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Abstract

Carbon nanotubes have generated much research interest and potential applications due to their
unique properties such as their high tensile strength, high thermal conductivity, and unique
semiconductor properties. Vertically-aligned carbon nanotubes (VA-CNTs) have been used in
applications for electrochemical systems in energy storage systems and desalination systems.
Typical methods of characterizing the morphology and composition of CNTs are limited in
providing information on the packing density of CNTs, and therefore, an effective method for in
situ characterization of VA-CNT electrodes is needed. This method explores the use of
impedance spectroscopy and other electrochemical methods to characterize VA-CNTs in situ.
VA-CNTs forests were grown via chemical vapor densification on pre-oxidized silicon wafers,
mechanically densified to achieve varying volume fractions (1%, 2%, 5%, and 10%), and tested
in a three-electrode electrochemical cell. Electrochemical techniques (cyclic voltammetry,
impedance spectroscopy, and potentiostatic techniques) were used to measure the performance of
the VA-CNTs in 1 M and 500 mM electrolyte solutions. Optimization of the experimental setup
design and data collection methods yielded data that resulted in the expected cyclic voltammetry
response and impedance behavior of porous electrodes. A transmission line model-pore size
distribution (TLM-PSD) model was applied to the data collected in order to predict and model
porosimetry characteristics. Porous behavior was observed in the VA-CNT electrodes of all
volume fractions tested, and the impedance spectra showed that the volume fraction affected the
overall impedance but not the characteristic shape of the spectra. Comparison between the
impedance data collected in 1 M NaCl and 500 mM NaCl showed the expected corresponding
inverse correlation with solution conductivity. Parameters that describe the VA-CNT electrode
porosity were calculated and predicted using electrochemical data and the TLM-PSD model. The
porous volume Vi, and total ionic conductance Y values calculated using the model applied to
the impedance spectroscopy data showed trends as expected for the different volume fractions of
VA-CNT. The results show that electrochemical impedance spectroscopy can be used to
characterize certain physical characteristics of the VA-CNT electrodes and further development
of the model can yield insights into the porous geometry of VA-CNT forests.
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Chapter 1. Introduction

Carbon nanotubes (CNTs) have a wide range of promising properties including high tensile
strength, high electrical and thermal conductivity, and field emission capabilities [1, 2]. These
desirable material properties of CNTs have generated diverse research areas investigating the
role of CNT morphology for various applications ranging from high-strength composites to
energy storage and conversion devices [1]. CNTs have been used in capacitor electrodes in
electrochemical systems, such as those in energy storage systems [2] or desalination systems [3].
Vertically-aligned carbon nanotube (VA-CNT) forests can provide the benefits of CNT
properties, along with alignment of electrodes leading to faster rates of charge and discharge.
VA-CNT electrode performance as a capacitor or in a desalination cell relies on the capacitance
of the CNT electrode, and previous research has shown that increased volume fraction of CNTs
can yield higher volumetric capacitance [4]. In order to characterize the surface area and porous
characteristics, typical carbon electrode materials methods such as Brannauer-Emmett-Teller
(BET) analysis [5], where nitrogen or other gas is absorbed onto the material to generate direct
measurements, are conducted. Other techniques such a§ Raman spectroscopy and microscopy
imaging are also used to characterize CNTs and estimate the corresponding geometry, but many
of these techniques also either destroy the sample or alter the sample’s properties [6]. Thus, a

direct method for in situ characterization of VA-CNT forest geometry is needed.

Electrochemical impedance spectroscopy techniques have been applied previously for in situ
characterization modelling of porous electrode catalysts [8]. The research presented in this paper
investigates a method of in situ porosimetry aspects of VA-CNT electrodes in electrolyte
solution via electrochemical impedance spectroscopy. VA-CNT forests are modeled as
cylindrical porous electrodes via the transmission line model with porous distribution (TLM-
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PSD) to fit the impedance spectra. VA-CNT forests are grown via chemical vapor deposition and
mechanically densified to produce varying volume fractions. The VA-CNT forests are placed in
an electrochemical setup as the working electrodes and electrochemical techniques are used to
examine and model the changing volume fractions. Using the electrochemical data collected, the
parameters characterizing the porosity of CNT carpets are calculated and the changes in varying
volume fractions are analyzed. This research will show the potential of using electrochemical

techniques to characterize VA-CNT electrodes locally in electrochemical systems.
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Chapter 2. Theory and Background

Knowledge of carbon nanotubes, porous electrodes, and electrochemical impedance methods
were utilized to carry out this research effort. This section presents information on these topics

and related sub-topics to build a background on the theory behind the research.

