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LAY ABSTRACT

Supercapacitors (SCs) and batteries are both electrochemical energy storage devices.
While batteries excel at storing energy in high volumes, supercapacitors excel in charging (and
discharging) at extremely high rates. It is desirable to obtain the best of both worlds in a single
device; high energy volume and fast charging speeds. Although such a feat is not out of the
realm of theoretical possibility, current projections forecast supercapacitors to compliment
battery technologies instead of replacing them. Nonetheless, constant progression in the field of
SCs is needed to sustain and proliferate their adoption into emerging markets. Therefore, the aim
of this research was to assist in the endeavours to improve current SC technologies from a

materials science standpoint.
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ABSTRACT

MnO; continues to gain traction in the research and development of advanced
supercapacitor materials due to its arsenal of advantages, such as high capacitance, low cost,
natural abundance, and environmental benignity. However, its low conductivity has hindered its
adoption into real-life applications. Compositing MnO- with conductive additives has proved to
be a promising route for the improvement of its power-energy characteristics. Four novel
colloidal techniques were developed for the synthesis of MnO.-CNT composites with enhanced
performance at high active mass loading. One strategy utilized a Schiff-based linkage of
dispersants such as 3,4-Dihydroxybenzaldehyde (DHB) and Toluidine Blue O (TDB) to
effectively mix and disperse MnO2 and CNT. Secondly, a co-dispersion technique was also
investigated using Gallocyanine to improve dispersion and mixing of MnO2 and MWCNT.
Third, a novel liquid-liquid extraction technique opened new avenues in agglomerate-free
processing of individual components, which allowed enhanced electrode performance. Lastly, a
morphology-modification strategy was also undertaken by synthesizing MnO2 nanorods with the
use of advanced organic dispersants to control the aspect ratio and composite nanorods with

MWCNT.

The second major material investigated was polypyrrole (PPy), a polymer material with
high conductivity, ease of synthesis, low-cost, and non-toxicity. However, its low cyclic stability
was prevented it from being applied for real-world applications. Certain anionic and aromatic
dopants have shown to improve the conductivity and cyclic stability. Therefore, one of the
investigations in this work attempted to improve the performance of PPy-CNT composites by

use of a novel anionic dopant, Sunset Yellow (SY). For all investigations electrodes with high
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mass loadings were produced to achieve high areal capacitance, thus ensuring practicality of the

techniques.
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1 Introduction

Engineers and scientists constantly look to the natural world for technological inspiration.
The behaviours and structures of plants and animals, as well as the human body are constantly
mimicked to reach new technological heights. For example, creatine phosphate is a high-energy
compound found in our cells that can rapidly mobilize to help fuel short, explosive efforts.
Imagine if we could construct a technological device which could also perform the same

function. Well, fortunately, there does exist such a device.

Electrochemical supercapacitors (ESs) are an exciting new field of electrochemical
energy storage devices which are facilitating the demand for high-power applications. Their
advent has led to applications in start-stop systems, regenerative energy systems, back-up energy

for power grids, uninterruptible power systems, and a variety of other applications [1- 2].

In a recent outlook report done by Research and Markets, the supercapacitor market was
valued at nearly $850 million in 2017 and is forecasted to hit nearly $5 billion by 2026 [2]. Most
of this growth is expected to come from the automotive industry due to the ‘electrification’ of
vehicles. However, the high prices of raw materials and cheaper alternative energy storage
devices are hampering the growth of the SC market. Nevertheless, the proliferation of SC
technology in automotive applications is expected to bring down manufacturing costs and thus,
ease their adoption into other industrial sectors. However, with this drive for SC technology
adoption comes the need for constant innovations: from developments of new electrode
materials, electrolytes, to novel current collectors and designs — all are being made to facilitate
the entrance of SC technology into the industry. This work will primarily deal with electrode

materials and their modifications through various colloidal processing techniques.
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The three categories of electrode materials for SCs are 1) transition metal oxides 2)
polymers and 3) carbon-based materials. Manganese dioxide is one transition metal oxide which
has gathered increasing attention due to its natural abundance, low cost, high theoretical
capacitance, and environmental benignity [3]. However, its crystal structure, conductivity, and
morphology are equally important factors to consider. Each of these factors alone have spawned

intensive investigations in attempts to reach optimal performance values.

A polymer material which is also gaining traction is polypyrrole (PPy) for its thermal and
environmental stability, high conductivity, ease of synthesis, low-cost, non-toxicity, and
flexibility [4]. A potential application which is in-line with current technological forecasts is its
applicability in wearable devices [5]. However, a major drawback of PPy is its lackluster cyclic
stability. Upon cycling there is volume change which can lead to fatal degradation of the
material. Efforts are being made in compositing hierarchical structures with PPy to reduce this

effect.

Both MnO> and PPy will be comprehensively discussed in the literature review section of
this paper. For now, it suffices to say that exploration into these materials will allow fellow
researchers to better understand them and open the doors to integrating them into future

applications.

2 A Brief History

Before delving into the fundamentals of supercapacitors it would be prudent to first
understand the history and fundamental theory of conventional capacitors. The Leyden jar is
widely considered to be the first working capacitor and was even used in early designs of the

Wimhurst machine [6]. Originally invented by both Pieter van Musschenbroek and Ewald Georg
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von Kleist (individually) in 1745 the Leyden jar was a simple device used to gather and store
electric charges. Figure 1 illustrates a schematic of its construction. The inner and outer surfaces

of a glass bottle are wrapped with tin foil, and a metal rod in contact with the inner foil (via a

| ==— tdetal rod

Positive M e gative
charge charge
in Foil ﬁ/
Wire &5
Tirv foil
~EF—
Leyden jar

Figure 1. A schematic of a typical Leyden Jar.

length of wire) protrudes out of the opening of the glass jar. When the external knob is charged
positive charges gather on one tin foil piece and negative charges on the other. These charges
hold each other in equilibrium until the circuit is closed, upon which a spark is observed.
Benjamin Franklin worked with the Leyden Jar for his experiments on electricity and discovered
that flat pieces of glass also worked like the jar model. Years later, Michael Faraday made the

first practical use of the Leyden jar by storing unused electricity from his experiments.

The term “capacitor” was first used by Alessandro Volta in 1782, referencing the device's
ability to store a higher density of electric charge relative to a normal isolated conductor. Due to
confusion among scientists there was a need to harmonize the nomenclature of electrical
components. Thus, the term "capacitor” was officially coined and neatly fell in line with

"resistor” and "inductor." Not surprisingly, its value came to be called "capacitance".
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3 Literature Review

3.1 Capacitors, Batteries, and Supercapacitors

Conventional capacitors are comprised of two conducting plates separated by an
insulating dielectric material. Upon the application of an external voltage, positive charges
accumulate on one electrode and negative charges on the other. Upon removing the potential, the

charges are kept separate by the dielectric material and an inter-electrode potential remains.

The ratio of the stored charge to the potential between the electrodes is termed the
capacitance and is in units of Farads (F). Capacitance can also be understood as a quantity reliant
upon several factors: the distance D between the electrode plates, the surface area A of the plates,
and the permittivity e,¢, of the dielectric material. The capacitance is linked to these factors by

Equation 1:

A
C = Eotr 3y Equation 1

The product of the two constants on the right-hand side of Equation 1 gives the permittivity of
the dielectric material. Permittivity can be thought of as the ability of a material to “resist” an
electric field. Inserting a dielectric material with a high permittivity would prevent opposite
charges from coming into contact and thus result in more charge stored on the electrodes.
Dielectrics with high permittivity possess a high breakdown voltage — the minimum voltage
required to cause a portion of the dielectric to become electrically conductive. This sets a limit
on how much voltage one can apply to the capacitor and how much energy may be stored in the

capacitor.

The energy stored in a capacitor can be quantitatively understood by taking the integral of

Equation 2, where V is the potential across the capacitor plates and dq is an infinitesimal charge

4
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that is carried across the plates. The sum of all the “works” that move all infinitesimal charges

yields the total energy stored in the capacitor.

dW =Vdq Equation 2
However, a complication arises from the fact that the voltage across the plates is a
function of charge. (With each addition of elemental dq the required voltage would need to be

increased to oppose the built-in potential.) Therefore, Equation 2 can be rewritten as Equation 3:

q dq Equation 3

aw ===

Taking the integral of Equation 3 yields Equation 4, where Q is the total accumulated charge:

©qdQ Q? Equation 4

W(Q)=j; < ~a2C

Since capacitance is simply charge, Q, divided by potential, V, Equation 4 may be rewritten
(Equation 5):
Q% QV (v? Equation 5
20 2 2
The maximum power of a supercapacitor can also be derived by considering the voltage

drop across the capacitor’s own internal resistance. The derivation yields Equation 6:

Vi2 ox Equation 6

Iz max — 4R
internal

Equation 5 and Equation 6 show that improving the energy and power characteristics
fundamentally requires either increasing the capacitance, increasing the voltage window, or

decreasing the internal resistance.
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Two key attributes of any electrochemical energy storage device are the power density
and the energy density. These densities may be calculated using either quantity per unit mass or
quantity per unit volume. Figure 2 showcases a Ragone plot which is a plot that compares the
energy and power density performances of various energy-storage devices. Capacitors are

fundamentally energy storage devices. However, unlike batteries they do not have significant

Electrochemical
Capacitors

(Supercapacitors)

Power density (W/kg)

Batteries Fuel
Cells

a % 1 10° 10°

1 0
Energy density (Wh/kg)

B

Figure 2. Ragone plotting. Source: Ref. [7]

latency during charge and discharge cycles (which gives them their increased power density
values). This can be attributed to the fact that the energy storage mechanism of batteries and ESs
are intrinsically different. For batteries, chemical inter-conversions of the electrode material
occur with accompanying phase changes. These phase changes are responsible for the reduced
recyclability of batteries. In contrast, supercapacitors do not undergo substantial phase changes
during operation. Instead, they only exhibit state changes and electron transfers granting them

higher power density values.
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3.2 The Electrical Double Layer

Typical energy densities of ESs are characteristically higher than that of conventional
capacitors due to their exploitation of the electrical double layer (EDL). ESs consist of two
electrodes separated by an electrolyte. Upon the application of a potential, ions in the electrolyte
solution accumulate at the surface of the charged electrode leading to the formation of an EDL.
Since this is a surface-restricted phenomenon the charges stored via this mechanism are largely
due from the surface area of the electrode in contact with the electrolyte. Furthermore, double
layer capacitance occurs purely through electrostatic forces which allow for high power density

values.

The simple yet innovative concept of the EDL allows for the multi-fold increase in the

capacitance from the conventional to the supercapacitor type. As seen in Figure 3, the electrical

Bulk
no potential

*Potential
=®® diffusion
layer

e

Figure 3. Immersion of a metal electrode into an aqueous media giving rise to the Helmholtz and
Gouy-Chapman potentials. Source: Ref. [8]
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double layer is established by inserting a metal electrode into an electrolyte solution of solvated
cations and anions. Upon submersion, the electrons within the metal migrate towards the surface
due to the detection of solvated species in the electrolyte solution. This leads to the disruption in
the neutrality of the solution. The first molecules to migrate from the electrolyte are the water
molecules which form an H»O plane adjacent to the surface of the electrode. Thereafter, a plane
of solvated cations forms next to the H2O plane giving rise to the Helmholtz potential, V (from
charge separation of electrons and cations). Subsequently, the high concentration of solvated
cations leads to a concentration gradient extending into the bulk of the solution giving rise to the

€ Equation 7
C=—1]4dS
4716_[

Gouy-Chapman potential, Vp. Both, Vpand Vy result in capacitances Cp and C, respectively.
The magnitude of the double-layer capacitance is given by the approximation in Equation 7
where C is the capacitance of the double layer, ¢ is the dielectric constant of the electrolyte, & is
the distance from the surface of the electrode to the center of the solvated cations, and dS is an
elemental surface area term. The magnitude of the capacitance formed from this double layer can
be on the order of microfarads (uF) — a substantial increase from conventional capacitors which
typically range between picofarads and nanofarads. Moreover, if high surface area materials are
used (e.g. carbon-based materials (1000 m?/g)), then the gravimetric capacitance can reach

upwards of 1000 F/g.

