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Abstract
Carbonaceous Materials for Supercapacitors
by

Tianyu Liu

Energy storage techniques are critical for feasible implantation of sustainable
energy, as most sustainable energy sources suffer from intermittent nature, uneven
geographically distribution and unstable natural availability. Supercapacitors are a
family of energy storage devices capable of storing electric energy converted from
sustainable energy such as solar energy and wind energy. They distinguish from
another family of energy storage devices, i.e., batteries, by their ability to be fully
charged and discharged in seconds. The characteristics of two electrodes in
supercapacitors largely dictate the overall performance of supercapacitors.
Specifically, developing electrode materials with excellent electrical conductivity,
large surface area and exceptional long-term stability (or ultra-long lifetimes) is
attracting extensive research effort all over the world to push the performance of
supercapacitors to a new height.

The scope of this dissertation covers my past five years of study on design
and synthesis of carbonaceous materials, with their applications in supercapacitors.
Carbonaceous materials refer to materials composed of and contain carbon.

Amorphous carbon shell, graphene, 3D-printed graphene aerogel, 3D hierarchical

XVi



porous carbon foams and conducting polymers are included in the dissertation.
They share common advantages such as they are electrically conductive,
economically viable, easy to be processed into versatile architectures with
ultra-large surface area (>1000 m? g).

This dissertation will present my research works associated with
carbonaceous materials for supercapacitors carried out in the past five years.
Chapter one sets the background for energy storage and introduces key concepts
of supercapacitors. Chapter two and chapter three present hierarchical porous
carbon foams derived from chitosan, with modifications by incorporation of
potassium carbonate (chapter two) and silica hard templates (chapter three), that
exhibited superior capacitive performance to other state-of-the-art carbon
electrodes. Chapter four introduces a 3D graphene aerogel wood-pile lattice with
orderly distributed macropores. This graphene aerogel structure was fabricated by
direct ink writing (one of 3D printing techniques). Supercapacitors using these
3D-printed graphene aerogel electrodes with thickness on the order of millimeters
display exceptional capacitive retention (approximately 90% from 0.5 to 10 Ag™)
and power density (>4 kW kg™) that equal or exceed those of reported devices
made with electrodes 10-100 times thinner. A three-step ion-intercalation method
that can further boost the capacitance of the 3D printed graphene aerogel by two
times is discussed in chapter five. Chapter six and seven deal with increasing

cycling stability of typical conjugated polymers with capacitive activity, e.g.,

Xvii



polyaniline and polypyrrole by carbonaceous materials. Finally in chapter eight,
an outlook on carbonaceous materials will be given. Specifically, current
challenges and opportunities for developing hierarchical porous carbons as

high-performance supercapacitor electrodes are discussed.
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Chapter 1
Introduction of Supercapacitors

Abstract

Feasible utilization of sustainable energy calls for efficient and reliable energy
storage devices. Supercapacitors represent a class of energy storage devices that
are capable of storing electric energy converted from sustainable energy sources.
They distinguish from batteries by their ability to be charged and discharged much
rapidly. Performance of a supercapacitor is largely dictated by its electrode
performance. Carbon-based materials, including versatile carbons (e.g., carbon
dots, graphene, 3D carbon foams etc.) and carbonaceous materials (e.g., organic
compounds and polymers), receive extensive research effort for electrochemical
energy storage. This chapter presents background of energy storage, fundamental
concepts of supercapcacitors, equations for calculations as well as a brief
overview of the research progress of carbon based materials for supercapacitors.
1.1 Background

With the ever growing population, diminishing supplies of fossil fuels, and
proliferating environmental pollutions, there is an urgent need for clean and
sustainable energy. Extensive research efforts have been devoted for technology
development to harvest and convert sustainable energies to electricity that can be
readily used for electronics. However, due to the intermittent nature, unevenly

geographical distribution and unstable natural availability of these sustainable



energy resources, reliable and efficient energy storage technology is required for
viable utilization of sustainable energy.

Batteries and supercapacitors (a.k.a. electrochemical capacitors or
ultra-capacitors) are two major energy storage devices. Figure 1.1a shows the
Ragone plot that compares the energy density and power density of
supercapacitors and various batteries.! Supercapacitors distinguish from batteries
by their ultrahigh power density, i.e., the ability to be rapidly charged and
discharged, at a timescale of seconds. Therefore, supercapacitors target
applications where high power uptake or delivery and pulsed energy are needed:
immediate power supply and recovery of stop-and-go systems, industrial energy
management systems and electric vehicles (mostly used in conjunction with
lithium-ion batteries), etc. > Figure 1.1b depicts the major components of a
supercapacitor, which consists of a positive electrode (a.k.a. cathode), a negative
electrode (a.k.a. anode), a separator in between the two electrodes to prevent
electric short circuit, and an electrolyte filled inside the package, serving as an ion
reservoir. Commonly used electrolytes of lab-developed supercapacitors include
aqueous solutions, organic solutions and ionic liquids.* Commercial products use
organic electrolytes, such as ethylene carbonate and propylene carbonate
exclusively. ®

Figure 1.2 depicts the working principle of a supercapacitor. Upon charging,

electrons migrate from the negative electrode to the positive electrode driven by



external bias (supplied by power sources such as electrochemical workstation).
Simultaneously in the electrolyte, cations and anions diffuse to the positive and
negative electrode surface, respectively, under the driving force of the electric
field between the positive and negative electrodes. Upon discharging, electrons
spontaneously move from the positive electrode, across and power the external
load (e.g., an electronic), and eventually are injected into the negative electrode.

At the same time,
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Figure 1.1 (a) Ragone plot compares the specific energy density and specific
power density of supercapacitors and other batteries. Reproduced with
permission.* Copyright 2015, American Chemical Society. (b) Structure schematic
of a supercapacitor.
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Figure 1.2 Working principle of a supercapacitor: (a) charging process and (b)
discharging process.

1.2 Capacitance
Capacitance is a quantity that measures how much charge a supercapacitor

can take. The general mathematical expression of capacitance can be written as:

_Ae

C_AU

where C is capacitance (in farad, F), Q is surface charge (in coulomb, C) and U is
surface potential (in volt, V). Based on this equation, one can conclude that
capacitance equals to how much charge be taken before the surface potential
increases 1 V. More equations used in my research will be displayed and discussed
in the following “Calculations” section.
1.3 Charge Storage Mechanisms

The superior power density of supercapacitors is rooted in their charge
storage mechanism. Two mechanisms are involved for supercapacitors. The first
category is electrical double layer (EDL) capacitance. In this case, charges are

stored as ions adsorbed at electrode/electrolyte interfaces via electro-static



interactions (Figure 1.3). Suppose the electrode is negatively charged (i.e.,
charged with electrons), the negative charged electrons near the electrode surface
attract cations in the electrolyte due to the electrostatic attraction. These first
anchored cations align with each other and form a compact and ordered layer
named the inner Helmholtz layer (IHL). The second layer, coined outer Helmholtz
layer (OHL), is built up with counter ions (e.g., anions in this case) that are
attracted by the ions in the IHL. Anions in the OHL tend to pack more loosely and
disorderly than cations in the IHL. It is because that the electrostatic attraction
force imposed by the counter ions is weakened by dielectric nature of the solvent
as well as solvation sheaths surrounding the counter ions. The IHL and the OHL
together are termed ‘“electrical double layer”. The thickness of the electrical
double layer capacitance depends on the size of ions, electrolyte concentration and
electrode surface charge density. The typical thickness is less than 10 nm.® For
EDLs, electrons are stored at the interface of electrode and electrolyte. Generally,
increasing electrode’s ion-accessible surface area can enhance the magnitude of
electrical double layer capacitance. Carbon materials stored charges mainly via

the formation of EDL as aforementioned.
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Figure 1.3 Schematic of EDL structure

The second category is pseudo-capacitance from pseudo-capacitive reactions
(Figure 1.4). It is widely accepted that the pseudo-capacitive reactions can be
classified into three groups: ’

= Under-potential deposition (Figure 1.4a);

= Near-surface redox reaction (Figure 1.4b);

= Fast ion insertion and extrusion that trigger no phase transitions (Figure
1.4c).

Under-potential deposition refers to electrodeposition of a species at a
potential lower than its corresponding theoretical reduction potential. A typical
example is the deposition of lead (Pb) thin films onto gold (Au) substrates. * But
under-potential deposition is rarely explored for energy storage because of its

limited capacitance (under-potential deposition can only deposit single-atom thick



layers), slow kinetics and poor reversibility. Near-surface redox reaction is the
most common type of pseudo-capacitive reaction among the three. Redox
chemical reactions (i.e., reactions involving electron transfer) on the surface of
some pseudo-capacitive materials, such as ruthenium dioxide, store electrons via
valence state change of the active site(s). The typical example is the protonation
and de-protonation of ruthenium dioxide (RuO,). When applying a negative bias,
electrons from the power source will be injected into ruthenium dioxide and
reduce Ru** to Ru®**". To balance the overall charge of the entire electrode, protons
in electrolyte will diffuse into ruthenium dioxide. In this case, electrons are stored
as lower valence states of pseudo-capacitive sites in the near-surface region of the
electrode. Fast ion insertion-deinsertion is a type of pseudo-capacitive reaction
demonstrated recently. It is similar as ion intercalation-deintercalation processes
commonly observed in lithium ion batteries. The distinction between a
battery-type reaction and a capacitive reaction is whether the process will trigger
accompanied phase transition(s). Pseudo-capacitive reactions should not alter the
phase of corresponding electrode materials. Electrode materials exhibiting this
behavior must possess layered structures hosting guest ions. Representative
materials belonging to this category are T-Nb,Os (orthorhombic niobium

pentoxide) ® and h-WO3 (hexagonal tungsten trioxide)®.
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Figure 1.4 Three typical types of pseudo-capacitive reactions. (a) Under-potential
deposition: electro-deposition of Pb thin films onto Au substrate. (b) Near-surface
redox reactions: protonation and de-protonation of RuO, in aprotic electrolytes. (c)
Fast ion insertion-deinsertion.

Supercapacitors that store charges based primarily on EDLs and
pseudo-capacitive reactions are called EDL capacitors and pseudo-capacitors,
respectively. No matter charges are stored by EDLSs or pseudo-capacitive reactions,
they are managed to accumulate and dissipate rapidly because they only interact
with the electrode surface (for EDL capacitance, under-potential depositions and
near-surface redox reactions) or diffuse swiftly in bulk materials (for fast ion
insertion-deinsertion). This property renders supercapacitors the superior rate
performance.’

1.4 Calculations

This section summarizes all the equations or methods that are used for

evaluating capacitive performance.

Capacitance



Gravimetric (a.k.a. specific) capacitance Cs, (F g™ is obtained by C/m, and m
is the mass loading (mg cm™).
The gravimetric capacitance can also be calculated based on constant-current

(a.k.a. galvanostatic) charge and discharge profiles:

LAt
AU

where C (F g) is the gravimetric capacitance, I, (A g*) is the current density, At
(s) is the discharge time, and AU (V) is the potential window.

The areal capacitance can be calculated based on constant-current charge and

discharge profiles according to:

IXt
Cs =
AUXS

(Equation S1)
Where C (in mF cm™) are the areal capacitance, | the discharge current (mA), t
the time (s), AU the potential window (V), S the working area of electrode (cm?),
m is the mass of active material.

The volumetric capacitance (Cy, unit in F cm™) of NOC//MnO, can be

calculated based on galvanostatic charge-discharge experiments according to:

c _Ixt
VTAU XV

where | is the charge-discharge current (A), t the discharge time (s), AU the
potential window (V) and V the total volume (cm®) of an entire supercapacitor
device stack including two electrodes, electrolyte-soaked separator and packages.
Energy Density and Power Density

Energy density (E, Wh kg™*) and power density (P, W kg™*) were evaluated by



the following equation:

— Cdev X AU(gev
2 X 3.6

P_3600><E
At

where Cge, represents the gravimetric capacitance of the symmetric device
calculated using Equation (1). AUge, and At is the potential window of the device
and discharge time of GCD profiles, respectively. Energy density and power
density reflect how much energy a device can store and how fast a device can be
fully charged, respectively.

Electrochemical Impedance Spectroscopy Analysis

Imaginary capacitances (C") were evaluated via the following equation:

w_ Z(w)
Cwx|Z(w)]?

Here the electrochemical impedance Z(w) is defined as Z(w)= Z'(w)+jZ"(w),
where Z'(w) and Z"(w) are the real part and the imaginary part (in ohm),
respectively. o is the frequency (in Hz) and j is the imaginary number.

Z(@)P=IZ' (@) + 12" ()P

The electrical conductivity can be estimated by the following equation:
1000 dI

[ dv

where S is the electrical conductivity (in Sm™), | is the distance between two
probes (=1 cm), 2—; is the slope of the I-V curve (in S).
Trasatti Method for Capacitance Differentiation

The Trasatti method was used to differentiate the capacitance contribution
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from electrical double layer and pseudo-capacitive reactions. Cyclic
voltammograms of CF-MP were first collected with the scan rate ranging from 10
mV st to 1000 mV s*. Then, corresponding gravimetric capacitances were

evaluated based on the following equation:

S

C=3auv

where C stands for the gravimetric capacitance (in F g™), AU the potential window
(in V), S the area enclosed by corresponding cyclic voltammograms (in AV g™)
and v the scan rate (in V s™).

Plotting the reciprocal of the gravimetric capacitances (C™) against the square

root of scan rates (v'/2

) should yield a linear correlation between them, assuming
semi-infinite diffusion of ions. Specifically, the correlation can be described by
the following equation:
C~! = constant - v/2 + C; 7t

where C, v and Cy is the experimental gravimetric capacitance, the scan rate and
the total capacitance, respectively. Data points collected at larger scan rates
deviated from this linear relationship due to intrinsic resistance of the electrode
and deviation from semi-infinite ion diffusion. These deviated data points were
masked during linear fitting. The “total capacitance” equals the sum of electrical
double layer capacitance and pseudo-capacitance.

Plotting the gravimetric capacitances (C) against the reciprocal of square root

1/2

of scan rates (v“) should also give a linear correlation described by the following

11



equation (if assuming a semi-infinite diffusion of ions):
C = constant - v=2 + Cgp;

where C, v and Cgp,_ is the experimental gravimetric capacitance, the scan rate and
the electrical double capacitance, respectively. Linear fit the plot and extrapolate
the fitting line to y-axis gives the maximum electrical double layer. Subtraction of
CepL from Cy yields the maximum pseudo-capacitance.
Dunn Method for Capacitance Differentiation

The Dunn method enables one to differentiate quantitatively the
capacitance contribution from surface capacitive effects (herein we regard them as
EDL capacitive effects) and diffusion-controlled processes (herein we regard them
as pseudo-capacitive reactions) capacitive effects. At a fixed potential, the current
density [i(V)] read from a cyclic voltammograms can be expressed as a
combination of two terms, i.e.,

i(V) = kyv + k,vt/?

where the term kj;v accounts for the current density contributed from EDL

capacitive effects while the term kov'/2

is the current density associated with
pseudo-capacitive reactions. Dividing v? on both sides of the above equation
yields:

i(V)/v'/? = k,v'/? + k,

Therefore, by reading the i(V) from cyclic voltammograms collected at a

series of scan rates followed by plotting i(V)/v/? vs. v/2, one expects to
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obtain a linear fitting line with its slope equals k; and its y-intercept equals k.
Figure S10d displays an example of the i(V)/v¥/? vs. v¥/2 plot collected for
CF-MSP using the anodic current at a potential of -0.1 V vs. Hg/HgO. Plugging
the obtained k; and k into Equation (9) allows one to differentiate the capacitance
contribution from EDLC and PC at the specific potential V and a selected scan
rate, v.

Repeat the aforementioned steps for other potentials within the potential
window. The capacitance ratio of EDLC to PC equals the ratio of the area of the
colored region to the area of the blank region.

1.5 Carbonaceous Materials as Supercapacitor Electrodes — An Overview

Among various materials, carbonaceous materials, including carbon materials
and organic matters, stand out as promising supercapacitor electrode candidates
owing to a number of characteristics: electrically conductive, inexpensive,
chemically stable, abundant and easy to be engineered into versatile structures. At
the time of writing, the majority of commercial supercapacitors utilize highly
porous carbon powers, i.e., activated carbon, to fabricate electrodes.'®
Carbonaceous materials represent a diverse family of materials: zero-dimensional
carbon dots,** one-dimensional carbon nanotubes® and polymer fibers,™

two-dimensional graphene® and three-dimensional carbon foams™ have been

extensively studied as components for supercapacitors.
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One of the ultimate goals for supercapacitor research is to achieve high
charge storage capacity (measured by capacitance or energy density) at ultra-high
scan rates or current densities. Carbon materials are promising candidates for
realizing such a goal owing to their high electrical conductivities. The small
electrical resistance enables fast electron transfer and transport, which is essential
for high-rate performance. However, the gravimetric capacitance of carbon had
remained at a mediocre level between 100 and 200 F g™ for decades.™ Previous
studies found that the relatively small ion-accessible area of carbon materials is
the main cause for the limited capacitance and energy density. Factors that lead to
the limited ion-accessible area include: i) inadequate inherent surface area and/or
i) restricted ion accessibility to a large amount of surface. For example, carbon
cloth woven by micron sized carbon fibers only have a specific surface area of ~5
m? g [determined by the Brunauer-Emmett-Teller (BET) method]."” Activated
carbon powder, though has an ultra-high surface area surpassing 1000 m? g, its
abundant micro-pores are barely accessible for ions. As a result, the typical
gravimetric capacitance of activated carbons is only around 100 F g*.*® The
capacitance decreased to an even lower level when increasing scan rate or current
density, due to the sluggish ion diffusion in the micro-pore dominated structures.
Therefore, to enlarge the ion-accessible area of carbon materials while
maintaining charge diffusion pathways becomes crucial to achieve high

capacitance at ultrafast charging rates.
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The aforementioned challenge is being addressed. Capacitances that exceed
300 F g have been achieved by a new class of carbon materials termed
hierarchical porous carbons. They possess multi-scale pores interconnected
together and assembled into hierarchical patterns. The hierarchical porosity
facilitates electrolyte infiltration and ion diffusion, thus improves ion accessibility
of the entire electrode.

1.6 Hierarchical Porous Structure

The basic requirement for hierarchical porous structure is that a porous
system must contain multi-scale pores, i.e., must have at least two kinds of pores.
In 1985, the International Union of Pure and Applied Chemistry (IUPAC)
classified pores according to pore width. The pore width is defined as pore
diameter, or specifically for slit-shaped pores (i.e., space between two layers),
inter-layer distance. According to IUPAC, pores are classified into three categories:
19

= Macropores, with pore widths larger than 50 nm;

= Mesopores, with pore widths smaller than 50 nm but larger than 2 nm;

= Micropores, with pore widths smaller than 2 nm.

With the development of nanomaterials, the IUPAC elaborated their
classifications in 2015 to introduce three new pore types: 2°

= Nanopores, with pore widths smaller than 100 nm;
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= Supermicropores, a.k.a. large micropores, with pore widths smaller than
2 nm but larger than 0.7 nm;

= Ultramicropores, a.k.a. small micropores, with pore widths smaller than
0.7 nm.

Based on the new definitions, nanopores include micropores, mesopores and
macropores but with an upper limit of pore width of 100 nm. Supermicropores
and ultramicropores are two subtypes of micropores. The classifications of these
Six pore types are summarized in Figure 1.5a.

Porous systems that solely contain different sizes of pores is not necessarily
be qualified as hierarchical porous systems. The notion of “hierarchy” in a
material requires a clear presentation of interplay between all different pores and
formation of a hierarchical network. For supercapacitors that rely on ion diffusion
for operation, different types of pores should be at least interconnected with each
other and be accessible for ions. Figure 1.5b presents an illustration of a typical
ion diffusion path in a hierarchical porous structure: ions enter first in largest
pores and then flow into smaller ones that are subdivided from the larger pores.

This pattern continues until ions reach the smallest pores.
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Figure 1.5 (a) IUPAC classifications of pores based on pore width. (b) Schematic
illustration of an ion diffusion pattern in a typical hierarchical porous structure.

The rest part of my dissertation will elaborate on the topic of carbon and
carbonaceous materials for supercapacitors, by demonstrating strategies to
enhance the capacitive performance of carbons as well as exploring other

functions of carbons for supercapacitors.
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Chapter 2
Hierarchical Porous Carbon Foams Derived from Potassium
Carbonate-embedded Chitosan Aerogels for Electrical Double Layer
Capacitors

Abstract

Increasing demand for portable electronic devices calls for the need of
light-weight power source. Electrical double layer capacitors (EDLCs) are
promising candidates due to their high power density and outstanding
charge/discharge cycling stability. Three-dimensional (3D) self-supporting
carbon-based materials have been extensively studied for light-weight EDLCs. Yet,
a major challenge for 3D carbon electrodes is the limited ion diffusion rate in their
internal space. To address this limitation, preparation of hierarchical porous 3D
structures that provide additional channels for internal ion diffusion is favorable.
Herein, we report a new template-free method for synthesis of ultralight (9.92
mg/cm®) 3D porous carbon foam (PCF) involving carbonization of glutaraldehyde
cross-linked chitosan aerogel in the presence of potassium carbonate. Electron
microscopy images reveal that the carbon foam is an interconnected network of
carbon sheets with uniformly dispersed macro-pores, while Brunauer-Emmett—
Teller measurements confirm the hierarchical porous structure. Electrochemical
data show that the PCF electrode can achieve an outstanding gravimetric

capacitance of 246.5 F g™ at a current density of 0.5 A g, and a remarkable
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capacitance retention of 67.5% when current density increased from 0.5 A g™ to
100 A g, A quasi-solid-state symmetric supercapacitor fabricated via assembly of
two pieces of PCF and delivered an ultrahigh power density of 25 kW kg™ at an
energy density of 2.8 Wh kg™. This work demonstrates the ability to synthesize
ultralight and hierarchical porous carbon foam with high capacitive performance.
2.1 Introduction

Increasing demand for portable electronic devices calls for the need of
light-weight power source. Electrical double layer capacitors (EDLCs) are
promising candidates due to their high power density and outstanding
charge/discharge cycling stability."? An ideal EDLC electrode should have large
surface area, excellent electrical conductivity, chemical and mechanical stability.
To increase the gravimetric capacitance of EDLC, it is also critical that the
electrode is self-supporting material without the need of current collectors and
non-conductive binders.>*

Three-dimensional (3D) self-supporting carbon-based materials, such as
graphene/carbon aerogels,>® carbon monoliths,” carbon nanotube sponge,® and
carbon nanofiber foams® have been extensively studied for light-weight EDLCs.
For instance, Niu et al. synthesized a free-standing CNT paper that can be directly
fabricated into a compact-designed supercapacitor.’® Sun et al. developed an
EDLC based on bamboo-like carbon fibers without the need of additional

mechanical support."! Zhai et al. fabricated 3D graphene scaffolds using nickel
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foam as sacrificial template.®> A major challenge for 3D carbon electrodes is the
limited ion diffusion rate in their internal structures.”*** In a rapid charge and
discharge process, the ion diffusion limit causes undesirable capacitance loss and
the reduction of rate capability and power density. To address this limitation,
preparation of highly porous 3D structures that provide additional channels for ion
diffusion is favorable. It has been reported that the existence of macro-pores and
meso-pores can facilitate ion diffusion within 3D structures, whilst the presence of
micro-pores can increase gravimetric capacitance by increasing ion-accessible
surface area.***™® It is expected that 3D porous carbon materials can achieve
enhanced specific capacitances as well as rate capability compared to 3D
non-porous counterparts. For instance, Xu et al. demonstrated that the porous
reduced graphene hydrogel retained a gravimetric capacitance of 212 F g* (~75%
of its initial value) at a large current density of 100 A g* while its non-holey
counterpart achieved only 136 F g™ (~66% of its initial value) at the same current
density.!” Hao et al. synthesized porous carbon foams from bagasse activated with
KOH." The porous carbon foam obtained at 700 °C exhibited the highest
gravimetric capacitance of 268.4 F g at a scan rate of 2 mV s and maintained ca.
75% capacitance when scan rate increased to 200 mV s, which is much better
compared to carbon foams without KOH activation (88 F g* @ 2 mV s and
maintained ca. 68% capacitance @ 200 mV s™).