2.1. Carbon Nanotubes

CNTs were first identified in 1991 by Sumio lijima via high resolution transmission electron
microscopy (TEM) [9]. Since their discovery, carbon nanotubes have been of much interest
within physics, chemistry, and materials science [6]. Numerous research and development on the
structure, properties, and potential applications of CNTs have been made in the past few decades.
Their unique, diverse range of properties give them high potential to be breakthroughs for many
applications and products. This section will give a brief overview on the structure and properties,

applications, and characterization methods of CNTs.

2.1.1. Structure and Properties

Carbon nanotubes are graphene sheets rolled into tubes and can exist as single walled carbon
nanotubes (SWNTs) or multi walled nanotubes (MWNTSs) [6]. The type lijima discovered CNTs
in 1991 were MWNTs [9]. Within two years of [jima’s discovery, SWNTs were synthesized
[10]. The difference between the two types of nanotube structure is the number of graphene
sheets within the cylinder, with a SWNT containing only one sheet while MWNTs contain
multiple sheets in a concentric arrangement of cylinders [6]. SWNTs have been found to be
microporous while and MWNTs are mesoporous [11]. The lengths and diameters of these two

types of CNT structures are also different, thus yielding different properties as well. For SWNTs,
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the direction of the rolling of the graphite sheet is important as it determines whether the

nanotube behaves as metallic or semiconducting [7].

The bond structure and physical structure of CNTs give them multifunctional and diverse
properties (mechanical, electronic, thermal, and chemical). For SWNTSs, a nanotube can be either
of the armchair configuration or chiral depending on the appearance of a belt of carbon bonds
around the diameter [1]. The high surface areas of CNTs give them the potential to be useful in
many applications in which high surface area to volume ratio yields more optimal properties.

These properties include high absorptivity, capacitance, and ability to diffuse charges [12].

2.1.2. Applications

Many potential applications for CNTs have been envisioned and applied to devices and products.
The mechanical properties (e.g. specific stiffness, modulus over density, and Young’s modulus
over resistivity) of CNTs when normalized to density make them attractive for aerospace
applications, especially when combined with polymers to create lightweight nanocomposites
[13]. Furthermore, manipulation of CNT forests via mechanical densification has been shown to
enhance these properties and create stronger CNT carpets with more structural support and

protection [13].

One important application of CNTs are as electrodes for electrochemical systems in
various devices and technologies ranging from storage and conversion devices to supercapacitors
and batteries. The chemical stability of CNTs and other carbon materials in different
temperatures as wells as their performance ability in a wide range of temperatures make them
extremely attractive for electrochemical applications [2]. These applications include membranes

for electrocatalytic reduction of oxygen, electrocatalytic oxidation of methanol, hydrogen
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storage, lithium storage in lithium batters, and supercapacitors. Carbon materials are easily
accessible, easily processed, and relatively low cost, which has generated great interest into
research for using them as electrode materials in various systems that store energy, harvest

mixing energy, or desalinate water [2, 14].

2.1.3. Methods of Characterization

Various characterization methods have been employed to study CNTs, with different
methodologies yielding different information and benefits. The most widely used and power tool
for characterization of CNTs is Raman spectroscopy. This method is non-destructive, fast, and
does not require sample preparation. In combination with microscopy images, information on the
diameter of SWNTs can be gathered [6]. Microscopy techniques, such as scanning tunneling
microscopy (STM), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and high-resolution electron microscopy (H-REM), are also used for nanotube
characterization [6]. These images give the three-dimensional morphology of CNT nanotubes
and yield the atomic structure and the electronic density of states (DOS). Imaging techniques can
also be useful for studying the inter-shell spacing of MWNTSs and expanded to studying the
interlayer interactions within MWNTs [6]. Most often, however, only one of these imaging

techniques is used for characterization.

