow response time and high
capacitance decay rate [3]. Hybrid supercapacitors combine the EDLC and pseudocapaci-
tance effects in the performance which can be used to compensate the drawbacks of current
commercial supercapacitors to become a replacement for the batteries.

Several methods are used for the fabrication of various kind of supercapacitors. The main
categories are chemical techniques based on the nanomaterials [4] and electron beam lithog-
raphy (EBL) [5]. The lesser integrability for flexible applications and cost involved in the
fabrication of these techniques make them less desirable for industrial scale production of
commercial applications. The recent reports on the use of direct laser writing (DLW) tech-
nique for the supercapacitor fabrication [6] is a fast and reliable single-step method with the
possible integration of all substrates.

2. Direct laser writing

The DLW method mainly uses an ultrafast laser (femtosecond, fs or picosecond, ps lasers)
[7] but recently continuous wave (cw) lasers are also used for specific materials [8]. The laser
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Figure 1. Schematic of direct laser writing setup.
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source is tightly focused to a diffraction limited focal spot, using an objective made of differ-
ent numerical apertures (NAs) forming a high intensity of laser beam. The transparency at
the wavelength and spot size uniformity of the used laser beam as well as the sample unifor-
mity is highly necessary to obtain good quality structures. However, due to the high-intensity
generation from the tight focusing conditions, the non-linear process is triggered at the focal
spot, which can lead to the photo-polymerization [9], microexplosion [10], photoreduction [11]
and micro-machining process [12] in the material leaving remaining area unmodified. The
sample moves with the help of three-dimensional (3D) translation stage according to the pre-
programmed pattern design. The schematic of the DLW setup is given in Figure 1.

3. Direct laser writing of micro-supercapacitors

In the following sections, a detailed understanding of the DLW process on various electrode
materials for MSCs is discussed.

3.1. Electrode materials

The electrodes of MSC require high active surface area, long-term stability, resistance to elec-
trochemical oxidation or reduction, the capability of multiple cycling materials, optimum
pore size distribution, minimized ohmic resistance with the contacts, sufficient electrode-
electrolyte solution contact interface, mechanical integrity and less self-discharge [1].

3.1.1. Laser-scribed graphene and its derivatives

Materials such as carbon and its derivatives like porous activated carbon, carbon nanotubes,
carbon aerogels or carbon-metal composites have a higher surface area of 100-220 m* g™ and
they exhibit excellent stability but limited capacitance [4]. For activated carbons, only about
10-20% of the theoretical capacitance can be achieved due to the micropores that are inac-
cessible by the electrolyte [13]. The carbon nanotubes do not exhibit satisfactory capacitance
unless a conducting polymer [14] is used to form a pseudocapacitance.

Graphene is a form of carbon with the high surface area up to 2675 m?/g and the intrinsic
capacitance of 21 uF/cm? which sets the upper limit of EDLC capacitance of all carbon-based
materials [15]. In addition, both faces of graphene sheets are readily accessible by the electro-
lyte. However, in practical applications, the surface area of graphene will be much reduced
due to agglomeration.

Laser-scribed graphene (LSG), obtained from the DLW in graphene oxide (GO) material, is a
cost-effective tunable alternative to graphene. The LSG films are used to fabricate MSC and
other integrable applications and first reported from Ajayan’s group with the use of carbon
dioxide (CO,) laser beam by adopting the design concept from capacitors [6] in 2011. This
work is followed by the Kaner’s group in 2012 through the production of high-performance
LSG sandwich energy storages using a DVD burner [16].

Furthermore, two famous works came in the following years: The first work demonstrates the
fabrication of all solid state MSCs using ionic gel electrolyte with interdigitated electrodes.
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This kind of electrodes improves electrolyte ion transport that effectively improves the
energy storage density and power density up to 10° Wh/cm?® and 10' W/cm? (Figure 2) [17].
The next reported energy storage used the pre-patterned CO, laser irradiation on polyeth-
ylene terephthalate (PET) substrate to generate the high-quality graphene for the energy
storage [18].

3.1.2. Oxides and polymers

The DLW method can be used for the fabrication of pseudocapacitors using different materials
like ruthenium oxide (RuO,) and manganese dioxide (MnO,) and conductive polymers like
polyaniline (PANI) with the LSG material becomes a direction of interest to achieve the high-
performance MSCs in the given area [19]. For example, the hybrid of ultrathin MSCs made of
MnO, sheets and graphene sheets using DLW offers an electrochemically active surface for
fast absorption/desorption of electrolyte ions [20]. The contributions of additional interfaces
at the hybridized interlayer areas to accelerate charge transport during charge/discharge
process result in an energy density and power density of 2.4 mWh/cm® and 298 mW/cm?,
respectively.

3.1.3. Porous gold

The recent development of the well-connected nanoporous gold film using DLW is used in
the fabrication of interdigital electrode materials for MSCs with high mechanical flexibility
[21]. These MSCs exhibit a capacitance of 127 F cm™ and energy density of 0.045 Wh cm™. The
gold metal is known for its high electrical conductivity and the concept adopted can be used
efficiently to integrate with devices in lesser areal footprints (Figure 3).

The high-performance integrable MSCs fabricated using DLW which can be integrated with
all platforms can be the future of energy storages.

in-clana Sanwl-:h

did" ﬁpﬁﬂ

Figure 2. Direct laser writing of MSC. Reproduced with permission [6]. Copyright 2011, Nature Publishing Group.
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Figure 3. Direct laser writing for the fabrication of nanoporous gold film electrodes coated with MnO, [21]. Copyright
2016, Royal Society of Chemistry.

3.2. Matrix-assisted pulsed laser evaporation direct write (MAPLE-DW)

MAPLE-DW involves the laser forwarded transfer of liquid transfer matrix (transfer vehicle),
which is composed of material to be deposited on the substrate below. A relatively flat and
uniform film is achieved with the presence of liquid without the need for high temperature or
post-processing involved in the lithographic techniques [22]. Pseudocapacitors from RuO,-0.5
H,O with the sulfuric acid as transfer vehicle result in an ideal capacitor behavior instead of
the contamination generated from the transfer vehicles [23]. Moreover, the obtained specific
(volumetric) capacitance of 720 F/g is comparable to the other laser-printed MSCs (Figure 4).

3.3. Parameter calculation

Generally, DLW-MSC performance is calculated in specific (volumetric) and areal capacitance
in metric quantity rather than the mass of the obtained electrodes due to the presence of sig-
nificantly low volumes.

In brief, the specific capacitance was calculated from galvanostatic (CC) curves at different
current densities by the formula:
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Figure 4. MAPLE-DW method for the fabrication of MSC. (a) Schematic of MAPLE-DW apparatus showing the method
of forward laser transfer of an “ink” layer (b) Sample geometry: the two pseudocapacitors cells are 1 mm x 2 mm x 10 um
prior to laser machining [23]. Copyright 2002, SPIE Publishing Group.
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C

device=

i/{-dVv/at} )

where i is the applied current (in amps, A) and dV/dt is the slope of the discharge curve (in
volts per second, V/s).

Volumetric capacitance was given by

C
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C
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where A and V refer to the area (cm?) and volume (cm?), respectively.

The power density of the device is calculated from galvanostatic curves at different charge/
discharge densities and given by the formula:

P = (AB)¥/4R, .V 3)

where P is the power in W/cm®, AE is the operating voltage window and R, is the internal
resistance of the device and can be given by the formula:

The energy density of the device can be calculated by the formula:
E = Cv* (AE)?/(2* 3600) 4)

where E is the energy density in Wh/cm?®, Cv is the volumetric capacitance and AE is the oper-
ating voltage window, V.

4. Challenges and perspectives

4.1. Electrode designs

The current energy storage devices are usually too heavy, rigid and bulky to match the
requirements of flexible electronics [1]. Therefore, there is keen interest in the development of
the light, elastic and mechanical properties with shape conformability in the next generation of
energy storages. However, the bottleneck issues faced by the current MSCs are the lesser sur-
face area of the electrode material and the more substantial mean ionic path of the electrolyte
ions due to the diffraction-limited spatial resolution of the laser beam used for the preparation
of electrode materials [24].

The first generation of MSCs is mainly involved in the 2D planar designs. However, these planar
2D electrodes are limited in the amount of energy storage capacities; on the other hand, increasing
the thickness of the electrodes results in the low transportation of the electrolyte ions, which limits
the rate transfer capabilities. The issue is initially addressed by Gao et al. where a variety of on-
chip designs are tested to obtain an optimized design concept for the self-powering on-chip appli-
cations, and the interdigital electrode designs seem to be out-performing the other designs [6].
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However, the fast growth of technologies like the flexible MEMS or self-reliant buildings
demands the high-performance on-chip energy storages.

4.1.1. Fractal designs

New electrode designs can be a possible solution to improve the energy density of MSCs, and
an example is the origami designs utilized in the flexible energy storages and electronics [25].
In the case of integrable energy storages using DLW, a better choice can be biomimetic designs
[26]. The Fern Leafs is an efficient platform for energy storage in biological processes such as
photosynthesis enabled by water transport on its vein density [27] as well as information
compression [28]. The biomimetic structures inspired by the internal structure of American
Fern (Polystichum munitum), which is also known as the Barnsley fractals [29], are a possible
design for the enhancement of the active electrode material loading per unit area using DLW
[30]. American fern leafs with self-repeating patterns of internal structure resemble the fractal
design family known as space-filling curves [31].