Here we report for the first time a template-free method to fabricate 3D
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hierarchical porous carbon foams (PCF) derived from K,COs-embedded chitosan
aerogels. Chitosan is the second most abundant natural bio-polymer that makes it
a sustainable precursor for synthesis of carbonaceous materials.****?° Moreover,
chitosan forms graphitic carbonaceous materials with excellent electrical
conductivity upon pyrolysis due to intrinsic N-doping.??* Previous studies of
chitosan-derived carbonaceous materials have been primarily focused on

2123252 and pellets.?**** However, carbon

preparation of carbon powders
powders and pellets may not be the best candidates for EDLC electrodes. The
fabrication of carbon powder electrode requires the addition of non-conductive
binders and conductive substrate as mechanical support. While carbon pellets are
self-supporting structure, they are typically assembled with very thick sheets (ca.
2 um in thickness) that limit the electrode surface area. In this work, we use
glutaraldehyde to cross-link with chitosan in solution at ambient temperature to
form chitosan aerogels. Subsequent pyrolysis of the as-formed aerogel yields a 3D
porous carbon network with interconnected porous thin carbon sheets (~90 nm).
Conventional methods for producing porous carbon structure can be mainly
grouped into two approaches: i) template methods that involves the incorporation

127 and polystyrene spheres® to

and removal of templates such as silica spheres
generate pores. ii) KOH activation methods in that carbonized structures are

usually mixed with KOH powder and annealed at high temperature (> 600 °C) to

create pores.?>® Both approaches require at least two steps to obtain the porous
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carbon structure. Our method, on the contrary, takes only one step to
simultaneously carbonize chitosan and generate meso- and micro-pores. The
as-formed PCF structure has a fairly low mass density of 9.92 mg cm™. Moreover,
the porous configuration and thin walls allow rapid ion diffusion and provide
ultra-high surface area (1013 m? g) for charge storage. The self-supporting PCF
electrode achieved outstanding electrochemical performance with an outstanding
gravimetric capacitance of 246.5 F g™ (at 0.5 A g™) based on the entire mass of
the electrode, and a remarkable capacitance retention of 67.5% when current
density increased from 0.5 A g* to 100 A g*. A quasi-solid-state symmetric
supercapacitor assembled using two pieces of PCF delivered an ultrahigh power
density of 25 kW kg™ at an energy density of 2.8 Wh kg™ based on the total
weight of two electrodes (equivalent to a power density of 6.25 kW kg™ and an
energy density of 0.68 Wh/kg based on the total mass of device considering a
packing factor of 0.4).%°

2.2 Experimental Section

Preparation of chitosan-derived PCF: 1 mL 10 wt% K,CO; aqueous solution
was slowly added into 20 mL of 1 wt% chitosan solution (with 1 wt% acetic acid
as solvent) under vigorous stirring. Then, 240 pL of 25 wt% glutaraldehyde
aqueous solution was added dropwise into the solution. After adding
glutaraldehyde solution, the mixed solution was immediately transferred into a

plastic container (e.g., a petri dish). The solution slowly solidified in the air and
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formed the hydrogel. The as-formed hydrogel was exposed in air for 1 day to age
and then was frozen in a freezer. The frozen K,CO3-embedded chitosan hydrogel
was freeze-dried for 48 h to form the chitosan aerogel. Pyrolysis of the aerogel
was carried out in a home-built tube furnace in nitrogen atmosphere at 800 °C for
2 h to obtain the porous carbon foam (denoted as PCF). The PCF was washed with
0.1 M hydrochloric acid solution and de-ionized water to remove any soluble
residuals. For comparison, carbon foam without hierarchical porous structure
(denoted as CF) were prepared by the same procedures as PCF but without adding

K2COs.

Fabrication of quasi-solid-state symmetric supercapacitor devices: The
symmetric supercapacitor device was assembled by two identical pieces of PCF
[1.4 mg in total based on the mass of PCF used, based on three consecutive
measurements using a micro-balance (Citizen, Model CX205, 0.1 mg sensitivity)].
The PCFs were pressed onto two pieces of nickel foam under 10 MPa (FY-15
Micro-presser, Shenyang Kejing Co.) without adding any binders. Polyvinyl
alcohol (PVA)/KOH gel was used as the electrolyte. To prepare the PVA/KOH gel,
3.36 g of KOH powder was firstly dissolved in 30 mL of de-ionized water and
heated to 90 °C. Then 2.0 g of PVA powder was slowly added to the solution
under vigorous stirring. The solution was kept stirring until a clear gel was formed.
The two pieces of PCF along with a piece of membrane (TF 4804, NKK, serves as

the separator) were soaked in the as-prepared electrolyte at 90 °C for half an hour
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prior to assembly. Then, the electrolyte-soaked separator was sandwiched between
electrodes and kept at 45 <C for 6 h to remove excess water in the electrolyte.
Finally, the assembled device was wrapped with parafilm (Pechiney Plastic
Packaging, US) and sealed with epoxy resin (Red Extra Fast, Hardman Double

Bubble) at two ends to avoid absorbing air moisture.

Characterizations: Morphology was probed by scanning electron microscopy
(SEM, FEI Quanta 3D Dual-beam scanning electron microscope) and
transmission electron microscopy (TEM, JEM2010-HR, 200 kV accelerating
voltage). The specific surface area and pore volumes were determined by
Brunauer—Emmett-Teller experiment conducted with a Micromeritics porosimetry
analyzer (ASAP 2010) at the temperature of liquid nitrogen (77 K) using nitrogen
as adsorbate. Raman spectra were recorded with a Raman spectrometer (Reinshaw
RAMAN) with an excitation wavelength of 760 nm. Peaks in Raman spectra were
analyzed using the “Multiple Peak Fit” function in the Origin 8.0 software. The
qualitative comparison of electrical conductivities was carried out using a CHI
660D electrochemical workstation (CH Instruments, Inc.). Materials were
connected to the workstation with two probes on each end. The distance between

two probes was 1 cm.

Electrochemical =~ Measurements:  Cyclic  voltammetry,  galvanostatic

charge-discharge experiments were performed using a CHI 660D electrochemical
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workstation (CH Instruments, Inc.)in a traditional three-electrode electrolytic cell.
A graphite rod (ca. 5 mm in diameter), a saturated calomel electrode (SCE) and 3
M KOH aqueous solution were used as counter electrode, reference electrode and
electrolyte, respectively. The working electrodes were prepared by pressing the
PCF or CF (~ 1 mg) onto a piece of nickel foam under 10 MPa (FY-15
Micro-presser, Shenyang Kejing Co.) without adding any binders.
Electrochemical impedance spectroscopy (EIS) was conducted in a frequency
range from 0.1 Hz to 1000 kHz at open circuit potential with a perturbation of 5
mV. All the EIS spectra were fitted using ZSimpWin software. Stability test of the
single electrode was carried out in 3 M KOH electrolyte at a scan rate of 200 mV
s for 10000 cycles. Stability test of the symmetric device was performed using
GCD experiment with a current density of 10 A g* for 10000 consecutive

charge-discharge cycles.
2.3 Results and Discussions

Synthesis of PCF

Figure 2.1 illustrates the procedure for preparation of PCF and CF.
Chitosan hydrogels were prepared by an intermolecularly cross-link reaction
between the amine groups of chitosan molecules and aldehyde groups of
glutaraldehyde molecules (Figure 2.2) in aqueous solution at ambient temperature.

For preparing PCF structure, 1 mL of 10 wt% K,CO3 aqueous solution was first
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added in chitosan solution and then the solution was mixed with glutaraldehyde to
form K,COgs-embedded chitosan hydrogel. The as-prepared chitosan hydrogels
were freeze-dried for 24 h to form aerogel structure. Scanning electron
microscopy (SEM) studies revealed that the aerogels exhibit 3D network of
interconnected sheets. The formation mechanism of the 3D network can be
described as the follows:

1) In diluted chitosan solution, many liquid water “islands” are randomly
dispersed among chitosan polymer chains, due to the limited interaction between
chitosan polymers and water. Addition of glutaraldehyde cross-links chitosan
chains and forms chitosan “cages” that hold water inside (Figure 2.3a).

2) During freezing, water “islands” expand and squeeze the as-formed chitosan
“cage” walls to thin chitosan sheets (Figure 2.3b).

3) During freeze-drying process, ice “islands” sublimate and leaves the porous
chitosan network composed of chitosan sheets behind, as observed in the SEM

images (Figure 2.3c).
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Figure 2.1 Schematic of the synthesis of (a) PCF and (b) CF.
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Figure 2.2 (a) Simplified illustration of the cross-link reaction between chitosan
and glutaraldehyde. The active functional groups involved in the reaction are
labelled in red (amine groups) and blue (aldehyde groups). (b) Digital pictures of
bl) chitosan solution and b2) chitosan hydrogel obtained after the cross-link
reaction. (c) FT-IR spectrum collected for crosslinked chitosan and bare chitosan.
Characteristic peaks of O-H, C-H, N-H and C=0 are highlighted by dashed lines
and the characteristic C=N stretching peak at 1574 cm™ is labeled. Peaks around
2400 cm™ are due to presence of carbon dioxide in air.
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Figure 2.3 Schematic of the formation mechanism of porous chitosan aerogels
composed of chitosan sheets. (a) Chitosan solution. (b) Frozen chitosan solution.
(c) Freeze-dried chitosan aerogel. SEM image shows the porous structure created
by ice sublimation. Step A: Freezing. The expansion of liquid water squeezes the
chitosan “cages” along the directions indicated by red arrows. Step B:
Freeze-drying. Ice “islands” sublimates and leaves the porous chitosan aerogel.

K,COs-embedded chitosan aerogel showed an equally smooth surface as
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plain chitosan aerogel, indicating that K,CO3; was well impregnated in the aerogel.
These aerogels were carbonized in nitrogen atmosphere at 800 °C.
Thermogravimetric (TG) analysis (Figure 2.4) reveals the decomposition
temperature of the cross-linked aerogels is ca. 220 °C and the carbonization rate is
0.2 mg min™. The volume of plain chitosan aerogel shrank considerably with the
density greatly increased from 29.75 mg cm™ to 62.53 mg cm™® upon
carbonization. The shrinkage can be attributed to the structural collapse as a result
of dehydrogenation and intermolecular dehydration during annealing.** In contrast,
the K,COs-embedded chitosan aerogel forms a slightly swollen carbon foam
structure upon carbonization, with the density reduced substantially from 167.8
mg cm™ to 9.92 mg cm™, which is much lighter than most conventional carbon
materials such as carbon black powder (typically 1800-2100 mg cm™), carbon
cloth (typically 1700-1800 mg cm™)** graphene-carbon nanotube composite
(1060 mg cm™),® carbon aerogel (500-600 mg cm™),** activated carbon powder
(typically 400-500 mg cm™), graphene-carbon hybrid texture (70 mg cm™),* and
graphene aerogels obtained by supercritical CO, drying or freeze drying (12-96

mg cm™).%
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Figure 2.4 TG curve of the glutaraldehyde cross-linked chitosan aerogel with a
scan rate of 20 K min™. Insets: Digital pictures of the sample before and after
carbonization.
Structural properties of PCF

The SEM images collected for the carbonized aerogels, disclosing a couple
of important structural differences between the two samples (Figure 2.5). First, the
carbonized sample derived from K,COs-embedded chitosan aerogel exhibits
lower density of carbon sheets compared to the one derived from plain chitosan
aerogel. Second, the sheet thickness of K,COs-embedded sample is about 90 nm,
which is also considerably thinner than the plain sample (ca. 500 nm, Figure 2.6).
More importantly, the sheets of K,COjz-embedded sample are porous with
uniformly dispersed pores of ~1 pum in diameter (originate from the phase
separation between hydrophobic carbon and water during the pyrolysis.®"%),

while the sheets of plain sample are smooth and non-porous. The two carbonized

samples are denoted as porous carbon foam (PCF) and carbon foam (CF)
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respectively, based on their structural feature. The density reduction observed for
PCF is believed to be due to the reduced thickness of carbon sheets and the
volumetric expansion as a result of gas releasing during thermal decomposition of
K,COs. It has been reported that K,CO3; can decompose into K,O and CO; or

directly react with carbon at temperatures beyond 700 °C, as shown in Equation

1-3:2939
K,CO3 — K,0 + CO; (Equation 1)
K,CO3 +2C — 2K +3CO (Equation 2)
KO+ C — 2K+ CO (Equation 3)

The large amount of gases released from the processes can exfoliate and expand
the carbon sheets. Meanwhile, the pores can be created from corrosion of carbon

by potassium carbonate and potassium oxide (Eg. 2 and Eq. 3).
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Figure 2.5 SEM images of (a) PCF and (b) CF.

Figure 2.6 SEM images collected from the carbon sheet edge of (a) PCF and (b)
CF structures showing the sheet thickness.

To further explore the role of glutaraldehyde and the effect of crosslinking
chitosan molecules, we prepared a control sample using the same procedure for
PCF but without adding glutaraldehyde and K,COs;. In the absence of
glutaraldehyde, chitosan aerogel was obtained after freeze drying. Subsequent
carbonization of the chitosan aerogel yielded a carbon monolith (Figure 2.7a
inset). SEM images (Figure 2.7a and 2.7b) revealed that the control sample is
composed of a layered structure. Each carbon layer has a lateral size of ca. 2 um.
This morphology is consistent with that of other chitosan-derived carbon
monoliths synthesized in the absence of cross-linkers. **° On the contrary, the
carbon film obtained in the presence of glutaraldehyde possesses a 3D network of
carbon sheets (Figure 2.5b) with a much thinner lateral sheet thickness (ca. 500
nm, Figure 2.6). These results prove that the glutaraldehyde mediated

cross-linking plays a crucial role in creating the 3D macro-porous network
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structure.

Figure 2.7 (a) SEM image of the carbon monolith prepared without
glutaraldehyde. Inset shows the digital picture of a piece of carbon foam. (b) SEM
image of a carbon layer showing the lateral thickness.

To characterize the porous structure of PCF and compare the surface area
between the two carbon foams, nitrogen adsorption and desorption isotherms were
collected. As shown in Figure 2.8a, PCF exhibits combined characteristics of type
| and type IV isotherms. The steep increase of adsorbed nitrogen volume at low
relative pressure (P/Pg< 0.1) indicates the presence of micro-pores in PCF.%! The
hysteresis observed at P/Py> 0.4 also proves the existence of meso-pores. “ On
the contrary, CF displays a type Il adsorption-desorption isotherm (Figure 2.8a
inset) with limited nitrogen adsorption capacity. The surface area and pore
volumes of PCF and CF are summarized in Table 2.1 and the pore size
distribution of the two carbon foams is shown in Figure 2.9. Obviously, PCF has
higher porosity than CF, consistent with the SEM images. The surface area of PCF
was determined to be 1013 m? g, which is higher than graphite powders
(typically 6 m? g?), carbon black powders (ca. 100 m? g), carbon aerogel

particles (800 m? g*) *?, graphene aerogels (960 m? g™) © and is comparable to
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ordered meso-porous carbon templates (ca. 1030 m? gh).* The
micro-pores/meso-pores ratio of PCF is 2.994 while that of CF is only 0.067. The
increased amount of micro-pores is a direct result of K,COj3 activation. It has been
reported that micro-pores are more efficient than meso-pores in terms of
enhancing the capacitance.** This high micro-pores to meso-pores ratio is
beneficial for achieving large capacitance. TEM images proved the existence of
macro-pores and micro-pores on a single PCF carbon nanosheet (Figure 2.10).
The BET together with the SEM and TEM results suggest that PCF is a 3D
hierarchical porous structure containing micro-, meso- and macro-pores.
Furthermore, the degree of graphitization of the two carbon foams was
evaluated by Raman spectroscopy (Figure 2.8b). Both samples show two distinct
bands centered at 1340 and 1580 cm™, which can be assigned to D and G band of
carbon,* respectively. The integral intensity ratio of the G and D band (denoted as
I6/1p) is directly proportional to the degree of graphitization. * As shown in Table
1, the Ig/lp value of PCF (0.503) is higher than CF (0.345), suggesting the PCF
exhibit higher degree of graphitization that can be attributed to the partial
sp’-carbon lattice recovery by reducing gas, e.g. CO, generated during
carbonization. The increased degree of graphitization would enhance electrical
conductivity of carbon foam, which is favorable for achieving excellent rate
capability. As shown in Figure 2.11, the electrical resistance of the PCF electrode

is comparable to the highly conductive nickel foam, and is much smaller than that
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of stainless steel plate, the graphite paper and the carbon cloth. The small

electrical resistance of PCF allows fast electron transport.

Table 2.1 Textural parameters of PCF and CF

BET Total Micro-pore .
Pore Meso-pore Ratio of
Surface \Volume,

Sample \olume, \Volume, Vmicro 1O Ie/lp

Area1 S vV Vmicro V (cm3/g) vV

2 total 3 meso meso
PCF 1013.0 0.576 0.461 0.154 2.994 0.503
CF 8.9 0.027 0.002 0.030 0.067 0.345
400 b
desorption PCF

—— adsorption

Intensity (a.u.)

Volume adsorbed (cm?®/g, STP) ©
N
o
o

00 O : . j ; 800 1000 1200 1400 1600 1800 2000
P/P Raman Shift (cm™)

Figure 2.8 (a) Nitrogen adsorption-desorption isotherms collected for PCF and
CF (inset); (b) Raman spectra of PCF and CF. Dashed lines highlight the D and G
peak positions.
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Figure 2.9 Pore size distribution of PCF and CF.

Figure 2.10 (a) The low magnification and (b) high magnification TEM images of
a piece of PCF carbon sheet. The dashed box highlights the micro-pores.
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Figure 2.11 Potential vs. current plots collected from the PCF and other
commonly used current collectors. The distance between two probes is 1 cm. (b)
shows the zoomed-in part highlighted by the dashed box of (a). In a potential vs.
current plot, the electrical resistance is directly proportional to the slope of the
straight line.
Capacitive performance of PCF electrode

The hierarchical porous structure and ultralight property of PCF makes it a
promising electrode material for fabricating light-weight supercapacitors. To
evaluate the electrochemical performance of PCF, we conducted cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) in a three-electrode electrolytic cell in 3 M KOH
aqueous electrolyte (Experimental Section). Figure 2.12a compares the CV curves
collected at a scan rate of 100 mV s™ for PCF and CF. The capacitance of PCF is
substantially higher than CF. In addition, all the CV curves of PCF collected at
different scan rates showed a nearly rectangular shape (Figure 2.13a), indicating

the capacitive performance of PCF is superior.*” The steep slope (close to 90°) of

the CV curve, also suggests that PCF is highly electrically conductive.”®* GCD
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curves collected for PCF at various current densities exhibit symmetric
charging/discharging profiles (Figure 2.13b). The gravimetric capacitance of PCF
calculated from the discharge time at 0.5 A g™ is 246.5 F g™*. Figure 4c shows the
specific capacitances calculated from GCD profiles at different current densities.
Significantly, PCF was able to retain 80.1% of gravimetric capacitance when
current density increased from 0.5 A g to 10 A g, and an outstanding value of
67.5% capacitance retention when the current density further increased to 100 A
g (Figure 2.13c). The gravimetric capacitances of PCF at large current densities
and rate capability are among the best performance achieved by self-supporting
carbon based materials under comparable testing conditions, and much better than
conventional resorcinol-formaldehyde carbon aerogels (Table 2.2). Moreover, the
PCF electrode delivers an excellent volumetric capacitance of 43.10 F cm™ at a
current density of 0.5 A g, and still retains 29.10 F cm™ at a current density of
100 A g*. The performance is better than a number of other carbon monolith
electrodes with comparable volume, including the conventional R-C carbon
aerogel (ca. 40 F cm™, 5 mV s7),* activated carbon (24.8 F cm™®, 5 mA cm?),*®
waste paper based activated carbon (36.7 F cm™, 5 mA cm™),>! and exfoliated
carbon cloth (2.2 F cm™® 10 mA cm?®).* The exceptional rate capability
performance is believed to be due to the 3D hierarchical porous structure that
facilitates ion diffusion and the high electrical conductivity that enables fast

charge transfer at interfaces and electron transport in the carbon sheet.
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Figure 2.12 (a) CV curves collected for PCF and CF at a scan rate of 100 mV s*
in 3 M KOH aqueous electrolyte; (b) CV curves of CF. (¢) GCD profiles of CF. (d)
Nyquist plot collected at open-circuit potential. Open dots and solid lines are
experimental data and fitting curves, respectively. Inset shows the normalized C”

vs. frequency plot.

Table 2.2 Capacitive performance of self-supporting carbonaceous electrodes

Description Electrolyte Spe(_:lflc Rate capability Ref.
capacitance
Chitosan-derived 6 M ca. 10 F g* (200 ca. 4.8% 22
carbon pellet KOH mV s?) (2 mV to 200 mV s%)
Activated carbon 1M 1 1 80% 7
monolith H,s0, 20F9 GAGY (0.5Ag" to5A g™
6M  20Fg’ (200 mV 71%
CNT sponge KOH 9 1 (20 mV s to 200 8
s7) mV s™)
Three-dimensiona . 91 %
| hierarchical 6M 56 F g~ (100 mV K] 27
ordered porous KOH ) GmVs S.tf; 100 mV
carbon (3D
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HOPC)

RF carbon
aerogel

Pd-decorated
graphene aerogel

Graphene aerogel

Three-dimensiona
| graphene-based
framework
(3D-GF)
Mesoporous
carbon thin film

Activated carbon
wrapped carbon
nanotube
buckypaper
Microporous
carbon
nanosphere
(MCNS)

Macro-/Meso-por
ous CNT sponge

Bamboo-like
carbon nanofiber
Carbon nanotube

supported
graphene aerogel
Nitrogen-doped
graphene aerogel

(NGA)

N-doped carbon

nanofiber
network (CLCF)

RGO-fabrics

Porous
chitosan-derived
carbon pellet

6M  67.2Fg*(10mV

KOH 51
01M  80Fg" (500 mv
Na,SO, )

6M ca.82Fg* (10A
KOH g)

1M 83 F g* (100 mV

H,SO. )

6 M 1 -1
Koy 85Fg'(BAQY
6M ca. 100 F g* (10
KOH Ag?h

6 M -1 -1
oy MOFg'(Agh
6M 150 F g™ (200
KOH mV s?)

3M  165.2F g™ (100 A
KOH gh)

6 M 169.3F gt (10 A
KOH g7

1M 174F gt (10A

H,SO04 gh)

1M 1756 Fg* (50 A
H,SO,4 gl)

6 M 1 -1
KOH 195Fg~ (5AQY)
6M 214.5F g* (200
KOH mV s?)
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To gain further insights about the outstanding performance of PCF, EIS
spectra were collected and fitted by the equivalent electric circuit provided in
Figure 2.14. 1 All parameters of the equivalent electric circuit are listed in Table
S1 (in the ESM). The combined series resistance (Rs) of PCF is ca. 0.179 Q,
comparable to other highly conductive carbonaceous materials. “°26 As shown in
Figure 2.13d, the EIS spectrum of PCF exhibits a clear semi-circle in the
middle-frequency domain and a nearly vertical straight line in the low-frequency
domain, indicative of small charge transfer resistance (R¢;) and Warburg element
(W). % Furthermore, we have evaluated the relaxation time constant (z) of PCF
to determine its efficiency of charge transfer and frequency response. 1
corresponds to the frontier between the capacitive and resistive behavior and is the
time required to deliver the stored energy and power efficiently. ® It can be
evaluated as 7o=1/fy, where fy is the frequency at the peak in the normalized
imaginary capacitance (C") vs. frequency plot (Figure 2.13d inset).®® The 7, of the
PCF electrode is 2.3 s. Such a small relaxation time explains the outstanding rate

capability of the PCF. Besides, PCF shows a stable cycling performance with
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capacitance retention of 98% after 10000 scans in 3 M KOH aqueous electrolyte

(Figure 2.15).
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Figure 2.13 Electrochemical performance of PCF measured in 3 M KOH aqueous
electrolyte. (a) CV curves collected at various scan rates (b) GCD profiles
collected at various current densities. (c) Gravimetric capacitance and volumetric
capacitance of the PCF electrode plotted as a function of current density. (d)
Nyquist plot collected at open-circuit potential. Open dots and solid lines are
experimental data and fitting curves, respectively. Inset shows the normalized C”
vs. frequency plot.
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Figure 2.14 Equivalent electric circuit used for EIS data fitting. Parameters: Rs-
combined series resistance; R - charge-transfer resistance; W - Warburg element;
Cq - electrical-double-layer capacitance; Cg - surface capacitance (related to
pseudocapacitance) ; Ry - surface resistance
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Figure 2.15 (a) Cycling stability of PCF in 3 M KOH at a scan rate of 200 mV s™;
(b) The CV curves collected before and after 10000 scans.
Capacitive performance of PCF//PCF supercapacitor

A symmetric supercapacitor (SSC) was fabricated via assembly of two
identical PCF electrodes with a separator in polyvinyl alcohol (PVA)/KOH gel
electrolyte (Figure 2.16d inset). The device is denoted as PCF//PCF. Figure 2.16a
displays the CV curves of the PCF//PCF SSC collected at different scan rates. All
the curves showed quasi-rectangular shapes. The GCD profiles (Figure 2.16b)
showed nearly linear potential-time behavior and symmetric charging/discharging
curves. These results proved that the PCF//PCF device has a predominant
electrical double layer capacitive behavior. The specific capacitance calculated
based on the total mass of the two electrodes is 42.5 F g™* at 0.2 A g™. The value is
about one-fourth of the gravimetric capacitance of the single electrode, as
expected.®” Remarkably, the PCF//PCF device retained 71.1% of the gravimetric
capacitance when the current density increased from 0.2 A g™ to 10 A g and 45.4%

of the gravimetric capacitance when the current density further increased to 50 A
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g* (Figure 5c). This excellent rate capability is higher than other EDLCs
including cross-linked N-doped carbon fiber SSC (ca. 43%, 0.2 Ag™ to 10 Ag™),°
meso-microporous carbon SSC (52.4%, 0.25 A g™ to 10 A g),®® hierarchical
porous carbon SSC (ca. 63%, 0.5 A g™ to 10 A g™*)."® We have also evaluated the
volumetric capacitance based on the total volume of our device [0.6 cm (L) <0.8
cm (W) x 0.45 mm (H), 0.022 cm® (Figure 2.16c). The device volumetric
capacitance obtained at a current density of 0.2 A g* was 2.38 F cm™ and the
device still retained 1.08 F cm™ when the current density increased by 250 times.
This performance is substantially better than a number of quasi-solid symmetric
supercapacitors (SSCs) with comparable volume, including TiO,@C SSC (0.125
F cm™ at 0.1 mA cm™?),%® ZnO@C@MnO, SSC (0.325 F cm™ at 0.5 mA cm™?),”
and TiN SSC (0.33 F cm™ at a current density of 2.5 mA cm™).”* Moreover, the
PCF//PCF device exhibited an excellent capacitance retention of 97.1% after
testing for 10000 charge-discharge cycles (Figure 2.16d) and outstanding
flexibility (Figure 2.17).