3.3 Pseudocapacitance

In addition to the double layer capacitance, supercapacitors can also exhibit

pseudocapacitance through the application of an active material layer onto the electrode surface.
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This active material layer can undergo fast, reversible faradaic reactions which allows for a

substantial increase in capacitance through the reaction [9]:

M™ +S+ne” & SM Equation 8
where M is a metal species and S is a surface lattice site. Alternatively, the adsorbed ionic
species on the electrode surface may also experience redox reactions through the following

reaction:

Adsorbed species + ne” < Reduced species Equation 9
The reactions seen in Equation 8 and Equation 9 demonstrate the effect of negative
charges accumulating on the electrode surface due to the flow of electrons. It is important to note
that the reactions from the active material must be reversible; there can be no degradation of
either reactant or product, as this is what fundamentally distinguishes pseudocapacitive

behaviour from that of batteries.

3.3 Manganese Dioxide

There has been growing interest in utilizing transition metal oxides for supercapacitor
materials [10]. Ruthenium oxides (RuO>), although widely considered as the “gold standard” for
supercapacitors, are restricted for high-end applications (e.g., space applications) due to their
high cost and toxicity. However, a cheaper and environmentally friendly alternative exists: MnO-
2. As mentioned previously, it exhibits high theoretical capacitance (1370 F g%), low toxicity,
low cost, and natural abundance. Both RuO. and MnO- are observed to utilize the solid-state
diffusion mechanism. However, for the case of MnO> only a fraction of the material is measured
to be electroactive for a given electrode, which is to say that diffusion of bulk cations may not be

as fast as is seen in RuO,. This observation leads to the assumption that only the surface layer of
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MnO: is responsible for the charge storage. However, there is currently no consensus among
researchers on exactly what charge-storage process takes place. The I11/IV oxidation state change
is what fundamentally leads to the charge storage, but there are two proposed mechanisms as

how to this takes place. The first is the intercalation mechanism [11] seen in Equation 10 and

Equation 11:
MnO, + H* + e~ & MnOOH Equation 10
or
MnO, + C* + e~ & Mn0OOC Equation 11

where protons (H*) or alkali metal cations (C*) intercalate upon oxidation and deintercalate upon
reduction. The second mechanism [12] is based on the surface adsorption of electrolyte cations,

as seen in Equation 12:

(Mn02)surface + C* +e~ & MnO; C* Equation 12
where C* can be an alkali metal cation such as, H*, Li*, and K=. Aside from the charge storage
mechanisms the performance of MnOz-based electrodes is dependant on a multitude of factors
such as, morphology, crystal structure, and conductivity. These factors will be discussed in the

following sections.

3.3.1 Crystal Structure

MnO: possesses several crystal structures such as, a, B, v, 8, and A-MnO-. Figure 4
illustrates each of these crystal structures. The distinguishing attribute of these crystal structures
is their unique tunnel structures. Brousse et. al [13] were the first to report the size of the tunnel
to be deterministic of the capacitance of MnO.. They discovered that 1D a -MnO> (4.6 A) and

2D 3-MnO2 (7 A) tunnel sizes were suitable for rapid insertion of hydrated K* cations (3 A),

10
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Figure 4. Crystal structures of a, B, v, 8, and A-MnOz. Source: Ref. [14]

which gave way to relatively high capacitance values of 110 F g*. However, 1D tunnel
structures of A and B -MnO; provided only a surface pseudocapacitance of 110 uF cm™. This can
be explained by the fact that their tunnel sizes are smaller than the hydrated K* cations, thus
limiting the diffusion process. The 3D tunnel structures of A-MnO. offered partial cationic
diffusion, exhibiting some intermediate behavior between 2D birnessite and 1D tunnel structures.
The results of their investigations suggest that the more “open” the structure the more easily an
alkali cation can insert/de-insert into the crystal structure. Munichandraiah et. al. [14] also
confirmed that the specific capacitance measured for MnO- electrodes is highly dependant on the

crystallographic structure and, in fact, decreases in the following order: o =8>y > 1> .

11
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However, there are unique cases in which a larger tunnel size may be detrimental to the
pseudocapacitive performance, as seen in the case of solvated Ni ions inside Ni-todorokite —a
structure which possesses a relatively large tunneling structure [15]. In this situation, what is
expected is a high specific capacitance due to the large 3x3 channel size. However, due to the
high stability of solvated Ni ions inside the channel, ionic diffusion is hindered through the cage.
This implies that the crystal structure is not solely indicative of high capacitance. Rather, it is
important to optimize the interplay between ionic and electronic conductivities alongside the

crystal structure itself.

3.3.2 Morphology

The morphology of the material can also have a correspondence with the specific
capacitance. Different morphologies yield different surface areas, area-to-volume ratios, and
aspect ratios. Specific surface area values can range between 20 to more than 200 m? g™ thus
creating a substantial difference in capacitive performance across morphology-types.
Researchers have been able to develop unique morphologies for MnO2 such as, nanorods,
nanowires, nanobelts, nanotubes, nano-urchins, nanospheres, and thin films [3]. Nanorods and
nanowires (Figure 5) are one-dimensional morphologies and allow for short diffusion lengths for
ion and electron transfer. Wu et. al [16] synthesized nanorods and nanowires with diameters of
15-35 nm and 8-16 nm, respectively. Electrochemical results showed that the nanowires
displayed a higher specific capacitance (350 F g'*) compared to the nanorods (243 F g1). They
attributed these results to the fact that the nanowires had smaller diameters thus allowing for a

larger number of active sites and shorter diffusion lengths.

12
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Figure 5. SEM image of pure MnO2 nanowires. Source: Ref. [17]

Other morphology types include MnOz nanotubes and nanobelts (Figure 6) [18-19]. In
addition to offering high surface area and short, conductive pathways for ions these

morphologies can also accommodate large volume changes during charge-discharge cycles,

Figure 6. (a) SEM image of MnO- nanobelts (b) TEM image. Source: Ref. [19]

thereby allowing for greater electrode stability. For their nanobelt electrodes, Li et. al [19]

reported 91.3% retention after 5000 cycles while Huang et. al [18] reported 90.4% retention after

13
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3000 cycles for their nanotube-based electrodes.

Xu et. al [20] were able to synthesize a-MnQO> nanospheres and nano-urchins (Figure 7)

via a hydrothermal process without the use of any template or organic surfactant. These
morphologies possessed a loose mesoporous cluster structure consisting of thin plates or
nanowires and exhibited enhanced rate capacity and cyclability. After 350 charge-discharge
cycles the capacitance diminished to 89% suggesting minor microstructural changes in the MnO>

material.

The fourth type of morphology is a thin film. Since one of the proposed charge-discharge
mechanisms of MnO; is based on surface adsorption of MnO; a thin-film morphology would
allow for high areal capacitance and high utilization rate of the MnO, material. Park et. al [21]
achieved an areal capacitance of 52.55 mF cm , along with superior structural integrity and

adhesiveness of the film to the current collector. Nanopillar arrays (Figure 8) and porous

25 I, IR
Figure 7. (a) (b) SEM images of MnO2 nanourchins.

structures have also been utilized as unique morphology types. Yu et. al [22] showed that the
surface area of their MnO.-decorated polyacrylonitrile (PAN) nanopillar array was 4.5 times

greater compared to that of the thin film morphology and possessed improved structural stability

14
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during intercalation and deintercalation. This yielded better utilization of the material, higher

specific capacitance, better charge-discharge behaviour and greater cyclic stability.
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Figure 8. SEM |mages showmg (a) top V|ew of PAN nanopillars (b) side view (c) top-view of
MnO.-decorated PAN nanopillars and (d) side view.

Nanoporous structures [23] have also been gaining traction due to their remarkable

surface area and high utilization of material which reduces the dead volume.

In summary, the aim in investigating these morphologies is centered around increasing
surface area, utilizing more of the MnO2 material, and reducing the diffusion lengths for
electrons and ions. These optimizations translate to higher specific capacitance values, high
charge-discharge rates, better structural stability, and increased cyclic stability. Table 2 compares

the capacitance of the morphologies discussed in this section.
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Table 2. Comparison of capacitance values for various MnO2 morphologies.

Morphology Capacitance Reference
Nanowires 350 F gt [16]
Nanorods 243 F gt [16]
Nanobelts 91Fg! [19]
Nanotubes 365 F g [18]
Nanospheres/nanourchins 167 F gt [20]
Nanopillars 603 F g* [22]
3.3.3 Conductivity

As with any electrochemical energy storage device the conductivity is a key component

in the performance of the device. The electrical conductivity is a vital factor which determines

the flow of electrons in and out of the electrode. As the rate of charge-discharge increases the
resistance of the electrode exaggerates — especially for materials with low conductivity, as is the
case with MnO2 (10 to 10° S cm™). To combat this, MnO; can either be doped with other metal
elements such as, Cu, Ni, and Fe, or it can be composited with conductive additives such as

graphene and carbon nanotubes.

In the case of doping, the exploitation of defects has proven to greatly increase the
conductivity and charge-storage capability. Hashem et al. [24] investigated the use of Al, Cu, and
Mg doping elements and discovered that Al-doped MnO: gave the lowest resistance, the best
capacity retention, and recharge efficiency. In addition, all three doping elements provided
increased thermal stability. Wang et. al [25] utilized Mo to dope their MnO> and prepared
supercapacitor devices with an asymmetric setup (activated carbon (AC) as the negative
electrode and AC/Mo-doped MnO: as the positive electrode). They discovered that 15 mol%
Mo-doped MnO> was the optimal composition to reduce the resistance, however the conductivity

of their doped MnO- did not match that of the activated carbon.

16



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

The use of Zn as a doping element was also investigated by Poonguzhali et. al [26]. The
charge transfer resistance of the MnO2:Zn (0.125 M) electrode was measured at 109.2 Q, while
the pure MnO; electrode was measured at 275 Q. This low electron transfer resistance of the Zn-

doped MnO:; led to enhanced electrochemical performance.

In the case of Co, hierarchical spheres of Co-doped MnO> were prepared by Tang et. al
[27]. They measured a specific capacitance of 350 F g* at a current density of 0.1 A g for the
spheres with a Co/Mn ratio of 0.5%, while the undoped MnO: with a similar hierarchical

spherical structure was measured at about 168 F g,

Conductive additives are an alternative solution to improving the conductivity of MnO>
electrodes. Efforts are being made in depositing or synthesizing MnO> onto conductive porous
substrates (e.g. graphene) via chemical deposition, thermal deposition, and electrochemical
deposition [28-29]. Yu et. al [30] reported that 3D conductive wrapping of graphene/MnO>
nanostructures with carbon nanotubes (CNTSs) or a conducting polymer (CP) substantially
increased the specific capacitance by ~20% and ~45%, respectively, with gravimetric
capacitance values as high as about 380 F/g. Their composites also exhibited cyclic performance
with >95% retention over 3000 cycles. Ternary composites of MnO2, CNTs, and polymers have
also been studied. Hou et. al [31] synthesized a composite with MnO., CNT, and PEDOT-PSS —
a conductive polymer that serves as a binding agent and dispersant. Their composite was able to
sustain a cyclic stability of 99% for 1000 cycles, as well as 85% retention of specific capacitance

as the current density was increased from 5 to 25 mA cm™.

In conclusion, both the addition of certain doping elements and the use of conductive
additives are promising methods to achieve high-performance MnQO2-based electrodes and

devices.

17
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3.4 Polypyrrole

Conducting polymers are the second main category of electrode materials for ESs.
Popular examples of CPs are polypyrrole, polyaniline, and polythiophene. Along with offering
large theoretical capacitance, good electrical conductivity, and environmental stability, CPs have
two key advantages over their transition metal oxide counterparts: ease of large-scale production
and low cost [32]. Their main drawback, however, is their poor cyclic stability which stems from
the continuous swelling/shrinking of their chains during charge-discharge cycles. To combat this,
some researchers have designed composites of metal oxide-CPs and CP-carbon materials to

improve the electrochemical performance [33-37].

3.5 Conductive Additives

Although MnO: films exhibit supercapacitance values of ~700 F g [11], [38], the poor
conductivity of MnOz diminishes the overall performance as the thickness of the film is
increased. To mitigate this issue conductive additives are composited with MnOg, such as
graphene, carbon nanotubes, carbon fibers, and carbon black [39-41]. This strategy results in an
increased capacitance by facilitating charge transport from redox sites to the external circuit [42—
44]. It is important to note that the making of such composites axiomatically leads to a decrease
in the fraction of the capacitive material. Therefore, it is vital that the amount of conductive

additive is optimized to avoid any excessive decrease in the overall capacitive performance.