The diameters of SWNTSs can be studied in individual tubes by photoluminescence
spectroscopy. The chemical structures can be studied through X-ray photoelectron spectroscopy
(XPS), which can also be used to study MWNTs. Gas adsorption is usually used to determine the
specific surface area of macroscopic samples of powders or porous materials, but can also be

used for observing the layers within MWNTs [11]. Infrared spectroscopy is often used to
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determine impurities in CNTs that are left over from synthesis or molecules capped on the
nanotube surface [6]. To study larger scale structural details, X-ray diffraction or neutron
diffraction is needed. Neutron diffraction is used to obtain details such has bond length, possible
distortion, and the scattering vector. X-diffraction is a non-destructive method that is used to
study the interlayer spacing, the structural strain, and the impurities of a CNT sample.
Information on the diameters, the chirality distribution, and the alignment in CNTs can also be

studied with X-ray diffraction data [9].

Numerical methods have been used to predict the interspacing of CNTs following
mechanical densification [7]. However, these models have only been validated through SEM
imaging, where CNT spacing has been estimated by measuring the distance between the
brightest CNTs (representing the tubes in the top-most place) [7]. While these methods are
shown to be accurate, the measurement is time-consuming and only allows for a representative

sample measurement.

Although there are many methods that can be used to analyze the morphological,
structural, and chemical characteristics of CNTs, many of the methods are either limiting in the
information that can be obtained, require sample preparation, or destroy the CNT sample being
studied. Furthermore, these methods are useful for characterizing individual nanotubes, but do
not give information on CNT forest properties such as interspacing between CNTs. Thus, a

method for direct characterization of CNT forests used in electrodes is needed.

18



2.2. Impedance of Porous Electrodes

Porous electrodes are used in a variety of systems such as fuel cells, dye sensitized solar cells,
and energy storage and generation devices due to their high surface area to volume or weight
ratio. It is important for electrode materials to have high surface areas because this allows for
high capacitance [12], so porous materials are good candidates. The important parameters of
characterization for porous materials are the length, diameter, the number of pores, the specific
area, and the degree of uniformity of porous structure [8]. Porous electrodes in electrolyte
solution can be represented in terms of circuit elements. Through the use electrochemical

impedance spectroscopy, the physical parameters for porous electrodes can be modeled.

2.2.1. Electric Double Layer

In an electrochemical system in which an electrode is placed in an electrolyte solution, an
electric double layer forms at the surface of an electrode when a potential is applied to a
polarizable electrode [12]. lons from the electrolyte are absorbed in the electrical double layer
due to Coulombic interaction [15] and charge is accumulated in the double layer [2], as shown in
Figure 2-1. The typical model of the electric double layer used to characterize materials with
length scales larger than 2 nm is the Gouy-Chapman-Stern model, in which charges adhere close
to the electrode surface in the Stern Layer and decreases exponentially with distance from the
surface. The capacitance of electrodes can be studied by a variety of experimental methods,

outlined, in section 3.2.3. Electrochemical Techniques.
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Figure 2-1. Schematic of the Electric Double Layer showing the Stern Layer where charges are

accumulated and the Gouy-Chapman Layer where charge density ¢ decreases exponentially with
distance from the surface. Figure from [17].

2.2.2. Electrochemical Impedance Spectroscopy
Impedance is the measured ability of a circuit to resist the flow of electrical current. It is
measured by measuring the current I through an electrochemical cell when an AC potential E is

applied. Impedance as a complex number is represented by,

Z(w) =5 = Zyexp(j@) = Zo(cosg + jsing) ()

The expression for complex impedance Z(®) comprises of a real and an imaginary part, which
can be plotted into a Nyquist Plot, as shown in Figure 2-2, where the x-axis is the real part and
the y-axis is the imaginary part. The impedance is represented as vector of length |Z| and the

angle between the vector and the x-axis is the phase angle ¢.
When # linear impedance elements are in series, the equivalent impedance is
Zeq=Z1+Zz +“‘+Zn (2)
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For a parallel circuit, the equivalent impedance is represented as

When resistors are combined in series, both resistance and impedance goes up, while when

capacitors are connected in series, capacitance goes down. Thus, impedance has an inverse

relationship with capacitance in a circuit.

(3]
TG
S
E
|z|
‘p P
/ Re(t Ny
W= =90

3

Figure 2-2. Nyquist plot for impedance data with the real component Re(Z) component on the x-
axis and the imaginary component Im(Z) on the y-axis. |Z| is the vector representing the absolute

impedance. Figure from [18].