From the comparison between the various designs of the space-filling fractal family, it is
found that the Hilbert space-filling designs have the highest active surface area comparing
to the other designs. The resulting MSCs have an energy density of 107 Whem™ without
compensating the rate of charge transfer (power density) and have a flexibility up to 60° [30].
The fractal designs offer a further chance to improve the performance of MSCs and still need
a detailed investigation of various fractal families (Figure 5).

4.1.2. Three-dimensional micro-supercapacitors

Printing of high-performance MSCs in lesser footprints is possible with the development of
three-dimensional (3D) MSCs. In 2015, Tour’s group demonstrated the concept of the layer
by layer stacking of individual laser-induced graphene (LIG) MSCs obtained from the PET
sheets, which result in an areal capacitance of >9 mF/cm? as shown in Figure 6 [32] and can be
considered for the ultra-portable and flexible application levels. In addition, reports of using
multilayer structures made of rGO/Au particles [33] and LIG from polyamides using femto-
second laser reduction with improved spatial resolution are promising directions for the 3D
energy storages [34] (Table 1).

Figure 5. Fractal MSC [30]. Copyright 2017, Nature Publishing Group.
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Figure 6. Stackable laser-scribed supercapacitors obtained using the direct laser writing in PET substrate [32]. Copyright
2015, ACS Publishing Group.

Material Methods Properties
Ajayan [6] Hydrated graphene Direct laser writing (cw)  Specific capacitance of 5 mF/cm? in water
oxide films
Kaner [16]  Graphene oxide Direct laser writing (cw) Energy density- 102 Whem™
Kaner [17]  Graphene oxide Direct laser writing (cw) Power density of 200 W ecm™ at 10,000 cycles in PVA-

sulfuric acid

Tour [18]  Polymer Direct laser writing (us) BMIM-BF, electrolyte with a specific capacitance of
>4 mF cm™ and power densities ~9 mWem™

Hu [33] Graphene oxide/gold  Direct laser writing (fs)  PVA/ H2504 electrolyte with specific capacitance of

nanoparticle 0.77 mFem™
Gu [30] Graphene oxide Direct laser writing (cw) with specific capacitance of 350 mFem™
Hu [34] Multilayer polymer Direct laser writing (fs) ~ With a specific capacitance of 42 mFcm™

Table 1. Summary of the graphene supercapacitors fabricated using direct laser writing.

5. Electrolytes

The electrolyte has a significant role in determining other essential properties such as the
energy density, power density, internal resistance, rate performance, operating temperature
range, cycling lifetime, self-discharge, non-volatile nature and toxicity of the energy storage.
The electrochemical range of an electrolyte decides the cell voltage window of the energy
storages like the batteries and supercapacitors [9] as shown in the equation,

E=1/2CV )

where E is the energy density, C is the specific capacitance and V is the cell voltage.

So far, the electrolytes used in an energy storage can be classified as liquid electrolytes and
solid/quasi-solid state electrolytes [35]. Liquid electrolytes can be further grouped as aqueous
electrolytes with a voltage range of 1.0-1.3 V, organic electrolytes within the voltage range of
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1-2'V and ionic liquids (ILs) with a voltage range of 3.5-4.0 V. The solid or quasi-solid state elec-
trolytes can be classified as organic and inorganic electrolytes with a voltage range of 2.5-2.7 V.

Among different electrolytes, aqueous ones possess high conductivity and capacitance but are
limited by low cell voltage window, whereas organic and IL electrolytes can operate at higher
cell voltage windows [36]. ILs are widely used in the energy storages owing to their attractive
properties like the non-flammability, low vapor pressure and large operating potential window.
Solid state electrolytes are devoid of leakage issues but are limited by the low conductivity.

6. Scale-up process of micro-supercapacitors

The considerable advantage of the DLW-MSC is the possibility of large-scale production with the
industrial grade. However, the scale-up process might introduce the difficulties of heat, enhance-
ment of effective series resistance (ESR) and overcharge [1]. In addition, the cost of the process
needs to be compatible to the existing battery technology. DLW technique due to its straight
single-step process, which combines with the efficient tuning of nanomaterials, can provide an
efficient solution to the issue in long term. The successful generation of high-performance MSCs
will enable a step closer to the biocompatible light-weight portable and wearable devices as well
as the replacement of large area spaces required for the energy storages.

7. Integration with applications

The self-powered autonomous systems will be the future direction with impact in large areas of
technologies by the inclusion of additional features like portability, flexibility and stretchabil-
ity. One of the integrated DLW-MSC with existing renewable technology is discussed below.

7.1. Solar energy storages

Self-powered electronics and buildings, which utilize the renewable energy resources like solar
energy, provide a green platform for the next-generation technology and find applications in
skyscrapers, flexible, wearable, consumable and portable devices [37]. The primary issue faced
by the renewable energies to be considered as the major electricity source such as the intermittent
nature which limits the use of those energies during certain climatic conditions or in the remote
areas which are isolated from the grid line electricity [38]. The current solar modules used to be
accompanied by the energy storages in the commercial market are the traditional batteries, which
intake almost 30% of the total cost of the solar module. In addition, the protective storage space
for the energy storages becomes a significant issue when it comes to large-scale applications.

An integrated on-chip solar energy storages, which can be simultaneously charged using the
solar electricity, can be a possible solution for the problem and energy stored can be used
during the required times irrespective of the intermittent solar energy. However, the primary
challenge for the integrated solar energy storage is to design the cell structure by incorporating
both photoelectric and storage functions. The initial efforts are oriented around co-operating
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Figure 7. Solar energy storages using fractal electrodes on the reverse side of thin-film silicon solar cells [30]. Copyright
2017, Nature Publishing Group.

both photoelectric and storage functions in a single cell structure [39]. Due to the repeated
oxidations and reductions shorten the lifetime of these batteries [1] and chemical storage func-
tions in a single cell structure. The repeated oxidations and reductions shorten the lifetime
of these batteries. The energy storages with storage mechanism free from electrochemical
reactions as in batteries like capacitors can be a competent way of overcoming the problem.

In order to solve the issues, we developed solar energy storages using LSG electrodes in the
interdigital form [40] as well as the fractal electrode designs (Figure 7) [30] and integrated
on the reverse side of the silicon solar cells. The performance of the obtained solar energy
storages is influenced by the efficiency of the solar cells and the discharge time for the output
voltage is up to 22 days with excellent charge-discharge cycles of around 800.

8. Conclusions and future trends

Laser beam-material interactions induce the controlled changes in the physical and chemi-
cal properties of the electrode materials for MSCs. In addition, the smaller spatial resolution
obtained using the tightly controlled focus spot can lead to the enhancement of specific vol-
ume load per unit area resulting in efficient storage of electrolyte ions within the layers of
the electrodes. The desired electrode patterns fabricated using the writing process enable the
supercapacitor features to be included in any substrates with the proper choice of electrolytes.



Direct Laser Writing of Supercapacitors
http://dx.doi.org/10.5772/intechopen.73000

The improvement of further energy density obtained in laser-scribed supercapacitors using
advanced techniques like super-resolution fabrication [41] along with the implementation
of multifocal parallel array fabrication [42] can offer the fabrication in short period of time
and deployment of self-powered autonomous systems in the next-generation technology like
buildings, sensors, imaging, etc.
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Abstract

This chapter includes elaborately selected recent literatures on electrochemical energy
storing in symmetric supercapacitors (SSCs) with high operating voltages (voltage >1.6 V)
and high specific energy. SSCs are a typical sort of electrochemical capacitors with larger
energy density than conventional capacitors; by involving electrode materials with stable
interfaces (for instance, nitrogen-doped carbon materials) and electrolytes with wide safe
potential window (for instance, ionic liquids), they can supply competitive energy rela-
tive to batteries. Fundamentals of SSCs are first introduced, aiming at clarifying some
critical interfacial phenomena that are critical to enhance overall capacitive performance.
State-of-the-art SSCs are included as demonstrations from the aspects of both enhanced
capacitances and expanded voltages. We also provide a few feasible strategies for the
design high-voltage/energy SSCs such as using inactive electrode materials.

Keywords: symmetric supercapacitor, electrode materials, electrochemical interface,
high voltage, high energy

1. Introduction

The growing concerns over fossil fuels, in terms of global warming, pollution, and resource
depletion, call for clean and renewable energy such as sunlight, wind, and hydrogen energy [1].
Consequently, great necessity has been urged regarding the development of rapid and efficient
energy storage upon the generation of huge amount of the aforementioned types of energy.
Supercapacitors (SCs), storing energy in or on the interfaces of electrode materials, are capable
of fully charging/discharging within seconds or minutes, making them excellent candidates
for the fast accumulation of these transient types of energy [2—4]. Also, taking advantage of the
interfacial energy storage mechanism, unlike the deep-conversion mechanism in batteries, SCs

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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have excellent recyclability, typically >5000 times [5]. The past decade has witnessed significant
progresses in SCs researches, many types of SCs have come to existence, including but not
limited to electrochemical double-layer capacitors (EDLCs) and asymmetric supercapacitors
(ASSCs), and they can be further sorted by applicable electrolytes (mainly three types electro-
lytes: aqueous, organic, and ionic liquid electrolytes) [2]. Still, they are not satisfactory enough
from the perspectives of energy stored, which is mainly due to low capacitances or narrow
potential windows especially in aqueous electrolytes [6, 7]. Coupling SCs with pseudo-capac-
itive electrode materials such as transition metal-based materials or electronically conductive
polymers is feasible to enlarge the specific energy; however, the lifetime of pseudo-capacitors
normally goes down quickly in a few hundred cycles [8, 9]. Currently, it is still very hard to
simultaneously obtain large capacitance, high-operating voltage, and high-cycling stability.