The growing interest in using carbon nanotubes as the conductive additive is due to its
low percolation threshold and its high conductivity. When the volume fraction of the conductive
additive in a matrix is relatively low the conductivity remains close to that of the pure matrix. As

the volume fraction of the conductive additive is gradually increased there comes a point where
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the conductivity of the composite suddenly increases by many orders of magnitude. This critical
point of volume fraction is termed the percolation threshold. Although, there are many factors
which dictate the percolation threshold such as processing technique and the type of matrix. A
major factor is the aspect ratio of the conductive additive. Materials with high aspect ratios and
small form-factors possess lower percolation thresholds, as seen with carbon nanotubes (aspect

ratio of 100-10,000) [45].

The choice of processing technique is just as important as the choice of the conductive
additive. Two different processing techniques utilizing the same conductive additive can yield
differing results in electrode performance. For example, in one investigation [46] a composite of
amorphous MnO- with CNTs was prepared by chemical precipitation of manganese oxide from
KMnO4 and Mn(OAc)2-4H20 water solutions in the presence of CNTs. Capacitance values
reached 204.8 F g in 1 M Li(Ac)-1 M MgSO4 solutions, but the cyclic stability was
comparatively lower than what was achieved by other composites [46]. In contrast, Xie et. al
employed a similar in-situ coating technique to prepare MnO2-MWCNT (multi-walled carbon
nanotube) composites [47] and achieved a capacitance of 250 F g*. However, this technique
presented difficulty in controlling the amount of MnO>, as well as preventing degradation of the
carbon nanotube surfaces upon reduction of the KMnQOj4 precursor [48]. New dispersion and
mixing strategies have been developed to avoid these drawbacks as seen in the work of Wallar
et. al [49]. Utilizing the Schiff base linkage mechanism, they were able to synthesize composites
with a retention of 66% at a scan rate of 100 mV s and an areal capacitance of 4.4 F cm™ ata
scan rate of 2 mV s. The Schiff base linkage mechanism, as well as other colloidal suspension

techniques will be comprehensively discussed in later sections.
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3.6 Current Collectors

The choice of current collector plays an important role in the performance of
supercapacitors. Generally, it serves three functions: (1) to act as a physical support to hold the
active material in place inside the cell; (2) absorb mechanical stresses caused by external forces
or volume changes of active materials during cycling; (3) to carry the electric current in/out of
the electrode. During the fabrication stage of the supercapacitor electrode the composite slurry is
applied to the current collector. It is preferable to use current collectors with high porosity and
large pore size to allow for easy access of the composite slurry because this allows for high mass
loading of the composite [50]. Ideal characteristics for current collectors include the following:
chemical stability in aqueous electrolytes; electrochemical stability during the charging-
discharging process; low density; high conductivity; low costs; and good processability to form

porous structures.

As seen in Equation 6, the power of the device is dependant on how low the resistance is
kept. Thus, the contact resistance between the current collector and the active material must be
kept low. One group achieved this by electrochemically etched away their aluminum foil current
collector to create pits 10-15 microns in depth which increased the specific surface area. Then
they applied a conductive carbonaceous material onto an aluminum current collector via a sol-gel
route. The resistance of the electrode dropped due to the continuous interface between the

collector and the active material.
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)

'Figure 9. SEM image of nickel foam. Source: REef. [57]

Along with aluminum, carbon-based materials are attractive choices for current collectors
as they do not corrode in aqueous electrolytes and are also flexible. Furthermore, carbon
nanofoam papers and Coz04 nanowire array current collectors could potentially even contribute
to the capacitance for some ESs [52-53]. For the investigations carried out in this work Ni foam
was the current collector of choice. Nickel foam has proven [54-56] to be a promising material
for current collectors due to its easy processability, ability to hold high amounts of electroactive
material, good conductivity, and mechanical strength. Figure 9 displays an SEM image of Ni
foam detailing its high porosity and large pore size. This allows for effective impregnation of the
composite slurry into the porous structure. Increasing the foam porosity can reduce the
conductivity of the overall electrode [47], but utilizing CNT allows for secondary conductive

webs within the nickel foam, thereby counteracting the losses.

The R ratio is another factor of consideration for the fabrication of SC electrodes. It is the
ratio of the mass of the active material to the mass of the current collector. It is ideal to have a

large R ratio since more of the device’s mass is contributing to the capacitance. If it were the
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other way around then the mass of the current collector, which does not contribute to the

capacitance, would make up more of the device’s mass thus resulting in deadweight.

3.5 Mass Loading

The mass loading is a critical parameter which allows researchers to quantitatively
measure the practicality of the fabricated electrode. It is effectively the amount of active material
that is applied onto the current collector. Mass loadings can range from less than a microgram to
tens of milligrams per centimeter square. Though, with smaller mass loadings come
‘exaggerated’ specific capacitance values. The reason for this is that the electrolytic species can
diffuse more easily when there is less material to diffuse through since diffusion lengths are
small. In addition, fewer electrolyte species are needed to ensure all the active sites are activated
during charging and discharging. Oppositely, at high mass loading the electrolyte species must
diffuse through more material since diffusion lengths are increased. Furthermore, additional
electrolyte must be used to ensure ions are able to penetrate through the channels. Consequently,
the specific capacitance tends to drop as mass loading is increased. For example, nanoporous
carbon electrodes can exhibit a drop in capacitance by 2-3 times when the mass loading is
increased [58]. In addition, the electrical conductivity is decreased and the series resistance in

increased.

Many studies which showcase exceptional capacitive performance often use mass
loadings of less than 1 mg cm™. The primary issue for many investigations is the limited
supporting surface area and non-uniform porous structure of the conductive substrates that are
employed. Regardless, practical applications dictate that mass loadings be at least 10 mg cm™

[59]. Furthermore, what is imperative in reporting electrode performance is the areal or
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volumetric capacitance and not just the gravimetric capacitance [59], as the form factor is a

crucial component in the design of end-applications.

3.6 Electrolytes

The electrolyte is a fundamental component in the construction of a supercapacitor
device. It’s function in a supercapacitor device is of two-fold: 1) interconnect the positive and
negative electrodes and 2) facilitate charge transport between the electrodes. The choice of
electrolyte is heavily deterministic of the device’s power and energy characteristics due to its
influence on the maximum applied voltage (refer to Equation 5 and Equation 6). Generally, the
nature of any electrolyte is considered by the following [12]: the ion type and size; the ion

concentration and solvent; the interaction between the ion and solvent; the interaction between
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Figure 10. Family tree of electrolytes for electrochemical supercapacitors.
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the electrolyte and the electrode materials. Ideal characteristics for electrolyte applications are
good ionic conductivity, high thermal stability, wide voltage window, low toxicity, low cost, low
resistivity, and high electrochemical stability. As seen in Figure 10 there are 3 main categories,
each with their sub-categories of electrolytes that have been developed over the years. Zhong et.
al [60] provide a comprehensive review of recent research and development efforts made in all

categories of electrolytes for ESs.

Each category of electrolyte comes with its own set of advantages and disadvantages.
Agueous and organic electrolytes are two sub-categories under the broader category of liquid
electrolytes. While aqueous electrolytes possess relatively high ionic conductivity and
capacitance their narrow voltage window limits their energy density. In contrast, organic
electrolytes suffer from low ionic conductivities but offer much wider voltage windows. Solid-
state electrolytes alleviate the leakage problem which plagues many supercapacitor designs, but

their ionic conductivity is relatively low.

Table 1 provides a comparison of the advantages and disadvantages of organic and

aqueous electrolytes.

Due to their low cost and ease of synthesis aqueous electrolytes for ECs have received
more attention in research and development efforts than organic electrolytes [60]. However,
many commercial applications currently utilize organic electrolytes. The reason for this may be
due to the current market demand revolving around high energy density performance for ESs —a
characteristic which is met by large operating voltage windows. Aqueous electrolytes are
restricted to narrow voltage windows due to the breakdown voltage of the solvent being water.
Oxygen evolution can occur at the positive electrode at only 1.23 V [61] and this can pose safety

risks and significant drops in performance. As a safety factor the high limit of the operating
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voltage is restricted to 1.0 V [62] or even lower. A key benefit aqueous electrolytes offer is their
high ionic conductivity. This lowers a device’s electrochemical series resistance (ESR), which
ultimately leads to enhanced power delivery. Fundamentally, it is the conductivity and mobility
of the electrolyte which affects the supercapacitor’s performance. The mobility is essentially that
part of the conductivity that is independent of concentration [63]. But, both terms depend on the

charge of the ion, its solvated radius, and the viscosity of the solvent [63].

In contrast, organic electrolytes offer wider voltage windows and are compatible with
cheaper current collectors and packaging materials. However, in some cases the wider voltage
window can cause degradation of the oxide material in the electrode [64—65]. Furthermore, ESs
constructed with organic electrolytes come with higher costs, smaller specific capacitance, lower
conductivity, and safety concerns related to the flammability and toxicity. Organic electrolytes
are also sensitive to oxygen and moisture; even trace amounts can seriously degrade performance
and exacerbate self-discharge issues [62]. Controlling the synthesis environment requires
complicated purification and assembly procedures (requiring expensive equipment) thereby
hindering many potential research and development efforts. Nevertheless, according to one
market forecast [66] aqueous and organic electrolytes will be the top two competitors for ES
devices for the foreseeable future. Currently, organic electrolytes are dominating the product

lines for major ES market shareholders such as Maxwell, Nesscap, and Panasonic.

Table 1. A detailed performance comparison between aqueous and organic electrolytes.

Types Disadvantages
Aqueous (e.g. ¢ High ionic conductivity ¢ Small voltage window
H2S04, KOH, e Low cost e May accelerates degradation
Na2S04) e Non-flammability of components

e Non-corrosiveness e May modify oxide

o Safe electrodes

e Compatibility in air and O, e High self-discharge
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e Small hydrated cations

e Good wettability

e Wide operating temperature
Organic (e.g. e Large voltage window e Complex synthesis
acetonitrile, e Electrostatic phenomena e Costly
propylene e No chemical modification of e Usually flammable
carbonate) electrode e Low ionic conductivity

e Excellent reversibility e High toxicity

e Low self-discharge e Largeion size

e Low degradation of e Poor impregnation of

components electrode pores

Solid-state and quasi-solid-state electrolytes (SSEs) have begun to receive more attention
as markets for portable, micro, wearable, and printable electronics gain traction. SSEs have the
primary advantage of alleviating the leakage problem seen in liquid-based electrolytes, as well as
simplifying the packaging and fabrication process of supercapacitor and battery devices. With
recent catastrophic market failures [67] seen with liquid electrolytes SSEs may become more of
an attractive alternative. In fact, one forecast report [68] predicts the market for SSE-based

devices to reach over $25 billion by 2029.

To date, SSE development has largely focused on polymer electrolytes. Two sub-
categories under polymer electrolytes are solid-polymer and gel-polymer; the former offers
greater safety but poor ionic conductivity, whereas the latter offers higher ionic conductivity.
Both sub-categories can sustain high operating voltage windows (~4 V), allowing for high power
and energy densities. Gel-polymer electrolytes, however, use organic solvents which are
environmentally hazardous. Consequently, recent efforts have gone into substituting organic
solvents with water [69]. Nevertheless, the overarching category of solid electrolytes have

already been tested with EDLCs, pseudocapacitors, and hybrid ESs — all with different materials.
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lonic liquids (ILs) (also known as room-temperature molten salts) are defined as salts
composed of an asymmetric mix of organic cations and inorganic (or organic) anions. The
unique combination of cations and anions is what gives rise to the low melting point
characteristic. Other positive characteristics include negligible volatility, flame retardancy,
moderate viscosity, high polarity, thermal and chemical stability, high ionic conductivity, and
wide voltage windows. However, research and development efforts in ionic liquids are only
beginning to expand, leaving many challenges incomplete [70]. The main challenge is to ensure
a high voltage window can be maintained with a high ionic conductivity while assuring good
wettability of the electrode pores by the ionic liquid. Furthermore, current EDLC designs
employing ILs are restricted to operate at lower voltage windows than what is offered by ILs.
This is because the potential of discharged carbon electrodes is usually far from the mid-point of
the IL’s electrochemical stability window (ESW). Upon charging, both electrodes experience the
same potential excursion. Consequently, Vmax is restricted by the electrode that first reaches the

ESW limit [71].