The calculated energy densities and power densities of PCF are summarized
in the Ragone plot (Figure 2.18). Notably, the power density can vary within a
broad range without significantly change the energy density, owing to the
excellent rate capability. The PCF//PCF device delivers an impressive power
density of 25 kW kg™ (equivalent to 1.6 kW cm™) at the energy density of 2.8 Wh

kg™ (equivalent to 0.17 mWh cm™). This performance is better than previously
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reported symmetric device assembled with self-supporting carbon electrodes, such
as carbon nanotube (CNT) sponge//CNT sponge (0.3 kW kg, 0.34 Wh kg™),?
activated carbon monolith (ACM)/ACM (12 kW kg™, 1 Wh kg),” N-doped
carbon nanofiber (NCNF)//NCNF SSC (9 kW kg™, 2 Wh kg™, ® and graphene
thin film (GTF)//GTF SSC (1.81 kW kg™, 2.9 Wh kg™).”” Two fully-charged
PCF//PCF devices connected in series (charging current density: 6 A g™, voltage 2
V, charging time: ca. 15 s) can power an electric fan (1.5 V nominal voltage) for
tens of seconds and three light emitting iodides (LEDs) for about three minutes,

demonstrating its potential for practical applications.
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Figure 2.16 Electrochemical performance of PCF//PCF SSC with PVA-KOH as
gel electrolyte. (a) CV curves collected at various scan rates. (b) Galvanostatic
charge-discharge profiles collected at various current densities. (c) Gravimetric
capacitance and volumetric capacitance of the PCF//PCF SSC plotted as a
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function of current density. (d) Cycling stability collected at 10 A g, inset shows
the schematic illustration of PCF//PCF device.
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Figure 2.17 (a) Digital picture showing a PCF film pressed on a piece of nickel
foam under bending condition. (b) Cyclic voltammograms collected for PCF//PCF
symmetric supercapacitor at a scan rate of 100 mV s™* under flat (black curve) and
bending condition (red curve).
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Figure 2.18 Ragone plot of the PCF//PCF device. Insets show the digital pictures

of an electric fan and three LED light bulbs powered by two PCF//PCF devices
connected in series.

2.4 Conclusions

In conclusion, we demonstrated a simple and template-free method to prepare

self-supporting and ultralight hierarchical porous carbon foam containing 3D
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interconnected macro-porous framework with meso- and micro-porous walls.
Significantly, the PCF electrode shows outstanding specific capacitance (246.5 F
g™ at a current density of 0.5 A g*) and rate capability (67.5% retention from 0.5
A g’ to 100 A g'). The quasi-solid-state PCF//PCF electrical double layer
capacitor delivers an ultrahigh power density of 25 kW kg™ at an energy density
of 2.8 Wh kg™, holding a great promise for practical applications. We believe that
these robust, highly porous and electrically conductive carbon foams can also
serve as an excellent supporting scaffold for making lightweight

pseudo-capacitors and lithium-ion batteries.
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Chapter 3
Three-dimensional Carbon Foams with a Multiscale Pore Network Boosts
Ultrafast Charging Capacitance

Abstract

Increasing charge storage capability during fast charging (at ultrahigh current
densities) has been a long-standing challenge for supercapacitors. In this work a
novel porous carbon foam electrode with multi-scale pore network is reported that
achieves a remarkable gravimetric capacitance of 374.747.7 F g™ at a current
density of 1 A g*. More importantly, it retains 235.947.5 F g* (60% of its
capacitance at 1 A g) at an ultrahigh current density of 500 A g™. Electron
microscopy studies reveal that this carbon structure contains multiple-scale pores
assembled in a hierarchical pattern. The outstanding capacitive performance is
benefited from its extremely large surface area of 2905 m? g, as around 88% of
the electric charges are stored via electrical double layer. Significantly,
electrochemical analyses show that the hierarchical porous structure containing
macro-, meso- and micro-pores allows efficient ion diffusion and charge transfer,
resulting in the excellent rate capability. The findings pave the way for improving
rate capability of supercapacitors and enhancing their capacitances at ultrahigh
current densities.

3.1 Introduction

Supercapacitors are capable of storing and delivering energy rapidly.*®
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Increasing the amount of electric charges that can be stored during fast charging
and discharging is critical for supercapacitors.® The poor electrical conductivity of
pseudo-capacitive  material  limits  their  capacitance  during  fast
charging/discharging, despite they have large theoretical capacitances.’
Alternatively, electrical double layer (EDL) capacitive materials such as carbons
are able to be charged and discharged more rapidly than pseudo-capacitive
materials owing to their excellent electrical conductivities. EDL capacitance is
directly proportional to the electrolyte accessible electrode surface area, therefore
increasing porosity is a possible solution to improve EDL capacitance.® Yet, in
most cases, the enhancement of capacitance through creation of micro-pores is
accompanied with the decrease of rate capability. For example, despite activated
porous fullerene/graphitic carbon composites exhibited an excellent capacitance
of 362.2 F g at a current density of 0.1 A g™ the capacitance decreased quite
rapidly to 191.6 F g when the current density increased to 5 A g™.° Holey
graphene aerogel film yielded a gravimetric capacitance of 311 F g™ at a current
density of 1 A g*, while only 237 F g was retained at 100 A g*.!° The
capacitance loss at high current density is believed to be due to sluggish ion
diffusion within micro-pores that is unable to keep up with the fast rate of charge
and discharge.'*™*®* Thus, a better understanding of the relationship between pore
structure and capacitive performance is critical for improving the performance of
EDL electrodes. In 2010, Black et al. simulated charge accumulation behavior of
different pore shapes using a transmission line model and concluded that electrode
with multi-scale pores is beneficial for charge accumulation.** Later, Ervin found

that the presence of such multiple-scale pores can facilitate ion diffusion in a thick
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graphene film.”> These findings suggest that an electrode with multiple-scale
pores is favorable for ion diffusion, which is crucial to achieve large capacitance
at ultrahigh current densities. Recently, Zhao et al. demonstrated a hierarchical
porous carbon electrode that retained ca. 92% of capacitance (~56 F g™) when the
scan rate increased from 5 mV st to 100 mV s Our previous study also
revealed that micro-porous graphene aerogels with periodic macro-porosity
achieved an excellent rate capability of 88.7% when current density increased
from 0.5 A g™ to 10 A g~.'" However, the capacitances of these electrodes were
relatively low (<100 F g?) due to limited surface area. In addition to the
aforementioned experimental results, molecular dynamic simulations coupled
with state-of-the-art experimental techniques have also elucidated that the
existence of multi-scale pores can facilitate ion diffusion. For example, Pé&n et al.
observed that pores larger than 0.7 nm could serve as electrolyte reservoirs to
store ions in proximity to smaller pores. Upon applying an electric field, the stored
ions can diffuse into the nearby micro-pores within less time compared to ions in
bulk electrolyte because of the shortened ion diffusion length.’® Forse et al.
studied the ion interactions with electrodes using in-situ diffusion nuclear
magnetic resonance spectroscopy. They concluded that the presence of pores
wider than 2 nm was helpful in alleviating ion confinement inside micro-pores,
which notably increased the effective ion self-diffusion coefficient and was

beneficial for achieving outstanding rate capability.*®

Inspired by these previous studies, we synthesized a 3D carbon foam contains

a significant amount of multi-scale pores. This unique porous structure has an
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ultrahigh surface area of 2905 m? g™. It achieved an outstanding gravimetric
capacitance of 235.947.5 F g at an ultrahigh current density of 500 A g™ with
more than 60% of the capacitance retained when the current density increased
from 1 A g* to 500 A g*. To our knowledge, the rate capability and the
gravimetric capacitances obtained at large current densities are record values for
carbon electrodes.

3.2 Experimental Section

Chemicals: Chitosan (M.W. 100,000~300,000, 85% deacetylation), acetic acid
(glacial, 99.9%), tetraethyl ortho-silicate (TEOS), potassium hydroxide (KOH),
hydrochloric acid (HCI), denatured alcohol (95 vol%) and absolute ethanol were
purchased from Acros Organics. Glutaraldehyde aqueous solution (50 vol%) was
purchased from Tokyo Chemical Industry Co. Ltd. All chemicals were used
without further purifications.

Preparation of silica (SiO;) spheres: SiO, spheres were prepared via a modified
Stcher method. Briefly, 100 mL absolute ethanol, 15 mL de-ionized water, and 5
mL ammonia aqueous solution (25 wt%) were mixed in a 250-mL round-bottom
flask. The mixture was stirred at 500 rpm and heated up to 40 °C in a water bath.
6.0 g of TEOS was quickly added into the solution mixture and the solution was
kept stirring for 6 h at 40 °C. The solution gradually turned from clear to cloudy.
White precipitates (i.e., SiO, spheres) in the cloudy solution were collected by

centrifugation, followed by thorough rinsing with alcohol (95 vol%) and
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de-ionized water until the pH value reached 7. The precipitates were re-dispersed
in 20 mL de-ionized water prior to use.

Preparation of silica-embedded carbon foam (CF-SiO;): The SiO, spheres
dispersed in water was slowly added into 18 g 1.2 wt% chitosan solution (with 1
wt% acetic acid as solvent) under vigorous magnetic stirring. The mass ratio of
added SiO; particles and chitosan was 1:1. Then, 216 pL 50 wt% glutaraldehyde
aqueous solution was added into the mixture dropwise (weight ratio of chitosan:
glutaraldehyde = 2:1). After 30 s, the mixture was poured into a petri dish to allow
gelation at room temperature. The as-formed hydrogel was aged at room
temperature overnight and then lyophilized to obtain the sponge-like
SiO,-embedded chitosan aerogel. This aerogel was then carbonized in a tube
furnace at 800 °C for 2 h in nitrogen atmosphere to form CF-SiO,.

Removal of silica spheres: A piece of CF-SiO, was soaked in 2 M sodium
hydroxide (NaOH) aqueous solution at 90 °C for 10 h to dissolve the embedded
SiO; spheres. The sample was then put in 50 mL de-ionized water to remove any
residual NaOH or silicate salts overnight and dried in an electric oven at 80 °C for
2 h.

Preparation of CF-MSP: CF was immersed in 1.0 M KOH aqueous solution for
8 h and then dried in an electric oven at 80 °C for 2 h. The KOH-treated CF was
then annealed in a tube furnace at 800 °C in nitrogen atmosphere for 1 h to obtain

the CF-MSP. After annealing, the sample was immediately washed with
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de-ionized water to dissolve any soluble impurities. Finally, the CF-MSP was
rinsed by 0.5 M HCI and ample amount of water until the pH reached 7, and then
dried in an electric oven at 80 °C for 2 h.

Preparation of CF-MSP//CF-MSP  quasi-solid  state  symmetric
supercapacitors: The quasi-solid state symmetric supercapacitor was fabricated
via assembly of two pieces of identical CF-MSP electrodes. The electrodes were
soaked in lithium hydroxide/polyvinyl alcohol (LIOH/PVA) gel electrolyte for 6 h
to allow gel electrolyte infiltration. The two electrodes were separated by a piece
of separator (NKK TF40, 40 um thick). Then the entire device was wrapped with
parafilm (Pechiney Plastic Packaging, US). To prepare the LiOH/PVA gel
electrolyte, 2.0 g LiOH was first dissolved in 50 mL de-ionized water to form a
clear solution. Then 4 g PVA powder was added into the solution under vigorous
stirring heated at 85 °C until a clear gel was obtained.

Material Characterizations: Scanning electron microscopy (SEM) images were
acquired using a FEI Quanta 3D Dual-beam scanning electron microscope.
Transmission electron microscopy (TEM) images were collected using a JEM
2010-HR transmission electron microscope (accelerating voltage: 200 kV).
Nitrogen absorption/desorption measurements were conducted with a
Micromeritics ASAP 2010 porosimetry analyzer at liquid nitrogen temperature (77
K). X-ray photoelectron spectroscopy (XPS) was performed by a RBS upgraded

PHI-5000C ESCA system with Mg-monochromatic X-ray at a power of 25 W and
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a beam diameter of 10 mm. All XPS peak positions were calibrated using the C 1s
photoelectron peak at 284.6 eV as the reference. Raman spectra were collected
with a Raman spectrometer (Reinshaw RAMAN, 632.8 nm excitation
wavelength). X-ray diffractions were conducted by a Rigaku Americas Miniflex
Plus X-ray diffractometer. BET data were collected by a V-Sorb 2800 P surface
area and porosimetry analyzer. Contact angle measurement was carried out using
a SL 150 surface tensiometer (Kenuo Industry Co. Ltd., Shanghai, China).

Electrochemical Measurements: Cyclic voltammetry (CV), Galvanostatic
charge-discharge (GCD) experiments were performed with a CHI 660D
electrochemical workstation (CH Instruments, Inc.) in a three-electrode
electrolytic cell. A graphite rod (ca. 5 mm in diameter), a mercury/mercury oxide
electrode (Hg/HgO in 1 M NaOH aqueous solution, 0.165 V vs. Standard
Hydrogen Electrode) and 3 M KOH aqueous solution were used as the counter
electrode, reference electrode and electrolyte, respectively. The working electrode
was prepared by pressing the carbon foam onto a piece of clean nickel foam
without addition of binder (mass loading: 2.5 mg cm™, packing density: 250 mg
cm®). To ensure the weight accuracy, an analytical balance (Citizen Scale, Model
CX265) with a precision of 0.1 mg was used for all weight measurements. Three
CF-MSP electrodes were made and tested under the same testing condition to
evaluate standard deviation of capacitance. Electrochemical impedance

spectroscopy (EIS) was conducted in a frequency range from 0.1 Hz to 100 kHz at
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open circuit potentials with a perturbation of 5 mV. All EIS spectra were fitted
using the ZSimpWin software. Cycling Stability test of the single electrode was
carried out in 3 M KOH aqueous electrolyte using CV at a scan rate of 200 mV s
for 10000 cycles. Cycling stability of the symmetric device was evaluated by CV
with various scan rates (100, 200, and 400 mV s™).
3.3 Results and Discussions

Figure 3.1a illustrates the synthesis procedure of CF-MSP. Silica-embedded
carbon foam (CF-SiO,) was prepared by mixing silica spheres (ca. 200 nm in
diameter, Figure 3.2a and 3.2b) with chitosan solution, followed by gelation with
glutaraldehyde, freeze-drying and carbonization (refer to the Experimental
Section). As shown in Figure 3.1b, carbonization of chitosan-derived polymer
yields a self-standing 3D porous structure with micron size cavities formed by
interconnected carbon sheets. These micron size cavities are generated during the
freeze drying process, resulting from the sublimation of water in the chitosan
solution.”’ Silica spheres are embedded in each sheet (Figure 3.1c), owing to the
electrostatic attraction between inherently negatively charged silica spheres and
positively charged chitosan polymers with protonated amine groups. Dissolving
the silica spheres leaves spherical sub-micron size cavities (macro-pores) on each
carbon sheet (Figure 3.1d and Figure 3.1e). This sample is denoted as CF.
Fourier-transform infrared spectrum and powder X-ray diffraction pattern

collected from CF confirmed the complete removal of silica spheres (Figure 3.2c
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and 3.2d). CF was then soaked in 1.0 M KOH aqueous solution, followed by
drying and further annealing at 800 °C in nitrogen atmosphere to create meso- and
micro-pores on the surface of carbon sheets, yielding a piece of self-standing
hierarchical porous carbon foam (Figure 3.1f inset). KOH was selected as the
activation agent because of its ability to yield activated carbons with higher
surface area and larger population of micro- and small meso-pores than other
chemical activation agents.” Removal of silica spheres and subsequent annealing
process did not damage the structural integrity of the carbon sheets (Figure 3.1f
and Figure 3.1g). The resultant morphology of the CF-MSP is completely
different from conventional activated carbon powder. The latter one lacks a
three-dimensional structure and is composed of thick chunks decorated with
excessive amount of micro-pores.? It should also be mentioned here that although
the silica-embedded chitosan aerogel is compressible, its compressibility is lost

after the pyrolysis of chitosan polymer to carbon (CF and CF-MSP).
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Figure 3.1 (a) Schematic illustration of the synthesis of CF-MSP. (b,d,f) SEM
images of CF-SiO,, CF and CF-MSP. Scale bars are 25 um. (c,e,g) SEM images
collected from the edge of a carbon sheet in (b,d,f). Scale bars are 1 um. Figure 1f
inset shows a digital picture of a piece of self-standing CF-MSP foam, scale bar is
1 mm.
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Figure 3.2 (a) Digital picture of silica sphere suspension. (b) SEM image of silica
spheres with an average diameter of 200 nm. (c) FT-IR spectra of CF-SiO, and CF.
The characteristic peaks of SiO; are highlighted in the blue dashed box. Peaks at
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3454 cm™ (O-H stretching) and 1640 cm™ (H-O-H bending) are originated from
physically absorbed water. (d) PXRD pattern of CF-SiO, and CF. The broad peak
centered at ~21<is consistent with the value reported for SiO».

Brunauer—Emmett-Teller (BET) measurements and transmission electron
microscopy (TEM) studies were carried out to characterize the porous structure of
CF-MSP. Figure 3.3a compares the nitrogen adsorption-desorption isotherm of
CF-MSP and CF. It is clear that CF-MSP has significantly higher absorbed
nitrogen volume than CF, confirming the increase of surface area after KOH
activation. For CF-MSP, the steep increase in the amount of nitrogen absorbed at
both low relative pressure (P/Py < 0.1) and high relative pressure (P/Py > 0.9)
indicate the existence of large amount of micro-pores and macro-pores,
respectively.?® The hysteresis located at 0.4 < P/Pg < 1.0 suggests the presence of
meso-pores.** As shown in Figure 3.3b, CF-MSP possesses a porous structure
containing multi-scale pores with pore size spanning from sub-nanometer to
sub-micron. Table 3.1 summarizes key structural parameters of CF-MSP and CF
obtained from the BET tests. CF-MSP has substantially higher amount of
micro-pores and meso-pores than CF (Figure 3.4). The increased pore volume
should be attributed to KOH activation. During the annealing process, the KOH

deposited on carbon sheets melt and consequently etch carbon,***?

resulting in
the distortion of carbon network and the formation of small (micro- and meso-)

pores (Figure 3.5a). The high resolution TEM (HR-TEM) images collected for CF

and CF-MSP, as shown in Figure 3.5b, reveal the presence of small pores in
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CF-MSP and the amorphous nature of each carbon sheet. Significantly, CF-MSP
exhibits an ultra-high BET surface area of 2905 m? g, which is considerably
larger than that of CF (143.5 m* g™).

Table 3.1 BET results of CF and CF-MSP

BET surface Micropore Non-micropore
volume, volume,
Sample area Voo @ Vo b Vimicro/Vnon-micro
[mZ g-l] m!e,Cl’O_l non-3m|cr_<i
[cm”g7] [cm”g7]
CF 143.5 0.024 1.012 0.024
CF-MSP 2905.6 0.930 3.407 0.273

% t-plot micro-pore volume; ™ BJH desorption cumulative volume (> 2 nm).
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Figure 3.3 (a) Nitrogen absorption-desorption isotherms of CF-MSP and CF
collected at liquid nitrogen temperature (77 K). (b) Pore size distribution
calculated from the absorption-desorption isotherm using Barrett-Joyner-Halenda
(BJH) method (for pore size ranges between 2 nm and 300 nm) and Saito-Foley
(SF) method (for pore size < 2 nm). (c) C 1s XPS spectrum and (d) N 1s XPS
spectrum. The black lines are experimental data that can be de-convoluted into
several synthetic peaks (dashed curves). The solid curve is the summation of all
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the synthetic peaks. Percentages of different carbon species and N-functionalities
are evaluated based on area of synthetic peaks. (e) Schematic illustration of the
chemical structure of CF-MSP derived from XPS spectra.
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Figure 3.4 Porous structure of CF. (a) Nitrogen adsorption-desorption isotherm
collected at liquid nitrogen temperature (77 K). (b) Pore size distribution. Small
macro-pore/meso-pore and micro-pore size distribution were derived from the
BJH and SF method, respectively.

Figure 3.5 TEM Characterizations of CF-MSP. TEM images of (a1, bl) CF and
(a2, b2) CF-MSP. Scale bars in (a) and (b) are 200 nm and 5 nm, respectively. The
red boxes highlight the portion shown in b1 and b2.

The X-ray photoelectron spectroscopy (XPS) survey spectrum of CF-MSP
displays strong carbon and oxygen signal (Figure 3.6a), indicating the carbon
surface is functionalized with oxygen functionalities. As shown in the C 1s
spectrum (Figure 3.3c), CF-MSP exhibits a large portion of sp?-hybridized carbon

(54.8% based on the synthetic peak area) and oxygen functional groups. It has

67



been reported that oxygen-functionalities can increase wettability of carbon
materials and ease electrolyte permeation into porous structure,?® which is also
confirmed by our contact angle measurement showing that CF-MSP has superior
electrolyte wettability (Figure 3.7). In the survey spectrum, there is an additional
weak signal centered at a binding energy of ca. 400 eV which can be assigned to
nitrogen. This small amount of nitrogen (1.95 at.%) is believed to be originated
from the amine and amide groups of partially-deacetylated chitosan. High
resolution N 1s spectrum (Figure 3.3d) further verifies that the
nitrogen-containing groups are pyridine-like nitrogen (N-6) and quaternary
nitrogen (N-Q) (Figure 3.3e). N-doping has found to be useful in improving the
electrical conductivity, and thus, facilitate electron transfer in carbon electrode.
Specifically, N-6 atoms can contribute pseudo-capacitance in basic electrolytes
and thus are able to enhance the overall capacitance of CF-MSP.? N-Q atoms
exhibit electron donor ability, which facilitates electron transfer as well as
enhances the electrical conductivity.?®?” Both types of the N atoms are beneficial
for achieving high capacitance at ultrahigh current densities. We also observed
that the N content decreased after the KOH activation step. The N content of CF is
about 4.12 at.% (Figure 3.8a), which is considerably higher than that of CF-MSP
(1.95 at.%). Analysis of the N 1s XPS spectrum of CF (Figure 3.8b) revealed that
the reduction of N-6 accounts for the reduced N content. Our observation is

consistent with previous observations that N atoms at edge (e.g., N-6) are not
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quite stable and tend to convert to N atoms embedded in graphene lattice (e.g.,
N-Q) at elevated temperatures.?”? In addition, CF-MSP exhibits a high degree of
graphitization (Figure 3.6b). The electrical conductivity of CF-MSP is estimated
to be 300 Sm™, which is comparable with highly conductive copper tape or
copper foil, and significantly larger than the commercial carbon cloth (Figure
3.6¢). Combination of multi-scale pore system, ultrahigh surface area and
excellent electrical conductivity render CF-MSP a promising electrode material

for electrical double layer capacitors.
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Figure 3.6 Physical characterizations of CF-MSP. (a) The XPS survey spectrum
of CF-MSP. (b) Raman spectrum. Two characteristic peaks (D and G) are labeled.
Ic/Ip represents the ratio of G to D peak intensity. The larger the Ig/lp indicates the
higher the degree of graphitization. (c) I-V curves collected for CF-MSP using
two-probe measurement by an electrochemical workstation. 1-V curves of CF,
copper tape, copper foil and carbon cloth are added for comparison. The distance
between the two probes was 1 cm.
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Figure 3.7 Images of the wetting process. CF-MSP was used as the substrate and
3 M aqueous KOH was used as the liquid. CF-MSP can be completely wetted by
the aqueous KOH electrolyte, suggesting its superior wettability contributed by
the surface oxygen functionalities.
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Figure 3.8 (a) XPS survey spectrum of CF. (b) N 1s XPS spectrum of CF. The
black lines are experimental data that can be de-convoluted into two synthetic
peaks (dashed curves). The solid curve is the summation of both the synthetic
peaks. Percentages of different carbon species and N-functionalities are evaluated
based on the area of the synthetic peaks.

The capacitive performance of CF-MSP was investigated in a three-electrode
electrolytic cell filled with 3 M KOH aqueous electrolyte. The quasi-rectangular
cyclic voltammetry (CV) curves obtained at fast scan rates and isosceles
triangular-shaped galvanostatic charge-discharge (GCD) profiles collected at large
current densities indicate that CF-MSP has nearly ideal capacitive performance
and efficient ion transfer (Figure 3.9a and 3.9b).'%% There are negligible IR drops
in GCD profiles collected at large current densities, suggesting the CF-MSP
electrode is highly electrically conductive. Figure 3.6¢c shows the gravimetric
capacitances of CF-MSP measured at different current densities from 1 A g™ to
500 A g*. CF-MSP yields an outstanding gravimetric capacitance of 374.747.7 F
g™ at a current density of 1 A g. More importantly, the electrode achieves a

remarkable specific capacitance of 235.947.5 F g at an ultrahigh current density
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of 500 A g, retaining more than 60% of the capacitance when the current density
increased by 500 times. To our knowledge, the gravimetric capacitances obtained
at current densities beyond 100 A g™ are the best values reported for carbon
electrodes and is much better than conventional activated carbon powder.
Moreover, the CF-MSP electrode also exhibited outstanding volumetric
capacitance with 94.13 F cm™ at 1 A g*, and retained 78.5 F cm™ and 59.4 F cm™
at 100 A g™ and 500 A g, respectively (Figure 3.10). These values are higher than
a number of carbon-based supercapacitors tested in agueous electrolytes and
particularly promising given highly porous materials are disadvantageous in
volumetric capacitance. As a carbon-based material, the CF-MSP also has
impressive cycling stability, with 98.0% retention after 20000 cycles (Figure

3.11).
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Figure 3.9 (a) Cyclic voltammograms collected at various scan rates. (b) GCD
profiles collected at various current densities. (c) Gravimetric capacitance
measured at different current densities. The error bars represent standard
deviations evaluated based on data collected in triplicate. The gravimetric
capacitances of some previously reported carbon-based supercapacitor electrodes
are added for comparison.?*%“%? Ref.8: bamboo-shaped carbon fiber; Ref.10:
holey graphene aerogel film; Ref.40: B,N-codoped porous carbon; Ref.41:
hierarchical porous carbon/graphene composite; Ref.42: N-doped hierarchical
porous carbon. (d) Nyquist plot collected at open circuit potential from 0.1 Hz to
10° Hz with a perturbation of 5 mV. Open dots and solid line represent
experimental data and fitting curve, respectively. Inset shows the low-frequency
region of the Nyquist plot. (e) Bode phase plot. Dashed line highlights the
characteristic frequency fo (1/70) at the phase angle of -45°.
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Figure 3.10 Plot of the volumetric capacitance of CF-MSP obtained in 3 M KOH
aqueous electrolyte as a function of current density.
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Figure 3.11 Cycling stability performance of CF-MSP. Capacitive retention
measurement of CF-MSP performed by CV at a scan rate of 200 mV s in 3 M
KOH aqueous solution for 20000 cycles. Inset shows the CV curves of the first
and last cycle.