Symmetric supercapacitors (SSCs), mainly including carbon-based EDLCs and a few SSCs with
identical metallic component- or conductive polymer-based electrodes, supply much higher
specific power and cycling stability than pseudo-capacitors, due to the interfacial charging/
discharging mechanism [2, 10]. Their energy are given by the equation (1), in which E is the
energy stored in capacitor cell, C, is the total capacitance, and V is the operating voltage. E is
proportional to total capacitance and square voltage, which means that specific energy E can be
improved via two ways: increasing specific capacitance and expanding operating voltage [11].
Both of these aforementioned two aspects are highly related to the interfacial chemistry and
phenomenon [5]. According to the electrochemical double-layer phenomenon established by
Helmbholtz, the electrochemical interface consists of electrode surface and thin layered electro-
lyte (containing ions or cations) adjacent to electrode surface. In the first place, this thin layer
of electrolyte plays the fundamental roles of conducting ions and facilitating charge compen-
sation on electrode interface; additionally, they can be decomposed or transformed to supply
non-Faradaic current once charge transfer occurs when the electrons arrive in or depart from
the conduction band of electrode [6]. Before that, electrolyte ions and molecules are forced to
strongly absorb onto electrode surface to form a tightly packed stern layer [6, 7]. According to
previous literatures, the efficiency and strength of absorption are highly depend on the sur-
face properties of electrode materials, doping, defect, and functionality and can significantly
alter the interactions between electrolyte and electrode interface [11-13]. Therefore, in order to
achieve high operating voltage as well as high energy, it is critical to address the interface issues
regarding both the surface properties of electrode materials and the applicable electrolytes.

E = 1/2C,V, )

In the past few decades, many review articles have discussed the investigations on materials
selections and device fabrications for developing high-performance SCs, but few accounted
for the interface designing and engineering. Also, research progresses from different angles
(material synthesis, electrolyte selections, and device fabrications) have come to the point
calling for a generic summary for improving the integrated performance of SCs on the clear
understanding of electrode interfacial phenomenon. This chapter aims to present and dis-
cuss a number of relevant issues, including fundamentals of interfacial (mainly electric dou-
ble layer (EDL)) capacitance, nanoscale charge transfer, discussions on a few benchmarked
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SSCs with large operating voltage and specific energy, and last but not the least, feasibility of
safely expanding operating voltage for the achievement of high-energy SSCs. In addition, the
importance of carbonaceous electrode materials that are inactive for water splitting is high-
lighted, in which their specific energy can be significantly improved due to greatly expanded
operating voltages. The prospects of SSCs developments are speculated based on the interface
engineering on carbonaceous materials, highlighting the practical feasibilities of high-energy
SSCs for the progressing smooth swing to renewable energy from traditional fossil fuels.

2. Basics of symmetric supercapacitors (SSCs)

Symmetric supercapacitors (SSCs) are mainly built on electrochemical double-layer configured
identical positive and negative electrodes; most applicable electrode materials are carbon-based
due to their high chemical stability of carbon materials [1, 14]. The electrochemical double-
layer model, first established by Helmholtz, reveals that two oppositely charged ionic layers
are formed at electrode-electrolyte interfaces under electrochemical forces driven. Afterward,
Stern recognized that there are two regions of ion distribution at the electrode-electrolyte inter-
faces: one inner layer and one outer layer, as schematically depicted in Scheme 1. The inner
region, where ions are strongly absorbed onto the electrode surface, is called the compact layer
(or Stern layer); and the outer layer consists of a continuous distribution of ions in solution [10].
The capacitance at electrode-electrolyte interface (C,, ) with electrochemical double-layer con-
figuration can be divided into capacitance from the inner compact layer (C,,) and capacitance

from the diffuse layer (C,,..), as described in equation (2)

Diff)’

1 _ 1,1
Cor  Cu ' Gy )

EDL

There are several critical factors that give significant impact on C, , mainly including the con-
ductivity of electrode material, the surface area of electrode materials, the accessibility to the
inner electrochemical surface, the electric field across the electrode, and the electrolyte/solvent
properties [15]. For instance, SCs with high-surface area porous carbon electrode materials
(such as activated carbon) can store much more capacitances by several orders of magnitude.
There are also a few other ways that are feasible to enlarge the capacitances including doping
heteroatom elements and compositing stable metal oxides or conductive polymers [11, 16].
Heteroatom doping is able to break down the high symmetry of graphitic carbon, creating a
large amount of defects, leading to the easy formation of compact inner absorption layer [16].
The advantages of using stable metal oxides or conductive polymers as electrochemical inter-
faces instead of carbon materials are obvious; they are capable of supplying much more capac-
itance through pseudo-capacitive absorption besides the EDL capacitance [17]. However, the
greatly enlarged capacitances are often obtained on the basis of compromising the efficiency
and cycling stability, and only a minor few metal oxides and conductive polymers are quali-
fied due to conductivity and cost issues, which we will summarize later in Section 3.

Besides the electrode materials selection, it is also important to choose a proper electrolyte
and solvent to form a robust electrode-electrolyte interface since energy stored in a SSCs
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Scheme 1. Schematic representations of the cross-sectional EDL structure of electrode/electrolyte interface.

device is governed by the square of operating voltage multiplying capacitance, as described
in equation (1). Relative to capacitance, operating voltage actually gives bigger impact on
the specific energy of the whole SSCs device. Therefore, pushing the operating voltage to
the limit by means of choosing proper electrolyte solution is of significant practical mean-
ings, a robust electrode-electrolyte interface can efficiently prevent the nanoscale charge
transfer at the interfaces, thus to largely expand the applicable operating voltage and to
enhance the specific energy [6]. In general, electrode-electrolyte interfaces formed in ionic
liquid are more stable than in organic solvents, and then in aqueous solution, which is gov-
erned by the chemical stable window of solvents [6]. Typically, the chemical stability of the
abovementioned three types of electrolytes follows the sequence of ionic liquid > organic
electrolyte > aqueous electrolyte. For instance, an ionic liquid electrolyte can deliver a
potential window as wide as 4.0 V, while aqueous electrolyte can only supply a 1.23-V wide
potential window due to water splitting at 1.23 V [18, 19]. However, in some aqueous cases,
by suppressing the activity of water splitting such as in neutral electrolytes, the safe operat-
ing voltage can be largely expanded to 1.8 V [20, 21]. The operating voltage can be further
enlarged by applying electrode material that has much less activity toward water splitting,
leading to a 2.0-V safe operating voltage, which is clearly achieved by mediating the inter-
face properties [22]. The discussion on interface engineering for safe voltage expansion is
placed in Section 4.

3. High-capacitance electrode materials for SSCs

Symmetric supercapacitors (SSCs), as one typical sort of SCs, though are able to provide
charging/discharging in several minutes, deliver incomparable capacitance as to secondary
batteries (such as Li-ion battery) [23]. Therefore, it is crucial to enlarge the specific energy
stored in each electrode by either optimizing existed electrode materials or developing new
types of materials. For now, carbon-based materials contribute to most of electrode materials
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used in SSCs due to their abundant sources, low costs, high porosity, excellent chemical sta-
bility, and conductivity [1, 13]. Considering the mechanism of energy stored in a SSC to be
mainly dominated by electrical double-layer configurations, the overall performance of full
SSCs is restricted below this value. Therefore, exploring high-performance electrode materi-
als is urgent in order to achieve high-energy SSCs. There are mainly two types of commonly
used materials: carbon-based materials and pseudo-capacitive materials, which we will sepa-
rately describe in the following paragraphs.

3.1. Carbon-based materials

As mentioned in Section 2, EDL-configured SCs are mainly based on various kinds of carbon
materials such as activated carbon (AC). In this specific part, the general ways of enlarging
capacitance of carbon-based materials are first summarized via giving representative exam-
ple. Generally speaking, three ways can be utilized to achieve these goals: (1) increasing the
electrochemically accessible surface area (EASA), (2) creating more anchoring sites for charge
carriers, and (3) involving few amounts of pseudo-capacitance on the basis of EDL capaci-
tance [4, 15, 24]. As followed, we will give explanations on the latter two strategies; the fore-
most strategy of enlarging EASA is only for listing because it involves a very few interfacial
chemistries, which is not our main topic here in this chapter.

The charming feature of carbon materials is mostly founded on the largely conjugated aro-
matic six-atom ringed carbon that create huge amount of delocalized electrons, for instance,
graphene, one typical allotrope of carbon, have an ultrahigh charge carrier mobility of
200,000 cm? v! s [25]. Meanwhile, the large conjugation system of graphitized carbon intrin-
sically generates highly symmetric molecular structure. The superlarge conjugation system,
on one hand, enables fast transportation of charge carriers and, on the other hand, leaves very
few sites for ions to absorb. From this specific aspect, doping heteroatom species and creating
defects in graphitic carbon lattice can significantly boost the apparent capacitance by provid-
ing more sites for ions anchoring, as depicted in Scheme 2 [26]. In some cases, very strong
chemical binding on heavily doped carbon sites can even generate charge transfer to achieve
much larger capacitance [16, 27]. Therefore, if let a small proportion of conductivity sacrificed,
desirably larger capacitances can be obtained via simply involving more heteroatom sites
especially containing nitrogen species [11].