4 Problem Statement

Currently, the true capacitive potential of MnO- can only be actualized when thin-film
fabrication techniques are used. Since thin films are restricted to relatively low mass loading
values (typically less than 1 mg cm) this introduce the problem of practicality. Past studies [59]
have stressed the importance of fabricating supercapacitor electrodes with high active mass

loading and R ratios.

Since increasing the mass loading on thin-films causes severe performance degradation

and loss of optimization alternative techniques must be explored. Colloidal suspension
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techniques can allow for high and practical mass loading values; however, they are limited from
reaching the true capacitive potential of MnO.. The reason for this is partly due to the synthesis
method of MnO: particles. They are typically synthesized separately in an aqueous solution,
while the conductive additives (MWCNT) are dispersed in an organic solvent. As a result, the
MnO; particles must be dried and re-dispersed into the MWCNT solution to allow for proper
mixing. However, upon drying the MnO; particles agglomerate due to the reduction in the
particle surface area and condensation of the surface OH groups. This leads to a significant drop

in the capacitive performance.

The hydrothermal synthesis method is technique for preparing 1D MnO> nanorods with
unique physical and electrochemical properties. However, poor dispersion and mixing of the
nanorods can lower their surface area and lower the electrochemical performance. There are
many organic additives and/or templates which can successfully control the nucleation, growth,
alignment, dispersion, and mixing of inorganic materials, but limited literature exists in

understanding this effect specifically on MnOz nanorods.

Polypyrrole is another SC material undergoing intensive research due to its ease of
synthesis, inherent fast redox switching, high conductivity, mechanical flexibility, and
environmentally benignity. However, since electrochemically inert counter-ion dopants are
typically employed during synthesis the attainable specific capacity is relatively low and
impractical for SC applications. Another problem for PPy ES is its poor cyclic stability. Poor
cyclic stability is a result of the swelling and shrinking of the films which is due to the highly

mobile dopants that are typically employed for PPy synthesis.

A strategy to combat both these problems is to dope PPy with large electrochemically

active anionic dopants. Such dopants can contribute to the quantity of charge stored.

28



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

Furthermore, their large size reduces their mobility during charging/discharging and reduces the
amount of swelling or shrinking possible. Additionally, anionic dopants with multiple charged
groups can be linked to different polymer macromolecules to increase the interchain mobility of

charge carriers, thereby boosting conductivity. [72]

5 Objectives

The long-term objective of this investigation was to develop MnO- and PPy-based
composites for the fabrication of advanced supercapacitor electrodes with high capacitance, good
capacitive retention at high scan rates, along with high mass loading values (> 10 mg cm™). In
the case of MnOz reaching this long-term objective required the development of novel colloidal
and morphology modification techniques to improve the dispersion of MWCNT and MnO, as
well as their inter-mixing. In the case of PPy the objective was to investigate novel anionic
dopants as a strategy to improve the cyclic stability and electrochemical performance of PPy

electrodes.

6 Experimental Procedure
6.1 Electrode Fabrication

The composite (under investigation) is measured out to the desired amount and is
transferred to a mortar. A 3 g L™ Poly(vinyl butyral-covinyl alcohol-co-vinyl acetate) (PVB)
binder in ethanol solution is added to the mortar such that the composite powder occupies 97%
of the total mass. The mixture is finely ground with a pestle to achieve a homogenous slurry and
is then applied to a Ni foam piece over a 1 cm? area. After the slurry has dried the foam piece is

pressed to a desired thickness. Following this, a hole that is just large enough for a 0.5 mm
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diameter strand of copper wire is punched through the other end of the Ni foam piece. A strand
of copper wire is fed through a 10-inch long glass tube and is kinked on one end to form a hook
for insertion of the Ni foam piece. The kinked copper wire end is inserted through the hole of the
Ni foam and the kink is pressed down flat against the Ni foam, after which it is soldered down
with Pb-Sn solder wire. The unoccupied area of the Ni-foam is then covered with Gorilla epoxy

glue to prevent it from skewing the electrochemical testing results.

6.2 Preparation of MnO2 Particles using Ethanol

A common technique to synthesize MnO; particles is to use KMnO; as a precursor with a
primary, secondary, or tertiary C>—Cs alcohol as the reducing agent. For our investigations,
ethanol was the primary choice of alcohol as it allows for a high Sget area for the particles. Upon
dissociation of KMnOQg4 in water it can be assumed that a significant fraction of the permanganate

ions will be directly reduced to form MnO; with the addition of ethanol, as seen in Equation 13.

MnOy; + 4H*3e™ = Mn0, + 2H,0 Equation 13

6.3 MnO2-MWCNT Composite Synthesis via Schiff-base Linkage

In a typical synthesis procedure 0.2 g of KMnOs is added to a beaker of 100 mL of water.
The solution is magnetically stirred for approximately 5 minutes before the addition of 50 mL of
ethanol, upon which the beaker is continuously stirred for 3 hours to yield 0.11 g of MnO..
Following this 0.011 g (10 wt% MnO3) of the complexing agent (under investigation) is added to
the beaker and stirred for 24 hours. A separate beaker with 50 mL of water and 0.276 g of
MWCNT is ultrasonicated for 30 minutes. The mass of MWCNT is such that the mass ratio of
CNT:MnO: is 1:4 as this specific ratio was found to be optimal according to a past study [57].

The specific dye is added to the CNT beaker in a 1:1 ratio of CNT:dye and undergoes another

30



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

ultrasonication sequence for 30 minutes. The CNT-dye suspension is added to the MnO-
complexing agent suspension, stirred for 30 minutes and then ultrasonicated for another 30
minutes to ensure all constituent materials are thoroughly mixed. The final suspension is filtered
through a vacuum filtration pump using 1 um filter paper and ethanol as a flushing solvent to
wash away any excess dye. The resulting slurry is transferred to a plastic tray and oven-dried at

approximately 60°C for 1 day to yield the final composite.

6.4 MnO>-MWCNT Composite Synthesis via co-dispersion

In a typical synthesis procedure 0.2 g of KMnOs is added to a beaker of 100 mL of water.
The solution is magnetically stirred for approximately 5 minutes before the addition of 50 mL of
ethanol, upon which the suspension is continuously stirred for 3 hours to yield 0.11 g of MnOa.
In a separate beaker, 0.276 g of MWCNT is added to 50 mL of water and ultrasonicated for 30
minutes. Thereafter, 0.011 g (10 wt% MnO3) of GC dye is added to the CNT suspension and is
ultrasonicated for 30 minutes. The CNT-GC suspension is added to the MnO> beaker and stirred
for 18 hours to allow enough time for the CNT and MnO- to adsorb via the co-dispersant. The
final suspension is filtered through a vacuum filtration pump using 1 pum filter paper and ethanol
as a flushing solvent. The resulting slurry is transferred to a plastic tray and then oven-dried at

approximately 60°C for 1 day to yield the final composite.

6.5 MnO2-MWCNT Composite Synthesis via Liquid-Liquid Extraction

In a typical procedure 273 mg of KMnOy is added to 50 mL of water and magnetically
stirred for 10 minutes, after which 10 mL of ethanol is added to initiate the reduction process.
After stirring the water-ethanol-MnO, mixture for 3 hours 20 mL of undecanal is added to

extract the MnO: particles out of the aqueous phase. In a separate beaker, 37.5 mg of MWCNT is
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added to 50 mL of water and ultrasonicated for 2 hours. Thereafter, the MWCNT suspension is
added to the extracted MnO> beaker and the mixture is stirred for 1 hour. The mixture is then
transferred to a vacuum filtration pump. Ethanol is used to flush out any excess undecanal,
leaving behind the MnO.-CNT composite in a slurry form. The slurry is left to air dry at room

temperature for 1 day to yield the final composite.

6.6 MnO2 Nanorods-MWCNT Composite Synthesis via Hydrothermal Method

A typical procedure for the synthesis of MnO2 nanorods-MWCNT composites involves
mixing 20 mmol of KMnO4 and 30 mmol of MnSO4'H0 in a beaker of 160 mL of water. The
solution is magnetically stirred for 30 minutes after which it is transferred to an autoclave to
undergo a hydrothermal treatment at 140°C for 12 hours. In a separate beaker, MWCNTSs and the
dispersant (under investigation) are added with water such that the mass ratio of CNT:MnO: is
1:4 and the CNT:dispersant ratio is 2:1. Upon completion of the hydrothermal treatment the
nanorods are poured out of the autoclave and into a beaker to be pH-adjusted to neutral with a
KOH solution. The CNT suspension is added to the beaker of neutral-pH MnO- nanorods and the
mixture undergoes a sequence of 30 minutes stirring and 30 minutes ultrasonicating. The
composite is transferred to a vacuum filtration pump and washed with water and ethanol, then

subsequently dried in a furnace at 60°C for 1 day to yield the final composite.

6.7 Polypyrrole-MWCNT Composite Synthesis via Chemical Polymerization

In a typical procedure a specified quantity of pyrrole is micro-pipetted into a beaker and
stored in a fridge at 4°C. In a separate beaker, ammonium persulfate (APS) is added to 50 mL of
water such that the molar ratio of APS:pyrrole is 3:1. In another beaker the dopant (under

investigation) and MWCNTS are added to 100 mL of water and ultrasonicated such that: the
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molar ratio of dopant:pyrrole is 1:10; the molar ratio of dopant:CNT is 1:2; and the mass ratio of
CNT:pyrrole is 1:4. Both beakers are kept in an ice bath to bring down the temperature to 4°C.
Once the temperature stabilizes the pyrrole is added to the dopant solution. This is immediately
followed by the addition of the APS solution. The resulting mixture is magnetically stirred for
approximately a day. However, for the first 4 hours of this sequence the solution is maintained at
4°C. Afterwards, the suspension is transferred to a vacuum filtration pump and is filtered with
water and ethanol to wash away any excess dopant. The resulting slurry is dried in a furnace at

60°C for 1 day to yield the final composite.

6.8 Materials Characterization

6.8.1 Crystallinity

X-ray diffraction (XRD) data were collected using the McMaster Analytical X-Ray
Diffraction Facility’s powder diffractometer (Nicolet 12, monochromatized CuKa radiation) at a

scanning speed of 0.5 min™,

6.8.2 Morphology

The morphological characterization of the MnO. samples was done by a JEOL JEM 1200
EX TEMSCAN transmission electron microscope (JEOL, Peabody, MA, USA) operating at an
accelerating voltage of 80 kV. Sample preparation was done by micro-pipetting a drop from the

MnO; aqueous suspension (under investigation) onto a TEM grid and leaving it to air dry.

6.9 Electrochemical Testing
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6.9.1 Cyclic Voltammetry

'"TA

Potential vs SCE

Figure 11. Shapes of cyclic voltammograms for A ideal capacitor and B supercapacitor at low
scan rates and C high scan rates. Source: Ref. [73]

In a cyclic voltammetry scan a potential ramp is applied to the working electrode by
increasing the potential to a limit and then reversing the scan back to the initial potential. The
generated graph is called a voltammogram. The capacitance (measured in Farads) can be
extracted by dividing the integrated area of the voltammogram by the product of the voltage

window and scan rate, as seen in Equation 14:

L Vmax Equation 14

C = f I(V)dv
2(Vmax - Vmin)v ( )

min

The rate at which the scan is applied determines the scan rate. Curve C in Figure 11 is a typical
voltammogram observed at high scan rates. They are smaller in area and are more curved due to
the lagged kinetic effects of the electrolytic species. In curve B of Figure 11 the voltammogram

is larger in area and closer to the theoretical box shape of an ideal capacitor (curve A in Figure
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11). This is due to slower kinetic effects at lower scan rates which allow more electrolytic

species to penetrate the electrode pores, thereby generating a higher capacitance.