A number of electrochemical measurements including capacitance
differentiation and electrochemical impedance spectroscopy (EIS) were performed
to understand the scientific basis for the exceptional capacitive performance of
CF-MSP. Trasatti analysis ** showed that the maximum capacitance of CF-MSP is

380.22 F g™. The contribution from EDL capacitance and pseudo-capacitance are
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87% and 13%, respectively (Figure 3.12a-c). This conclusion is in accordance
with the result analyzed by another method, i.e., the Dunn method® as shown in
Figure 3.12d-f. In addition, the maximum area-normalized capacitance of
CF-MSP, obtained by dividing the maximum gravimetric capacitance by BET
specific surface area is calculated to be 13 uF cm™, which falls in the range of
electrical double layer capacitance (5-20 pF cm™),* confirming that the EDL
capacitance is the dominated capacitance. The ultra-large surface area of CF-MSP
is thus believed to be critical for achieving such high specific capacitance. On the
other hand, rate capability is determined by the efficiency of charge transport and
ion diffusion.®® EIS analysis (Figure 3.13) reveals that CF-MSP has a very small
combined series resistance (Rs) of 0.21 Q, which is comparable to other highly
conductive carbon materials.>**® The steep slope in the low frequency domain in
the Nyquist plot indicates ion transport in the porous electrode is very efficient
(Figure 3.9d).%" Lack of semi-circle in the middle frequency domain further
suggests the charge transfer resistance (Rc) at the electrode/electrolyte interface is
negligible (Figure 3.9d inset). Bode phase diagram (Figure 3.9e) also discloses
some key information. First, the phase angle at 0.1 Hz is close to the ideal phase
angle, i.e., -90° again revealing the nearly ideal capacitive behavior. Second, the
characteristic frequency (fo) at the phase angle of -45° is estimated to be 12.2 Hz,
corresponding to a characteristic time constant (zp = 1/fp) of 0.082 s. This 7o is

considerably smaller than activated carbon (10 s),*® 3D graphene scaffold (0.53
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s),*” multi-walled carbon nanotubes (0.7 s),*® holey graphene film (0.17 s)*° and is
comparable to highly conductive onion-like carbons synthesized at ultrahigh
temperature (ca. 0.1 s).%° The ultra-small 7o marks the rapid frequency response of
CF-MSP and is in agreement with its exceptional rate capability. The capacitance
of CF-MSP is also evaluated in a two-electrode configuration and the results will
be discussed along with the electrochemical performance of an assembled

supercapacitor device in following sections.
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Figure 3.12 (a-c) Trasatti method: (a) Plots of reciprocal of gravimetric
capacitance (C™) against square root of scan rate (v''2). (b) Plots of gravimetric
capacitance (C) against reciprocal of square root of scan rate (v%). The red lines
are the linear fitting of data points collected at slow scans. The algebraic equations
are used for fittings. Data points in grey are masked during linear fitting. (c)
Histogram showing the capacitance contribution from electrical double layer
capacitance (EDLC) and pseudocapacitance (PC). (d-f) Dunn method: (d)
i(V)/v'/? vs. v¥/2 plot collected for CF-MSP using the anodic current at a
potential of -0.1 V vs. Hg/HgO (e) Dunn method analysis of capacitance
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contribution of CF-MSP. The colored region outlines the current contributed from
EDLC. (f) Histogram showing the capacitance contribution from EDLC and PC.

CPE, CPE,
R‘\ “
RL’, R

f
Figure 3.13 Equivalent electric circuit employed for fitting Nyquist plots.
Parameters: Rs- combined series resistance; R - charge-transfer resistance; W -
Warburg element; CPEy — constant phase element related to
electrical-double-layer capacitance; CPEg — constant phase element related to
pseudocapacitance; R - surface resistance.

To understand the role of pores on the capacitive performance of CF-MSP, we
prepared three control samples by modifying the synthetic procedure as illustrated
in Figure 3.14. The control samples are denoted as CF-1, CF-2 and CF-3,
respectively. CF-1 is a piece of carbon plate with sub-micron cavities and small
(meso- and micro-) pores, but without 3D network structure (micron pores). CF-2
is a piece of 3D carbon foam with small (meso- and micro-) pores, but lacks
sub-micron cavities. CF-3 is a piece of 3D carbon foam with sub-micron cavities
(macro-pores), but no small (meso- and micro-) pores. Corresponding nitrogen
sorption isotherms and representative SEM images of the three carbon foams are
presented in Figure 3.16 and Figure 3.17, respectively. Figure 3.18 compares the
gravimetric capacitances of these control samples with CF-MSP at current
densities ranging from 1 A g™ to 100 A g™, It is clear that eliminating any type of
pores causes significantly reduction of both gravimetric capacitance and rate
capability. It confirms that the combination of multiple-scale pores is

indispensable to achieve the outstanding performance of CF-MSP. To further
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illustrate the specific function of each type of pores, we evaluated their imaginary
capacitances (C") as a function of frequency and compared to the C"” of CF-MSP
(Figure 3.15). As shown in Figure 3.15a and 3.15b, in the absence of micron-sized
pores or sub-micron pores, a significant loss of capacitance in relatively high
frequency region (from 1 Hz to 1000 Hz) is observed, while the capacitance at
low frequencies remains almost unchanged. In contrast, CF-3 exhibits much
smaller capacitance in the entire frequency range from 0.1 Hz to 1000 Hz than all
other samples (Figure 3.15c). These results unveil two important pieces of
information. First, the presence of micron-pores and sub-micron pores plays a
critical role in facilitating ion diffusion into small pores. The loss of capacitance at
high frequencies observed for CF-1 and CF-2 can be ascribed to the sluggish ion
diffusion that impedes the formation of EDL in small pores. Second, a major
portion of the capacitance of CF-MSP must be related to the presence of small
(meso- and micro-) pores, which increase the surface area by ~20 times. These
conclusions drew from EIS results are also consistent with the capacitive
performance of the control samples. As shown in Table 3.2, CF-3 exhibits the
highest rate capability but smallest capacitance, whilst CF-1 and CF-2 show

improved capacitance (compared to CF-3) but inferior rate capability.
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Figure 3.14 CF-1 is a carbon plate with sub-micron cavities and small (meso- and
micro-) pores, but without 3D network structure (micron pores). CF-2 is a 3D
carbon foam with small (meso- and micro-) pores, but lacks sub-micron cavities.

CF-3 is a 3D carbon foam with sub-micron cavities (macro-pores), but no small
(meso- and micro-) pores.
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Figure 3.15 Role of pores on capacitance and rate capability of carbon foam.
Plot of normalized C"” (normalized to the maximum C”) as a function of frequency
for (a) CF-1, (b) CF-2, (c) CF-3 and CF-MSP. Schematic illustrations present

corresponding structural characteristics of CF-1, CF-2 and CF-3.
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Table 3.2 Summary of capacitive performance of carbon foams

Pore Type Capacitance  Capacitance Rate
Sample Micron  Sub-micron Meso- and @1Ag'[F @100Ag” S
] 4 1 Capability®
pores pores micro-pores gl [Fg~l
CF-1 x v v 193.4 96.9 50.1%
CF-2 v x v 181.1 107.5 59.4%
CF-3 v v x 142.3 88.3 62.1%
CF-MSP v v v 376.5 314.0 83.4%
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Figure 3.16 Nitrogen sorption isotherms of (a) CF-1 and (c) CF-2, and pore size
distribution curve of (b) CF-1, (d) CF-2. Small macro-pore/meso-pore and
micro-pore size distribution were derived from the BJH and SF method,
respectively.
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Figure 3.18 Comparison of rate capability of CF-1, CF-2 and CF-3 with
CF-MSP. Error bars represent standard deviation evaluated based on data
collected in triplicate.

A symmetric quasi-solid state supercapacitor device (denoted as CF-MSP
SSC) was fabricated via assembly of two identical pieces of CF-MSP electrodes
filled with LiOH-PVA gel electrolyte (see the Experimental Section). The device
has excellent EDL capacitive behavior (Figure 3.19a and 3.19b), indicating the

infiltration of gel electrolyte and ion diffusion in the electrodes are efficient.** The
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small IR drop observed in the GCD curves reveals that the device internal
resistance is fairly small. By fitting the Nyquist plot (Figure 3.19c), the Rs is
determined to be 0.38 Q, which is substantially smaller than most other
quasi-solid-state carbon-based supercapacitors including carbon nanotube SSC
(30.5 ©),* carbon nanotube coated bacterial nanocelluose paper SSC (ca. 31 Q),*
activated carbon SSC (ca. 5.8 ©),* and Nafion-functionalized reduced graphene
oxide SSC (ca. 1.7 Q). The small value of Ry (0.025 Q) suggests that charges
are stored via the formation of EDL and ion diffusion near electrode/electrolyte
interface is fast.*® Significantly, the 7, of the SSC device (0.089 s, Figure 3.19d) is
only slightly higher than that of CF-MSP electrode (0.082 s). This is particularly
impressive because typically gel electrolytes hinder ion diffusion and a
significantly increased 7 is expected for quasi-solid-state devices. We believe the
presence of the macro-sized cavities allows efficient infiltration of electrolyte. The
excellent electrical conductivity of CF-MSP also enables swift transport of
electrons, which reduces the zp. As a result, CF-MSP SSC reaches an outstanding
power density of 250 kW kg™ at an energy density of 2.8 Wh kg™ (Figure 3.19e).
The performance of our CF-MSP SSC outperforms most other carbon-based SSCs
tested in the same voltage window, including B, N co-doped carbon SSC (1.5 kW
kg™, 1.6 Wh kg™),*® nitrogen-doped carbon nanofiber SSC (15 kW kg™, 5.38 Wh
kg™),”® meso-porous carbon SSC (0.75 kW kg?, 5.95 Wh kg?),>* strutted

graphene SSC (0.893 kW kg™, 1.13 Wh kg™),>> meso-porous carbon/graphene
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aerogel SSC (3.5 kW kg, 3.8 Wh kg™)*® and condiment-derived carbon SSC (20
kW kg™, 4.9 Wh kg™).>* Additionally, the energy density and power density based
on the total mass of the SSC device is shown in Figure 3.20. The assembled SSC
is also highly flexible without obvious capacitance degradation under different
bending conditions (Figure 3.21). Moreover, the CF-MSP SSC achieved a
gravimetric capacitance (normalized to the total mass of CF-MSP) and a
volumetric capacitance (normalized to the total volume, including the volume of
two electrodes, the separator and gel electrolyte of CF-MSP) of 81.3 F g™ and
21.68 Fcm™at 1 A g™, respectively, which outperforms other carbon-based SSCs
(Figure 3.22a). The converted gravimetric capacitance of the CF-MSP electrode in
the gel electrolyte is shown in Figure 3.23. Moreover, the device exhibits excellent
cycling stability with 97.6% of the initial capacitance after cycling for 10000
cycles at different scan rates (Figure 3.22b). Taken together, the outstanding
capacitive performance of CF-MSP SSC at high power density makes it
particularly suitable for applications that require ultrafast charging and/or

discharging.
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Figure 3.19 (a) Cyclic voltammograms at various scan rates and (b) GCD profiles
collected under different current densities. (c) Nyquist plot collected at open
circuit potential from 0.1 Hz to 10° Hz with a perturbation of 5 mV. Open squares
are experimental data and the solid line is a fitting curve. (d) Bode phase plot.
Dashed line highlights the characteristic frequency f, (1/7) at the phase angle of
-45°, (e) Ragone plot: gravimetric power density and energy density of the device

were calculated based on the mass of CF-MSP electrodes (2.0 mg).
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density of the device calculated based on the mass of the entire CF-MSP SSC
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Figure 3.21 CV curves collected at a scan rate of 200 mV s™ under different
bending conditions. Digital pictures of the assembled device under different
bending conditions.
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Figure 3.23 Rate capability performance of the CF-MSP evaluated by a
two-electrode testing configuration in a KOH gel electrolyte. Gravimetric
capacitance is based on the mass of CF-MSP.

3.4 Conclusions

In conclusion, the outstanding capacitive performances of CF-MSP electrode
can be attributed to its unique structural features. First, it has ultrahigh surface
area of 2905 m? g™ that ensures a large amount of charges can be stored via EDL.
Second, ion diffusion is facilitated by the presence of multiple-scale pores. The
3D interconnected pore network eases electrolyte infiltration, and the sub-micron
cavities on each carbon sheet hold electrolyte in proximity to the meso- and
micro-pores that can significantly shorten the ion diffusion path. Third, the highly
conductive carbon structure allows rapid electron transport. Both CF-MSP and
CF-MSP SSC exhibit ultra-small 7o, as a result of small electrical resistance and
charge transfer resistance. Taking together, we have demonstrated that the
combination of multiple-scale pores is the key to improve capacitive performance
of porous carbon materials for ultrafast charging. The demonstrated strategy can
potentially be extended to other polymers that are positively charged in acetic acid
solutions since polymers containing amine groups that can be protonated and
form sols in acetic acid aqueous solutions, such as polyacrylamide is possible for
achieving uniform incorporation of silica spheres. Further improvement of the
CF-MSP electrode performance could be achieved by optimizing the size and

spatial distribution of pores, the ratio between different sized pores, and the
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periodicity of different pores. The findings on CF-MSP offer useful insights for
realizing high performance supercapacitors that can be rapidly charged at
ultrahigh current density.
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Chapter 4
3D-printed Supercapacitors with Graphene Electrodes

Abstract

Graphene is an atomically-thin, two-dimensional (2D) carbon material that
offers a unique combination of low density, exceptional mechanical properties,
thermal stability, large surface area, and excellent electrical conductivity. Recent
progress has resulted in macro-assemblies of graphene, such as bulk graphene
aerogels for a variety of applications. However, these three-dimensional (3D)
graphenes exhibit physicochemical property attenuation compared to their 2D
building blocks due to one-fold composition and tortuous, stochastic porous
networks. These limitations can be offset by developing a graphene composite
material with an engineered porous architecture. Here, we report the fabrication of
3D periodic graphene composite aerogel microlattices for supercapacitor
applications, via a 3D printing technique known as direct-ink writing (DIW).
The key factor in developing these novel aerogels is to create an extrudable
graphene oxide (GO) based composite ink and modify the 3D printing method to
accommodate aerogel processing. The 3D-printed graphene composite aerogel
(3D-GCA) electrodes are lightweight, highly conductive and exhibit excellent
electrochemical properties. In particular, the supercapacitors using these 3D-GCA
electrodes with thicknesses on the order of millimeters, display exceptional

capacitive retention (ca. 90% from 0.5 to 10 A-g™) and power densities (> 4
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kW-kg™) that equal or exceed those of reported devices made with electrodes
10-100 times thinner. This work provides an example of how 3D-printed materials,
such as graphene aerogels, can significantly expand the design space for
fabricating high performance and fully integrable energy storage devices
optimized for a broad range of applications.
4.1 Introduction

The recent spike in portable and wearable electronics, such as
micro-electro-mechanical systems (MEMS)," implantable devices,” and wireless
sensors® is driving the push for high-performance, rechargeable energy storage
components with proportionate dimensions.*® Supercapacitors are now becoming
a primary compact power source for this emerging market due to their high power
density, fast charging/discharging rate, ultra-long cycle lifetime, and especially
high frequency response on a small scale.®"® A number of carbonaceous materials,

910 activated carbons,'! carbide derived

including carbon nanotubes (CNT),
carbons,” carbon onions,** carbon cryogels,*®* carbon-coated particles™® and
graphenes™® have been widely investigated as electrode materials. Specifically,
graphene-based materials’”™ hold a large advantage in supercapacitor
applications due to their large specific surface area,® superior elasticity,*
chemical stability,'® and excellent electrical conductivity.?*?* However, graphene’s

propensity towards aggregation and restacking® can significantly affect capacitive

performance by reducing the ion-accessible surfaces, and limiting ion and electron
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transport due to narrower channels.*® Therefore, a variety of 3D graphene-based
materials (i.e., hydrogels,?® aerogels,?” sponges,® and porous films*) have been
extensively explored to overcome these limitations by providing a network of
interconnected pores.*® Their unique properties and porous morphology not only
provide additional ion-accessible surface for charge storage, but also facilitate the
ion diffusion within the structure.®* A key challenge for 3D graphene lies in
controllable large-scale assembly into desired architectures while maintaining
inherent properties of the graphene (e.g. large surface area, high electrical
conductivity, exceptional mechanical properties, etc.).

Several synthesis methods for 3D graphene have been proposed to realize a
wide range of pore morphologies from ultrafine (<100 nm) to mesoscale (>1 um)
pore size.***? For example, template-guided methods, such as chemical vapor
deposition (CVD) coatings on metallic foams have been reported for the creation
of graphene monoliths.**** But this process is not scalable and the materials
obtained from these methods are generally brittle under low compression.®®
Besides, template-free approaches are also widely used for scalable synthesis of
graphene macro-assemblies due to their simple and versatile synthesis scheme.
Currently, chemically-derived graphene oxide (GO)-based aerogels are the most
common 3D graphene found in the literature.?”***® The main strategy of this

method is the self-assembly or gelation of the GO suspension via hydrothermal

35-37 27,42-45

reduction, chemical reduction, or direct crosslinking of the GO
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sheets.””*® In addition, other conventional material processing methods, such as
ice-templating or freeze-casting*** have also demonstrated some control over the
pore morphology. However, the architecture of these graphene networks remains
largely stochastic and highly tortuous, which severely limits mass transport and
results in non-optimal mechanical properties. Thus, the fabrication of 3D graphene
materials with tailored macro-architectures via a controllable and scalable
assembly method is still a significant challenge.

As an alternative approach, the use of 3D printing techniques to produce
free-standing reduced GO (rGO) assemblies have been reported.”®>* However,
these attempts have several drawbacks, such as the inability to synthesize samples
with large surface area and the need for polymer matrices. Recently, we utilized
an extrusion-based 3D printing technique,®®** known as direct-ink writing (DIW)
to fabricate highly compressible graphene aerogel microlattices.® These
3D-printed graphene aerogels showed even better mechanical strength than most
bulk graphene assemblies while maintaining the large surface area of single
graphene sheets. The DIW technique employs a three-axis motion stage to
assemble 3D structures by robotically extruding a continuous “ink” filament
through a micro-nozzle at room temperature in a layer-by-layer scheme.” The
prerequisite for this method is to design gel-based viscoelastic ink materials
possessing shear thinning behavior to facilitate extrusion flow under pressure and

a rapid pseudo-plastic to dilatant recovery resulting in shape retention after

94



deposition.*®*’

Furthermore, the inks’ physical and electrochemical properties can
be significantly improved to even realize multifunctionality by the addition of
functional fillers, such as conductive nanoparticles, nanotube/wires, as well as
nanofibers.>®>

Here, we demonstrate a fabrication strategy for 3D-printed graphene composite
aerogels (3D-GCAs) with designed architecture for micro-supercapacitor
applications. Our approach is based on a printable ink consisting of both GO and
graphene nanoplatelets (GNP). By adding GNP into the GO solution, the electrical
conductivity of the GO-GNP composite is greatly improved without a detrimental
loss of surface area. Furthermore, by building the electrodes with engineered
macro-porosity to facilitate mass transport, extremely thick electrodes (ca. 1 mm)
were produced with capacitance retention (ca. 90% from 0.5 to 10 A-g™) and
power densities (> 4 kW-kg™) that equal or exceed those of reported devices made
with electrodes 10-100 times thinner. As such this work provides an example of
how 3D printing can help to overcome traditional design barriers as the library of
3D-printable materials inevitably expands.
4.2 Experimental Section
GO-GNP Ink Preparation: The raw GO powders were produced by using the
Hummer method®. The GO suspension (40 mgem™) was prepared via

ultra-sonication in water. The GO-GNP inks were gelled using organic sol-gel

chemistry with sol-gel mixture consisted of an aqueous solution of resorcinol (R),
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formaldehyde (F), and sodium carbonate catalyst (C). The mole ratios of R to F
and R to C were adjusted to be 1:2 and 200:1, respectively. The concentration of
R-F was 11 wt%. In a typical preparation of ink, 3.6 g 40 mgcem™® GO
suspensions, 2 g R-F solution, 0.3 g GNP, and 0.9 g fumed silica are mixed,
respectively. A planetary centrifugal mixer (Thinky) was used for mixing these
samples for 2 min in a 35 mL container using a custom adaptor.

Ink Rheology Characterizations: Rheological properties of the ink were
characterized using a stress-controlled Rheometer (AR 2000ex, TA) with a 40 mm
flat plate geometry and a gap of 500 pm for the GO inks. All measurements were
preceded by a one minute conditioning step at a constant shear rate of 1 s,
followed by a 10 minute rest period to allow the ink structure to reform. A stress
sweep from 102 to 10° Pa at a constant frequency of 1 Hz was conducted to
record the storage modulus and loss modulus variations as a function of sweep
stress. The yield stress (z;) was defined as the stress where storage modulus falls
to 90% of the plateau value. A strain sweep from 107 to 10? s* was also
performed to record the apparent viscosity at varying shear rates.

3D Printing: The GO-GNP ink was housed in a 3 cm® syringe barrel (EFD)
attached by a luer-lok to a smooth-flow tapered nozzle (250 mm inner diameter, d).
An air-powered fluid dispenser (Ultimus V, EFD) provided the appropriate
pressure to extrude the ink through the nozzle. The target patterns were printed

using an x-y-z 3-axis air bearing positioning stage (ABL 9000, Aerotech), whose
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motion was controlled by writing the appropriate G-code commands. The 3D GO
structures were printed onto silicon wafers in an isooctane bath, with a nozzle
height (h) of 0.7d to ensure moderate adhesion to the substrate and between
adjacent printed layers. Printed parts were cured in sealed glass vials at 85 °C.
After gelation, the wet GO gels were removed from the glass vials and washed
with acetone to remove water from the pores. Supercritical carbon dioxide was
used to dry the as-prepared GO gels, followed by pyrolysis at 1050 °C in nitrogen
atmosphere for 3h. Finally, silica fillers were etched away in 5 wt% hydrofluoric
acid aqueous solution for 2 days followed by solvent exchange in absolute ethanol
for additional 2 days.

Fabrication of supercapacitor devices: Symmetric supercapacitors were
fabricated via assembly of two pieces of identical 3D printed aerogel (4.2 wt%
GNP + 12.5 wt% SiO;) and a piece of separator (TF 4804, NKK). Lithium
hydroxide (LiOH)/polyvinyl alcohol (PVA) was used as gel electrolyte. To
prepare the gel electrolyte, 5 g PVA powder was gradually poured in 50 mL 1 M
LiOH aqueous solution under vigorous stirring. The mixture was heated to 85 °C
and was kept stirring until a clear gel was formed. Prior to assembly, the two
electrodes and separator were soaked in the LIOH/PVA gel electrolyte for 5 min
and then dried in air for 10 min. This procedure was repeated 5 times. Then the
electrolyte-soaked separator was sandwiched between the two electrodes and kept

at 45 °C for 6 h to form the quasi-solid-state supercapacitor device. Finally, the
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assembled device was wrapped with parafilm (Pechiney Plastic Packaging, US) to
avoid absorbing air moisture. The total mass of the device (including two
electrodes, separator and quasi-solid electrolyte) was about 32.4 mg. The mass of
the active material (two electrodes) was about 6.5 mg.