Activated carbons (AC) are the most commonly used electrode materials in SSCs because of
their large surface areas and low costs. ACs are usually converted from carbon-rich chemicals
and biomasses under the high-temperature activation of chemicals such as KOH, ZnCl,, and
H,PO, [28, 29]. Although, very high porosity is obtained, most of the heteroatom-containing
functionalities and moieties are forced to be removed by the disturbance of high temperature
[30]. The as-formed clean carbon surface may probably leave very limited sites that are readily
to absorb ions, so the most obtainable capacitance using AC electrode materials are falling in
100-200 F g™*. Thanks to the abundant chemistry of carbon species, most of inorganic elements
can connect with carbon to break the symmetry of 7-m conjugation and also to include partial
pseudo-capacitive sites for higher capacitance [11]. For instance, a nitrogen-doped porous
carbon (N content ~ 12 at.%) reported by Huang et al. delivered an ultrahigh capacitance of
855 F g™ and a high specific energy of 41 Wh kg™ in aqueous electrolytes. The improvement

121



122 Supercapacitors - Theoretical and Practical Solutions

|

,,/‘:%c o X

T |
¢ ¢ H

/|\-—m [

c
7]
C C

ZNFE NP xcf,s’f*l
|

Scheme 2. Aromatic carbon lattices can embrace many types of heteroatom doping such as nitrogen (blue), oxygen (green),
sulfur (pink), and so on. Defective carbon sites (red) that are unsaturated can also be treated as anchoring sites for ions.

\
o

=—

De fect

H

mostly originates from robust redox reactions at electrochemically active nitrogen-containing
sites that transform inert graphene-like layered carbon [16]. A nitrogen, sulfur-co-doped car-
bon fabricated by Sun et al. exhibited a very high specific capacitance of 427 F g at 1.0 A g™
and still showed an excellent capacitance of 270 F g™ at superhigh current density of 100 A
g (Figure 1) [31]. However, the dopant content shall be controlled under an optimistic level;
otherwise, the capacitance will not be increased because of severely damaged conductivity.
For instance, Cheng et al. fabricated a high level of N, S, or B doping graphene, also called
superdoping, achieving 29.82, 17.55, and 10.79 at% for N-, S-, and B-doping, respectively [32].
However, the 29.82 at%-N-doped graphene achieved a medium specific capacitance of 354 F
g while the pristine graphene without any doping obtained a specific capacitance of 213 F g™
(taking 60% of heavily N-doped graphene).
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Figure 1. (a) SEM image and (b) XPS survey of NS-co-doped carbon materials. (c) Gravimetric capacitance of NS-co-doped
carbon materials made SSCs in three aqueous electrolytes. Adapted with permission [31]. Copyright 2017, American
Chemical Society.
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3.2. Interfacial pseudo-capacitive materials

Pseudo-capacitance is achieved by Faradaic electron charge-transfer with redox reactions,
intercalation or electro-sorption. Unlike electrochemical double-layer supercapacitor, pseudo-
supercapacitor use electronically conducting polymers (ECPs) or stable metal oxides elec-
trodes can achieve balanced capacitive performance of much enhanced capacitance and fairly
good rate/cycling performance.

3.2.1. Electronically conducting polymers (ECPs)

ECPs are one typical sort of pseudo-capacitive materials that can engage electrochemical
doping or redox reaction with anions and cations, many ECPs such as polyaniline (PANI),
polypyrrole (PPy), and derivatives of polythiophene (PTh) have been widely applied in
supercapacitors due to their large capacitances, flexibility, and low costs. The typical dopant
level for these polymers as well as typical specific capacitances and applicable voltage ranges
are given in Table 1. The mechanism of ECPs storing charges can be described by the follow-
ing two formulas, i.e., p-doping upon oxidization and n-doping upon reduction.

CP — CP™(A), +ne (p-doping) (3)

CP+ne — (C"), CP* (n-doping) 4)

ECPs-made SSCs can be sorted into two categories: Type I-using the same p-doped ECPs for
both electrodes and Type II-using the same ECPs but using different forms of ECPs as elec-
trodes (p-doped form as positive electrode and n-doped form as negative electrode). When the
Type 1 SSCs is charged, the positive electrode is completely oxidized while the negative elec-
trode remains neutral, which supplies 0.5-0.75 V potential difference. When it is discharged,
both electrodes are semi-oxidized, which makes only 50% of the p-doped capacitance can
be used. In addition, the supplied potential of Type II SSCs is higher compared with Type I
SSCs. This improvement would result in high specific energy due to much larger difference
of square voltage (V?).

Conducting Mw (gmol™)  Conductivity (Scm™) Dopantlevel Potential range (V)  Theoretical specific

polymer capacitance (F g™)
PANI 93 0.01-5 0.5 0.7 750
PPy 67 0.3-100 0.33 0.8 620
PTh 84 2-150 0.33 0.8 485
PEDOT 142 300-500 0.33 12 210

Mw is molecular weight per unit monomer (g mol™) PANI is polyaniline, PPy is polypyrrole, PTh is polythiophene and
PEDOT is poly (3,4-ethylenedioxythiophene).

Table 1. Theoretical specific capacitance of conducting polymers.
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Many ECPs such as PANI and PPy can only be p-doped due to the very negative potentials
required for n-doping, if compared with the reduction potential limit of molecular solvent-based
electrolytes. For instance, Pan et al. synthesized PANI hydrogel with high surface area and three-
dimensional porous nanostructures and demonstrated that the as-obtained PANI-based super-
capacitor could supply a very large specific capacitance of 480 F g™, excellent rate capability, and
very good cycling stability of 83% capacitance retention after 10,000 cycles but only provide a
safe operating voltage of 0.8 V for SSCs. Unique three-dimensional (3D) microstructure by inter-
connected polymer (Figure 2) by Yu et al. exhibit good mechanical properties and high rate per-
formance with specific capacitance of 400 F g, excellent rate capability [33]. On the contrary, PTh
and its derivatives can be used as n-doped ECPs; however, the conductivity of these ECPs after
n-doping is not very high in the reduced state and thus leads to a low capacitance in the negative
potential region [34]. For example, Stenger-smith et al. developed poly (3,4-propylenedioxythio-
phene) and poly(3,4-ethylenedioxythiophene) as electrode couples show good cycle life [35].

3.2.2. Transition metal oxides

Transition metal oxides show high pseudo-capacitive behavior with redox chemistry both on
and in the interfaces, which have been extensively studied due to high specific capacitance.
There are several commonly studied stable metal oxide materials such as RuO, (theoretical spe-
cific capacitance ~ 1000 F g™) and MnQO, (theoretical specific capacitance: 1100-1300 F g™) [36].
RuO, is one of the most explored electrode materials due to the high specific pseudo-capacitance,
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Figure 2. (a) Illustration depicting controlled synthesis of the CuPcTs doped PPy hydrogel. (b) SEM images of
nanostructured PPy hydrogel. (c) Specific capacitance as a function of current density for CuPcTs-PPy and pristine PPy.
Adapted with permission [31]. Copyright 2017, American Chemical Society.
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reversible redox reaction, and long cycling life. For instance, RuO, can supply a safe operating
voltage of 0.7 V in SSCs [37]. Due to the very high costs, RuO, is often limited in aerospace and
military application. While MnQO, is generally studied because of their low cost, low toxicity,
environmental friendliness, and high theoretical capacitances (up to 1100-1300 F g™) [38—40].
The main mechanism of the pseudo-capacitive energy storage in MnO, is attributed to a revers-
ible intercalation/de-intercalation of protons or an adsorption of cations such as Li*, Na*, K* from
electrolytes [39, 41]. These can be expressed by the following formula:

MnO,+ X +e  MnOOX )

where X' represents the protons and alkali metal cations (Li*, Na*, K*) in the electrolyte. Toupin
and coworkers believed that the pseudo-capacitances are mainly occurring in the interfaces due
to the difficulty of the protons or cations transportation into the bulk phase materials [38, 42—44].

3.2.3. Composites materials

Usually, the specific capacitance can be improved by tuning morphology, surface area, and
porous structure of active material. The most common electrode materials are carbon materi-
als, metal oxides, and ECPs. To maximize the advantages of these materials, composite mate-
rials are of great technological advantages due to the combination of the intrinsic properties
of each component as well as the synergistic effect resulting from the hybrids. The composites
of carbon materials with other materials such as ECPs and metal oxides, which often use car-
bon materials as substrate, for example, carbon nanotubes, carbon fibers, graphene materials,
activated carbon, etc. As depicted in Section 3.2, ECPs and metal oxides are highly promising
active electrode materials but these materials suffer from severe cycling stability problems
because of the structure collapse caused by swelling and shrinking during charging/discharg-
ing. Hybridizing carbon materials with ECPs and/or metal oxides can synergistically boost
nearly all the aspects of capacitive performance including conductivity, capacitance, and
cycling stability. For instance, Peng et al. fabricated hollow fiber electrodes using reduced gra-
phene oxide (RGO)/ECPs, simultaneously achieving large areal capacitance (304.5 mF cm™),
high flexibility, and high electrical conductivity [45].