For the investigations in this work cyclic voltammetry tests were conducted with a 3-
electrode system (with Pt gauze as the counter electrode and a SCE for the reference electrode)
using 0.5 M Na>SOs electrolyte. Scan rates were varied at 2, 5, 10, 20, 50, and 100 mV s. The
potential was swept between 0 and 0.9 V for the MnO.-MWCNT systems and between -0.5 and

0.4 V for the polypyrrole-MWCNT systems.

6.8.2 Impedance Spectroscopy

The term impedance refers to the frequency-dependent resistance to current flow of a
circuit element, such as a capacitor. The impedance is measured by applying a potential with a
characteristics sinusoidal wave function of a specific frequency and measuring the current
response. The frequency of the wave function is changed for a certain range and the current
responses are measured to gather the relevant data. Electrochemical impedance spectroscopy
(EIS) is theoretically complex compared to single-frequency measurements or DC
measurements. The benefit of EIS is that it provides more information such as: distinguishing
between two or more electrochemical reactions taking place; identifying diffusion-limited
reactions; information on the capacitive behaviour of the system; and information on the electron
transfer rate of the reactions. Furthermore, the real and imaginary components of the complex
capacitance, Cs” and Cs”’, can be differentially calculated from the impedance data. These
calculations of capacitance are different from the integral calculation of capacitance obtained

from CV data. In the EIS method the differential capacitance is calculated using an alternating
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current with an amplitude of 5 mV and depends on the change in frequency, whereas in the CV

method the integral capacitance depends on the scan rate.
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Figure 12. Plot of typical Nyquist plot acquired through EIS testing of supercapacitor electrodes.

For typical investigations in this work the alternating current measurements of complex
impedance Z* = Z' - iZ" were performed in the frequency range of 10 mHz - 100 kHz at a signal
amplitude of 5 mV. The real and imaginary components of the complex differential capacitance
were calculated from the impedance data as Cs’ = Z"/o|Z|? and Cs~ = Z'/o|Z[?, respectively,
where o = 2xf (f is frequency). By separating the complex capacitance into its real and
imaginary components, the associated maxima seen typically in Cs~ plots can be correlated with

the effect that the pore sizes have on the penetration of the solvated cations in the electrolyte. In
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addition, the associated frequency at this maximum can be used to calculate the time constant — a

parameter which is described as the dielectric relaxation time of the electrode.

The EIS data can also be used to construct a Nyquist plot (Figure 12) which is a plot of
the negative of the imaginary component versus the real component of the complex impedance.
Since the full physical interpretation of this plot can be quite extensive only relevant information
will be discussed. The first segment is at high frequencies; the second segment at medium
frequencies; the third at low frequencies. The point that marks the beginning of the semicircle is
attributed to the bulk electrolyte resistance, the electrode resistance, and the contact resistance
between the electrode and the current collector [74]. The diameter of the semicircle contained
within the medium frequency range is assigned to the electrolyte resistance in the pores of the
electrode and the charge transfer resistance [74]. The vertical line seen in the low frequency
range is attributed to the to the dominant capacitive behaviour of the electric double layer formed

at the electrode/electrolyte interface [74].

6.8.3 Galvanostatic Charge-Discharge

In contrast to cyclic voltammetry, galvanostatic charge-discharge tests operate by
controlling the current density and measuring the potential versus time response. Important
characteristics such as cyclic stability, capacitance, energy density, and power density can be
extracted from the charge-discharge test data. The specific capacitance is calculated with

Equation 15:

It Equation 15
mAV

Energy and power densities can be calculated from Equation 16 and Equation 17, respectively:
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— IAt(Vmax — Vinin) Equation 16

E 2m
_ I(Vinax = Vimin) Equation 17

Sp = 2m

where | is the current, t is the time taken for discharging, m is the mass loading, Vmax is the
maximum voltage of the potential window, and Vmin is the minimum voltage of the potential

window.

7 Results and Discussion

7.1 Schiff-base Linkage Approach for the Synthesis of MnO>-MWCNT Composites

7.1.1 Background

In the case of MnO.-MWCNT composites the agglomeration problem (formulated in
Section 4 Problem Statement) can be avoided if the MWCNT and MnO; are both mixed and
dispersed in solutions. This can be achieved using colloidal suspension techniques: Schiff-base
linking, co-dispersion, and liquid-liquid extraction (LLE). This section and the next two sections

will discuss each of these techniques.

The Schiff base linkage mechanism provides an efficient way to mix MnO. particles and
MWCNTs by creating a “bridge” between the constituent components. In a Schiff base reaction,
the electrophilic carbon atoms of aldehydes are targets of nucleophilic attack by amine groups.
This reaction yields a Schiff base by replacing the C=0 double bond from the aldehyde with a
C=N double bond [75]. Therefore, the Schiff base reaction requires two molecules: one which
possesses an aldehyde group and can readily adsorb onto the surfaces of MnO; particles, and

another which possesses an amine group and can readily adsorb onto the surfaces of MWCNT.
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Figure 13. Chemical structures of A DHB B TDB and C Schiff-base product after aldehyde-
amine reaction between DHB and TDB.

Thread
Figure 14. Schematic of mussel adsorption and chemical structure of a catechol ligand. Source:
Ref. [77].
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One aldehyde used in this work was 3,4-dihydrobenzaldehyde (DHB) (Figure 13A). The use of
this aldehyde was inspired by dopamine — a molecule which facilitates bio-adhesion for
underwater animals, such as mussels and barnacle. These animals produce mussel foot proteins
(mfps) which allow them to adhere to wet, rocky underwater surfaces with immense strengths
(Figure 14) [76]. The mfps have a high content of catecholic amino acids which possess a
functional group called a catechol ligand (the double hydroxyl groups found on adjacent carbon
atoms of one of the aromatic rings). These ligands are powerful complexing agents; previous
investigations have shown that members from the catechol family can strongly adsorb onto the

surfaces of oxide particles [77].

One of the CNT dispersants used in this work was Toluidine Blue O (TDB) (Figure 13B).
This molecule contains an amine group, aromatic rings, as well as a positive charge. Each of
these entities serve a unique purpose: the aromatic rings facilitate bonding onto the CNTs
through 7—r interactions [78]; the amine group reacts to form the Schiff base (Figure 13C); and

the positive charge on the nitrogen atoms facilitates electrostatic dispersion of the MWCNT.

7.1.2 Characterization

As seen in Figure 15A the sizes of the synthesized particles are between 30-50 nm and
are nearly uniform in morphology. The XRD pattern see in Figure 15B indicates that the sample
contains the birnessite and amorphous phases of MnO.. The peak broadening may be attributed

to the small particle sizes. However, the samples also contained an amorphous phase.
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Figure 15. A TEM image of synthesized MnO particles and B XRD pattern of MnO, (V¥ -
JCPDS 87-1497).
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7.1.3 Electrochemical Testing

Initially, an electrode with 30 mg cm mass loading and 0.5 mm current collector thickness
(referred to as E-30 henceforth) was prepared and tested to establish the baseline performance of
DHB and TDB. Figure 16A shows near-ideal box shapes for CV tests for E-30 at 2 and 20 mV s’
! scan rates. Figure 16B shows the measured gravimetric and areal capacitance values to be
142.7 F gt and 4.3 F cm?, respectively, at a scan rate of 2 mV s*. These values gradually
decreased as scan rate increased which was due to diffusion limitations of the electrolyte ions
into the pores of the active material. Real and imaginary components of the complex capacitance,
as well as the Nyquist plot for E-30 can be seen in Figure 17A. The Nyquist plot represented a
near ideal 90° vertical line. The frequency dependencies of the real and (Figure 17B) and
imaginary (Figure 17C) components of the complex capacitance plots showed a relaxation-type
dispersion [79], as seen by the decline in Cs’ with increasing frequency and a maximum in the

frequency dependence of Cs’.
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Figure 16. A Cyclic voltammetry at a 2 and b 20 mV s and B dependencies of Cs and Crm on
scan rate for MnO2-MWCNT electrode prepared with DHB-TDB with 30 mg cm mass loading.
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Figure 17. A Nyquist plot of complex impedance, B Cs and C Cs™ versus frequency for
MnO2-MWCNT electrode prepared with DHB-TDB with 30 mg cm mass loading.

It is worthwhile to mention that the capacitance calculated from integrating the CV data
depends on scan rate, whereas differential capacitance, Cs’, depends on frequency (since an AC
signal with an amplitude of 5 mV is applied). When comparing Cs and Cs’ for the same time
scales the Cs values are typically higher than Cs” values. (In fact, this will be the case for all the
following investigation in this work as well.) The difference in differential and integral

capacitances is attributed to several factors discussed in literature [80—82], such as physical
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heterogeneity of the electrode, poor access of ions to redox sites at low voltages, and other

factors.

After testing the E-30 three more electrodes were made with the same composite by
varying the mass loading to 35, 40 and 45 mg cm™ (referred to as E-35, E-40, and E-45,
respectively). This was done to study the impact of the mass loading on the performance of the
electrode. The thickness of the current collector was varied appropriately to accommodate the
mass loading for each electrode. The higher the mass loading the greater the thickness was to

allow for efficient packing of the composite material within the pores of the Ni foam current
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Figure 18. A Cyclic voltammetry at 2 and 20 mV s for electrodes of 45 mg cm™ mass loading
and dependencies of B Cs and C Cn, on scan rate for electrodes with mass loadings of a 35, b 40
and ¢ 45 mg cm.
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Figure 19. A Nyquist plots of complex impedance B Cs and C Cs” versus frequency for
electrodes prepared with DHB-TDB composites with mass loadings of a 35, b 40 and ¢ 45 mg
cm?,
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collector. Figure 18A shows the CV test results at 2 and 20 mV s for E-45 to be nearly the ideal
box shape. Figure 18B shows the areal capacitance dependence on scan rate for E-35, E-40, and
E-45. The increase in the mass loading resulted in increased Cs at low scan rates. E-40 exhibited
the highest capacitive retention compared to E-35 and E-45, whereas E-45 exhibited the highest
areal capacitance of 7.8 F cm™. The poor capacitance retention of E-45 can be explained by
considering the effect of the current collector thickness; the greater the thickness the more
material can be packed since the pore sizes within the current collector are relatively large. It is
suggested that the thickness was not optimal for E-45 which is to say that the amount of material
packed was greater than what the pores of the current collector could facilitate. Figure 18C
shows the gravimetric capacitance dependence on scan rate. The gravimetric capacitance was the
highest for E-45 at a scan rate of 2 mV s, whereas the gravimetric capacitive retention for E-40
was the highest out of all the electrodes. Figure 19A shows the Nyquist plots for all three
electrodes. All three electrodes display low resistance and good capacitive behaviour as seen
from their near 90° vertical lines with the least resistance seen in E-40. The inset in Figure 19A
shows that E-40 possess the lowest charge transfer resistance, as well as the lowest electrolyte
resistance. Figure 19B and Figure 19C show the frequency dependencies of the capacitance to be
attributed to a relaxation-type dispersion [79]. E-40 possessed the highest maximum capacitance
from the impedance testing, but the relaxation frequency (the frequency at the maximum) did not
change significantly between the three electrodes. E-35 exhibited the highest resistance as seen

in its Nyquist plot (Figure 19A) which correlated with it having the lowest complex capacitance.

44



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

For another portion of this investigation, dopamine hydrochloride (DOPA-HCI) and 4-

Formylbenzene-1,3-disulfonic acid disodium salt hydrate (FDS) were used to acquire the
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Figure 20. Chemical structures of A DOPA-HCI B FDS and C Schiff-base product after amine-
aldehyde reaction between DOPA-HCI and FDS.
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Figure 21. A CV testing at (2) 2 mV s and (b) 20 mV s™ of electrode for composite prepared
with DOPA-HCI and FDS with 30 mg cm mass loading B gravimetric and areal dependence on
scan rate.
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Schiff-base imine product. Their chemical structures seen in Figure 20A and Figure 20B are
similar to the structures of DHB and TDB. DOPA-HCI was used for modification of MnOx. Its
adsorption involved bonding of the catechol group to the Mn atoms on the particle surfaces. FDS
is an aldehyde molecule which was adsorbed on the MWCNT by n-w interactions. The amino
group of DOPA-HCI and the aldehyde group of FDS reacted in a Schiff-base reaction to form an
imine (Figure 20C). This promoted the heterocoagulation and improved mixing of MnO; and
MWCNT. Furthermore, the charge-to-mass ratio of FDS is greater than TDB which was
theorized to improve CNT dispersion and thus the capacitive performance. An electrode was

fabricated with the same 30 mg cm mass loading and 0.5 mm current collector thickness to
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Figure 22. A Nyquist plot of electrode for composite prepared with DOPA-HCI and FDS with 30
mg cm2 mass loading B Cs’ and C Cs”’ versus frequency.

compare the performance of the two pairs of materials. Figure 21A shows the CV curves for this
electrode at scans of 2 and 20 mV s*. As was the case with the electrodes prepared with DHB-
TDB the voltammograms are nearly rectangular in shape indicating good capacitive behaviour.
However, the capacitive retention for the DOPA'-HCI-FDS (seen in Figure 21B) electrode is
higher; the electrode prepared with DOPA'HCI-FDS retained a capacitance of ~2.0 F cm™

compared to ~1.0 F cm™2 from the one prepared with DHB-TDB.
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Figure 22A shows the Nyquist plot constructed from the impedance testing for the
DOPAHCI-FDS electrode. The imaginary component of the impedance reaches a maximum of 5
ohms as compared to 4.5 ohms for the previous electrode. The real and imaginary components of
the complex impedance (Figure 22B and Figure 22C, respectively) showed a relaxation-type

behavior, albeit with a lower maximum seen in Cs>> — approximately 1.6 F cm™.