Physical properties characterizations: The dimension and weight of the
samples were determined using a caliper with an accuracy of 0.01 mm and an
ultra-micro balance (XP24, Mettler Toledo) with an accuracy of 0.001 mg. The
morphology of the printed samples was observed by an optical camera and
field-emission scanning electron microscopy (SEM). SEM was performed on a
JEOL 7401-F at 10 keV (20 mA) in secondary electron imaging mode with a
working distance of 2-8 mm. Textural properties were determined by
Brunauer-Emmett-Teller (BET) methods using an ASAP 2020 Surface Area
Analyzer (Micromeritics Instrument Corporation) via nitrogen porosimetry. The
sheet resistance was measured by a four-point probe method on a Jandel RM3000.
Electrochemical properties characterizations: 3D aerogels were used directly
as electrodes for testing. To fabricate electrodes, one end of the aerogel was
carefully affixed to a piece of pressed nickel foam with a thin layer of silver paste
and then sealed with epoxy. All the electrochemical characterizations of single
electrodes were conducted in a conventional three-electrode electrolytic cell using
an electrochemical workstation (CHI 660D, CH Instruments, Inc.). A graphite

rod (ca. 5 mm in diameter) and a saturated calomel electrode (SCE, 0.244 V vs.
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standard hydrogen electrode) were used as the counter electrode and reference
electrode, respectively. Cyclic voltammograms and chronopotentiometry profiles
were collected in 3 M KOH aqueous electrolyte. Stability tests were carried out in
the same electrolyte at a scan rate of 200 mV/s for 10000 cycles. The cycling
stability of the symmetric supercapacitor was tested at a scan rate of 60 mV/s.
Electrochemical impedance spectra were recorded in 3 M KOH aqueous
electrolyte in a frequency range from 10 to 10° Hz at open circuit potential with
a perturbation of 5 mV.
4.3 Results and Discussions

In our previous report,>* 3D-printed pure graphene aerogel microlattices were
made via development of a printable GO ink and adapting the DIW process to
print into a liquid bath. However, the 3D-printed pure graphene aerogels are not
ideal for supercapacitor applications as their electrical resistance is still high. Thus,
to further decrease resistance, GNP is added to the GO ink in this work. Though
GNP will lower resistance, it will also decrease the surface area of the composite.
Therefore, the GNP loading needs to be optimized to ensure sufficient rate
capability and capacitance of final composite electrode. Recently, high
concentration GO suspensions (e.g. 10-20 mg-cm™ GO) have been used to
fabricate high quality graphene aerogels with complex structures by tailoring their
rheology.**"® However, even at these concentrations, the GO suspensions did

not have the ideal rheological behavior for 3D printable inks.**®! To achieve the
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ideal printable ink, the GO concentration was increased to 40 mgcm™, and
hydrophilic fumed silica was added to serve as a viscosifier to meet the rheology
requirements of reliable flow through a fine nozzle under shear force and shape
retention after deposition. The silica, in particular, imparted both shear thinning
behavior and a shear yield stress to the GO suspension to further enhance the
printability of the GO-based inks. Finally, the GNPs were added along with the
reactants used to induce gelation post-printing via organic sol-gel chemistry [e.g.
resorcinol-formaldehyde (R-F) solution].”® Figure 4.1 shows the rheological
properties comparison of the starting GO suspension (40 mgem™) and a
representative GO-GNP ink (4.2 wt% GNP and 12.5 wt% SiO;). The apparent
viscosity of composite ink shows orders of magnitude higher than that of the GO
suspension at varying shear rates and both of them are shear-thinning
non-Newtonian fluids (Figure 4.1a). Meanwhile, we can find that GNP and silica
fillers increase the storage modulus and yield stress of pure GO suspensions by
over an order magnitude (Figure 4.1b). The magnitudes of these key rheological
parameters are in good agreement with those reported for other colloidal inks
designed for 3D filamentary printing.>’

The fabrication process scheme of 3D-GCAs is illustrated in Figure 4.2. The
composite inks are prepared by mixing GO precursor suspension (40 mg-cm™),
GNP and silica fillers, as well as R-F gel and a catalyst (sodium carbonate) to

form a homogenous, highly viscous and thixotropic ink. Then, the composite ink
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is loaded into a syringe barrel and extruded through a micro-nozzle to pattern 3D
structures. In order to convert the 3D printed GO-GNP structure to an aerogel
afterward, the ink must remain wet through printing and gelation such that the
liquid in the 3D-printed gel can be removed via critical drying to avoid gel
collapse due to capillary forces. Therefore, the printing is conducted in an organic
solvent (2,2,4-trimethylpentane) that is not only less dense than water but
immiscible with our aqueous inks. Finally, the printed structures can be processed
into aerogels through gelation, supercritical drying, and carbonization according
to standard literature methods*** followed by etching of the silica with
hydrofluoric acid. To demonstrate 3D printing of 3D-GCAs, we printed thin
woodpile cubic lattices consisting of multiple orthogonal layers of parallel
cylindrical filaments by repeating x and y layers alternately. These 3D simple
cubic lattices are designed with an in-plane center-to-center rod spacing (L) of 0.8
mm, a rod diameter (d) of 0.25 mm, resulting in a spacing-to-diameter ratio (L/d)
of ca. 3. The printed composite aerogel lattice shows excellent structural integrity

and micro-architecture accuracy, which indicates the high quality printing.
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Figure 4.1 Rheological properties of graphene oxide (GO) and GO composite (3.3
wt% GO + 4.2 wt% GNP + 12.5 wt% SiO,): (a) apparent viscosity, (b) storage
modulus (G’) and loss modulus (G”) vs. shear stress collected for GO and GO

composite.
" - @ Ssilica powder
R @ GNP
7 (3 RF catalyst
—_——

GO suspension

GO-GNP ink

l 3D printing

(D Gelation
2 Supercritical drying

.————
(3 Carbonization
@ HF etching

Graphene-GNP aerogel microlattice Printing in isooctane

Figure 4.2 Schematic illustration of fabrication process: hydrophilic fumed silica
powder, GNPs and R-F solution were added into the as-prepared aqueous GO
suspension. After mixing, a homogeneous GO ink with designed rheological
properties was received. The GO ink was extruded through a micro-nozzle in an
isooctane bath to prevent structural shrinkage during printing. The printed lattice
was gelled at 85 °C overnight, and then dried using supercritical carbon dioxide.
Afterwards, the structure was heated to 1050 °C in nitrogen atmosphere for 3 h.
Finally, the silica fillers were etched away using diluted hydrofluoric acid aqueous
solution (5 wt%). Scale bar is 10 mm.

Scanning electron microscopy (SEM) of the 3D-GCAs with varying
compositions shows how the morphology is impacted by the introduction of the
GNP fillers at various loadings. The aforementioned cubic aerogel lattice is shown
in Figure 4.3a. Figure 4.3 shows that, at lower concentrations, the GNPs do not
drastically alter the sheet-like network structure of the aerogel seen in previous
work.*"*® However, at the highest concentration of GNPs (no silica fillers), the

sheet-like morphology of the sample is no longer visible. In fact the aerogel with
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16.7 wt% GNP in Figure 4.3d was very brittle, indicative of the loss of the elastic
graphene-like network. Table 4.1 provides a summary of the physical and
textural properties of the 3D-GCAs. Lower GNP concentrations do indeed reduce
the resistance of the 3D-GCA up to almost two orders of magnitude compared to
the aerogel without GNPs. Surface area analysis of the aerogels as a function of
GNP loading was also performed using Brunauer—-Emmett—Teller (BET)
measurements. With no GNP (silica only) in the ink, the aerogel showed a large
surface area of over 700 mg™, consistent with previous studies.**® The addition
of GNP does reduce the surface area but it still remains over 400 m®g™ of the
3D-GCA with the lowest resistance. Thus, it is confirmed that the addition of
GNPs to the aerogel can reduce electrical resistance while maintaining a high
surface area, which is favorable for improving capacitive performance of
3D-GCAs.

Table 4.1 Physical and textural properties of 3D-GCAs of varying compositions

sample GO GNP Sio, SX::;:E Resistance
(%) (wie) (%) o (@sq™)
GO-SIO, 33 0.0 16.7 739 61.1
GO-GNP-SiO»1 3.3 42 125 302 10.3
GO-GNP-SiO»2 3.3 125 4.2 418 0.96
GO-GNP 3.3 16.7 0.0 436 2.22
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Figure 4.3 SEM images collected for different 3D-GCAs. (a) GO-SiO, with the
inset shows the cubic aerogel lattice, (b) GO-GNP-SiO,-1, (c) GO-GNP-SiO,-2
and (d) GO-GNP. The scale bar in the inset represents 250 um and other scale bars
represent 1 um.

The electrochemical performance of 3D-GCA electrodes was evaluated in 3
M KOH aqueous electrolyte by cyclic voltammetry (CV), chronopotentiometry
(CP) tests and electrochemical impedance spectroscopy (EIS). All samples
showed quasi-rectangular shaped CV curves and isosceles triangular CP profiles,
indicating that they have near-ideal electrical double layer capacitive behavior
(Figure 4.4).°%% EIS studies reveal that three 3D-GCAs with varying GNP
concentration have substantially smaller combined series resistance (Rs, the
intercept at Z’-axis, related to the internal resistance of the entire electrode) than
the GO-SiO, (Figure 4.5a). These results are in good agreement with the four
point probe data (Table 4.1) showing that adding GNP can greatly reduce

electrical resistance. Consistent with the four-point probe data, the
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GO-GNP-SiO,-2 showed the smallest charge transfer resistance (R.) among the

three 3D-GCA:s.
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Figure 4.4 CV curves (left) and CP profiles (right) of 3D-GCAs with different
compositions: (a,b) 3.3 wt% GO + 16.7 wt% SiO,, (c,d) 3.3 wt% GO + 4.2 wt%
GNP + 12.5 wt% SiO,, (e,f) 3.3 wt% GO + 12.5 wt% GNP + 4.2 wt% SiO, and (g,
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h) 3.3 wt% GO + 16.7 wt% GNP.

The gravimetric capacitances of each sample calculated based on their CP
profiles collected at various current densities are summarized in Figure 4.5b and
4.5¢c. Among them, the GO-SiO, sample exhibited the highest specific capacitance
at low current densities (0.5 to 4 A-g™') as expected because it possessed the
largest surface area characterized by BET experiments. However, the electrode
retained only ~65% of the gravimetric capacitance when current density increased
from 0.5to 10 A-g™. At large current densities, efficient electron transport is
required to support the quick build-up of the electrical double layer. The relatively
low electrical conductivity of the GO-SiO, sample limited its capacitance at large
current densities, leading to the poor rate capability.®® Significantly, the rate
capability of the other 3D-GCAs with varying GNP concentration showed
substantial improvement (Figure 4.5b), though their gravimetric capacitances at
low current densities are slightly lower than that of GO-SiO, due to reduced
surface area. The GO-GNP-SiO,-2 achieves a remarkable ca. 90% capacitive
retention when current density increased from 0.5 to 10 A-g™, which is among the
best values reported for carbon based electrodes. This performance is even more
impressive as the 3D-GCA electrode is ca. 1 mm thick while most other high
performance carbon electrodes have thickness less than 100 um. The superior rate
capability is believed to be due to improved electrical conductivity by
incorporating GNP fillers. Moreover 3D-GCAs function as self-supporting

electrodes without the need of adding non-conductive binders that can generate
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unfavorable contact resistance.®® Furthermore, the GO-GNP-SiO,-2 electrodes are
extremely stable, with no loss of capacitance after 10000 consecutive charge and

discharge cycles (Figure 4.6).
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Figure 4.6 The cycling stability of GO-GNP-SiO2-2 (3.3 wt% GO + 12.5 wt%
GNP + 4.2 wt% SiO,) collected in 3 M KOH aqueous electrolyte at a scan rate of
200 mV s for 10000 cycles. Inset shows the first and last CV curves.

The excellent electrochemical behavior and rate capability is also believed to
be due to the 3D-printed macro-architecture that enables fast ion diffusion through
the thick electrode. To test this hypothesis, we fabricated a piece of bulk
GO-GNP-SiO,-2 aerogel and compared its electrochemical performances with the
3D sample (Figure 4.7a and 4.7b). Notably, the gravimetric capacitances of the
bulk aerogel are smaller than that of 3D-GCA obtained at the same current density
(Figure 4.7c). EIS spectra collected for the two electrodes revealed that the Rs and
R.: of the two electrodes are comparable because they have the identical chemical
composition (Figure 4.7d). The bulk aerogel displayed a less steep straight line
in the low-frequency domain compared to GO-GNP-SiO,-2, implying that it has
higher diffusion resistance.?? The low porosity of the bulk aerogel electrode
(Figure 4.8) is the likely reason for the large diffusion resistance, as ion diffusion
within packed layers is expected to be sluggish.®® These results suggest that the
presence of macro-pores is critical for ion diffusion, and the 3D-printed

micro-lattice morphology is clearly advantageous over its bulk counterpart.
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Figure 4.7 Comparison of electrochemical performance of bulk electrode (with
the same composition as GO-GNP-SiO,-2) and GO-GNP-SiO,-2: (a) Cyclic
voltammograms, (b) constant-current charge and discharge profiles, (c) rate
capability performance and (d) EIS spectra collected in 3 M KOH aqueous
electrolyte.

Figure 4.8 SEM images of the bulk pallet with the same composition as
GO-GNP-SiO,-2.

In comparison to other macro-porous electrodes with less ordered pores, we

believe the ordered macro-pore structure could facilitate mass transfer and reduce
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diffusion resistance in a thick electrode structure. Diffusion coefficient (Des) of a
fluid diffuse through a porous structure can be calculated according to the

following equation:®*

Desr =€ 2
T

where € is the porosity, D the diffusion coefficient within pores and t the
tortuosity. The t of periodic porous structure is much smaller than that of porous
structure with less ordered pores. €, D are the same for ordered and less ordered
porous structures if they have the same chemical composition. Therefore, the
3D-printed sample with a periodic porous structure is expected to have smaller
Dess compared to other 3D graphene structures with less ordered pores, and thus,
the enhanced rate capability. This is consistent with our experimental results.
3D-GCA exhibits considerably higher rate capability (ca. 90% capacitive
retention from 0.5 A-g™ to 10 A-g™) than other 3D graphene electrodes with less
ordered pores, such as few layer meso-porous graphene coated Ni foam (ca. 52%
from 1 A-g” to 7.5 A-g™"),* and CVD graphene-coated Ni foam (62.7% from 5
mV-s™t to 100 mV-s1).2 Our results also agree with a previous study in that a
templated carbon electrode with periodic pores achieves better rate capability than

its counterpart with randomly distributed pores.®
A quasi-solid-state symmetric supercapacitor (SSC) was fabricated via

assembly of a thin separator and two identical GO-GNP-SiO,-2 electrodes (Figure

4c inset). The supercapacitor device is denoted as 3D-GCA SSC. Significantly, all
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CV curves remained quasi-rectangular shape when scan rate increased from 10 to
500 mV-st (Figure 4.9a). CP profiles collected at all current density also
displayed linear and symmetric shape with negligible IR drops (Figure 4.9b).
These results indicate that the device internal resistance is small. The as-prepared
SSC delivered a maximum gravimetric capacitance of 4.76 F-g™* at a current
density of 0.4 A-g' and still retained 61% of the maximum gravimetric
capacitance (2.95 F-g™") when current density increased by 20 times to 8 A-g™”
(Figure 4.9¢). It is noteworthy that all gravimetric capacitances and current
densities were calculated based on the mass of the entire device including
separator, electrodes and gel electrolyte (32.4 mg). These values are higher than a
number of SSCs, including CNT coated paper-based SSC (0.38 F-gh)® and
activated carbon cloth-based SSC (0.765 mF-g, based on the total mass of two
electrodes),’® despite some structural parameters of the 3D-GCA (number of
layers, pore size and fiber thickness etc.) have not yet been optimized. In general,
ion diffusion within the electrode becomes more difficult with the increase of
electrode thickness, resulting in reduced rate capability.®’ It is noteworthy that
3D-GCA SSC achieved outstanding rate capability (87% capacitive retention from
2 A-gt to 10 A-g?, Figure 4.10), even though it is assembled with very thick
electrodes (thickness of each electrode is 1000 um). This value is better than most
carbon-based symmetric supercapacitors (SSCs) with much thinner electrodes (ca.

100 um), such as the exfoliated carbon cloth SSC (81.0% capacitive retention
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from 0.5 mA-gt to 5 mA-g'),% the bagasse-derived carbon SSC (68.7%
capacitive retention from 1 A-g™ to 10 A-g™),%® the hierarchically porous carbon
SSC (53% capacitive retention from 0.2 A-g* to 15 A-g?),% and the pillared
graphene framework SSC (41.0% from 0.2 A-g™ to 20 A-g™).2° The exceptional
rate capability can be ascribed to two reasons: i) the presence of the ordered
macro-pores improves the infiltration of gel electrolyte, and thus, the ion
diffusion; and ii) the small electrical resistance of the graphene aerogel enables
fast charge transport. Moreover, the SSC show excellent electrochemical stability
with capacitance retention of 95.5% after testing for 10000 consecutive charge

and discharge cycles (Figure 4.9d).
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Figure 4.9 Electrochemical performance of 3D-GCA SSC. (a) Cyclic
voltammograms collected in 3M KOH as a function of scan rate. (b) Charge and
discharge profiles collected at different current densities. (c) Gravimetric
capacitance and capacitive retention calculated as a function of current density.
Inset: schematic illustration of the 3D-GCA SSC. (d) Cycling stability tested at a
scan rate of 200 mV/s for 10000 cycles. Inset shows the first and last cyclic
voltammograms collected during the cycling stability test.
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Figure 4.10 (a) Gravimetric capacitances and capacitive retention of 3D-GCA
SSC calculated as a function of current density (normalized to the total mass of
two electrodes). (b) Volumetric capacitances and capacitive retention of 3D-GCA
SSC calculated as a function of current density (normalized to the total volume of
the devices).

The gravimetric energy density and power density of the 3D-GCA SSC were
evaluated based on the total mass of the entire device (Figure 4.11a) as well as the
mass of two electrodes (Figure 4.12) and compared with other carbon based SSCs.
As shown in the Ragone plot (Figure 4.11a), the 3D-GCA SSC delivers a
maximum power density of 4079.9 W-kg'l (at the energy density of 0.26 Wh-kg'l)
and a maximum energy density of 0.43 Wh'kg™ (at the power density of 76.36
W-kg'). These values are comparable to other electrical double layer
capacitors.22289192 Moreover, we have calculated the volumetric power density

and energy density based on the total volume of 3D-GCA SSC device [0.1 cm®, 1
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cm (L) 0.5 cm (W) x0.2 cm (H)]. It achieved a maximum volumetric power
density of 2643 mwW/cm® (at the energy density of 0.08 mWh/cm®) and a
maximum volumetric energy density of 0.14 mWh/cm?® (at the power density of
49.48 mW/cm®), which are substantially better than a number of quasi-solid-state
symmetric SSCs (Figure 4.11b).%29% Two fully-charged SSCs combined in series
(charging current density: 3 A-g™, charging time: ca. 2 s) can power a red light
emitting diode bulb (LED, 1.5 V nominal voltage) for ca. 3 min, a digital timer
(1.5 V nominal voltage) for ca. 5 min and a small electric fan (1.5 VV nominal

voltage) for several seconds (Figure 4.11a insets).
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Figure 4.11 (a) Ragone plot of the 3D-GCA SSC with reported values added for
comparison. Gravimetric energy densities and gravimetric power densities
presented in this plot are normalized by the entire mass of device except the
values reported in refs. 62 and 92 are normalized by the total mass of two
electrodes. Insets are digital pictures showing a red LED, a digital timer and an
electric fan that are powered by the 3D-GCA SSC. (b) Comparison, in a Ragone

plot, of the volumetric energy and power density of 3D-GCA SSC and other
previously reported SSCs.
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Figure 4.12 Comparison, in a Ragone plot, of the gravimetric energy and power
density of the 3D-GCA SSC and other previously reported SSCs (normalized to
the total mass of two electrodes).

4.4 Conclusions

In this work, we have demonstrated that the 3D-printed electrode structure
with ordered macro-pores enables efficient ion diffusion within thick electrodes
and substantially improved the rate capability of quasi-solid-state devices
assembled with thick electrodes. Key factors for successful 3D printing of the
graphene aerogels include modifying the GO precursor suspension served as
printable ink, and adapting the 3D printing process to prevent premature drying of
the printed structure. The critical elements of achieving capacitance retention and
power densities that equal or exceed those of reported devices made with
electrodes less than 100 microns thick in the 3D-GCA SSC with electrodes around
a millimeter thick, include the development of the GO-GNP composites and the
use of 3D printing to create periodic macro-porosity in the electrode which

facilitates fast mass transport. The physical and electrochemical properties of the
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electrodes can be easily tuned by changing the ratio of GNP and silica fillers in the
ink. It was determined that the 3D-GCA electrode made from the ink with 12.5 wt%
GNP and 4.2 wt% SiO, showed the best rate capability, with a remarkable 90%
capacitance retention when current density increased from 0.5 to 10 A-g™. The
quasi-solid-state symmetric supercapacitor made with this electrode also
demonstrated outstanding energy density and power density when compared to
other reports. More importantly, we believe 3D printing can be used to build
unique electrode and device structures such as integrable electrodes with irregular
shapes and 3D interdigitated supercapacitors, which are not possible to be
achieved using conventional synthetic and fabrication techniques. The capability
of creating unique functional structures with well-controlled structural parameters
can open up tremendous opportunities in design and fabrication of supercapacitors
as well as other charge storage devices.
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Chapter 5
lon-intercalation Induced Capacitance Improvement for Graphene-based
Supercapacitor Electrodes

Abstract

Here we demonstrate a facile electrochemical method that can substantially
improve the capacitance of graphene-based electrodes while still retains their
excellent rate capability. This method involves two ion-intercalation steps
(lithium-ion intercalation and perchlorate-ion intercalation), followed by
hydrolysis of perchlorate ion intercalation compounds. Lithium ion intercalation
mainly leads to surface exfoliation, whilst the hydrolysis of perchlorate ion
intercalation compounds functionalizes graphene surface with oxygen moieties.
Electrochemically treated graphitic paper electrode shows 1000 times
enhancement in areal capacitance. Without the need of post-treatment annealing,
the treated graphitic paper maintains an outstanding rate capability of 84% (0.5
mA cm? to 5 mA cm™). The same strategy can also be extended to boost the
gravimetric capacitance of lightweight 3D printed graphene aerogels. The treated
graphene aerogel achieved an outstanding gravimetric capacitance of 101.7 F g™
(10 A/g) with an excellent rate capability of 81.6% (0.5 A g™ to 10 A g™).
5.1 Introduction

Graphene-based materials, owing to their excellent electrical conductivity, have

been extensively used in supercapacitors as substrates/current collectors as well as
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active charge storage materials.' They store charges via the formation of electrical
double layer at the interface between electrode and electrolyte.” Yet, the
ion-accessible surface area of graphene-based materials is often limited due to n-n
stacking of graphene sheets, which significantly reduce the capacitance of
graphene based electrode. Currently, three are three major approaches to improve
the capacitance of graphene-based electrodes. The most widely adopted approach
is to combine these materials with pseudo-capacitive materials. For example,
Sevilla et al. synthesized graphene-iron oxide composite hydrogels that delivers a
capacitance of ca. 168 F g™ at a current density of 0.1 A g™*.% Song et al. integrated
manganese dioxide onto thin graphene sheets.* The electrode achieved a high
areal capacitance of 244 mF cm™ at a current density of 0.23 mA cm™. Wang et al.
reported a free-standing 3D graphene/cobalt sulfide composite electrode that
delivered a high capacitance of 443 F g at a current density of 1 A g™*.> However,
in most composite electrodes, graphene only serves as current collector and the
capacitance is mainly contributed by pseudo-capacitive materials. As a result, the
capacitance enhancement of these composite electrodes is observed at slow
discharge rates. It decreases rapidly with the increase of current density due to
poor electrical conductivity of the pseudo-capacitive materials. An alternative
approach is to engineer graphene sheets into porous structures (with hetero-atom
doping in some cases) to increase the surface area. Pores with different sizes can

be created by template methods,®’ high-temperature activation using inorganic
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salts® or introduction of spacers (e.g. carbon nanotubes®) between graphene layers.
For example, Yu et al. reported a porous carbon/graphene nanosheets composite
that achieved a specific capacitance of 205 F g* at 2 A g1.*° Zheng et al.
synthesized porous nitrogen-doped graphene that exhibited a capacitance of 132.4
Fgtat0.1Agh The enhanced capacitances were attributed to the presence of
the micro-pores in the structure. Nonetheless, ion diffusion in those micro-pores

1213 \which limits the rate

becomes more difficult at large current densities,
capability performance. The third approach is to increase surface area via
exfoliation of stacked graphene sheets. It has been demonstrated that by treating
the material in a strong acid bath to introduce oxygen-containing functional
groups (e.g. hydroxyl and carboxyl groups), analogous to the production of
graphene oxide, can effectively exfoliate the surface to provide more
ion-accessible surface area for charge storage.***® However, oxidized graphene is
less conductive, and typically requires post-treatment thermal annealing to
partially restore its electrical conductivity. For example, Wang et al. used the
hydrazine atmosphere followed by annealing in ammonia atmosphere at 1000 °C
to reduce the oxidized carbon cloth.'* Ji et al. de-oxidized the exfoliated graphitic
fibers via a two-step annealing in nitrogen atmosphere.’® Yu et al. reudced the
as-prepared graphene aerogel with hydrazine vapor at 85 °C for 24 h.* The high

temperature annealing or use of toxic chemicals (e.g. hydrazine and ammonia)

poses energy and environmental concern. In addition to the aforementioned
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chemical exfoliations, graphene materials can also be exfoliated by
electrochemical methods. It exfoliates the graphene layers in aqueous solutions by
introducing ions, oxygen gas and oxygen moieties between graphene layers.**"2°
However, graphene will be oxidized by hydroxyl and oxygen radicals produced
from oxidation of water at large positive potentials.”* Besides, gas evolution due
to water oxidation/reduction tends to disintegrate electrode. Therefore, a facile and
environmentally friendly strategy to activate graphene-based electrodes in
conjunction with sustaining graphene’s exceptional rate capability and structural
integrity still remains to be explored.