2.2.3. Transmission Line Equivalent Circuit Model

Porous capacitive electrodes can be modeled using a transmission line equivalent model. The

transmission line model of porous electrodes is used to describe the one dimensional, stepwise

diffusion of ions within a pore of length L. Figure 2-3 shows a generic form of the transmission

line model as a RC circuit representation and its impedance response. Suss et al. demonstrated

the application of the transmission line model to hierarchical carbon aerogel electrodes with a

bimodal pore size distribution [14].
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Figure 2-3. (a) RC circuit representation of the transmission line model and b) an impedance
response of the transmission line model provided by H. Mutha.

2.3. Impedance Spectroscopy for Porosimetry Studies
Electrochemical techniques have been applied to characterize carbon electrodes in other studies
and have been found to be a useful tool in the design and characterization of electrodes [2, 14,
16, 19]. Increased charge adsorption in electrodes is important for increased energy storage
performance [12]. Furthermore, capacitance in porous electrodes has been found to generally
scale with available surface area and the relative permittivity of the solution, and reciprocally
dependent on the thickness of the double layer [2]. Techniques such as cyclic voltammetry,
charge/discharge characteristics, and impedance spectroscopy used in evaluation of carbon

materials as capacitors have been utilized [2].

Due to the high surface area nature of CNTs, CNTs have high potential for use in
electrochemical systems. VA-CNTs have been shown to be efficient for charge accumulation as
electrodes [2], making them a prospective candidate electrode material for electrochemical
systems and impedance spectroscopy can be applied to model the porous nature of such base

electrodes.
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Song et al. demonstrated the use of electrochemical impedance data to relate to the
geometric information of and to analyze the microstructures of various porous electrodes in situ
[16]. In this work, this model is adapted to characterize the geometry of VA-CNT forests and to
analyze the effect of increasing volume fraction of CNT carpets. For the VA-CNT electrodes, it
is assumed that the spacing between CNTs are of cylindrical shape. It is also assumed that

electrolyte conductivity and interfacial impedance are not a function of the location in a pore

[16].

In accordance to Song et al., the transmission line model (TLM) with pore size

distributions (PSD) model can be formulated as

Zeor (@ Yp, @0, 0) " = Yo [0, Z (@) k(y: 0,1)dy @),
in which a = a(w, y: @y, 0), and k(y: 0,1) is the normalized distribution model describing the
variation in pore size. This equation contains the three parameters Y, a,, and o that are used to

fit the impedances of porous materials in Nyquist plots. Ypis the parameter describing the total

ionic conductance through pores and is represented by

KVtot

Y, = 2 (5),

where « is the conductivity of the electrolyte, Vi is the total porous electrode volume, and I is

the pore length. The parameter o, is the representative penetrability coefficient for penetrability
— (1 jkry -05
@= G [fo ©)
at a shift corresponding to distribution function k(x) with a mean p and standardized deviation y

= (x - p)/o, thus yielding

a, = ET; —) @)
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Ca is the double layer capacitance and ry is the corresponding mode radius ru = reexp(p), which
is estimated as half the inter-CNT spacing for VA-CNTSs, a value we hope to compare to solid-
packing models for nanowire arrays [7]. The last parameter o represents the distribution width of

the distribution function &(y).

Using these known relationships from the TSM-PSD model and the measureable
characteristics, the three fitting parameters can be determined and fitted to impedance
spectroscopy data, and the pore structures in the varying volume fraction carpets can be

investigated.
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Chapter 3. Experimental Methods

This research explores the possibility of using electrochemical impedance spectroscopy to
characterize the porous structure in VA-CNT forests of varying volume fractions achieved via
mechanical densification. The CNT samples acted as working electrodes in a three-probe
electrode set-up placed in electrolyte solutions of 1 M and 0.5M sodium chloride (NaCl). The
carbon nanotubes samples were placed in sample holders designed to ensure the most optimized
one directional flow of ions. Step potentials from 0 V to 0.5 V, cyclic voltammetry from -0.5 V
to 0.5 V, and impedance spectroscopy from 0 V to 0.5 V in increments of 0.1 V were run to

collect electrochemical data on carbon nanotube samples.