An asymmetrical device was constructed with MnO.-MWCNT as the positive electrode
(31 mg mass loading over a 1.5 cm? current collector area) and an activated carbon-carbon black
(51.7 mg mass loading over a 3 cm? current collector area) negative electrode. The MnO,-CNT
composite used for the fabrication of this device was prepared using TDB as the CNT dispersant
and DHB as the MnO> complexing agent. This device was made primarily to gain experience in
device fabrication, but also to test the performance of TDB and DHB when used in the complete

fabrication of a device.
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Figure 23. A CVs at scan rates of a5 mV s, b 10 mV s, and ¢ 20 mV s and B capacitance
versus scan rate for asymmetric device prepared with MnO>-MWCNT composite for positive
electrode and activated carbon-carbon black for negative electrode.
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Figure 23A show the CV curves at scan rates 5, 10 and 20 mV s for a 1.6 V voltage

window are close to the ideal box shape and increase in current with increasing scan rate
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Figure 24. A Charge-discharge behaviour at currents of a9 mA, b 7 mA, ¢ 5 mA, and d 3mA B
Capacitance versus discharge current plot constructed from charge-discharge data for
asymmetric device prepared with MnO.-MWCNT composite for positive electrode and activated
carbon-carbon black for negative electrode.

indicating good capacitive behaviour. The capacitance was 1.86 F (Figure 23B) at a scan rate of
2 mV s? and decreased to 0.5 F at 100 mV s yielding a retention of 27%. The charge-discharge
curves seen in Figure 24A were of symmetric, triangular shape for a voltage window of 1.6 V.
The capacitance, calculated from the discharge data (Figure 24B), decreased from 2.0to 1.8 F

with increasing discharge current from 3 to 10 mA.

7.1.4 Conclusion

MnO2-MWCNT electrodes with 30-45 mg cm? mass loading were prepared using DHB
and TDB dispersants. The aromatic rings of TDB governed its adsorption onto the MWCNTSs via
n-  stacking, while the catechol ligand of DHB allowed for effective adsorption onto the MnO»
particles surfaces. The aldehyde group of DHB bonded with the amine group of TDB to form a

Schiff-base, thereby facilitating good mixing. The electrodes were tested with cyclic

48



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

voltammetry and EIS. E-45 displayed the highest areal capacitance of 7.8 F cm™ at a scan rate of
2 mV s along with low electrode resistance. An asymmetric device with a MnO,-MWCNT
positive electrode prepared with DHB-TDB and an activated carbon-carbon black negative
electrode was tested with CV and charge-discharge testing. The device held a retention of 27%
up to 100 mV s for CV testing and 90% retention up to 10 mA current for charge-discharge

testing.

A separate electrode with 30 mg cm™ mass loading was prepared with a composite of
DOPA-HCI and FDS as the MnO. and MWCNT dispersants, respectively. The electrode
displayed better capacitance retention but increased impedance in the imaginary component of
the Nyquist plot. The composite materials used in this investigation are promising candidates for

future SC applications.

7.2 Co-dispersion Approach (MnO.-MWCNT)

7.2.1 Background

The co-dispersion approach is unlike the Schiff base linkage mechanism in that a single
molecule provides a dual role for both constituents (MnO. and MWCNT) simultaneously. The
co-dispersant used for this work was gallocyanine (GC). As seen in its molecular structure in
Figure 25 GC possesses three aromatic rings, a positive charge, and a catechol ligand. The
molecular structure of GC has the unique ability of being able to serve three functions
simultaneously: (1) It adsorbs onto the surfaces of MWCNTS with its aromatic rings through n—n
interactions; (2) its positive charge impart like-charges on the MWCNTSs to facilitate electrostatic

dispersion; (3) its catechol ligand adsorbs onto the surfaces of the MnO: particles
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and charges them to facilitate dispersion. Functions (1) and (2) jointly contribute to a
process referred to as the “unzipping” mechanism [83,84]. During this unzipping process small
gaps form at the bundle ends of undispersed MWCNTSs, thereby allowing for the insertion of
small organic dyes (such as TDB or GC) which can diffuse along the length of the bundled
MWCNTSs and unzip them. The electrostatic dispersion facilitates this unzipping and maintains

the separation distance between individual MWCNTS.

O. _OH
N Cr
SN
s+ _CH
HO 0 .\I" .
OH CH,

Figure 25. Chemical structure of co-dispersant gallocyanine (GC).

7.2.2 Characterization

The MnO; particles used for this investigation were identical to those used for the Schiff-

base mechanism (please refer to Section 7.1.2 Characterization).

7.2.3 Electrochemical Testing

A MnO,-MWCNT electrode with 30 mg cm mass loading was prepared with GC as a
co-dispersant. Cyclic voltammetry and EIS testing were conducted to test its electrochemical
performance. Figure 26A shows CV results at 2 and 20 mV s™. The near-rectangular
voltammograms exhibit mirror image cathodic and anodic parts suggesting ideal capacitive
behavior of the electrode. Figure 26B shows the scan rate dependence on the areal and
gravimetric capacitance. Starting at 2 mV s the gravimetric and areal capacitances were 135.7 F
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gland 4.2 F cm™, respectively. These values gradually declined with increasing scan rate due to
the decreased diffusion of electrolyte species into the pores of the active material. In addition, the
capacitive retention was calculated to be 23% at a scan rate of 100 mV s™. Figure 27A shows the
Nyquist plot attained with EIS testing and the slope of its vertical line is nearly 90° indicating

capacitive behaviour. The real (Figure 27B) and imaginary (Figure 27C) components of complex

differential capacitance were calculated from the impedance data.
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Figure 26. A CV testing at (a) 2 mV s and (b) 20 mV s for 30 mgcm  mass loading electrode
prepared using co-dispersion approach with GC B gravimetric and areal dependence on scan rate.

e
o~

)
o
N

Z" (Ohm)

p—

% 1 10° 100 I 107 10° . 100 . 107

7' (Ohm) Frequency (Hz) Frequency (Hz)
Figure 27. A Nyquist plot of electrode with 30 mg cm” mass loading prepared using co-
dispersion approach with GC. B C’and C C_” versus frequency.
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The frequency dependencies of the capacitance showed a relaxation-type dispersion, as indicated
from the decline in capacitance in the real part, Cs’, and the corresponding relaxation maxima

seen in the imaginary part, Cs”’.

7.2.4 Conclusion

Gallocyanine was employed as a co-dispersant for the dual role of adsorbing onto the
surfaces of MnO; particles and MWCNTSs to facilitate good mixing and dispersion. A 30 mg cm”
2 electrode was fabricated and tested with CV and EIS. The highest areal capacitance was 4.2 F
cm at a scan rate of 2 mV s™. The capacitive retention at 100 mV s scan rate was recorded to
be 23%. The slope of the Nyquist plot was nearly 90° which indicated good capacitive behaviour
and low resistance (R=2Z") was obtained. The results of the analysis of impedance data, coupled
with CV data indicated that good electrochemical performance was achieved at high mass

loading.
7.3 Liquid-Liquid Extraction Approach (MnO2-MWCNT)
7.3.1 Background

Particle extraction through liquid-liquid interface (PELLI) is another colloidal technique
used to avoid the agglomeration problem of MnOx. In typical PELLI techniques the MnO>
particles are synthesized in an aqueous solution followed by the addition of an immiscible
organic solvent. Extractor molecules are then dissolved in the organic solvent orienting
themselves accordingly at the interface due to their hydrophobic tails and hydrophilic heads. The
surfactant molecules change the surface properties of the particles from hydrophilic to

hydrophobic, thereby providing the wetting of the particles by the organic phase. Upon agitation
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/\AMNO

Figure 28. Molecular structure of undecanal.

of the solution the particles extract out from the aqueous phase and transfer into the organic
phase. This extraction technique works for metals, oxides, hydroxides, and quantum dots [85—

88].

The novelty in the PELLI investigation for this work is that a single material (undecanal)
was used to serve as the particle-receiving medium, as well as the vehicle for particle phase
transfer. This dual-role nature of undecanal (UD) eliminated the need for long-chain extractor
molecules which need to be removed from the organic phase post-extraction. The molecular

structure of UD (Figure 28) possesses an aryl group, as well as an aldehyde group at the end of

its 11-carbon chain. UD was able to extract MWCNTSs through adsorption of its aryl group onto

Figure 29. a unextracted MWCNTS in an aqueous suspension b bottom-up extraction of
MWCNTSs with undecanal ¢ unextracted MnO: particles in an aqueous suspension d bottom-up
extraction of MnO> particles with undecanal.
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the hydrophobic walls of MWCNT (Figure 29a and Figure 29b). UD was also found to

extract MnO; particles (Figure 29c and Figure 29d). It is suggested that its adsorption onto MnO>

particles was induced by the interaction of the aldehyde oxygen atom. Specifically, the lone pair
of this carbonyl oxygen may have allowed for effective coordination between the oxide surface
and the aldehyde, as has been the case with Zn and Ti oxides [89-90]. Alternatively, the
adsorption of the aldehyde could have also been based on H-bonding involving OH groups on

the oxide particle surfaces [91].

7.3.3 Electrochemical Testing

A MnO,-MWCNT electrode with 40 mg cm2 mass loading was fabricated using
undecanal with the modified LLE (liquid-liquid extraction) technique. CV, EIS, and
galvanostatic charge-discharge testing was conducted. Figure 30A shows the CV test results at 2,

5, and 10 mV s to be near ideal-box shape. Figure 30B displays the capacitances which were
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Figure 30. A CV data at scan rate of a 2, b 5, and ¢ 10 mV s and B mass and areal capacitance
versus scan rate for MnO,-MWCNT electrode with 40 mg cm mass loading prepared with UD
and modified LLE technique.

calculated from the CV test data at different scan rates. There is a gradual decrease in the
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Figure 31. A Nyquist plot of complex impedance and B, C Frequency dependencies of C’s
and C”s calculated from the impedance data for MnO,-MWCNT electrode with 40 mg cm™
mass loading prepared with UD and modified LLE technique.
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Figure 32. A Charge-discharge behaviour at currentsofa3b5c7d 10e 15and f 20 mA B
capacitance versus current and C Ragone plot constructed from charge-discharge test data

for MnO.-MWCNT electrode with 40 mg cm™ mass loading prepared using UD with

modified LLE technique.

gravimetric/areal capacitance with increased scan rate indicating diffusion limitations of the
electrolyte species within the porous structure of the composite. However, a gravimetric
capacitance of 157 F g* and an areal capacitance of 6.3 F cm™ was achieved at 2 mV s™. These
values are comparable to what was achieved with the Schiff-base and co-dispersion approaches

using electrodes of the same mass loading. Figure 31A shows the Nyquist plot obtained from EIS

data; the vertical segment is close to the ideal 90° indicating capacitive behaviour and low
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resistance. Figure 31B and Figure 31C show real and imaginary components of the complex
capacitance, respectively. A gradual decline in Cs’ with increasing frequency and a maximum in
Cs’” indicates a relaxation-type dispersion. Figure 32A illustrates the charge-discharge data; the
curves were of the desired symmetrical triangular shape in the voltage window of 0-0.9 V.
Figure 32B shows the capacitance plot calculated from the charge- discharge data; the
gravimetric capacitance dropped from 136 to 126 F g™ with increasing currents from 3 to 20 mA.
A Ragone plot (Figure 32C) was also constructed from the charge-discharge data. The highest
obtained energy density was 15.3 Wh kg at a power density of 33.8 W kg™ and the highest

obtained power density was 225 W kg at an energy density of 14.2 Wh kg™.