4. Electrolyte-mediated operating voltage

Electrolyte is one of the key components of SCs, basically, conveying ionic current and lead-
ing the formation of electrical double layer, more importantly, under certain circumstances
of matched electrode materials and electrolytes, and facilitating reversible redox processes
for larger amount of charges stored in the interfaces. In general, electrolytes used in SSCs
can be sorted into two main categories: liquid electrolytes and solid/quasi-solid state elec-
trolytes. Liquid electrolytes can be further sorted into three groups: aqueous electrolytes,
organic electrolytes, and ionic liquids (ILs), while solid/quasi-solid state electrolytes can be
divided into organic electrolytes and inorganic electrolytes [7]. There is no once-for-all solu-
tion for electrolyte selection, each electrolyte has its own advantages and disadvantages. For
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instance, in the group of liquid electrolytes, aqueous electrolytes exhibit very high ionic con-
ductivity, low costs, and high safety, yet they can only deliver an operating potential window
of about 1.0-1.3 V because the water splitting potential window is about 1.23 V. While the
organic electrolytes and IL electrolytes can be operated at much higher voltages, typically
organic electrolytes at 2.5-2.7 and IL electrolytes at 3.5-4.0 V. However, the expensive costs
and potential risks for environment strongly hinder their practical applications. According to
previous literatures, many aspects of electrolytes can have significant influence on the capaci-
tive performance; here, in this short chapter, we focus on two main aspects: (a) the inter-
action between electrolyte and electrode materials and (b) the stable potential window. We
will discuss the abovementioned two important aspects according to different types of liquid
electrolytes (Table 2).

4.1. Aqueous electrolytes

There are many advantageous merits of aqueous electrolytes, for instance, high ionic conductiv-
ity (up to ~1 S cm™) that can deliver very high power density, high safety that greatly simplifies
the fabrication and assembly processes, and low costs that enables broad practical applications.
Generally, aqueous electrolytes have three main classes: acidic electrolytes (H,SO,, H,PO,, etc.),
basic electrolytes (KOH, NaOH, etc.), and neutral electrolytes (Li,SO,, Na,SO,, Na(], etc.). Due
to the narrow chemically stable window of water, the operable voltages for SSCs assembled
using aqueous electrolytes are usually lying within 1 V. Consequently, the energy stored in
single one SSCs is limited, which is far less competitive with organic and IL SSCs, not to men-
tion batteries. Many efforts have been taken to broaden the safe working voltage of aqueous
SSCs, which is mainly through the suppression of water splitting at electrode interfaces.

To understand the phenomenon occurring at the electrode/electrolyte interfaces, we need to
look into the details of potential-driven water splitting at electrode interfaces. Water split-
ting basically requires three main steps: absorption, conversion, and desorption. Take water

Aqueous electrolyte Organic electrolyte Ionic liquid

Operation voltage window (V)  <1.2 2.5-2.8 2-6

Ionic conductivity, o (ms cm™)  High Low Very low

Viscosity, n Low Medium/high High

Cost Low Medium/high Very high

Work temperature Narrow Wide Wide

Toxicity Low Medium/high Low

Advantage High conductivity High voltage window High thermal and chemical
stability, wide voltage
window

Disadvantage Low voltage window  Large electrolyte ions, low  High viscosity

conductivity,

Table 2. The comparative properties of different types of electrolytes.
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oxidation as example, H,0O molecules and OH" can both act as feeds for water oxidation while
OH serve as charge carriers to provide capacitance. Initially, these oxygen-containing species
are strongly absorbed on electrode surface to supply EDL capacitance. Once the binding force
driven by applied potential was large enough the dielectric layer becomes conductive for elec-
tron, the excessive electron in OH™ would be readily transferred from OH" to current collector.
After complex processes of H" depletion, O=O bond formation, and desorption of Oz, the water
splitting at cathode is completed, as schematically depicted in Scheme 3. There seems to be one
threshold for the absorption mode turning from capacitive absorption to water splitting, and
this threshold is highly related with the toughness of absorption and the capability of electrode
materials catalyzing the complex processes for water splitting and also the potential applied.

In order to broaden the operating voltage window of SSCs, it is feasible through the suppres-
sion of splitting of electrolytes, for instance, in aqueous electrolytes, that can be done through
the passivation of water splitting activity on the water splitting-inactive electrode surface. For
instance, Zheng et al. developed a conductive polymer of poly(naphthalene four formyl eth-
ylenediamine) (PNTE) and used them as anode materials for aqueous rechargeable Li-ion bat-
tery. The passivated hydrogen evolution activity of PNFE exhibited very large overpotential
for HER and thus enabled a capacitor-like Li" storage kinetics in aqueous electrolytes [46].
Thereafter, Zhang et al. reported the fabrication of highly porous carbon materials with high
carbon content (>93 at.%) and limited heteroatom doping. The as-synthesized carbon materials
exhibited very sluggish water splitting performance, their stably operated voltage window for
water splitting can be greatly broadened to 2.2 V or even higher on the carbon materials in neu-
tral Li,SO, electrolyte, as shown in Figure 3 [47]. Normally, water molecules can be split into
hydrogen and oxygen at 1.3-1.8 V, depending on the types of aqueous electrolytes applied.
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Scheme 3. Schematic depictions of (a) capacitive absorption and (b) water oxidation.
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Figure 3. Hydrogen evolution and oxygen evolution reaction performance of non-doped porous carbon materials
(NDPC-6/7/8) measured in (a) 0.5 M H,SO, and (b) 0.1 M KOH, respectively. (c) CV profiles of NDPC-8 with different
applied voltage windows, (d) GCD profiles of NDPC-8 with different current densities. Adapted with permission [47].
Copyright 2017, Royal Society of Chemistry.

Therefore, on the basis of large surface area, conductive electrode network, and proper electro-
lyte, the enlargement of operation voltage can be further realized through the application of
electrode materials that have sluggish activity toward splitting of electrolytes. For example, it
is feasible to use highly porous high-carbon content materials as electrode materials and Li,SO,
solution as electrolyte for the assembly of SSCs with wide operating voltage window.

4.2. Organic electrolytes

The specific energy of aqueous SSCs was mainly limited by the water splitting voltage at
~1.23 V. Therefore, organic electrolytes with high conductivity, wide electrochemical volt-
age window, excellent chemical stability and acceptable cost become the mainstream elec-
trolytes in practical supercapacitor market. Organic electrolytes consist of organic solvents
and salts, usually have an operating voltage up to 2.7 V or higher, which makes it highly
attractive for high-energy SSCs [48]. Since the organic electrolytes contain two parts, we will
give separate illustrations.
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First, proper organic solvents can be chosen based on the following rules: high solubility for
electrolyte salts, low viscosity to facilitate ionic transport, no side reaction with other parts of
supercapacitor (including active materials, current collector, and separator), wide work tem-
perature, and environmental friendliness. Among all organic electrolytes, the most widely
used solvents are acetonitrile (AN) and propylene carbonate (PC). AN is capable of dissolving
large quantities of salts but it is toxic and risky to environment. PC, a green solvent, has been
widely used, meanwhile, it also has very wide stable working temperature and good con-
ductivity. Also, other electrolytes such as y-butyrolactone (GBL), N,N-dimethylformamide
(DMF), N-methylpyrrolidone (NMP), N,N-dimethylacetamide (DMA) are applicable electro-
lytes that have been widely studied.

Second, the most common used electrolyte salts are chain-like quaternary ammonium
salts such as tetraethylammonium tetrafluoroborate (TEA-BF,) and triethylmethylammo-
nium tetrafluoroborate (TEMA-BF,) [49]. One feasible method to further enlarge the oper-
ating voltage window for organic electrolyte is through the increasing of electrolyte salts
concentration. On one hand, one can find the optimized salt concentration that has the
best solubility and chemical stability; on the other hand, it is one feasible way to thicken
the layer of charge carriers instead of solvent molecule layer at the electrode/electrolyte
interfaces. For instance, 1 mol L™ spiro-bipyrrolidinium tetrafluoroborate (SBP-BF,) in PC
solvent showed very high electrochemical stability on the interface due to its spiro rings
molecular structure [50]. Yu et al. reported 1.5 mol L' SBP-BF,/PC shows higher conduc-
tivity of 17 mS cm™ than 1.5 mol L™ TEMA-BF /PC [51]. Other metal salt such as lithium/
sodium salt are also applicable in carbon-based SSCs following the same rules for electro-
lyte picking up.

4.3. Ionic liquid electrolytes

Low-temperature ionic liquids (ILs) are pure organic salts containing no solvents with melt-
ing points below 100°C. If the liquid state can maintain at ambient temperature, they are
called room temperature ionic liquids (RTILs). RTIL are the type of ILs of broad interests to
supercapacitors especially SSCs due to their unique properties including non-volatility, poor
combustibility and high resistance to heat. However, the ionic conductivity of ILs usually
fall in 0.1-15 mS ecm™, which is much lower than most of the commercial organic electro-
lytes. But ILs can show excellent conductivity at high temperature because of low viscosity.
Many kinds of ILs have been widely used in supercapacitor; the two pairing ions of imidaz-
ole and pyrrole are most commonly studied. Generally speaking, the size and symmetry of
cations strongly influence the melting points of ionic liquids. Normally, the imidazole pos-
sesses high conductivity with narrow potential window, alkylpyrrole shows wide operating
voltage but high melting point. For instance, Chen et al. used a series of sponge-like carbon
as electrode and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF,) and 1-Butyl-3-
methylimidazolium hexafluorophosphate (BMIM-PF,) as electrolytes; the gravimetric capaci-
tance of as-made SSCs can be improved to 445 F g! with a high discharge voltage of 4 V, very
good rate capability, and cycling stability [52].