3.1. Carbon Nanotube Sample Preparation
Samples of multi-walled CNT carpets of varying volume fractions were fabricated via chemical

vapor deposition (CVD), characterized, and mechanically densified.

3.1.1. CVD Growth

VA-CNT forests were grown on pre-processed silicon wafers in a chemical vapor deposition
(CVD) tube of 1 inch radius. Pre-prepared silicon wafers of 140 nm SiOz with a 20 nm alumina
(ALxO3) coating and a 5 pm iron growth catalyst were cleaved using a diamond scribe into 1 cm
by 1 cm squares. Four 1 cm by 1 cm pieces of silicon wafers were loaded into the 1-inch CVD
tube furnace, growing four CNT carpets in each batch. CNTs are grown via the flow of helium,
hydrogen, and ethylene gases for 7.5 minutes. The procedure includes a delamination step,

etching away amorphous carbon at the catalyst site, weakening the bond between the forest and
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the wafer, allowing for easier removal of the carpet. A detailed account of the recipe for CNT

growth can be found in Appendix A.

3.1.2. Morphology Characterization

Height and mass measurements of CNT carpets needed to be obtained for use during the data
analysis part. After the CNT-grown wafers were removed from the tube furnace, height
measurements of each sample are taken. The forest still attached to the wafer is placed under an
optical microscope. The height of the CNT sample is determined by measuring the difference in
height of the focal plane between the Si wafer and the top of the forest. First, the lens is focused
on the edge of the silicon wafer. Then the sample is moved so that the center of the surface of the
sample is imaged and the number of rotations it takes to focus on the CNT carpet surface is
counted, which each rotation representing 180 pm of height change of the microscope platform.
Next, the carbon nanotube carpet is delaminated from the silicon wafers by using a razor blade
and lightly tapping under the bottom of the carpets until the carpet is off the wafer. Once
delaminated, CNT samples that were densified undergo the densification process described in

3.1.3. Afterwards, the mass of each CNT sample was measured on an Ohaus Discovery balance.

3.1.3. Mechanical Densification

Mechanical densification of as-grown 1 ¢cm by 1 cm CNT carpets with 1% volume fraction was
done to produce samples with variable targeted volume fractions of 2%, 5%, and 10%. As-grown
CNT carpets are placed in a Teflon® densification platform of 1 cm channel width and 1 mm
height (Figure 3-1) and mechanically densified by applying force onto the carpet in a direction
perpendicular to the carbon nanotube forest. 2% and 5% volume fraction CNT samples were

densified using uniaxial force to obtain samples with targeted dimensions of 0.5 cm by 1 cm and
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0.2 cm by 1 cm, respectively. 10% volume fraction samples were densified biaxially to obtain
samples were targeted dimensions of 0.285 cm by 0.35 ¢cm from the as-grown 1 cm by 1 cm

CNT forests. Table 3.1 shows the varying volume fractions of CNT samples prepared.

a) Top View b) Side View
2™ Force applied
for biaxial —— : : —”""—]__W

densification lcm

:

Direction of Uniaxial force
applied

Figure 3-1. Schematic from (a) the top view and (b) the side view of the platform used for
mechanical densification of CNT forests. Forests are placed in the 1 cm wide, 1 mm high
channel and covered with a plastic piece to hold the forest down flat. A separate Teflon® piece is
then used to apply a perpendicular compressive force along the channels in the directions
indicated by the arrows onto the CNT forest to obtain the target dimensions.

Table 3-1. Targeted Volume Fractions and End Dimensions for Mechanical Densification

Targeted Volume Fraction | Targeted End Dimensions

1% Icmby 1 cm

2% 0.5cmby 1 cm

5% 0.2cmby 1 cm

10% 0.285 cm by 0.35 cm
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3.2. Electrode Setup

To gather impedance spectra and other data needed for analysis, carbon nanotube carpets are
placed as the working electrode in a three-electrode setup. The setup is connected to a Bio-Logic
potentiostat and using EC-Lab® software, impedance spectroscopy, cyclic voltammetry, and step

potential programs are ran.

3.2.1. Sample Holder Setup

The sample holder design is essential for ensuring that measurements of the working electrode
isolate one dimensional porous diffusion into the VA-CNTs. Completely sealing the CNTs with
only one plane exposed is key to conducting experiments that can be modeled with the

appropriate boundary conditions.