Inspired by recent works on the exfoliation of the highly orientated pyrolytic
graphite (HOPG) to produce high-quality single layer graphene in organic

solvents, 212

we developed a facile ion intercalation strategy that can considerably
improve the capacitance of graphene-based materials, including commercially
available graphitic papers and 3D printed graphene aerogels, without significantly
affect their rate capability performance and structural integrity. The
electrochemically treated graphitic paper shows three orders of magnitude
enhancement in capacitance, reaching 108.88 mF cm™ at a current density of 0.5
mA cm, while maintaining an excellent rate capability of 84.1% (0.5 mA cm™ to
5 mA cm™). The treated 3D printed graphene aerogel electrodes achieves an
outstanding specific capacitance of 101.7 F g™ at a large current density of 10 A

-1

g-.
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5.2 Experimental Section

Preparation of Graphene-based Electrodes: graphitic papers (TGP-H-60, 190
um) were purchased from Toray Industries. Three-dimensional graphene aerogel
were fabricated via direct ink writing using a graphene oxide based ink.
Electrodes were fabricated by attaching the graphitic papers/3D graphene aerogel
onto a piece of copper foil using conductive silver epoxy. The metal contact was
sealed with epoxy resin after silver epoxy solidifies.

lon intercalation: a two-step lon intercalation was performed via a
three-electrode system in a 10 mL glass vial. The graphitic paper/3D graphene
aerogel electrode was used as working electrode. A platinum plate and a Ag*/Ag
non-aqueous electrode (1 mM Ag" in acetonitrile) served as the counter electrode
and reference electrode, respectively. 1 M LiClO, solution dissolved in propylene
carbonate was used as electrolyte. It was bubbled with nitrogen gas for 30 min to
remove dissolved oxygen. The electrochemical treatment was performed using
electrochemical workstation (CHI 660D, CH Instrument, US). A constant negative
potential of -2.5 V was first applied for 2 h followed by a constant positive
potential of +2.5 V for another 2 h. The working electrode was then taken out and
soaked in water until no bubbles were observed on the electrode surface. Finally,
the working electrode was thoroughly rinsed by water to remove any salt and
solvent residues and dried in an electric oven at 60 °C for 3 h.

Material characterizations: Raman spectra were collected using a Reinshaw
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Raman spectrometer with an excitation wavelength of 632.8 nm. X-ray
diffractions were carried out using a X-ray diffractometer (Rigaku Americas
Miniflex Plus). The chemical compositions of oxygen moieties was probed by
Fourier-transform infrared spectrometer (Spectrum One, Perkin-Elmer, spectral
resolution: 4 cm™) and X-ray photoelectron spectrometer (RBD upgraded
PHI-5000C ESCA system, Perkin-Elmer). All XPS spectra were calibrated using
the C 1s peak located at 284.6 eV as reference. All peaks were fitted by using the
XPSPeak software. Methylene blue dye adsorption/desorption (according to a
method published elsewhere)? and scanning electron microscope (FEI Quanta 3D
Dual-beam scanning electron microscope) were used to characterize the surface
morphology of the graphitic papers. UV-Vis spectra were collected on an Agilent
Cary 60 UV-vis spectrometer.

Electrochemical characterizations: cyclic voltammetry, Galvano-static
charge-discharge profiles and electrochemical impedance spectra were performed
using a conventional three-electrode electrolytic cell with an electrochemical
workstation (CHI 600D, CH Instrument, US). A graphite rod (5 mm in diameter),
treated electrode (graphitic papers or 3D printed graphene aerogels), saturated
calomel electrode (SCE) and 3 M KOH aqueous solution were used as counter
electrode, working electrode, reference electrode and electrolyte, respectively. All
EIS were collected in a frequency range from 0.1 Hz to 1000 kHz at open-circuit

potential with a perturbation of 5 mV. Cycling stability performance was
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evaluated by CV in 3 M KOH aqueous electrolyte for 10000 cycles with a scan
rate of 200 mV s™.
5.3 Results and Discussions

Figure 5.1 illustrates the three-step treatment process carried out in propylene
carbonate solution containing lithium perchlorate (LiClO,). Graphitic paper or 3D
printed graphene aerogel was used as a working electrode. Initially, a negative
voltage of -2.5 V is applied to allow lithium ions (Li") intercalate into the
graphitic regions of the material. During the intercalation, we anticipate that Li",
along with co-intercalated propylene carbonate molecules would distort the
layered structure of graphene and roughen the electrode surface.”> Afterwards, a
positive potential of 2.5 V is applied. Then the anions in the electrolyte, i.e.,
perchlorate ions (ClO,) are expected to be attracted to the surface of the
positively charged electrode surface due to electrostatic attraction and further
intercalate into the layered structure (whilst Li* ions de-intercalate from electrode)
through the distorted edges and partially exfoliated regions created in the first step.
The intercalated solvent molecules are mainly responsible for preserving the
exfoliated structure during the early stage of this step. Finally, when the electrode
is immersed in de-ionized water, the as-formed CIlO,4 intercalation compounds
(Cc"-ClOy) should be readily hydrolyzed in water and form hydroxyl groups
(with a small amount of carbonyl groups) according to Equation (1) and release

oxygen gas as shown by Equation (2):?° (Cg represents graphite lattice)
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CG+-C|O4- + H,O — C¢-OH + HCIO,4 (1)

ACs™-ClO4 + 2H,0 — 4Cg + O, + 4HCIO,;  (2)

graphene layers near surface @ L

G Paper

e
C
a
& Hydroxyl (-OH)

& Carbonyl (C=0) © cio,
G-N-Ox G-N-P

Figure 5.1 Schematic illustration of the three-step electrochemical treatment
process. Step A: lithium ion intercalation induced by -2.5 V (vs. Ag/Ag") for 2 h.
Step B: perchlorate ion intercalation induced by +2.5 V (vs. Ag/Ag") for 2 h; Step
C: decomposition of perchlorate ion intercalation compounds formed in step B in
water, resulting in introduction of oxygen moieties on/between graphene sheets.

Graphitic paper (G paper) is a commercially available self-supporting
electrode material made of graphitic fibers that randomly stack together.® The
highly graphitized fiber surface makes it suitable for investigating ion
intercalation processes. Figure 5.3a shows the cyclic voltammetry (CV) curve
collected at a slow scan rate (1 mV s™) using G paper as the working electrode
(Experimental Section). During the anodic scan, there is a drastic increase in
current at ca. 1.1 V, which has been observed when anions intercalate into

graphite layers.*?"?® Beyond the onset potential, two peaks labelled as I and 11 can
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be ascribed to the formation of stage>II and stage I intercalation C104~ compounds
(Figure 5.2). In the cathodic scan, a broad peak centered at ca. 1 V (peak 1) was
observed. This peak corresponds to the de-intercalation of ClO,.*%"%
Additionally, there are three peaks (peak IV, V and VI) located at negative
potentials, which are corresponding to Li* intercalation/de-intercalation process.”®
Further increase the voltage to 3 V and -3 V results in gas evolution and lithium
dendrite deposition, respectively, indicating the electrolyte is decomposed. Based
on this CV data, we chose the potential window used in the electrochemical
treatement between +2.5 V and -2.5 V, to induce ion-intercalations (Li* and CIO,
ions) while minimizing the oxidative decomposition of electrolyte and lithium
dendrite formation.?®

To support the proposed mechanism (Figure 5.1), we characterized the
electrode material at different stages of our electrochemical treatment. Figure 5.3b
shows the Raman spectra collected from the same piece of G paper treated at
different stages. All samples exhibited a characteristic G band (ca. 1600 cm™) and
2D band (ca. 2650 cm™) of graphene, corresponding to Eoq vibrational mode of
in-plane sp?-carbon and double-resonance scattering process within the layered
graphite lattice, respectively.* Notably, only electrochemically treated samples
exhibit D band that locates at ca. 1300 cm™ * (G-N, G-N-P and G-N-Ox
represents the electrode obtained after first, second and third step, respectively.).

The intensity of D band is proportional to the degree of surface disorder or the
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amount of sp*-hybridized carbon atoms,**

suggesting the electrochemical
treatment causes significant surface disorder. Moreover, all the 2D bands of
electrochemically treated samples are blue-shifted, which has been found to be
due to the presence of exfoliated graphene sheets.* Investigation of the G bands
further revealed the presence of intercalation compounds (Figure 5.3c). The G
band of G paper and G-N-Ox sample can be fitted by a single Gaussian peak
centered at ca. 1580 cm™, whilst the G band of G-N and G-N-P can be
deconvoluted into two synthetic peaks. The splitting of G band indicates the
presence of intermediate intercalation compounds as observed in previous studies
with HOPG.***  The broadened G band of G-N-Ox is due to the existence of
defects, as observed in the Raman spectra of reduced graphene oxide.*®

XRD studies were also performed to probe the structural modification of
electrode upon electrochemical treatment (Figure 5.3d). In the XRD spectra of
G-N and G-N-P, they exhibit not only the peak located at ca. 26° (d = 0.337 nm)
that can be correlated to diffraction from (0 0 2) lattice plane of graphite,'® but
also additional peaks located at lower diffraction angles, suggesting the d-spacing
is increased. Diffraction peak at 19.39° corresponds to a d-spacing of 0.457 nm.
This interlayer distance is larger than the theoretical value of Li" intercalation
compound with maximum stoichiometry (LiCs, d = 0.370 nm),* possibly because
of the co-intercalation of solvent molecules or solvated Li*.?® The d-spacing (0.65

nm) of the weak peak at 13.55° observed in the pattern of G-N-P matches well
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with the interlayer distance of ClO, intercalation compound (ClO4Csg) predicted
by density functional theory.>* The diffraction peak at higher diffraction angle of
20.36° is believed to be originated from higher stage ClO4 intercalation
compounds. G-N-Ox displayed a broad peak at 10.01° (d = 0.883 nm), which is a
characteristic peak of graphene oxide,® confirming the formation of
oxygen-containing functional groups after hydrolysis of the CIO, intercalation
compounds. Besides, no XRD peaks associated with intercalation compounds
(260~19.39°) were observed in the pattern of G-N-P, indicating lithium ions were
completely de-intercalated during the second step. Additionally, we observed gas
evolution when immersing the CIO4 intercalation G paper in de-ionized water,
which is consistent with the prediction according to Equation (2). Moreover,
electrode surface disordering was supported by the broadening of (0 0 2)
diffraction peak of G-N, G-N-P and G-N-Ox, in agreement with the increased
intensity of D band in Raman spectra. Taken together, the CV, Raman
spectroscopy and XRD results support the proposed reaction mechanism

illustrated in Figure 5.1.

m Intercalation
m

~—
m De-intercalation

Stage Il Compound Stage | Compound

Figure 5.2 Schematic illustration of stage Il and | intercalation compound,
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according to the Daumas-Hé&old model. The blue spheres and wrinkled black
sheets represent intercalants and distorted graphene sheets, respectively.

a, b
D g
2D
24 G-N-Ox :
z = :
3 :
E4] : G-N-P :
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3 5 W
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Figure 5.3 (a) CV curve of G paper collected at a scan rate of 1 mV/s in
propylene carbonate containing 1 M LiClO,. Six peaks are labelled in the figure.
(b) Raman spectra of G paper and electrochemically treated G papers. The dashed
line highlights the position of 2D band of G paper. (¢) Deconvolution of G bands.
The G band of G paper and G-N-Ox are fitted by a single Gaussian peak, while
the G band of G-N and G-N-P are deconvoluted into two synthetic peaks, which
correspond to the Eyq interior (green curve) and boundary (pink curve) mode of
graphite intercalation compounds. The black dots represent experimental data. (d)
XRD spectra of G paper and electrochemically treated G papers. Dashed line
highlights the (0 0 2) diffraction peak originated from graphitic carbon. Other
peaks are originated from the expanded/exfoliated graphite layers.

Furthermore, we have performed a number of microscopy and spectroscopy
measurements to characterize the morphology and chemical composition of the

final product, G-N-Ox. As shown in Figure 5.4a and 5.4b, the fiber of G paper has
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smooth surface, while the surface of G-N-Ox fiber is full of wrinkles that is
believed to be created by ion intercalations. Dye absorption-desorption
experiment (Figure 5.5) proved that the G-N-Ox has enhanced surface area
compared to G paper. The surface area of G-N-Ox and G paper calculated by the
MB absorption method is 73.9 m? g™ and 14.0 m? g™, respectively. Figure 5.6
shows SEM images of graphitic paper treated with only negative potential or
positive potential. Under positive potential (ClO,4 intercalation), the morphology
of fiber surface did not change obviously, possibly due to the fact that CIO4 has a
larger size than Li*, which makes it more difficult to intercalate deeply into the
layered structure. On the contrary, the surface of G paper was roughened under
negative potential (Li* intercalation). Therefore, Li* intercalation (the first step in
our electrochemical treatment) is mainly responsible for surface exfoliation and it
is consistent with the increased intensity of D band observed for G-N. It is also
evident from the observation that replacing Li* with bulky cations (e.g.,
tetra-n-butylammonium cations, which are less favourable for intercalation than
Li") during the first step cannot exfoliate the fibre surface (Figure 5.7).
Fourier-transform infrared (FT-IR) spectra confirm the presence of oxygen
moieties in G-N-Ox sample. As shown in Figure 5.4c, both G paper and G-N-Ox
have strong absorption peaks centred at 2930 cm™ and 2853 cm™, corresponding
to the C-H stretching * that possibly come from graphene edges and defects.

Another peak at 1630 cm™ can be assigned to the aromatic C=C stretch from the
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graphitic regions and O-H bending from hydroxyl groups. *® Notably, G-N-Ox has
a number of additional peaks: the broad peak at 3443 cm™ (O-H stretching)®
indicates the presence of hydroxyl groups, and peaks at 1721 cm™ (C=0
stretching) and 1574 cm™ (C=C stretching of the quinonoid rings) prove the
presence of carbonyl groups.®® In addition, XPS survey spectra (Figure 5.8) also
reveal that the atomic percent of oxygen atoms increases from 7.0% to 10.1%
after treatment. The carbon-oxygen atomic ratio is around 9, which is consistent to
the value reported for other reduced graphene oxide with excellent electrical
conductivity ***° Notably, there is no detectable signal of CI (binding energy: ca.
200 eV) or Li (binding energy: ca. 55 eV), indicating all Li* are de-intercalated
and ClOg, intercalation compounds are completely decomposed after the last step.
Analysis of the C 1s peak (Figure 5.4d) further confirms that the electrode surface
is functionalized with mainly hydroxyl groups (signal from carbonyl groups at
287.9 eV was not detected due to its limited amount). These oxygen functional
groups can serve as the pseudo-capacitive sites for charge storage.**** Given that
the G-N-Ox has large surface area and increased amount of pseudo-capacitive

functional groups, it is anticipated to be a suitable electrode for supercapacitors.
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Figure 5.4 (a) SEM image of G paper. (b) SEM image collected for the same G
paper after the electrochemical treatment (G-N-Ox). (¢) FT-IR spectra of G paper
and G-N-Ox. Dashed lines highlight the peaks correspond to oxygen-containing
functional groups (hydroxyl and carbonyl groups). (d) C 1s XPS spectra of G
paper and G-N-Ox. The black circles are experimental data that can be
deconvoluted into two synthetic peaks (red and blue dashed curves). The black
curve is the summation of the two synthetic peaks. Dashed lines highlight the
binding energies reported for C-C and C-O.
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Figure 5.5 UV-Vis spectra collected for the solutions (acetonitrile as the solvent)
containing desorbed methylene blue molecules from G paper and G-N-Ox.
G-N-Ox sample showed a higher absorbance at the absorption maximum
wavelength of methylene blue (655 nm), suggesting more dye molecules were
desorbed from the surface of G-N-Ox. The increased amount of desorbed
methylene blue molecules is a direct evidence showing the surface area of
G-N-Ox is enlarged.

Figure 5.6 Representative SEM images showing the surface morphology of a G
paper fiber treated with (a) -2.5V, 2 h only and (b) +2.5V, 2 h only.

Figure 5.7 SEM image of a graphitic fiber treated at -2.5 V vs. Ag/Ag” for 2 h in
propylene carbonate containing 1 M tetra-n-butylammonium perchlorate.
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Figure 5.8 XPS survey spectra of G Paper and G-N-Ox. The table on the right
summarizes the content of carbon and oxygen in each sample based on the C 1s
and O 1s peak area.

The capacitive performance of G-N-Ox was investigated in a three-electrode
electrolytic cell in 3 M KOH aqueous electrolyte (Experimental Section). Figure
5.9a compares the CV curves collected for G paper and G-N-Ox. As expected, the
capacitance of G-N-Ox is much larger than that of G paper. The enhancement can
be ascribped to the increased surface area and contribution from
pseudo-capacitance. Moreover, G-N-Ox also exhibited larger capacitance than
graphitic papers treated with Li*/CIO,4 intercalation only (Figure 5.10), suggesting
that Li* and ClO, intercalation are indispensable for achieving the superior
electrochemical performance of G-N-Ox. The quasi-rectangular shaped CV curves
(Figure 5.9b and Figure 5.11) and isosceles triangular shaped galvanostatic
charge-discharge (GCD) profiles (Figure 5.9¢) indicate that G-N-Ox has superior
capacitive performance.?* It delivers an excellent areal capacitance of 108.88 mF
cm™ (equivalent to a volumetric capacitance 5.73 F cm™) at a current density of
0.5 mA cm, which is ca. 1000 times higher than that of G paper (Figure 5.9d).

More importantly, the G-N-Ox also retains a high rate capability of 84.0% when
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current density increased 10 times to 5 mA cm’, maintaining 91.44 mF cm™
(equivalent to 4.81 F cm™) capacitance. The remarkable rate capability
performance is due to the small internal resistance of G-N-Ox (Figure 5.12 and
Figure 5.13). The combined series resistance (Rs) and charge transfer resistance

(Ret) of G-N-Ox are only slightly larger than that of G paper.
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Figure 5.9 (a) Comparison of CV curves collected for G paper and G-N-Ox at a
scan rate of 100 mV s™. (b) CV curves of G-N-Ox collected from 10 mV s to 100
mV s™. (c) GCD profiles of G-N-Ox collected from 0.5 mA cm™ to 5.0 mA/cm?.
(d) Plots of areal capacitance and volumetric capacitance of G-N-Ox as a function
of current density. All areal capacitances and volumetric capacitances are
evaluated based on the discharge time of the GCD profiles shown in (c).
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Figure 5.10 CV curves collected for graphitic paper treated by -2.5 V for 2 h only,
+2.5V for 2 h only and G-N-Ox (treated by -2.5 V for 2 h followed by +2.5 V for
2 h) in 3 M KOH aqueous electrolyte at scan rate of 100 mV s™.
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Figure 5.11 CV curves of G-N-Ox collected in 3 M KOH aqueous electrolyte at
large scan rates (100 — 1000 mV s™).
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Figure 5.12 Equivalent electric circuit used for fitting of Nyquist plots. Rs:
combined series resistance; R charge-transfer resistance; W: Warburg element;
CPEg: constant phase element associated with electrical-double-layer capacitance;
CPEg: constant phase element associated with pseudo-capacitance; R surface
resistance
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Figure 5.13 (a) EIS spectra of G Paper and G-N-Ox collected at open circuit
potential with a perturbation of 5 mV in 3 M KOH aqueous solution. (b)
Zoomed-in region of the EIS spectra highlighted by the dashed box in (a) to show
the difference in diameter of the semi-circle in middle frequency domain. The
Z’-intercept and diameter of the semi-circle in the middle frequency domain
represents the combined series resistance (Rs) and charge transfer resistance (Rc),
respectively. Open dots are experimental data and solid lines are fitting lines.

Despite the substantial enhancement of capacitance, the performance of G
paper is still limited by its large mass density (ca. 400 mg cm™). The majority of
the mass was used only as supporting material for the activated layer. To obtain an
even better performed electrode, we have applied the same electrochemical
treatment strategy to a lightweight graphene aerogel lattice structure fabricated by
3D printing. This unique 3D graphene architecture (3DG) that not only reduces
the mass density to ca. 50 mg cm™, but also facilitates ion diffusion in the thick
electrodes, making it a promising electrode material for portable
supercapacitors.* 3DG suffers from relatively low gravimetric capacitance (63.6

F gt at 10 A g*) due to limited surface area, which can be addressed by our
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electrochemical treatment strategy. We treated the 3DG using the same
aforementioned method and obtained the 3DG-N-Ox. Figure 5.14a compares the
CV curves of 3DG and 3DG-N-Ox at a small scan rate of 20 mV s™. 3DG-N-Ox
shows a considerably enhanced capacitance than 3DG, which is consistent with
the longer discharge time of 3DG-N-Ox observed in the GCD experiment (Figure
5.14b). Gravimetric capacitances and rate capability of 3DG and 3DG-N-Ox are
evaluated using the GCD profiles collected from 0.5 A g™ to 10 A g™ (Figure 5.15),
and are summarized in Figure 5.14c and Table 5.1. 3DG-N-Ox achieved a
remarkable specific capacitance of 124.7 F g™ (6.93 F cm™) at a current density of
0.5 Ag™, nearly doubled the specific capacitance of 3DG obtained at the identical
current density (71.8 F g™). Significantly, 3DG-N-Ox still retained a high
capacitance of 101.7 F g (5.65 F cm™) when current densitiy increased 20 times
to 10 A g Such a capacitance is considerably higher than the gravimetric
capacitances achieved by 3DG and also some other carbon-based materials tested
under similar conditions, including activated carbon-carbon black powder (14 F
g* @ 10 A g1),® reduced graphene oxide coated graphitic fiber (87.9 F g* @ 10
A g1),*® and activated carbon monlith (20 F g* @ 5 A g')*. Significantly, the
3DG-N-Ox also retains 97% of capacitance after 10000 consecutive charge and
discharge cycles (Figure 5.14e). To understand the capacitance improvement, we
collected SEM images and electrochemical impedance spectra (EIS) for before

and after the treatment. As shown in Figure 5.16, the surface of 3DG-N-Ox
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becomes much rougher after treatment, thus can provide more surface area for
holding charges. Figure 5.14d shows the EIS spectra with the Ry and R values
listed in the inset. Both Rs and R¢ only slightly increases after treatment. We
ascribe such changes to the surface functionalization by oxygen moieties. The
presence of these oxygen moieties is also supported by the redox peaks located at
ca. -0.4 V (vs. SCE) in the CV curve of 3DG-N-Ox (Figure 5.14a). These results
suggest that the enhanced specific capacitance is due to the increased surface area
and incorporation of functional groups induced by electrochemical treatment,

consistent with the results observed for G paper.

Table 5.1 Electrochemical performance of 3DG and 3DG-N-Ox

Gravimetric Gravimetric

. . Rate
sample Capacitance Capacitance Capability
@O5AgGT @LAgH T g
(Fg7) (Fg7)
3DG 71.8 63.6 88.6
3DG-N-Ox 124.7 101.7 81.6

[a] from05Ag*to 10Ag™
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Figure 5.14 (a) CV curves collected at a scan rate of 20 mV s™. (b) GCD profiles
collected at a current density of 0.5 A g™. (d) Plots of specific capacitance of 3DG
and 3DG-N-Ox as a function of current density. (d) EIS collected at open-circuit
potential with a perturbation of 5 mV from 0.1 Hz to 10000 Hz. Inset lists the R
and R values of 3DG and 3DG-N-Ox. Open dots are experimental data and solid
lines are fitting curves. (e) Cycling stability of 3DG-N-Ox measured at a scan rate
of 200 mV s™. Inset compares the CV curves of the first and last cycle.
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Figure 5.15 Cyclic voltammograms (left column) and GCD profiles (right column)
of (a. b) 3DG and (c, d) 3DG-N-Ox collected in 3 M KOH aqueous electrolyte
with a three-electrode testing configuration.
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Figure 5.16 SEM images with different magnifications collected for (a, b) 3DG
and (c, d) 3DG-N-Ox to compare the surface roughness. Scale bars: (a, ¢) 250 um
and (b, d) 1 um.

5.4 Conclusions

We have demonstrated a two-step ion intercalation method that can
considerably enhance the capacitance of graphene-based electrodes. The method
is facile and energy efficient without the need of post-treatment annealing. The
treated G Paper electrode showed a three orders of magnitude enhancement in
capacitance, reaching 109 mF cm™ at a current density of 0.5 mA cm™ and more
importantly, maintained an excellent rate capability of 84% when current density

increased by 10 times. Besides, this method can also be extended to improve
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capacitive performance of 3D printed three-dimensional graphene aerogels. The
gravimetric capacitance almost doubled after treatment without sacrificing their
excellent rate capability. We believe our method represent a general strategy to
boost capacitive performance of other graphene-based supercapacitor electrodes,
e.g., chemically reduced graphene oxide (rGO). Moreover, the oxygen
funtionalized graphene electrodes could also be used in other electrochemical
applications including catalysis and electrochemical sensors.
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Chapter 6
Carbon Coated Polyaniline and Polypyrrole Pseudo-capacitor Electrode with
Excellent Stability

Abstract

Conducting polymers such as polyaniline and polypyrrole have been widely
used as pseudo-capacitive electrode materials for supercapacitors. However, their
structural instability resulting from repeated volumetric swelling and shrinking
during charge/discharge process has been a major hurdle for their practical
applications. This work demonstrates a simple and general strategy to
substantially enhance the cycling stability of conductive polymer electrodes by
deposition of a thin carbonaceous shell onto their surface. Significantly,
carbonaceous shell coated polyaniline and polypyrrole electrodes achieved
remarkable capacitance retentions of ~95% and ~85% after 10000 cycles. Electron
microscopy studies revealed that the presence of ~5 nm thick carbonaceous shell
can effectively prevent the structural breakdown of polymer electrodes during
charge/discharge process. Importantly, the polymer electrodes with a ~5 nm thick
carbonaceous shell exhibited comparable specific capacitance and
pseudocapacitive behavior as the bare polymer electrodes. We anticipate that the
same strategy can be applied for stabilizing other polymer electrode materials. The
capability of fabricating stable polymer electrodes could open up new

opportunities for pseudocapacitive devices.
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6.1 Introduction

Conducting polymers, such as polyaniline (PANI) and polypyrrole (PPy),
are promising pseudo-capacitive electrode materials for supercapacitors*® due to
their low cost,” low environmental impact,® high electrical conductivity in doped
states (~100-10000 S m™),** and ease of fabrication for large-scale devices.™
Moreover, they exhibit excellent specific capacitance in the range typically
between 500 to 3400 F g™ depending on preparation conditions™, which is
substantially larger than that of conventional carbon based electrodes (~100-200 F
g™1) and comparable to pseudo-capacitive metal oxides.® ° However, both PANI
and PPy experience large volumetric swelling and shrinking during
charge/discharge process as a result of ion doping and de-doping.'®*" This
volumetric alternation often leads to structural breakdown, and thus, fast
capacitance decay of conducting polymers.® ¥ Apparently, most PANI and PPy
based electrode retain less than 50% of the initial capacitance after cycling for
1000 times. Therefore, cycling instability is a major obstacle for practical
applications of conductive polymer electrodes.