129



130

Supercapacitors - Theoretical and Practical Solutions

5. Conclusions and perspectives

There have been many strategies proposed to pursue high-energy symmetric supercapacitors
(SSCs), including two main parts: (1) the electrode materials’ selection and design and (2) the
electrolyte optimization. As described in Section 3, commonly, desirable electrode materials
(mainly carbon-based materials) for SSCs can be obtained by meeting the following criterions:
large specific surface area, hierarchical porosity, optimized heteroatom doping, and compos-
iting with pseudo-capacitive materials such as electronically conductive polymers (ECPs) or
stable metal oxides. Section 4 summarized the commonly used electrolytes and illustrated a few
key principles of how to select a proper electrolyte for SSCs for different purposes. Three main
types of liquid electrolytes: aqueous electrolytes, organic electrolytes, and ionic liquids (ILs)
electrolytes hold different advantages, for instance, aqueous ones are low cost and highly ionic
conductive while organic and IL ones can be operated at high voltages. However, there are also
limits for each type of electrolytes, for example, the operating voltages of aqueous electrolytes
are restricted in between 1.0 and 1.8 V and organic and ILs electrolytes are expensive and risky
to environments. Based on the abovementioned advances in supercapacitors, we provided two
feasible ways to further improve the capacitive performance of SSCs about the interface-related
subjects, including (1) optimizing the types and contents of heteroatom dopants to involve
pseudo-capacitance and expand the operating voltage by suppressing the activity of splitting
electrolytes and (2) designing new types of electrolytes such as aqueous electrolytes containing
neutral salts (Li,SO,, Li-TFSI, etc.). In conclusion, on the basis of proper electrode/electrolyte’s
selection, we can achieve further development in SSCs through engineering the abovementioned
two important aspects that are used for the construction of robust electrode/electrolyte interface.
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Abstract

The most urgent issue for supercapacitor is to improve their energy density so that they can
better compete with batteries. To design materials and interfaces for supercapacitor with
higher energy density requires a deeper understanding of the factors and contributions
affecting the total capacitance. In our recent works, the classical density functional theory
(CDFT) was developed and applied to study the electrode/electrolyte interface behaviors, to
understand capacitive energy storage. For porous electrode materials, we studied the pore
size effect, curvature effect, and the surface modification of porous materials on the capaci-
tance. Thought CDFT, we have found that the curvature effects on convex and concave
EDLs are drastically different and that materials with extensive convex surfaces will lead to
maximized capacitance; CDFT also predicts oscillatory variation of capacitance with pore
size, but the oscillatory behavior is magnified as the curvature increases; an increase in the
ionophobicity of the nanopores leads to a higher capacity for energy storage, and a pore-like
impurity can enter the pore, makes the pore ionophobic and storage more energy. We also
find the mixture effect, which makes more counterions pack on and more co-ions leave from
the electrode surface, leads to an increase of the counterion density within the EDL and thus
a larger capacitance.

Keywords: supercapacitors, classical density functional theory, porous electrode, ionic
liquid, electrical double layer

1. Introduction

Capacitive energy storage is the key component for sustainable energy systems, e.g. by storing
the renewable but intermittent energy and making it accessible upon demand. The most
commonly used energy storage devices are batteries and supercapacitors. A battery stores

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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energy by electrochemical reactions, while a supercapacitor stores energy through physico-
chemical adsorption, including formation of electric double layer and surface redox reactions.
A battery has high energy density but low power density, while a supercapacitor boasts of
high power density due to the fast surface physical and chemical processes. There are two
types of supercapacitors: electric double-layer capacitors (EDLC) store electrical energy
through formation of electric double layer at electrode/electrolyte interface, while pseudoca-
pacitors store electrical energy by reversible redox reaction (including ion intercalation).
Supercapacitors are becoming increasingly important for electrical energy storage due to their
advantages on rapid charge/discharge rate, a virtually unlimited life, a wider range of working
temperature, a very high efficiency, etc. However, the main drawback, a low energy density,
has been limiting supercapacitors in the applications requiring many rapid charge/discharge
cycles for short-term powder needs. It is the most urgent issue to improve the energy density
of supercapacitors [1]. The EDLC performance is strongly correlated with electrosorption of
ionic species at the inner surfaces of microporous electrode [2].

To design new materials and interfaces for EDLC with higher energy density, one requires a
deeper understanding of the factors and contributions affecting the total capacitance of an
EDLC. The most widely used electrode material for EDLC is porous carbon. Many types of
carbon-based materials have been used for EDLC [3, 4], such as activated graphene oxide [5],
activated carbon [6], carbide-derived carbon [7-9], carbon nanotube [10-12], onion-like carbon
[13, 14] and graphene [15, 16]. The gravimetric capacitance of those carbon materials is quite
sensitive to their structure, especially the porosity and specific surface area. The pore size can
greatly affect the ion partitioning and packing inside the pore, which causes a large change on
the capacitance. The relationship between the pore size and the capacitance of ionic liquids has
been investigated by Simon and Gogotsi [1, 17, 18]. This important work reveals a clear
physical insight into the pore size-dependent capacitance and suggests that the capacitance
maximum can be achieved by optimally matching the pore size and ion size. Carbon nanotube
has been reported as a novel EDLC electrode material [19, 20]. The reported capacitance of
single-wall carbon nanotube is 180 F/g in aqueous electrolyte [11]. The onion-like carbon was
also reported as a promising EDLC electrode and exhibit very large power density at
discharging rate of up to 200 V/s [13, 21]. Moreover, graphene-based material also has been
developed to be attractive EDLC material and its unique electronic structure could have large
influence on the charge capacitive behavior [6, 15]. The pseudocapacitors and EDLC show
distinctly different electrochemical behavior in cyclic voltammetry. Pseudocapacitance may
contribute more capacitance than double-layer capacitance for the same surface area.

In general, the electrode-electrolyte interface is the most key issue of supercapacitors, funda-
mental understanding on this should be crucial. Experimental tools such as Atomic Force
Microscopy (AFM) and X-ray reflectometry were applied to study the structural properties of
EDLs at the electrode surface [22-24]. However, it’s difficult for experimental method to direct
detect the nanoscale electrode-electrolyte interface. Computational methods, such as molecular
dynamics (MD) simulations, were also used to investigate the distribution of ions near electri-
fied interfaces [25-27]. Analytical methods [28-37] are computationally more efficient than MD
simulations thereby suitable for a systematic investigation of the key parameters for relatively
large systems. CDFT can be used to account for the ionic steric effects and electrostatic
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correlations neglected in the Poisson-Nernst-Planck (PNP) or Poisson-Boltzmann (PB) equa-
tions, a conventional microscopic theory for EDLs. The non-mean-field effects are significant
for room-temperature ionic liquids (RTILs) due to strong electrostatic interactions and high ion
densities [38—40].

In this work, we discuss the impurity effect on the charging and capacitive behaviors based on
the CDFT. CDFT had been successfully used in studying the EDL structure and the capacitance
of ionic liquids and organic electrolytes systems [41-44]. It has been shown that the CDFT
predictions are able to capture the essential results from earlier experimental and simulation
studies and provides microscopic insights into the electrochemical behavior of ionic liquids as
the working electrolytes for supercapacitors [45-47].

This paper is structured as follows. First, we describe our coarse-grained models of RTILs and
porous materials and provide a brief introduction to the classical DFT method. Next, we
discuss the pore structure of electrode and the electrolyte effect on the EDL structure and the
capacitive performance of EDLCs. Finally, we summarize the main results and possible future
work.

2. Classical density functional theory

We use a non-primitive model to represent the ionic species, impurities, and solvent molecules
in the electrolyte solution [48]. The model system consists of charged hard spheres for ionic
species and a hard-sphere dimer for solvent molecules. The pair potential between two arbi-
trary spheres/segments in the system, i and j, is given by

o; + 0j
" ST
WS\ zze g+ g
, r2 —/——
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where 7 is the center-to-center distance, e is the elementary charge, ¢y is the permittivity of free
space, ¢ = 1 is the local dielectric constant for the vacuum.

CDFT [44, 49-52] was used to obtain the EDL structure and capacitance for the carbon
materials in contact with the electrolyte solution. The details of the CDFT calculations have
been published before [42, 45, 47, 48, 53, 54]. Briefly, we obtained the surface charge densities at
various electrical potentials. Given the number densities of ions and solvent molecules in the
bulk and the system temperature, the pore size, the pore geometry, and the surface electrical
potential, we solve for the density profiles of cations, anions and impurities, as well as the
solvent segments inside the pore by minimization of the grand potential.

BQlpum(R), {ps(1)}] = BF[pm(R), {p, (1) }] + J [BYM(R) — By, ] prr(R)dR

+ XQ:J [BYa(r) — Bu, | p, (x)dr
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where ' = kgT, R = (r5,,15_) represents two coordinates specifying the positions of two
segments in each solvent molecule, u, is the chemical potential of an ionic species, i is the
chemical potential of the solvent, W,(r) stands for the external potential for ions, ¥;(R) is the
summation of the external potential for a solvent molecule, i.e. Wn(R) =3, 5 ¢;(ri), and F
is the total intrinsic Helmholtz energy. The number densities of the positive and negative
segments of the solvent are calculated from

Poy (To1) = JdRé(r — T+ )pu(R) ®)
po-(15-) = [ ARO(r ~ 1)y () @

The intrinsic Helmholtz energy F includes an ideal-gas contribution and an excess contribution
due to intermolecular interactions F**.