7.3.4 Conclusion

A MnO2-MWCNT electrode with a mass loading of 40 mg cm was prepared using a
conceptually new LLE technique. UD served as both the extracting agent and the receiving
solvent, thereby eliminating the need for long-chain extractor molecules. Gravimetric and areal
capacitances of 157 F g and 6.2 F cm™ were achieved at a scan rate of 2 mV s™. Charge-
discharge test data showed good symmetrical, triangular shapes and the calculated capacitance
fell 7% with increasing current from 3 to 20 mA. The discovery of this novel material opens an
unexplored field of dual-role materials for developments in PELLI investigations and SC

applications.

7.4 Comparison of electrodes developed by Schiff-base, co-dispersion, and Liquid-Liquid
Extraction Techniques
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It would now benefit to compare all three colloidal processing techniques developed for
the fabrication of MnO>-MWCNT composites. Note, since two pairs of materials were
investigated for the Schiff-base technique (DOPA'HCI-FDS and DHB-TDB) only DHB-TDB
will be selected since the purpose of this section is to compare the colloidal techniques — not
materials within each technique. As a reminder for the reader, the dye/extractor for each of these
techniques were: DHB-TDB for Schiff-base (referred to as E-SB); GC for co-dispersion (E-CD);
and UD for LLE (E-LLE). The compared electrodes each had a mass loading of 40 mg cm for

the purposes of consistency.

Figure 33A illustrates a comparison of the CV test results at 20 mV s for E-LLE, E-CD,
and E-SB. The voltammograms for E-LLE are the smallest in size yielding an areal capacitance
of 3.9 F cm, compared to 5.5 and 4.9 F cm™ achieved E-SB and E-CD, respectively. Figure
33Bshows a comparison of the scan rate dependence on gravimetric and areal capacitance for E-
LLE, E-CD, and E-SB. The best capacitive retention was achieved by E-SB — exhibiting a

capacitive retention of 27%.
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Figure 33. A CV tests at 20 mV st scan rate and B dependence of gravimetric and areal
capacitance for a E-LLE, b E-CD, and ¢ E-SB.

57



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

Figure 34A shows the Nyquist plots obtained through EIS data for E-LLE, E-CD, and E-
SB. E-LLE exhibited the highest real and imaginary impedance, whereas the E-SB exhibited the
lowest real and imaginary impedance. The real and imaginary components of complex
differential capacitance for E-LLE, E-CD, and E-SB is displayed in Figure 34B and Figure 34C,
respectively. The decline in Cs’ for the E-LLE starts at an earlier frequency compared to the
other two electrodes. Accordingly, its relaxation frequency at the maximum Cs”’ value is also the
lowest out of the three electrodes (seen in Figure 34C). In contrast, the real and imaginary
complex capacitance curves for E-SB are the best in performance out of the three electrodes. Its

relaxation frequency was the greatest indicating that it had the shortest time constant.

In summary, E-SB displayed overall better electrochemical performance compared to E-
CD and E-LLE. However, this comparison does not attempt to broadly categorize the superiority
of either of the three colloidal techniques. Rather, the approach combined with the specific
material is what is being compared. That is to say that although the co-dispersion approach with
DHB-TDB is seen to perform better, it can be only be said when compared to the co-dispersion

approach with GC and the LLE technique with UD.
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Figure 34. A Nyquist plot of complex impedance for electrodes of 40 mg cm™ mass loading
prepared with (a) modified LLE technique using UD (b) co-dispersion using GV and (c)
Schiff-base linkage using DHB and TDB.
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E-LLE gave the lowest performance, but as stated earlier, the discovery of UD opens the
doors to an entirely new realm of materials exhibiting a dual-natured role (as extractor and
receiving solvent) for PELLI techniques. Nevertheless, the aim of investigating each of these
techniques with novel materials was the same: develop MnO,-MWCNT composites for the
fabrication of advanced supercapacitor electrodes with high capacitance, good capacitive

retention at high scan rates, along with high mass loading values (> 10 mg cm).

7.5 Morphology Modification Approach (MnO.-MWCNT)
7.5.1 Background

One-dimensional metal oxide nanostructures have gained interest due to their potential in
the development of electrochemical energy storage devices, solar energy storage and
transmission devices, sensors, and optoelectronics [92]. Synthesizing these 1D nanostructures
have been successful through additive-free methods such as, the reflux route [93], the wet
chemical method [94], thermal decomposition, and hydrothermal synthesis [95]. However,
current literature lacks an understanding of how advanced dispersants can facilitate the

performance of 1D morphologies — namely, in SC applications.

Poor dispersion of 1D nanostructure can lower their surface area and weaken their
electrochemical performance. There are many organic additives and/or templates which can
successfully control the nucleation, growth, alignment, and dispersion of inorganic materials, but
limited literature exists in understanding this effect in the context of nanomorphologies —

particularly MnO2 nanorods.
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For this work, a novel hydrothermal method was developed to fabricate crystalline and
dispersed MnO2 nanorods composited with MWCNTSs using lauryl gallate (LG), TDB, and GC.
For the first portion, LG was used as a co-dispersant for MnO2 nanorods and MWCNTSs. LG
brings several functional properties making it a useful material for many applications. LG is
known to be a dispersant [96-97] and capping agent [98] for use in colloidal processing
techniques. It also possesses certain biological characteristics such as anticancer, antioxidant,
antifungal, and antibacterial properties [99-102] . The unique molecular structure of LG (Figure
35) contains phenolic OH groups which allow for catecholate-type bonding with the surfaces of
inorganic nanoparticles [77]. In addition, previous work [103] has shown that the hydrocarbon

tail of LG can allow for its adsorption onto MWCNTS.

For the second portion, TDB (Figure 13A) and GC (Figure 25) were employed as
dispersants. Electrodes of 30 mg cm mass loading were fabricated from the composites
(referred to as E-TDB and E-GC for TDB and GC, respectively). As mentioned in the previous
sections, TDB forms a Schiff base with DHB. However, TDB by itself may also adsorb onto the
surfaces of the nanorods since NH2 groups (which it possesses) can form stable chelates with
transition metal oxides [104-105]. GC — like LG — is a co-dispersant for MWCNTSs and MnO:
and was also studied for this part of the investigation to see if it could offer better dispersion

electrochemical performance over the Schiff-base method.

O
HO NN TN
O
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Figure 35. Molecular structure of LG.
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7.5.2 Characterization

Initially, MnO- nanorod structures were synthesized without the addition of any additives
to obtain a reference sample (Figure 36A). As expected, large amounts of agglomeration were
evident. Figure 36B shows the sample of MnO2 nanorod structures which were obtained by
adding LG dispersant during synthesis. There was no noticeable difference in the dispersion or

the sizes of the nanorods between these two samples. Figure 36C and Figure 36D show the

>

Figure 36. TEM images at 10,000X magnification of MnO2 nanorods prepared with A no
additive B LG C TDB and D GC.
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nanorods prepared with the addition of TDB and GC dispersant, respectively. In both these cases
the aspect ratio of the nanorods was largely increased and the dispersion was enhanced.
Although, the decreased aspect ratio was opposite to what was expected. To comprehend this, it
is suggested that the TDB molecules adsorbed equally on all planes of the MnO_ which led to
equal growth in all directions. In contrast, some molecules preferentially adsorb onto specific

planes of the particles leading to preferential growth in one direction thereby increasing the

aspect ratio.

7.5.3 Electrochemical Testing

An electrode (referred to as E-LG) with 30 mg cm™ mass loading was fabricated using
LG as a dispersant for the MnO>-MWCNT composite. CV and EIS testing were conducted to
study the electrochemical performance of this electrode. The CV curves obtained at 2 and 20 mV
st are displayed in Figure 37A. They show near-ideal box shapes which can be attributed to high
intrinsic electrical conductivity and good kinetic reversibility. Figure 37B shows the scan rate

dependence on the gravimetric and areal capacitance. The gravimetric capacitance was measured
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Figure 37. A CV curves for scan rates a 2 and b 20 mV s and B gravimetric and areal
capacitance dependence on scan rate for E-LG.

62



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

A B C

40 ] 0.5}

0.4f
30

0.3}

20 0.2}

Z" (Ohm)
C (F em?)

10 0.1}

0.0f
0 > - - - -

0 10 103 10" 10° 10° 103 100 10 10°
Z' (Ohm) Frequency (Hz) Frequency (Hz)
Figure 38. A Nyquist plot of complex impedance and frequency dependencies of B Cs” and C
Cs” calculated from the impedance data for E-LG.

at35.7Fgtat2mV stand 17.5 F g at 100 mV s?yielding a relatively high retention of 50%.
The gradual decrease in the capacitance can be attributed to the intercalation/de-intercalation of
the electrolyte species in and out of the electrode. At lower scan rates, the electrolyte species can
access the outer surfaces of the electrode and the interior cavities thus yielding a high
capacitance. But, at higher scan rates they can only access the outer surfaces of the electrode thus
yielding a lower capacitance. EIS data was used to construct the Nyquist plot displayed in Figure
38A. The relatively high electrode resistance could be due to poor mixing between the MWCNT
and MnO2 nanorods. Though, the slope of the vertical segment is greater than 45° indicating that
the diffusion of the electrolyte ions is not rate-limiting. The real (Figure 38B) and imaginary
(Figure 38C) components of complex capacitance were calculated from the EIS data and are seen
to be relatively low. However, the relaxation frequency of the maximum Cs’’ value is greater
than what was achieved for electrodes of the other investigated approaches. It is desirable to have
the relaxation frequency to be as high as possible as it is characteristic of the time constant, that

is, how fast the system can charge/discharge.
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Figure 39. CV curves for A E-TDB B E-GC at a 2 and b 20 mV s

For the second portion of this investigation, DHB/TDB (Figure 13A) and GC (Figure 25)
were employed as dispersants. Electrodes of 30 mg cm mass loading were fabricated from their
respective composites (referred to as E-TDB and E-GC for TDB and GC, respectively). As
mentioned in the previous sections, TDB forms a Schiff base with DHB which allows the
‘bridging’ between MnO2 and MWCNT. However, TDB may also adsorb onto the surfaces of

the nanorods since the NH2 group can form stable by itself chelates with transition metal oxides

[104-105].

Electrodes with 30 mg cm mass loading were prepared and tested. Figure 39A and
Figure 39B show voltammograms at 2 and 20 mV s for E-TDB and E-GC, respectively. The
size of the voltammogram for E-TDB is larger indicating increased capacitive performance over
E-GC. At 2 mV s E-TDB possessed a higher capacitance value of about 70 F g™ — twice as
much as what is achieved by E-GC (~35 F g*) for the same scan rate. Figure 40A shows the
Nyquist plots constructed from EIS data for E-GC and E-TDB. The slope of the Nyquist plot for

E-GC is greater than 45° (even more so than what is achieved by E-TDB) indicating that
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Figure 40. A Nyquist plot of complex impedance for ¢ E-GC and » E-TDB and frequency
dependencies of B Cs’ and C Cs” calculated from the impedance data.

diffusion limitations are not as present. This translates to electrolyte ions readily diffusing in and
out of the electrode. Therefore, even at high scan rates the diffusion effects would not
(significantly) hamper the capacitive performance, as further proven by the greater retention
achieved by E-GC. The real (Figure 40B) and imaginary (Figure 40C) components of complex
differential capacitance were obtained from EIS for E-TDB and E-GC. The relaxation
frequencies for both electrodes are nearly a full magnitude higher than what was achieved with

their MnO- nanoparticles counterparts
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Figure 41. Gravimetric and areal capacitance dependence on scan rate for ¢ E-GC and b E-TDB.
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Figure 41 shows the scan rate dependence of areal and gravimetric capacitance for E-
TDB and E-GC. E-TDB clearly achieved a higher capacitance at 2 mV s over E-GC. However,
its capacitance suffered a large drop as the scan rate was increased yielding a retention of 23%.
This was not the case for E-GC; the retention was calculated to be 43%. Since mass transport
kinetics dominate at higher scan rates, it may be an indication that the nanorod-CNT structure of
E-GC was more porous. This facilitated enhanced diffusion of the electrolyte species within the

pores of E-GC, but not as much for E-TDB.