A number of methods have been demonstrated to improve the cycling
stability of polymer based pseudo-capacitor electrodes. For example, Wang et al.
reported that PANI deposited on coral-like monolithic carbon can achieve high
capacitance retention of 78.2% after 1000 cycles at a scan rate of 100 mV/s.?* Hai

et al. demonstrated that carbon nanotube embedded PPy nanowires can retain 85%
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of capacitance after testing for 1000 cycles at 1 A g*.?? Zhang et al. showed that
PANI and PPy deposited on reduced graphene oxide substrate can achieve
capacitance retention of ~82 and ~81% respectively, after 1000 cycles.?
Encapsulating conducting polymer structures in titanium dioxide nanotubes®* or
Nafion coating® have been found to be alternative methods to enhance their
cycling stability. However, the poor electrical conductivity of titanium dioxide
(107~10"* S cm™) and Nafion (107~102 S cm™) could increase the charge transfer
resistance and negatively impact the capacitive performance of polymer electrodes.
Moreover, conducting polymers doped with organic molecules such as
para-toluenesulfonate (~96% capacitance retention after 500 cycles),? sulfanic
acid azochromotrop (~92% capacitance retention after 1000 cycles)?” and tiron
(~93% capacitance retention after 1000 cycles)® have also shown enhanced
cycling stability. Yet, the toxicity of these dopants could have an undesirable
environmental impact. It is also noteworthy that, the cycling stability of polymer
electrodes was tested for 1000 cycles only in most of the previous studies,?**
while their cycling performance were improved. There is a lack of information
about the electrode stability beyond 1000 cycles. To develop a facile, low-cost and
environmentally friendly method that can improve the long-term cycling stability
of pseudocapacitive polymer materials is essential for their practical applications.

Here we demonstrate a facile strategy to improve the cycling stability of PANI and

PPy nanowire (NW) pseudo-capacitor electrodes through deposition of a thin
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carbonaceous shell onto the polymers. The carbonaceous shell maintains the
structure of PANI and PPy during long-term cycling in 1 M H,SO, electrolyte.
The carbonaceous film coated PANI and PPy electrodes exhibit 95% and 85%
capacitance retention after 10000 cycles. To our knowledge, these are the best
capacitance retention values ever reported for PANI and PPy based
pseudo-capacitor electrodes.
6.2 Experimental Section
Electrochemical synthesis of polyaniline (PANI) and polypyrrole (PPy)
nanowires (NWSs): PANI NWs were deposited on carbon cloth (Fuel Cell
Company, 45>45 yarns/inch) by electrochemical method reported elsewhere.
Carbon cloth was cut into a rectangular piece (1.5cm>2cm), washed with ethanol
and de-ionized water three times prior to deposition. Electrochemical deposition
was carried out in a three electrode system, with the carbon cloth as working
electrode, platinum as counter electrode and Ag/AgClI (in 1 M KCI) as reference
electrode. PANI NWs were electrochemical deposited onto carbon cloth by
cycling within the potential window between -0.2V and 0.8V vs. Ag/AgCI in
aqueous electrolyte containing 0.1 M aniline and 1 M H,SO, for 10 cycles. A
uniform dark green film was obtained after electrochemical deposition. The mass
loading of PANI NWs on carbon cloth is 3.8 mg cm™.

PPy NWs were deposited onto carbon cloth by using similar electrochemical

method, in aqueous electrolyte containing 0.15 M pyrrole, 0.2 M Na,HPO, and
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0.002 M LiCIO4 by cycling within the potential window between -0.2V and 0.9V
vs. AgQ/AgCl for 10 cycles. A uniform black film was obtained after

electrochemical deposition. The mass loading of the PPy NWs electrode is 0.9 mg
cm’.

Deposition of carbonaceous shell onto PANI and PPy NWs: Uniform carbon
shell was deposited onto the as-prepared conducting polymer NWs by a
hydrothermal reaction using glucose as carbon precursor. Carbon cloth (1.5
cmx1.5 cm) coated with conducting polymer NWs and 25 mL 0.05 M glucose
solution were transferred into a 30-mL Teflon lined stainless steel autoclave. The
sealed autoclave was heated at 160 °C in an electric oven for 2 h and then allows it
cool down at room temperature. The carbon cloth was then taken out, rinsed with
DI water and blow dried with compressed air. The mass loadings of PANI@C-2h
and PPy@C-2h on carbon cloth substrate were measured to be 4.2 mg cm™ and
1.2 mg cm, respectively. Furthermore, carbonaceous shell coated PANI and PPy
NWs with different carbonaceous shell thickness were synthesized by the same
hydrothermal method for 1 h and 3 h. For comparison, polymer samples after
hydrothermal  treatment  without  carbonaceous shell  (denoted as

PANI-Hydrothermal and PPy-Hydrothermal) were synthesized under the same

hydrothermal method except using de-ionized water as the solvent.

Material characterizations: Morphology of conducting polymer NWs was
investigated by scanning electron microscope (SEM, FEI Quanta 3D FEG dual
beam) and transmission electron microscope (TEM, FEI Tecnai G2 Spirit). Gold

particles were deposited using a sputter (Techinics Hummer VI) with a current of
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15 mA for 2 min prior to TEM observation. The composition of as-prepared PANI
and PPy NWs was confirmed by Raman spectroscopy (excitation wavelength: 532
nm, Advantage 532, DeltaNu Inc.). Cyclic voltammetry (CV) and
chronopotentiometry (CP) were conducted in a standard electrolytic cell with a
conventional three-electrode configuration using CHI 660D electrochemical
workstation (CH Instruments Inc.) and 1 M H,SO,4 aqueous solution as electrolyte.
Conducting polymer NWSs on carbon cloth with a geometric area of 0.8cm?
(0.8cmx>1.0cm) were used as working electrode. Graphite rod (~5mm diameter)
and Ag/AgCl electrode (in 1 M KCI) were used as counter electrode and reference
electrode, respectively. Electrochemical impedance spectroscopy (EIS) was
conducted in 1 M H,SO, in a range of 0.1 Hz to 1000 kHz at open circuit potential
with a perturbation of 5 mV. ZsimpWin software was used to fit EIS data and
obtain parameter of equivalent circuit elements. Cycling stability test was
conducted in 1 M H,SO4 at a scan rate of 100 mV/s for 10000 cycles.
6.3 Results and Discussions

The cycling instability of pseudocapacitive polymer electrodes is believed to
be due to the structural breakdown of polymer during repeated charging and
discharging processes. The polymer volume increases when they are doped with
ions in electrolyte (charging); and decreases when these ions diffuse back to
electrolyte (discharging).® However, most polymer electrodes cannot tolerate the

mechanical stress created by the volume change, and thus, break into small pieces
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during the cycling process. The structural pulverization leads to severe loss of
active materials, resulting in degradation of capacitance. We hypothesize that
cycling stability of PANI or PPy based pseudo-capacitor electrodes during cycling
can be improved by deposition of a thin carbonaceous shell onto the polymers.
There are two potential benefits of having a carbonaceous shell on polymer. First,
the carbonaceous shell could serve as a physical buffering layer that helps to
suppress the structural alternation of polymer electrodes during charge/discharge
cycling. It has been reported that carbon coated metal oxide electrodes exhibit
superior electrochemical stability in lithium ion batteries, in which the carbon
coating can tolerate the volumetric alternation during Li* insertion/de-insertion,
and thus, prevent the electrode pulverization.*®*" Second, even the carbonaceous
shell is not able to prevent the structural pulverization of polymer electrodes, it
could serve as a conductive network to hold the electrode fragments together and
maintain their mechanical and electrochemical stability.

PANI and PPy NWs were electrochemically deposited onto carbon cloth
substrate according to the previously reported methods (Experimental Section).*®
% Raman spectra of the polymer samples showed characteristic peaks of PANI
and PPy (Figure 6.1). A layer of carbonaceous coating with controllable thickness
was deposited onto these polymer NWs by a hydrothermal reaction using glucose
as carbon precursor (Figure 6.2a).3% *°*2 The chemical composition of the

carbonaceous shell is believed to be a mixture of carbon and other carbonaceous
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products.”® Transmission electron microscopy (TEM) studies were conducted to
verify the core@shell structure of PANI@C and PPy@C. Since both the deposited
carbonaceous shell and PANI or PPy NWs are amorphous in nature and have
elements with similar molecular weight, it is challenging to observe the interface
between carbonaceous shell and polymer core. Therefore, a thin layer of gold
nanoparticles (average diameter of ~2 nm) was firstly sprayed on bare PANI and
PPy NWs then followed by the hydrothermal reaction. As shown in Figure 1b-1d,
the dark contrast regions are gold particles, which clearly present the boundary of
polymer NW and carbonaceous shell. The TEM images also revealed that the
variation of carbonaceous shell thickness as a function of hydrothermal reaction
time between one and three hours. For one hour sample, the polymer NWs are
only partially covered by a thin carbonaceous shell with a thickness less than 3 nm
(Figure 6.2b). The carbonaceous shell thickness increases with the hydrothermal
reaction time, and eventually the entire polymer surface were covered with
carbonaceous shell. A uniform carbonaceous shell with a thickness of ~5 nm and
~9 nm were observed for two- and three-hour samples, respectively (Figure 6.2¢c
and 6.2d). The carbonaceous shell coated PANI and PPy NW with different
hydrothermal times are denoted as PANI@C-xh and PPy@C-xh, where x (=1, 2, 3)

stands for reaction time in hour.
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Figure 6.1 Raman spectra of (a) PANI NWs and (b) PPy NWs. The tables show
the assignments for the major peaks in the spectra.
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Figure 6.2 (a) Schematic illustration of the carbonaceous coating procedure using
glucose as carbon precursor; (b-d) TEM images of PPy@C samples with different
carbonaceous shell thicknesses, which was controlled through reaction time for
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hydrothermal deposition of glucose: (b) 1 h, (c) 2 h and (d) 3 h.

The carbon cloth substrates grown with bare and carbonaceous shell coated
polymer NWs were fabricated into working electrodes. These electrodes have a
fixed geometric area of ~0.8 cm? (0.8 cm > 1.0 cm) were tested in a
three-electrode electrochemical cell, with graphite rod (~5mm diameter) and
Ag/AgCl electrode (in 1 M KCI) as counter electrode and reference electrode. The
cycling stability test was carried out by cyclic voltammetry (CV) at a scan rate of
100 mV/s in 1 M H,SOq, electrolyte solution. As expected, bare PANI and PPy
electrodes showed large capacitance drop after 10000 cycles, with less than 25%
retention of their initial capacitance (Figure 6.3). Scanning electron microscopy
(SEM) studies revealed that most of the PANI and PPy NWs disappeared after
cycling for 10000 cycles (Figure 6.4). It suggests that the rapid decay of
capacitance was mainly due to the loss of active capacitive materials.

Cycling stability test were performed for carbonaceous shell coated polymer
electrodes under the the same conditions. Figure 6.5 shows that PANI@C-1h and
PPy@C-1h retained 35% and 51% of its initial capacitance after 10000 cycles,
respectively. These values are improved compared to that of bare polymer
electrodes. And importantly, the SEM images collected from PANI@C-1h and
PPy@C-1h following the cycling test indicated that the carbonaceous shell has
positive effect on preserving the polymer materials. The loss of polymer materials

during cycling is still considerably high, which could be attributed to the
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incomplete carbonaceous shell coating.

Significantly, PANI@C-2h and PPy@C-2h electrodes exhibited exceptional
capacitance retention of 95% and 85% after 10000 cycles compared with bare
PANI and PPy electrodes (Figure 6.3). To our knowledge, these retention rates are
the best values ever obtained for polymer based pseudocapacitive electrodes in
aqueous electrolyte. SEM images also confirmed that PANI@C-2h and
PPy@C-2h electrodes have no obvious structural change after tested for 10000
cycles (Figure 6.6). These results clearly showed that the carbonaceous shell was
very effective in stabilizing the structure of PANI and PPy NW electrodes during
charge/discharge cycling, resulting the excellent capacitance retention rates. It is
also noteworthy that PANI@C-2h and PPy@C-2h electrodes have comparable
pseudocapacitive behavior and specific capacitance compared to bare polymer
samples (Figure 6.3 insets). It is crucial that the improved cycling stability is not

at the expense of their electrochemical performance of polymer electrodes.
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Figure 6.3 Cycling performance of (a) PANI and PANI@C electrodes; and (b)
PPy and PPy@C electrodes, collected at a scan rate of 100 mV s™ in 1 M H,SO,

electrolyte. Insets show CV curves collected for the bare polymer electrodes

(black) and carbonaceous shell coated polymer electrodes (blue) at a scan rate of
20 mV st in 1 M H,SOs.

166



PANI before

PPy after 10000 cycles

Figure 6.4 SEM images collected for (a, b) PANI and (c, d) PPy before and
following the cycling stability test for 10000 cycles.
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(b) PANI@C-1h and (d) PPy@C-1h following the cycling stability test for 10000
cycles.

¥ 0cycle PANI@C ST 10000 cycles

Figure 6.6 SEM images collected for (a) PANI@C-2h and (b) PPy@C-2h
electrodes before and following the cycling test for 10000 cycles.

We also evaluate the performance of PANI@C-3h and PPy@C-3h electrodes.
Figure 6.7 compares the CV and capacitances of PANI@C-3h and PPy@C-3h
with their two-hour samples. The results showed that the capacitances of
PANI@C-3h and PPy@C-3h are substantially lower than that of the two-hour
samples at all scan rates. This can be attributed to the increased thickness of
carbonaceous shell, which makes it more difficult for ions in electrolyte to
penetrate through the carbonaceous shell and react with the polymer, resulting in
reduced pseudo-capacitance. Among the three carbonaceous shell-coated polymer
electrodes, PANI@C-2h and PPy@C-2h samples have the best combination of

cycling stability and pseudocapacitance. Therefore, the following studies will
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focus on these samples only.

Since carbon is a conventional electrical double layer capacitive material, it is
believed that the measured capacitances of PANI@C-2h and PPy@-2h have
contribution from both carbonaceous shell and polymer NW core. We used
Trasatti method to quantitatively differentiate the capacitance contribution from
carbonaceous coating and polymer core.** *> The reciprocal of areal capacitance
(1/C) for PANI@C-2h and PPy@C-2h NWs are plotted against the square root of

Y2) (Figure 6.8). The plots at slow scan rate region (< 10 mV s™) were

scan rate (v
fitted with a straight line and extrapolating this line to the y-axis to obtain the
y-intercept. The “total capacitance” of PANI@C-2h and PPy@C-2h equals to the
reciprocal of the y-intercept. When the scan rate approaches to 0 mV s, ions in
electrolyte should have sufficient time to diffuse to the entire electrode surface for
charge storage. In this case, the measured capacitance is not limited by the ion
diffusion rate, and it should be the highest possible capacitance of the electrode.
The “total capacitance” of PANI@C-2h and PPy@C-2h were calculated to be
787.40 mF cm™ (189.73 F g™) and 136.99 mF cm™ (114.08 F g™), respectively.
These values are slightly higher than the calculated “total capacitances™ of bare
PANI NWSs (724.63 mF cm™ or 190.69 F g™) and PPy NWs (99.01 mF cm™ or
110.01 F g*) using the same method (Figure 6.9). Therefore, the difference

between these two “total capacitance” is the electric double layer capacitance

contribution from the carbonaceous coating. Figure 6.8 insets summarize the
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calculated capacitances based on Trasatti method. The carbonaceous shell

contributes 62.77 mF cm™ (156.93 F g*) to PANI@C electrode, and 37.98 mF

cm? (126.6 F g') to PPy@C electrode. The slight difference of capacitance

contribution of carbonaceous shell could be attributed to the different surface area

of PANI@C-2h and PPy@C-2h electrodes as they have different sizes.
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Figure 6.7 (a,b) Histograms compare the areal capacitance of (a) PANI@C-3h
and PANI@C-2h and (b) PPy@C-3h and PPy@C-2h, at various scan rates. Insets
show their CV curves collected in 1 M H,SO, at a scan rate of 20 mV s™.
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To further evaluate the influence of carbonaceous shell on pseudo-capacitive
behavior of the PANI@C-2h and PPy@C-2h NWs, we performed a number of
electrochemical measurements including CV, chronopotentiometry (CP) and
electrochemical impedance spectroscopy (EIS). The CV curves collected at
different scan rates exhibit obvious redox peaks, indicating the pseudo-capacitive
behavior of polymer electrodes. The symmetric shape of CP curves suggested the
polymer electrodes have excellent reversibility (Figure 6.10). Figure 6.11a and
6.11b shows the capacitance of PANI@C-2h and PPy@C-2h calculated based on
CP results collected at different current densities. The initial capacitances of
carbonaceous shell coated polymers are slightly higher than those of bare
polymers, while their capacitances decrease relatively faster as the increase of
current density. It is likely that the presence of carbonaceous shell affects ion
diffusion to polymer core and therefore increase IR drop. We carried out EIS

measurements to evaluate the effect of carbonaceous coating on the interfacial
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charge transfer. Figure 6.12 shows equivalent electrical circuit model used for EIS
data fitting. All the parameters of equivalent circuit elements are summarized in
Table 6.1. As shown in Figure 6.11c and 6.11d, the combined series resistances (R)
of PANI@C-2h and PPy@C-2h electrodes are slightly higher than the bare
polymer electrodes (Figure 6.11c and 6.11d Insets), owing to the presence of
additional contact resistance between carbonaceous shell and polymer core.
Notably, the Rs of bare polymer without carbonaceous shell were not significantly
changed after hydrothermal treatment (Figure 6.13). The increased Rs of
carbonaceous coated polymer electrodes will increase the iR drop, and therefore
lead to a slightly lower rate capability. These results proved that the addition of a
thin carbonaceous shell (~5 nm) would not affect significantly the capacitive

performance of polymer electrodes.
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Figure 6.11 (a, b) Areal capacitance of bare polymer electrodes and carbonaceous
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shell coated polymer electrodes collected at different current densities. (c, d)
Nyquist plots of polymer electrodes and carbonaceous shell coated polymer
electrodes measured in 1 M H,SO, at open circuit potential with an amplification
of 5 mV. Insets show the R values of the electrodes.
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Figure 6.12 Equivalent circuit model used for EIS data fitting. (Rs: combined
series resistance; R charge-transfer resistance; W: Warburg element; Cg;:
electrical-double-layer capacitance; C,: limit capacitance.)

Table 6.1 Parameters of equivalent circuit elements

Sample R/Q-cm? R /Q-em? WQs*  C,/mF-cm? C;/mF-cm?

PANI 4.489 0.1001 0.2428 11.16 936.4
PANI@C 7.052 0.5057 2418 13.262 957.6
PPy 3.697 0.09698 6.835 0.6879 50.35
PPy@C 6.486 0.4984 11.10 0.7765 83.72
b
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Figure 6.13 (a, b) Nyquist plots collected for polymer electrodes before and after
hydrothermal treatment in the absence of glucose precursor, in 1 M H,SO, at open
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circuit potential with an amplification of 5 mV. Insets show the Rs values of the
electrodes.

6.4 Conclusions

In summary, we have demonstrated, for the first time, the deposition of a thin
carbonaceous shell (~5 nm) onto PANI and PPy can effectively improve their
charge/discharge cycling stability. The carbonaceous shell coated PANI and PPy
electrodes exhibited exceptionally high capacitance retentions of ~95% and ~85%
after 10000 cycles, which are significantly improved compared to the retention
rate of bare PANI (~20%) and PPy (~25%) obtained under the same conditions.
Importantly, the carbonaceous shell coated polymer electrodes also exhibit
comparable capacitance and rate capability as bare polymer electrodes, indicating
the incorporation of a 5 nm thick carbonaceous shell have no obvious negative
effect on their electrochemical performance. We believe this is a general strategy
that can be further extended to other pseudocapacitive polymer electrodes. The
successful stabilization of polymer electrodes could revolutionize the design,
fabrication and applications of polymer based pseudo-capacitors.
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Chapter 7

Pushing the Cycling Stability Limit of Polypyrrole for Supercapacitors
Abstract

Polypyrrole (PPy) is a promising pseudocapacitive material for supercapacitor
electrodes. However, its poor cycling stability is the major hurdle for its practical
applications. Here we demonstrate a two-prong strategy to stabilize PPy film by
growing it on a functionalized partial-exfoliated graphite (FEG) substrate and
doping it with S-naphthalene sulfonate anions (NS°). The PPy electrode achieved a
remarkable capacitance retention rate of 97.5% after cycling between -0.8 and 0 V
vs. SCE for 10000 cycles. Moreover, an asymmetric pseudo-capacitor using the
stabilized PPy film as anode also retained 97% of capacitance after 10000 cycles,
which is the best value reported for PPy based supercapacitors. The exceptional
stability of PPy electrode can be attributed to two factors: 1) the flexible nature of
FEG substrate accommodates large volumetric deformation and 2) the presence of
immobile NS dopants suppress the counterion drain effect during
charge-discharge cycling.
7.1 Introductions

Polypyrrole (PPy) is a promising pseudo-capacitor electrode material due to
its low cost, low environmental toxicity, high electrical conductivity (~100 —
10000 S m™), wide potential window and ease of fabrication."> However, these

advantages are offset by its very poor cycling stability (usually < 50% capacitance
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retention after 1000 charge-discharge cycles in aqueous electrolytes).**®’ The
charge/discharge cycling instability of PPy is mainly due to structural
pulverization and counterion drain effect."*®® Upon oxidation, positive charged
nitrogen groups (polarons) are generated on PPy chains. To balance the charge,
counterions in the electrolyte will diffuse into the backbone of PPy chains,
causing PPy to swell. Upon reduction, polarons are neutralized by the injected
electrons. Meanwhile, counterions diffuse back into electrolyte in order to
maintain the neutrality of the PPy matrix, which subsequently causes PPy
backbone to shrink.®*° The repeated swelling and shrinking of PPy chains leads to
structural pulverization, resulting the loss of active materials. Moreover, PPy also
suffers from counterion drain effect, i.e., less and less anions can dope into the
PPy matrix after repeated charge and discharge cycling due to the irreversible
insertion/extrusion of counterions.*®*™ For instance, when anions diffuse back
into electrolyte during reduction, some of the ion channels of PPy will collapse
and form a compact structure. Re-oxidation of the PPy chains requires extra
energy to re-open the compact structure,® making anions more difficult to re-dope
the PPy backbone. As a result, less polarons can be re-generated. Since the
electrical conductivity of PPy is directly proportional to the number of polarons
on the backbone of PPy chains,® the counterion drain effect will slowly reduce
the electrical conductivity of PPy, and hence, the capacitance.

Enormous efforts have been made to stabilize PPy-based materials for
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pseudo-capacitors."3*'?" One of the strategies is integrating PPy into flexible

13.14.18-20 and carbon

substrates/current collectors such as reduced graphene oxide
nanotubes.?* Flexible substrates can accommodate large volumetric change of PPy
during charge and discharge, and thus, effectively suppress structural
pulverization of PPy. Our previous work showed that PPy anchored on partially
exfoliated graphene substrate retains as high as 91% of its initial capacitance after
1000 cycles in 3 M KCI aqueous electrolyte.” Another strategy is to dope PPy with
special anionic dopants. For example, PPy doped with Tiron' and sulfanilic acid
azochromotrop™® achieved excellent capacitance retention rate of 93.1% and 91.5%
after 1000 charge-discharge cycles, respectively. It was believed that the hydroxyl
groups in the dopants behave as chelating agents and form dative covalent bonds
with the Ni current collector, thus improving adhesion of PPy film. >*® However,
the stability of these PPy electrodes is still far below the satisfactory level for
commercial applications. And there is no report on how to simultaneously address
the structural pulverization and counterion drain effect.

Here we demonstrate for the first time to improve the cycling stability of PPy
by addressing both the structural pulverization and counterion drain effect. A
functionalized partial-exfoliated graphite substrate (FEG) was synthesized by a
two-step partial exfoliation method reported previously.?> We deposit PPy onto
FEG substrate, and simultaneously dope the PPy film by g-naphthalene sulfonate

anions (NS’) with high steric hindrance and low mobility?® within the polymer
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matric to suppress counterion drain effect. The electrode exhibited excellent
cycling stability with 97.5% of the capacitance can be retained after 10000
consecutive charge-discharge cycles in a negative potential window between 0
and -0.8 V vs. saturated calomel electrode (SCE). Moreover, an asymmetric
pseudo-capacitor device composed of the stabilized PPy anode and FEG
supported MnO; nanosheet (FEG/MnO,) cathode showed remarkable cycling
stability with only 3% capacitance loss after 10000 cycles. To our knowledge, this
is the best capacitance retention rate ever achieved for PPy-based
pseudo-capacitor devices.

7.2 Experimental Section

Materials: All the chemicals were purchased from Sinopharm Chemical Reagent
Co., Ltd. (P. R. China) and used as received except pyrrole which was used after
reduced pressure distillation (ca. 80 kPa, 110 °C, 40 min). Cellulose separators
were purchased from Nippon Kodoshi Corporation (Japan) and used as received.
Graphite foils are purchased from SGL group (Germany).