BF = [ s (R) — Doy (RIGR + [ Vs (R (RIaR + Y | [, 0) 1] 0+ 7 6)

Where V,, stands for the bonding potential of the solvent molecule. The detailed expression for
each contribution and the numerical details can be retrieved from Ref. [45, 48]. In evaluation of
the Coulomb energy, we calculate the mean electrostatic potential (MEP) from the density
distributions of the ions by using the Poisson equation

4me
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Eq. (9) can be integrated with the boundary conditions that defined by the operation potential.
The surface charge density Q is obtained from the condition of overall charge neutrality. The
differential capacitance Cq of the EDLs could be calculated by a derivative of the surface charge
density Q with respect to the surface potential.

Time-dependent density functional theory (TDDFT) is an extension of the CDFT to describe
dynamic or time-dependent processes based on the assumption of local thermodynamic equi-
librium [54-62]. For ion diffusion in an electrolyte solution near electrodes, TDDFT asserts that
the time evolution for the local density profiles of ionic species, p;(r, t), follows the generalized
diffusion equation

api (1‘, t)
ot
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Where D; stands for the self-diffusivity of ion i, § = 1/(kgT), kg is the Boltzmann constant, T
stands for the absolute temperature, u,(r,t) is the local chemical potential and could be
obtained by a derivative of the intrinsic Helmholtz energy F with respect to the density, and
Vi(r) denotes the external potential arising from the electrodes. With TDDFT, we could the
capture the ion dynamics inside the nanopores.
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3. Electrode effect on the capacitive performance

3.1. Electrode geometry optimization

Whereas practical porous electrodes involve micropores with complicated morphology and
pore size distributions [63, 64], theoretical modeling of EDLCs is mostly based on simplistic
models to represent the pore geometry and the electrolyte-electrode interactions [65]. Specifi-
cally, three types of electrode structures are commonly used in theoretical investigations [66—
68]: (i) planar surfaces (e.g., a flat surface or slit pores); (ii) cylindrical pores with their concave
inner surfaces or cylindrical particles with their convex outer surfaces (e.g., carbon nanotubes);
and (iii) spherical surfaces (e.g., onion-like carbons). The slit and cylindrical pore models are
conventionally used for porous materials characterization [69]. Despite the fact that a great
variety of porous carbons have been utilized in EDLCs, the effects of the pore size and
geometry on the EDL structure remain poorly understood [70]. At the heart of the issue is the
question: What is the microscopic structure of porous electrodes and how does the capacitance
of EDLCs depend on the electrode pore geometry and electrolyte composition? Recent simu-
lations and experiments indicate that both the pore size and geometry play an important role
in determining the capacitance of EDLCs [25, 68, 71-73]. An important question is whether this
behavior is generally valid, given the slit-pore model or solid particles used in theoretical
calculations and the diversity of pore structure for realistic carbon electrodes. Specially, how
does the pore structure and curvature affect the capacitance dependence on the pore size? To
address these questions, we propose in this work a generic model to represent both pore size
and curvature of carbon electrodes using the CDFT. CDFT is an ideal computational tool for
examining the pore size and geometry effects, as it is computationally efficient and applicable
over a wide range of pore sizes ranging from that below the ionic dimensionality to
mesoscopic scales.

Figure 1 shows the integral capacitance as a function of pore width D at different inner core
radii. In all cases, the surface electrical potential is fixed at Yy = 1.5 V. As observed in an
previous work for an ionic liquid in slit pores [41], the EDL capacitance exhibits the oscillatory
dependence on the pore size. The distance between neighboring peaks (or valleys) is approx-
imately equal twice the ion diameter. The oscillatory variation of the integral capacitance is
closely affiliated with the layering structures of ion distributions inside the nanopores. The
layer-by-layer distributions of cations and anions are evident near the charged surfaces [41].

As inner radius R decreases, the capacitance increases significantly. This is also expected from
the increased EDL capacitance at both the inner and outer surfaces. The oscillatory dependence
of the capacitance on the pore size is consistent with those corresponding to individual EDLs.
Our results show that the EDLs have a smaller influence on the overall ion distributions inside
the pore as the pore size falls, leading to a diminishing difference in average counterion and
coion densities. On the other hand, a smaller inner core radius results in more counterions in
the pore thus a larger capacitance.

This work illustrates the curvature and pore size effect of realistic porous electrodes and
suggests the significant role of convex surfaces for the synthesis of new porous electrodes to
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Figure 1. The overall integral capacitance versus the pore size for spherical shells of different inner radii. Reproduced
from Ref. [41] with permission. Copyright 2016 American Chemical Society.

optimize EDLC performance. In particular, the spherical shell model provides a simple yet
generic description of both pore size and curvature, opening up a new dimension to charac-
terize nanoporous materials and quantify their performance for diverse applications including
EDL capacitors.

3.2. Electrode surface modification

Energy storage via electrosorption depends not only on the electrical potential and the geo-
metric compatibilities of the electrode pores and ionic species but also on specific interactions
between mobile ions and the surface properties of electrode materials. While existing theoret-
ical reports are mostly devoted to analyzing electrostatic interactions and confinement effects,
relatively little is known on how specific ion-surface associations may influence the EDLC
performance. Very recently, Kondrat and Kornyshev found that the capacitive performance
is sensitive to the ion affinity with nanopores: their theoretical results show electrodes
with ionophobic nanopores may have slightly lower, the same, or even higher energy storage
capacity than the ionophilic ones, all depending on the electrode voltage [74-76]. The capaci-
tance voltage curve is shifted to substantially higher voltages as the pore ionophobicity
increases. Within an ionophobic pore, the stored energy could be higher than for ionophilic
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pores when the electrodes are operated at sufficiently high voltages [74]. It has also been
shown that the charging kinetics of an empty ionophobic nanopore is much faster than that of
an ionophilic nanopore at similar conditions [75, 77]. Experimentally, the ionophobicity may be
controlled by modifying the surface properties of nanoporous materials or by introducing
special functional groups to the ionic species.

We discussed the effects of non-electrostatic ion-surface interactions based on the classical
density functional theory (CDFT) [54, 78]. OE stands for the resolvation energy, i.e. the energy
cost to transfer an ion from the bulk to the slit pore. OE is used as an indication of the
ionophobicity of nanopores: negative OE promotes adsorption of ions within the pore (viz., an
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Figure 2. Theoretical predictions for the surface charge density (a), the differential capacitance (b), the average cation and
anion densities inside the nanopore (c), and the energy stored per surface area (d) for an EDLC containing an organic
electrolyte. Because of the system symmetry, the results are the same if the surface potential, 1, is extended to the negative
values. Here the concentration of the organic electrolyte is fixed at 1.0 M, the pore size is D = 0.6 nm. The ionophobicity of
the nanopores is reflected in the ion resolvation energy, dE, which represents the ion transfer energy from the bulk
reservoir into the nanopore. In (c), the solid lines are average densities inside the pore for the counterions, and the dashed
lines are for the coions. Because of their small values, the curves for the average coion densities collapse into the same zero
line. Reproduced from Ref. [54] with permission. Copyright 2016 IOP Publishing.
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ionopobilic pore), while a positive 0E means an ionophobic pore. For simplicity, we assume
that OF is independent of the ion valence, the pore size, and the surface electrical potential.

In an ionopobic pore with a large ion resolvation energy, both counterions and coions are
nearly excluded from the nanopore at low surface electrical potential. In this case, counterions
are inserted into the empty pore only when the electrical potential is sufficiently large to
overcome the surface repulsion. The differential capacitance increases with the surface poten-
tial until it reaches a maximum. A further increase of the surface electrical potential leads to
saturation of counter ions inside the pore and thus a decline of the capacitance. In both
ionopobic cases shown in Figure 2(b), the capacitance versus potential curve has a two-hump
camel shape, and the capacitance value at the minimum is close to zero, in stark contrast to the
maximum for an ionophilic pore. Figure 2(b) indicates that the peak capacitance shifts to a
higher potential as the ionophobicity increases. In other words, we may find a bell shape to the
two-hump camel shape transition in the capacitance-electrical potential curves by changing the
surface ionophobicity. Figure 2(d) shows that, at low electrical potential, the energy density
(E(¢) = fow Cp(x)xdx) for an ionophilic pore is higher than that of an ionophobic pore, while
the trend is opposite at high potentials. Because the peak of the camel shape differential
capacitance shifts to higher potential, a more ionophobic pore offers higher storage energy.
On the other hand, increasing ionophobicity prohibits counter ions from entering the pore,
thus reduces the energy density at low potential. From the discussions above, we find that an
ionophobic nanopore prevents counterion insertion and shifts the saturation point to a higher
voltage. The energy stored in the EDLC can be promoted by the ionophobicity only when the
electrode voltage is larger than a critical value [54].

4. Electrolyte effect on the capacitive performance

4.1. Solvent effect

Commercial EDLC devices mainly use the organic electrolyte in which a salt such as tetraethy-
lammonium tetrafluoroborate is dissolved in an organic solvent such as acetonitrile (ACN) or
propylene carbonate. It is very intriguing to unravel the role of the solvent during EDL
charging inside small pores. By introducing a molecular dipole into our electrolyte, CDFT also
allows us to examine the capacitance of an organic EDLC for different pore sizes and solvent
polarity.