7.5.4 Conclusion

MnO2 nanorods were synthesized via a hydrothermal method and composited with
MWCNTSs with the assistance of organic dispersing agents, LG, TDB, and GC. For all
electrodes, the maximum value of Cs’” was observed to be shifted more to the right (towards
higher frequencies) indicating low time constants. The areal capacitance values at 2 mV s for E-
LG, E-GC, and E-TDB were 1.1, 0.9 and 2.2 F cm™, respectively. Although E-LG and E-GC
performed poorer at this scan rate than what was achieved by E-TDB their capacitive retention
values at 100 mV s were twice as high (50% and 43% for E-LG and E-GC, respectively). These
numbers are promising, especially since these composites were only a proof-of-concept. This
work paves the way to understanding how organic dispersants effect the synthesis of MnO-

nanorods and their performance in SC applications.

7.6 Capacitive Properties of Polypyrrole Electrodes Prepared by Chemical Polymerization
Approach (PPy-MWCNT)

7.6.1 Background
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Figure 42. Molecular structure of SY.

There has been growing interest in the use of advanced dopants for PPy polymerization.
The size, structure, and charge-to-mass ratio of dopants have a strong relationship with the
electrical conductivity of PPy. Certain dopants are also highly influential on the PPy
microstructure, voltage window, electrochemical performance, and cyclic stability. Aromatic
anionic dopants are a unique class of dopants which can enhance electrical conductivity by
improving pyrrole ring orientation [106]. Investigation of these dopants from the chromotropic
acid family have shown that a high charge-to-mass ratio allows for smaller particle size, reduced
agglomeration, higher capacitance, as well as improved cyclic stability for PPy electrodes [107].
In addition, the use of high-mass, immobile dopants increase the cyclic stability due to their
limited intercalation/de-intercalation into the porous structure. Pyrocatechol violet was the
choice of MWCNT dispersant and Sunset Yellow (SY) for the PPy dopant. The aromatic rings
and the OH" functional group on SY (Figure 42) can serve to facilitate dispersion of MWCNTs,
and its sulfonic groups can participate in the doping of a single pyrrole molecule (Figure 43A) or
two different polymer chains (Figure 43B). For the latter case the dopant enhances the interchain
mobility of the charge carriers, thereby improving the electrical conductivity of the PPy material

[106]. Figure 43C showcases the charge and discharge mechanism of PPy. During discharge the
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Figure 43. SY doping of PPy in A the same chain B in different polymer chains, and C the
charge-discharge mechanism of SY-doped PPy. A = SY and/or SO 42_

PPy reduces (is de-doped) to its neutral state by unchaining the incorporated anions A" (for
undoped PPy A" = SO42). SY would also improve the charge storage of PPy since the dopant ions
can be released during the reduction phase [108-109] and the anions could migrate back to the

polymers during the charge process.

7.6.2 Electrochemical Testing

Three electrodes of identical mass loadings (~35 mg cm?) were fabricated and tested

with the SY-doped PPy-MWCNT composite: (1) the first composite was tested in NaxSO4
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Figure 44. CV curves for E1 at scan rate of A2 mV's " and B20mV's .

electrolyte; (2) the second composite was tested in Al2(SOa4)s electrolyte to study electrolyte
effects on this composite; (3) the third composite was also tested in Al2(SO4)3 electrolyte but
with a shifted voltage window. (These three electrodes are referred to as E1, E2, and E3
henceforth.) Cyclic voltammetry and EIS tests were conducted to gather electrochemical

performance data. Figure 44A and Figure 44B show CV curves at 2 and 20 mV s,
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Figure 45. A Areal and B gravimetric capacitance dependence on scan rate for E1.
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respectively, for EL. In Figure 44A, the peaks seen at 0.1 V indicates redox reactions taking
place within the composite material. However, these peaks are not as visible in the 20 mV s*

scan (Figure 44B) due to diffusion limitation of the electrolyte species at the increased scan rate.

Figure 45A and Figure 45B shows the gravimetric and areal capacitance dependence on
scan rate, respectively. The capacitance was measured to be 2.4 F cm™? (69.8 Fgt) at 2 mV st

and dropped to 1.3 F cm™ (37.5 F g) at 100 mV s, yielding a 54% retention.,
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Figure 46. A Nyquist plot of complex impedance and frequency dependencies of B C’s and C
C”s calculated from the impedance data of E1.
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Figure 47. CV curves for E2 at scan rate of A 2 mV s_l and B 20 mV s_l.
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Figure 46A is the Nyquist plot constructed from the impedance data of E1. It shows a
deviation away from the ideal 90° slope with a relatively high imaginary component of ~10
ohms. Figure 46B and Figure 46C show the frequency dependencies of the complex capacitance

to exhibit relaxation-type dispersion.

Figure 47A and Figure 47B show the CV curves of E2 attained for scan rates 2 and 20
mV s, respectively. Redox peaks are observed at -0.2 and 0.2 V (in the discharge portion)

indicating increased activity with the composite material and the Al>(SOa)z electrolyte. But
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Figure 48. Scan rate dependence on A Areal and B gravimetric capacitance for E2.

again, the peaks are flattened out in the 20 mV st scan due to the limited diffusion of the
electrolyte species at higher scan rates. In addition, the sharp narrowing of the voltammograms
seen at -0.5 V implies that it would be advantageous to shift the voltage window to the right to

avoid the narrow region.

Figure 48A and Figure 48B are the gravimetric and areal capacitance dependences on
scan rate, respectively. E2 had poorer capacitive retention at higher scan rates compared to E1 —

32% for E2 versus 54% for E1 at 100 mV s*. This may be attributed to the larger hydration shell
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of AI** ions which may have pronounced mass transfer diffusion limitation at higher scan rates.
However, at low scan rates we see that E2 achieved higher capacitance values compared to E1 -

70 Fgtand 2.4 F cm™ for E1 versus 113 F gt and 4.0 F cm™ for E2 at 2 mV s This could be
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Figure 49. A Nyquist plot of complex impedance and frequency dependencies of B C’s and
C C”s calculated from the impedance data of E2.
attributed to the higher charge of the AI** ions which would have allowed for a stronger
electrical force with the potential ramp, and thus greater penetration into the pores of electrode.
Thus, the gravimetric and areal capacitance values for — 70 F g™ and 2.4 F cm™ for E1 versus

113 F gt and 4.0 F cm™ for E2.

Figure 49A displays the Nyquist plot constructed from the impedance data; it exhibits a
slight deviation away from the ideal 90° slope indicating a small level of diffusional resistance.
Furthermore, the imaginary component of the impedance is reduced to ~6 ohms. Figure 49B and
Figure 49C shows the frequency dependencies of the complex capacitance and it exhibits the
typical relaxation-type dispersion. The Cs’ and Cs’’ values for E2 are recorded to be higher than
what was attained with E1— 2.5 and 1.3 F cm™ versus 1.6 and 0.8 F cm™, respectively. The
differences in the electrochemical characteristics for E1 and E2 may be attributed to the

differences in the electrolytes. A major difference is the radius of the solvation sphere for the
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Figure 50. CV curves for E3 at scan rate of A2 mV's " and B20mV's .

cation species of the electrolyte, which can be correlated to the charge difference between
A" and Na*. The conductivity and the mobility of the ions are vastly different, as well. These
differences would lead to significant changes on how the electrolyte species diffuse in and out of

the composite’s porous structure at changing frequencies and scan rates.

E3 was also tested in Al2(SOa)z electrolyte, but with a shifted voltage window of -0.3 to
+0.6 V instead of -0.5 to +0.4 V. This was done to move away from the sharp redox point seen at

-0.5 V in the voltammograms for E2 (Figure 47) and reach higher capacitance values. CV curves
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Figure 51. A Areal capacitance for E3 and B gravimetric capacitance dependence on scan rate.
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at 2 and 20 mV st for E3 are displayed in Figure 50A and Figure 50B, respectively. Although
the redox peak at -0.5 V was eliminated, an unforeseen redox peak was seen at +0.6 V which

resulted in the same capacitance values as was seen with E2 —4 F cm™ (113 F g-1) at a scan rate

of 2mVs.
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Figure 52. A Nyquist plot of complex impedance and frequency dependencies of B Cs” and C
Cs” calculated from the impedance data of E3.

Plots for the gravimetric and areal capacitance dependence on scan rate are seen in Figure
51A and Figure 51B, respectively. The plots are also nearly identical to what was achieved by E2

in Figure 48.

The Nyquist plot, as well the real and imaginary components of the complex capacitance
(Figure 52A, Figure 52B and Figure 52C, respectively) were also nearly identical to the plots

recorded for E2.
7.6.3 Conclusion

Three PPy-MWCNT electrodes with 35 mg cm mass loading were fabricated using PV
as the MWCNT dispersant and SY as the polypyrrole dopant. Employing SY as the polypyrrole

dopant for the PPy-MWCNT composite resulted in a retention of 54% and a maximum areal

74



Master’s Thesis, Aseeb M. Syed McMaster University | Materials Science and Engineering

capacitance of 2.4 F cm? at 2 mV s, To study electrolyte effects on this composite the NazSO4
electrolyte was replaced with Al2(SO4)sw. This resulted in the decrease of the imaginary
component of impedance from 10 to 6 ohms, an increase in the maximum areal capacitance from
2.4t0 4 F cm, and a decrease in the retention from 54% to 32%. The data collected from this
work consolidates the understanding of the molecular structure of dopants and their effect on
electrochemical characteristics. The PPy-MWCNT electrodes prepare with SY are promising for

future polymer-based SC applications.

8 Conclusions and Future Work

Investigations were conducted with two materials for the development of composites for
SC applications. The first material, MnO2, was used in four approaches: Schiff-base linkage, co-
dispersion, LLE, and morphology modification. Various dispersants were used in tandem with
each of these approaches, namely: TDB/DHB and FDS/DOPA-HCI for the Schiff-base approach;
GC for co-dispersion; UD for LLE; and LG for morphology modification. Each of these
techniques avoided the agglomeration problem seen with MnO2 synthesis because the
synthesized MnO: particles/nanorod were not dried and re-dispersed into the CNT suspensions to
form the respective composites. The dispersants were used to effectively disperse and mix the
two constituent materials (MnO2 and MWCNT) and allow for the fabrication of high mass
loading electrodes. Moreover, each of these dispersants demonstrated the provision of relatively
high capacitance values and low impedance for the respective electrodes which were fabricated
from MnO2.-MWCNT composites. The most unique finding obtained from the MnO2 segment of
this work was the discovery of undecanal to be able to serve as both an extractor and also a

receiving solvent for LLE. This simple discovery can enable novel applications in the
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nanotechnology of not just oxides, but metals, quantum dots, and hydroxides. Furthermore, the
work done in the morphology modification technique paved the way to understanding how
various organic dispersants interact with the nanorod morphology of MnO.. For future work, it
may be worthwhile to synthesize other morphologies, as this would allow for testing with novel
dispersants. This would also aid in understanding what molecular characteristics facilitate
enhanced networking of the conducive additive with the MnO, morphologies. For example,
dispersants with heavier molar masses may allow for effective dispersion of the heavy MnO,

nanorods while dispersants with lower molar masses may prove ineffective.

The second SC material, PPy, was investigated with the new dopant SY on two different
electrolytes. SY was chosen for PPy polymerization because it possessed important molecular
characteristics, namely, aromatic rings and sulfonate groups (SY PPY dopant was coupled with
PV for the MWCNT dispersant). Electrolyte effects were also studied on the synthesized
composites by switching between Na;SO4 and Al2(SOs)s electrolytes. Alx(SO4)s electrolyte
reduced the capacitive retention by half as compared to Na2SO4 electrolyte, but nearly doubled
the maximum areal capacitance. The differences in the conductivity and mobility of the
electrolyte ions led to significant changes towards how the electrolyte species diffused in and out

of the composite’s porous structure which yielded different electrochemical performances.

For future work, the next steps would be to fabricate and test fully functional devices
with each newly developed composite. This would greatly assist in ascertaining whether the
synthesized composites are promising candidates for practical applications. Furthermore, due to
the lack of material characterization data it would also be prudent to perform more
characterization tests on the synthesized composites. For example, Fourier-transform infrared

spectroscopy (FTIR) was not conducted for any of the synthesized composites. This technique
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would confirm the adsorption of the dispersants onto the respective particles. Therefore, more
tests with SEM, TEM, FTIR, and XRD would greatly assist in establishing a groundwork for

further comparison of the different colloidal techniques and dispersing agents.
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