Preparation of functionalized partial-exfoliated graphite substrates (FEG)
and FEG/MnO; electrode: FEG substrates were prepared by a two-step
exfoliation method reported elsewhere.?> A piece of graphite foil was used as a
working electrode in a three-electrode electrochemical cell with SCE reference
electrode (0.2444 V vs. standard hydrogen electrode) and Pt plate as counter

electrode. The graphite electrode was scanned between 0.5 V and 1.8 V vs. SCE at
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20 mV st in 0.5 M K,COs aqueous solution (pH=11.8) for six cycles. The
electrode was then further scanned for another ten cycles in a phosphate buffered
saline containing 1 M KNO; (pH = 6.7) between -1.0 V and 1.9 V vs. SCE at 20
mV s™. In each cycle, the electrode was kept at 1.9 V vs. SCE for 5 s. Last, the
electrode was washed with ethanol and deionized water to remove inorganic
residuals on the surface. For preparing FEG supported MnO, electrode, MnO,
nanosheets were deposited on the FEG substrate at a constant current density of
0.2 mA cm™ for 35 min at ambient conditions in an agueous solution containing
0.01 M manganese acetate and 0.02 M ammonium acetate.

Electro-polymerization of pyrrole: PPy film doped with g-naphthalene sulfonic
anions was electrochemically deposited on FEG substrate through
electro-polymerization in a solution of 0.1 M pyrrole and 0.05 M f-naphthalene
sulfonic acid at 2 mA cm™ for 6 min. The electrode is denoted as FEG/PPy-NS.
For comparison, PPy films doped with sulfate ions, a smaller anion contains the
same sulfonic acid group as NS (Figure 7.1), were prepared by
electro-polymerization on FEG (denoted as FEG/PPy-S) and graphite foils
(denoted as PPy-S) in a 0.1 M pyrrole and 0.05 M H,SO, aqueous solution at 2
mA cm as control samples. After electro-deposition, the electrodes were washed
with ethanol and deionized water. The mass loading was calculated based on the
weight difference between the dried electrodes (vacuum dried at 60 <C for 24 h)

before and after electro-deposition, using a Sartorius BT 25 S semi-microbalance
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with a sensitivity of 0.01 mg. The mass loadings of PPy for the aforementioned
three electrodes were adjusted to the same amount (0.56 = 0.01 mg cm™) by
controlling the time of electro-deposition. PPy-S electrodes with reduced mass
loading of 0.12 +0.01 mg cm™ were produced by the same condition as PPy-S

except the electrodeposition time was reduced from 15 min to 2 min.
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Figure 7.1 Molecular structure of (a) p-naphthalene sulfonate anion and (b)
sulfate anion. The same sulfonic acid groups are in blue.

Assembly of FEG/PPy-NS//FEG/MnQO, asymmetric pseudo-capacitor device:
The asymmetric pseudo-capacitor device was assembled using FEG/PPy-NS
(working area 1<l cm?) as anode and FEG/MnO, (working area 1<l cm?) as
cathode. The mass loading of anode (0.56 +0.01 mg cm™) and cathode (0.23 +
0.01 mg cm®) were adjusted to balance the charge on both sides. A piece of
cellulose paper was used to separate the two electrodes.

Characterizations: Morphologies of the electrodes were investigated by scanning
electron microscopy (SEM, Ultra Plus, Carl Zeiss, Germany). Energy-dispersive
spectroscopy (EDS, Ultra Plus, Carl Zeiss, Germany) measurements were
performed to determine the elements of the synthesized electrodes. X-ray
photoelectron spectroscopy (XPS) measurements were performed on a XPS

spectrometer (ESCALAB 250Xi, Thermo Scientific Escalab, USA) with Al K,
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radiation (1=8.34 A) as the excitation source. The binding energies of peaks were
calibrated using the C 1s photoelectron peak at 284.6 eV as reference.
Electrochemical measurements were conducted in a three-electrode
electrochemical reactor using a multichannel electrochemical analyzer (VMP3,
Bio-Logic-Science Instruments, France). PPy-S, FEG/PPy-S and FEG/PPy-NS
electrodes (working area: 1 cm?) were used as working electrodes, with a Pt plate
as the counter electrode and a SCE electrode as the reference electrode. Cyclic
voltammetry (CV) and galvanostatic charge/discharge data were collected in 3 M
KCI aqueous electrolyte. Electrochemical impedance spectroscopy (EIS) was
performed at open-circuit potential from 20 kHz to 50 mHz with a perturbation of
10 mV in 3 M KCI aqueous electrolyte. Electrochemical cycling stability of the
electrode and the device was tested by galvanostatic charge/discharge cycling
measurements for 10000 cycles in 3 M KCI aqueous electrolyte.
7.3 Results and Discussions
Improvement of cycling stability of PPy film

The electrochemical performance of the three electrodes was tested in a
three-electrode system. As shown in Figure 7.2a, all three electrodes exhibited a
pair of broad redox peaks corresponding to pseudocapacitive reactions (insertion
and extrusion of counterions).?*? The FEG/PPy-NS and FEG/PPy-S electrodes
have comparable pseudocapacitive behavior, rate capability (Figure 7.3) and

specific capacitances (338 F g™ and 326 F g@ 50 mV s, respectively). Their
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specific capacitances are substantially higher than that of PPy-S (130 F g'@ 50
mV s?). The enhanced capacitance of FEG/PPy-S and FEG/PPy-NS can be
ascribed to the increased surface area after electrochemical treatment % (Figure
7.4). While the addition of NS™ doping has limited effect on the capacitance of
PPy film, it significantly improve the cycling stability of PPy film. Figure 7.2b
compares the electrochemical cycling stability of the three electrodes tested by
galvanostatic charge/discharge cycling method for 10000 cycles. FEG/PPy-NS
showed the best cycling stability with an excellent capacitance retention rate of
97.5% after 10000 cycles. The initial increase in capacitance is believed to be due
to the electro-activation process. At the beginning, the electrolyte may not contact
all the accessible surface of the electrode. During electro-activation process, the
contact between electrode and electrolyte solution gradually improved and hence
the capacitance was slightly increased. The similar observation has been reported
by others.® On the contrary, the FEG/PPy-S and PPy-S electrodes only retained

82.6% and 46.8% of their initial capacitances, respectively.
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Figure 7.2 (a) Cyclic voltammograms of PPy-S, FEG/PPy-S and FEG/PPy-NS
collected at a scan rate of 50 mV s in 3 M KCI electrolyte solution; (b)
Electrochemical cycling stability of PPy-S, FEG/PPy-S and FEG/PPy-NS
measured by galvanostatic charge/discharge cycling between -0.8 and 0 V vs. SCE
at a current density of 4 mA cm in 3 M KCl electrolyte solution.
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To understand the possible mechanisms leading to the exceptional stability of
FEG/PPy-NS electrode, we performed the following experiments. First, SEM
images were collected for the three electrodes before and after the cycling test.
PPy-S film on graphite foil showed many cracks and started to peel off from the
substrate after testing for 10000 cycles (Figure 7.5a). These cracks were formed as
a result of structural pulverization due to the repeated volumetric swelling and
shrinking. It correlates with the rapid capacitance degradation of PPy-S. In
contrast, the morphology of FEG/PPy-S and FEG/PPy-NS electrodes remained
unchanged after 10000 cycles (Figure 7.5c and 7.5d). The enhanced cycling
stability can be ascribed to the mechanically flexible nature of the FEG substrate.
It has been reported that flexible substrates can accommodate large volumetric
expansion and so alleviate structural pulverization and improve the stability of
PPy.122220 Additionally, the reduced thickness of PPy film could also be
responsible for the improved cycling stability since thin film is less bulky and the
volumetric deformation is less drastic compared to thick film. To test this
hypothesis, we have measured the cycling stability of PPy-S electrode with
reduced film thickness (ca. 150-200 nm, comparable to the film thickness of
FEG/PPy-S and FEG/PPy-NS), which was prepared in the same conditions as
other PPy-S electrodes except the electrodeposition time is reduced from 15 min
to 2 min. Figure 7.6 shows the cycling stability data of the thin PPy-S film. Indeed,

the thin film electrode exhibits improved cycling stability compared to the
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electrode with thick PPy-S film, with capacitance retention of 76.5% after 10000
cycles. While this value is still smaller than the retention rate of PPy-NS film
(97.5%) or PPy-S film (82.6%) supported on FEG, the results suggest that
reducing PPy film thickness is beneficial for achieving high cycling stability using
flexible substrates. However, the improved stability of PPy-S electrode with
reduced film thickness is at the cost of mass loading. In fact, the data again
suggests that using FEG substrate with large surface area and flexibility is more
favorable because it can improve the cycling stability of PPy film at high mass

loading.

190



10000th Cycle

Doycle o FEG/PPY-S

10000th Cycle

~)

Y/
CEx

R

b S .)

10000th Tyete™

e

Figure 7.5 SEM images of (a) PPy-S, (b) FEG/PPy-S and (c) FEG/PPy-NS
collected before and after testing 10000 cycles.
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Figure 7.6 Cycling stability of PPy-S thin film electrode collected in 3 M KCI
using galvanostatic charge/discharge.
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To explain the difference of cycling stability between FEG/PPy-NS and
FEG/PPy-S samples, we further collected EDS and XPS spectra for the two
electrodes. Both EDS (Figure 7.7a) and XPS (Figure 7.8) data confirm the
presence of S signal in both sample before cycling test, suggesting the successful
doping of sulfate ions into the FEG/PPy-S electrode and NS into the
FEG/PPy-NS electrode. Notably, the S signal of FEG/PPy-S almost disappeared
after testing for 10000 cycles. This is believed to be due to the loss of sulfate ions
caused by the counterion drain effect, which is consistent with the previous
reports on PPy electrodes.®®?* On the contrary, there was no obvious decay of S
signal in the FEG/PPy-NS sample after cycling stability test (Figure 7.7b).
Apparently the introduction of NS™ doping can minimize the counterion drain
effect, which has never been reported before. It is known that the mobility of
anions in PPy structure is inversely proportional to their sizes. * In comparison to
sulfate ions, we believe that NS™ anions are less likely to leave the backbone of
PPy chain during redox processes due to its large molecular size and the strong
n-m interactions between benzene rings of NS~ and pyrrole rings of PPy. As a
result, the NS™ doped PPy suppresses counterion drain effect and retains excellent
electrical conductivity during cycling test, and hence, the excellent capacitance

retention rate.
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FEG/PPy-NS before and after cycling test; N 1s spectra of (¢) FEG/PPy-S and (d)
FEG/PPy-NS before and after cycling test.
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element concentrations (atomic percentage) in FEG/PPy-S and FEG/PPy-NS.

We carried out XPS experiments to test our hypothesis. Figure 7.7c and 7.7d
show the N 1s core level spectra collected for FEG/PPy-S and FEG/PPy-NS
samples before and after the cycling test. Before cycling, the N 1s core level
spectra of both sample can be deconvoluted into two synthetic Gaussian peaks
centered at 398.3 eV and 399.8 eV respectively, corresponding to —-NH- and —N=
nitrogen atoms in the backbone of PPy chain.? The high binding energy tail over
400 eV indicates the presence of polarons (-N*= and —N*H- cations).?**?" The
synthetic peaks centered at 401.8 eV and 402.2 eV can be assigned to -N"H-
cations and —N"= cations, respectively. After cycling, as shown in Figure 7.7c, the
FEG/PPy-S electrode showed less pronounced high energy tail and much higher —

N= signal. The increased amount of —N= is consistent with the previous report
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that PPy polarons can be reduced to —N= during reduction.”” The polaron ratio,
defined as the areal ratio between the polaron signals (-N"= and —N"H— peaks)
and the total nitrogen signal (-N*=, -N"H—, -NH— and —N= peaks), decreased
drastically from 28% to 11%. In contrast, the polaron ratio of FEG/PPy-NS only
experienced a small decay from 29% to 23% as less of the -N"= cations were
converted to —N=. Additionally, C 1s XPS spectra collected for FEG/PPy-S and
FEG/PPY-NS before and after the cycling test are comparable (Figure 7.9),
indicating the PPy carbon backbone was stable during cycling. XPS results clearly
showed that the FEG/PPy-S suffers from the substantial loss of polarons during
cycling, while PPy doped with NS can effectively minimize the counterion drain
effect and retain the amount of polarons. It explains why FEG/PPy-NS has the

best capacitance retention rate among the three electrodes.
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Figure 7.9 C 1s spectra of (a) FEG/PPy-S and (b) FEG/PPy-NS before and after
cycling test for 10000 cycles.

Besides EDS and XPS, EIS data (Figure 7.10) exhibited that the charge
transfer resistance of both PPy-S and FEG/PPy-S increased substantially after

stability test. This is consistent with our hypothesis that the ion doping and
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de-doping between electrolyte and electrode become more difficult as the
electrical conductivity of electrode decays with the increasing cycle number due
to the counter-ion drain effect. FEG/PPy-NS, on the contrary, showed similar EIS
profile and charge transfer resistance before and after the cycling stability test.
The results again prove that NS™ doping can minimize counterion drain effect of

PPy electrode.
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Figure 7.10 EIS spectra of (a) PPy-S, (b) FEG/PPy-S and (c) FEG/PPy-NS before
and after cycling stability test in 3 M KCI. Insets show the enlarged middle- and
high-frequency domains.

Stability of the asymmetric pseudo-capacitors based on FEG/PPy-NS as
anode

The successful demonstration of stable PPy electrode can open up new
opportunities for fabrication of pseudocapcitive devices. We assembled an
asymmetric pseudo-capacitor device using FEG/PPy-NS as anode and MnO,
nanostructures supported on FEG substrate (FEG/MnO,) % as cathode (Figure
7.11). The device is denoted as FEG/PPy-NS//FEG-MnO,. FEG/MnO, electrode
shows excellent specific capacitance within a potential window of 0 ~ 1 V vs. SCE

(Figure 7.12a). By coupling the FEG/MnO; cathode and FEG/PPy-NS anode, the
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asymmetric device exhibits a stable potential window up to 2 V (Figure 7.12).

Figure 7.11 (a) SEM image of FEG/MnO, and (b) Magnified image of
FEG/MnO; highlighted in the dashed box in (a).
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Figure 7.12 (a) CV curves of FEG/PPy-NS and FEG/MnO, electrodes collected at
50 mV st in a three-electrode cell; (b) CV curves of the
FEG/PPyY-NS//FEG/MnO, pseudo-capacitor measured at different scan rates; (c)

Galvanostatic charge/discharge profiles of the FEG/PPy-NS//FEG/MnO,
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pseudo-capacitor at different current densities; (d) Galvanostatic charge/discharge
profiles of a single pseudo-capacitor and five pseudo-capacitors in series collected
at a current density of 10 mA cm™. Insets are digital pictures showing light
emitting diodes powered by these pseudo-capacitors.

Significantly, the asymmetric pseudo-capacitor showed an exceptional
electrochemical cycling stability with capacitive retention rate of 97% after testing
for 10000 galvanostatic charge/discharge cycles at the current density of 6 A g™,
Coulombic efficiency remains almost 100% at all cycles (Figure 7.13a). The
initially increased capacitance can be ascribed to the electro-activation process,
which has been commonly observed for metal oxide based devices.***% For
comparison, the capacitance retention rate of FEG/PPy-S//[FEG/MnO, and
PPy-S//FEG/MnO, under the same test conditions were only 78% and 46%
respectively (Figure 7.14). It clearly shows that the stable PPy electrode is the key
for achieving the outstanding device cycling stability. To our knowledge, the
capacitance retention rate obtained from FEG/PPy-NS//FEG/MnQO; device is the
best value reported for PPy-based electrochemical capacitors (Table 7.1).
Furthermore, the improved cycling stability is not at the price of electrochemical
performance. As shown in Figure 7.13b, FEG/PPy-NS//[FEG/MnO, device is able
to deliver a maximum energy density of 75 Wh kg™ at power density of 1 kW kg™
or 48 Wh kg™ at an ultra-high power density of 50 kW kg™. These values are
among the best values reported for pseudo-capacitor devices using PPy-based
anode, such as V,0s-PPy//V,0s-PPy (535 Wh kg at 1.2 kw kg™)*®

GF/ICNT/PPy//GF/ICNT/MnO; (222 Wh kg' at 32 kw kgh)*
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V,05-PPy-rGO//V,0s-PPy-rGO (60.3 Wh kg™ at 0.5 kW kg™),* and PPy//3D

MnO; (27.2 Wh kg™ at 0.85 kW kg™).*
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Figure 7.13 (a) Cycling stability and coulombic efficiency of
FEG/PPY-NS//FEG/MnO, pseudo-capacitor measured by galvanostatic
charge/discharge at a current density of 6 A g™ in 3 M KCI agueous electrolyte.
Inset shows the schematic illustration of the FEG/PPy-NS//FEG/MnO,
asymmetric pseudo-capacitor; (b) Ragone plot of FEG/PPy-NS//FEG/MnO,
pseudo-capacitor with other reported values for comparison.
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Figure  7.14  Stability = perfomance  of  PPy-S//FEG/MnO,  and
FEG/PPy-S//[FEG/MnO, pseudo-capacitors. Test condition: galvanostatic
charge-discharge with a current density of 6 A g™ for 10000 cycles.
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Table 7.1 Cycling stability of PPy-based pseudo-capacitor devices

Current density

Capacitance

Device? Electrolyte®
/ Scan rate retention
V,0s5-PPY/RGO 88.1% (5000
PVA/H,S0, 10 [Ag™]
symmetric>® cycles)
V,0s-PPy 80% (5000
PVA/LICI 9 [mAcm?]
symmetric> cycles)
GF/CNTs/PPy/IGF/ 83.5% (10000
0.5M Na,SO,  1.5[mAcm?]
CNTs/MnO,* cycles)
83% (600
PPYy@MoOs//ACY" 0.5 M K,S0, 0.5[Ag]
cycles)
PPy-NPG//MnQO,-NP 85% (2000
1 M LiCIO, 100 [mV s
G® cycles)
PPy@cellulose 84% (8500
2 M NaCl 30 [mA cm?]
symmetric® cycles)
PPy hydrogel 90% (3000
PVA/H, SO, -eeeee 9
symmetric* cycles)
PPy-MWCNT 94.2% (5000
0.5M Na,SO, 20 [mAcm?]
symmetric* cycles)
BC/PPYy/MWCNTSs 94.5% (5000
2 M LiCl 10 [mA cm?]
symmetric* cycles)
80% (2000
PPy//Mn0O,*® Y/ E P10 Y Ap—
cycles)
WO;@PPy//CF-Co( 85% (5000
3 M NaOH 100 [mV 5]
OH),* cycles)
FEG/PPy-NS//FEG/
6 [Ag™] 97% (10000
MnO, 3 M KCI
(ca. 5 mAcm?) cycles)
(This work)
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) All assymmetric devices are denoted as “anode//cathode”.

®) PVA: polyvinyl alcohol gel electrolyte

© Not reported
7.4 Conclusions

We have demonstrated that the cycling stability of PPy thin film can be
greatly improved by preparing PPy film on a functionalized partial-exfoliated
graphite substrate and dope the film with g-naphthalene sulfonate anions. The
flexible nature of FEG substrate accommodates large volumetric deformation of
PPy during repeated charge and discharge processes. S-naphthalene sulfonate
anion doping compared to the conventional SO,* doping can better minimize the
counterion drain effect and retains good electrical conductivity of PPy film. These
two factors substantially enhance the cycling stability of PPy. The FEG/PPy-NS
electrode exhibited outstanding capacitance retention of 97.5% after 10000 cycles
in 3 M KCI aqueous electrolyte, whereas the PPy-S and FEG/PPy-S retain only
46.8% and 82.6% of the capacitance under the same test conditions. Moreover, an
asymmetric pseudo-capacitor based on the stabilized FEG/PPy-NS anode showed
a remarkable capacitive retention of 97% in aqueous electrolyte, which is the best
value achieved for PPy-based electrochemical capacitor device.
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Chapter 8
Outlook

As discussed in the previous chapters of this dissertation, carbon and
carbonaceous materials are widely applied in electrochemical energy storage, as i)
protective coatings for stabilizing materials with inherent instability; ii)
electrically conductive substrates for loading other relatively insulating
pseudo-capacitive materials and iii) active materials themselves. The challenge for
purpose i) is to develop mythologies that are capable of depositing carbon thin
films with controllable thickness and uniformity. Understanding on how ions
interact with the underneath electrode materials via the coated carbon shell is
currently lacking, and requires further investigations. Application ii) needs carbon
structures with large ion-accessible surface and excellent electrical conductivity.
The following parts elaborate on challenges and opportunities associated with
application iii), and specifically related to a promising active carbonaceous
materials, the hierarchical porous carbons.

With their unique connectivity of various scales of pores, hierarchical porous
carbons have already displayed superior performance over traditional carbon
materials. They are receiving increasing attention as promising carbon materials
directly used for charge storage. A number of hierarchical carbon-based materials
have achieved outstanding gravimetric capacitance beyond 300 F g™. Yet, an

undeniable fact is that most hierarchical porous carbons fail to retain their
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outstanding capacitance at rapid charge and discharge rates, i.e., they exhibit poor
rate capability performance as illustrated in Figure 8.1. This is particularly
unfavorable for supercapacitors, a charge storage device expected to have large
power density."? Overcoming this bottleneck requires long-term joint efforts from

both theoretical and experimental studies.

Future Goal

-
-

Capacitance

Hierarchical Porous Carbons

Conventional Carbons

Charge and Discharge Rate

Figure 8.1 Comparison of capacitance among conventional carbons, hierarchical

porous carbons and the future goal.

Molecular simulation is a powerful tool for investigating ion behaviors in
complex electrochemical systems and expected to provide experimentalists the
important insights on how to design and construct the “silver bullet”. Previous
studies have been primarily focused on modelling ion diffusion within ultra-small
pores, > while revealing the collaborative roles of hierarchical pores is equally
important but rarely studied. For example, the roles of mesopores and macropores

in facilitating ion diffusion deserve further investigation, possibly including the
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influences from hetero-atoms. Also, the correlation between total pore/micro-pore
volumes and capacitances seems rather ambiguous. Simulations on hierarchical
porous systems that take different pore sizes, structures and distributions into
consideration could possibly solve the puzzle. Another direction that needs to be
explored is simulating ion behaviors in aqueous electrolytes. To date, most
theoretical studies choose ionic liquids as electrolyte mainly because ions in ionic
liquids have comparable size as pore widths;*®® however, aqueous electrolytes are
more popular in supercapacitor community owing to safety consideration, ease of
fabrication and fast ion diffusion rate. Changing ionic liquids to aqueous
electrolytes will bring significant changes in simulations: presence of solvation
shell, different ion size and diffusion coefficients, and possible pseudo-capacitive
contributions from doped heteroatoms, etc. The new results might alter our current
understandings on ion-pore interactions and possibly induce unprecedented
discoveries that inspire experimentalists to design novel structures to further push
the performance of supercapacitors.

Once optimal structures are obtained by simulation, the next big challenge is
to explore synthetic strategies that can achieve the proposed electrode architecture
and experimentally confirm the simulation prediction. At this stage, most
high-performance carbons are derived from direct pyrolysis of bio-masses due to
the hierarchical porosity and rich amount of heteroatoms, indicating bio-mass

derived carbons are promising carbon precursor candidates. However,
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template-free methods have limitations in tuning the pore structures. On the other
hand, both hard and soft template methods are able to change pore structures
simply by tailoring the shape and number of templates and how they are
incorporated in host materials. Therefore, a promising synthetic strategy to
achieve the optimal structures is to combine these methods. For example, if the
ion-desolvation theory holds true for aqueous electrolytes, electrodes with
comparable pore size to ultra-small de-solvated ions (e.g., H*, Li*, Na") will
perhaps achieve much higher capacitance than the state-of-the-art level. It is
because ions in aqueous electrolytes are generally much smaller than ions in ionic
liquids, resulting in more compact ion-packing. However, how to acquire these
ultra-fine pores remains challenging and deserves extensive efforts in material
synthesis.

Finally, it is extremely critical to develop a set of fair and consistent metrics
for evaluating performance of porous carbon materials. First, gravimetric
capacitance, areal capacitance and volumetric capacitance are three equally
important performance metrics. In terms of portability and assuming the volume
of electrodes or devices is not a concern, gravimetric capacitance is the most
meaningful among the three. Whilst for applications with limited space for
installing energy storage devices, areal capacitance and volumetric capacitance are
more significant than gravimetric capacitance. Given that most hierarchical

porous carbons are ultralight (low mass density), they are promising electrodes for
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light-weight charge storage devices but are disadvantageous in areal and
volumetric capacitance. Therefore, it is unreasonable to judge their performance
by merely taking their areal or volumetric capacitance into consideration.

Second, it should be noted that high gravimetric/areal/volumetric capacitance
will become less meaningful if the corresponding active mass loading/working
area/total volume is ignored. Taking gravimetric capacitance as an example, the
gross capacitance, or total capacitance (Cy), is evaluated by multiplying
gravimetric capacitance (Cs) by active material mass loading (m):

Cr=CsXm

Cr will be ultra-small if the mass loading is tiny. It infers that a supercapacitor
with limited amount of active material, though might exhibit outstandingly high
gravimetric capacitance, will still be impractical as it can only store a small
amount of charges. Similar arguments can be made for areal capacitance and
volumetric capacitance. Moreover, because capacitance is a function of not only
scan rate or current density, but also mass loading, arbitrarily comparing
capacitance without considering mass loading is unfair for high active mass
loaded electrodes. It is therefore critical for researchers to be aware of this issue,
and present mass loading, area or volumetric capacitance for evaluation and
comparison. It is more meaningful to push performance at high mass loadings
rather than to pursue large numbers with ultra-small amount of active materials.
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