Our previous work illustrates the dependence of the capacitance on the pore size for the
electrolyte/electrode models [45, 53]. For an ionic liquid EDLC, the capacitance oscillates with
the pore size with a dampened magnitude around an average value of about 7.5 pF/cm?. The
maximum capacitance occurs when the pore size is about the same as the ion diameter, which
coincides with the anomalous increase of capacitance observed by Largeot et al. [17] Whereas a
similar peak appears for the organic electrolyte, there is no significant oscillation as the pore
size increases, and the capacitance at the first peak is less dramatic in comparison with the
asymptotic value. The theoretical results thus offer a reconciliatory picture of the capacitance
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dependence on the pore size for ionic liquid and organic electrolyte EDLCs. In the previous
section, we discussed the capacitance dependence on pore size for an organic electrolyte with a
moderate-polarity solvent (with a dipole moment of 3.4 Debye). But how would the solvent
polarity affect the pore-size dependence of capacitance in a wide range of organic electrolyte
EDLC?

Our CDFT calculations provide valuable insights into the effects of the dipole moment of the
solvent in an organic electrolyte [43]. We found an optimal dipole moment that yields a
maximum in the large-pore capacitance. These theoretical results further illustrate the rich
behavior of the organic electrolytes inside porous electrodes. Moreover, it provides new con-
siderations that can be taken into account when designing new experiments to select organic
electrolytes for EDLCs.

4.2. Impurity or additive

RTIL has been used as electrolytes widely to increase the capacitive performance of electro-
chemical capacitors [82]. However, there are always some small amounts of impurity (e.g.,
water, alkali salts, and organic solvents) in RTIL, which may affect the electrochemical behav-
ior of electrochemical devices. To understand the impurity effect, the RTIL with different
impurities in the porous carbon electrodes is studied via CDFT. With a different type of
binding energy with the surface or ionic species, the impurity shows a different influence on
the EDL microstructures and contributes differently to the integral capacitance. It is noted that
the impurity can be considered as either a contaminant or an additive to the ionic liquid, all
depending on the interaction between the impurity and the electrode or ions [79, 80]. Mean-
while, the capacitance strongly oscillates with the variation of the pore size similar to that for
the pure ionic liquid electrolyte. With strong binding of impurity to the ionic species, the RTIL/
impurity mixture may lead to an enhanced capacitance oscillation. In certain pores, a signifi-
cant increase in the capacitance can be obtained. The theoretical results provide insights for
further investigation of supercapacitors aiming at rational design of porous electrode materials
and charge carriers.

We also demonstrate that, under conditions favoring impurity accumulation in the nanopores
of the electrode, impurity can change the EDL charging mechanism even at low bulk densities,
shown in Figure 3. As the adhesion energy of impurity molecules with the electrode surface
increases, the capacitance-potential curves can change from the bell shape to the two-hump
camel shape, with the peak shifting toward a higher charging potential. Qualitatively the
impurity effect on the charging behavior is similar to the solvent effect as studied by Rochester
and coworkers [81]. Whereas the amount of impurity and solvent in the bulk is considerably
different, the concentration effect can be compensated by the change in the transfer energy to
yield a same charging behavior. As an ionophobic pore could be beneficiary for improving
charge storage and charging dynamics, introduction of impurity molecules inside the pore
makes it essentially more ionophobic thus enhances the energy storage. Our theoretical results
suggest that special attention should be given to the nature of impurity and operation voltages
when the surface properties nanoporous electrodes are modified to enhance the performance
of EDLCs. It is worth noting that association between ions and impurity molecules, which
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Figure 3. The number densities of ions and impurity molecules inside a nanopore of width H = 0.6 nm with different
surface adhesion energies for the impurity molecules: (a) w = —10kgT; (b) w = —5kgT; (c) w = 0.0kgT.
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might happen for impurity molecules with large polarity, may give rise to different pictures of
the charging behavior. For impurity molecules without affinity to ionic species, their accumu-
lation inside the pore will increase the charge storage and capacitance, regardless of the
polarity. The effects of ion binding with impurity molecules on the charging mechanism and
energy density will be investigated in the future work. From a practical prospective, the
impurity can be considered as either a contaminant (undesirable) or an additive (desirable) to
room-temperature ionic liquids. Based on this study and our previous work [80], we suggest
new experimental strategies to introduce additives into ionic liquids with specific surface
binding affinity to the porous electrodes (e.g., by surface modifications). While significant
efforts have been devoted to formulation of ionic liquid mixtures and selection of solvents
[47], much less is known on how supercapacitor performance may be influenced by potent
additives at a low concentration.

4.3. Ionic liquid mixture

Formulating RTIL mixed electrolytes was recently proposed as an effective and convenient
strategy to increase the capacitive performance of electrochemical capacitors [82]. However,
little is known about how the properties of EDLCs containing RTIL mixtures would be affected
by the electrolyte composition [83-86]. Here, we investigate the EDL structure and the capac-
itance of two RTILs, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-
TFSI and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,, and their mixtures with
onion-like carbon electrodes using experiment and the CDFT. The principal difference between
these ionic liquids is the smaller diameter of the BF, ™~ anion relative to the TFSI™ anion and the
EMI" cation in Figure 4. We find that the capacitance versus the composition of the RTIL
mixture exhibits a volcano-shaped trend; in other words, there exists a composition of the
ionic mixture that yields a maximal integral capacitance [47]. The mixture effect, which makes
more counterions pack on and more co-ions leave from the electrode surface, leads to an
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Figure 4. (a) Calculated integral capacitance for the positive, negative and total electrodes when the operating potential
window (OPW) is fixed as 3.0 V. (b) Experimental results for a symmetric supercapacitor operating at 3.0 V. The electrode
capacitance is shown as a function of the concentration of the RTIL mixture for different scan rates. Reproduced from
Ref. [82] with permission. Copyright 2016 American Chemical Society.
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increase of the counterion density within the EDL and thus a larger capacitance. These theo-
retical predictions are in good agreement with our experimental observations and offer guid-
ance for designing RTIL mixtures for EDL supercapacitors with optimal performance [47].

4.4. Ton-ion interaction on the transport in nanopore

The charging kinetics of EDLs has a pivotal role in the performance of a wide variety of
nanostructured devices. Despite the prevalent use of ionic liquids as the electrolyte, relatively
little is known on the charging behavior from a microscopic perspective [33, 75, 77, 87-90].
Here, we study the charging kinetics of ionic liquid EDLs using the TDDFT that captures the
molecular excluded volume effects and electrostatic correlations [39]. We found that the ther-
modynamic non-ideality plays a pivotal role in electrodiffusion and such effect cannot be
captured by the lattice-gas model for the excluded volume effects. In particular, TDDFT pre-
dicts “wave-like” variation of the ionic density profiles that has not been identified in previous
investigations [34]. This unusual charging behavior can be explained in terms of the oscillatory
structure of ionic liquids near the electrodes. For ion transport in narrow pores with a high
gating voltage, in Figure 5, the conductivity shows an oscillatory dependence on the pore size
owing to the strong overlap of electric double layers [91].

Besides, our new TDDEFT is able to account for the molecular excluded volume effects, electro-
static correlations, and the dispersion interactions. Our results show that the dispersion inter-
action between ions makes the surface charge be a non-monotonic function of time shown in
Figure 6. However, the dispersion interaction between the electrode and ionic-liquid does not

(o)
o
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0 1 2 3 4 5 6
Pore size H (nm)

Figure 5. The conductivity shows an oscillatory dependence on the pore size [91]. Copyright 2017 Royal Society of Chemistry.
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Figure 6. Evolution of surface charge density for different strengths of dispersion forces. (Inset) The time toward
equilibrium as a function of the dispersion energy parameter ¢. Reproduced from Ref. [92] with permission. Copyright
2016 American Physical Society.

change the monotonic evolution of surface charge density [92]. Both the ion-ion and the
electrode-ion dispersion interactions increase the duration of the EDL charging process [92].
We also identified significant influence of the gating potential on the scaling behavior of the
conductance with changes of pore size and the salt concentration. For ion transport in narrow
pores with a high gating voltage, the conductivity shows an oscillatory dependence on the
pore size owing to the strong overlap of electric double layers [91]. We hope these theoretical
work enables a way to tune the charging behavior of electric double layer capacitors (EDLCs)
by an appropriate choice of electrodes and ionic liquids.

5. Conclusion and perspective

In our recent works, the CDFT was developed and applied by us to study the electrode/
electrolyte interface behaviors, to understand capacitive energy storage. As a statistical
mechanical tool and an alternative to molecular dynamics or Monte Carlo simulation methods,
CDFT offers a powerful and efficient mathematical framework to describe the equilibrium and
dynamic properties of many-body systems in terms of the one-body density profiles. It allows
one to precisely tune the parameters such as ion diameter, solvent dipole, and pore size over a
large range and to focus on the most important physical problems to be addressed, using a
computationally efficient coarse-grained approach to model real fluids. Through CDFT, we
have found novel behaviors of electrolytes inside nanopores, such as capacitance oscillation,
optimal dipole moment, and wave-like charging. Further development of CDFT for complex
pore structures and charging kinetics would allow us to directly predict power density and
energy density for supercapacitors.
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