In our design, a VA-CNT sample is placed near the end of a 1.5 cm by 3 cm platinum
foil, with the base of the CNT carpet in direct contact with the surface of the foil. A piece of
86x86 PEEK (Polyetheretherketone) mesh with 0.0086-inch opening is placed over the sample
and taped with a piece of 3M™ electromasking tape with a window approximately the length
and width of the sample cut out, exposing the mesh covering the CNT carpet. The Pt foil with the
CNT sample attached is then placed into a sample holder as shown in Figure 3-2. The sample
holder is made of a 2 mm thick acrylic back, a 1/16 in thick GORE® GR compressible sheet
gasket, and a 1.5 mm thick acrylic front piece stacked one on top of another and held together
tightly by seven bolts and screws. The gasket and acrylic front contain windows of the
dimensions in correspondence to the sample dimensions as shown in Table 3-2, with the acrylic
window 81% smaller than the gasket window across all sample holders to ensure consistency in

the interactive area of the CNT sample.

28



Afterwards, the lower two-thirds of the setup containing the sample window is dipped
successively in 100% isopropanol (IPA), 75% isopropanol IPA 25% deionized water (DI water)
solution, 50% IPA 50% DI water solution, 25% IPA 75% DI water solution, and 100% DI water
for a few minutes in each. This method is used to replace the air in the CNT space with solution,
and the slow replacement of IPA with DI water prevents bubbles from forming on the surface.

This ensures complete wetting of the CNT sample.

a)

Acrylic Front
with Window* |

Teflon® Gasket | o ]

Tape

Mesh e L 4.5cm

e @
CNT Electrode s O . O
o e @

Platinum seemmmmmmm—m—

Acrylic Back |

Figure 3-2. The working electrode setup holding the VA-CNT electrode shown as (a) the layers
that are put together to create the holder, (b) a front view schematic of the sample holder for a
1% VA-CNT, and (c) an optical image of the front view of a sample holder for VA-CNT 5%

volume fraction.

Table 3.2. Acrylic front and gasket window dimensions in sample holder setup.

CNT Volume Dimensions of Acrylic Dimensions of Gasket
Fraction Window Window
1% 0.9 cm by 0.9 cm lcmby 1 cm
2% 0.45 cm by 0.9 cm 0.5cmby 1 cm
5% 0.18 cm by 0.9 cm 0.2cmby 1 cm
10% 0.2565 cm by 0.315 cm 0.285 cm by 0.35 cm
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3.2.2. Three-Electrode Setup

A three-electrode setup with the sample as the working electrode, a 3 cm by 5 cm piece of
platinum as the counter electrode, and a Beckman Coulter silver/silver chloride reference
electrode is used to measure the electrochemical phenomena. Figure 3-3 depicts a diagram of a
general three-electrode cell setup. The CNT sample is connected to the Bio-Logic potentiostat
via the platinum piece that hangs outside the sample holder. The entire setup with all three
electrodes is placed in a jar containing sodium chloride electrolyte solution. It is then left to sit in
the NaCl solution for at least one hour to ensure that the forest is saturated in the solution.
Programs containing the electrochemistry techniques, as described in 2.2.3., are run. Each
sample is tested in both 1 M and 500 mM NaCl solutions in order to check that the impedance
results only scale with solution conductivity and that no significant desalination is occurring in

the solution.

W/WS C

Counter
%, Electrode

Figure 3-3. (a) A diagram and (b) an optical image of a three-electrode setup. The working
electrode is indicated by W/WS, the reference electrode is indicated by R, and the counter
electrode is indicated by C.
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3.2.3. Electrochemical Techniques
The electrode setup is hooked up to Bio-Logic potentiostat instrument and connected to EC-

Lab® V10.22. Appendix B details the settings and steps in the programs.

First, a step potential program containing a potentiostatic technique ramping the voltage
in 0.1 V steps from 0 V to 0.5 V for five cycles is ran. The potentiontatic testing allows for
calculation of the capacitance of the sample when plotting the charge response against the
voltage applied, as per the equation

C=cfldt (3).

Next, a program containing cyclic voltammetry (CV) scans with an operating window of
-0.5 V to 0.5 V and potentiostatic electrochemical impedance spectroscopy (PEIS) techniques in
increments of 0.1 V from 0 V to 0.5 V isran. The final operating conditions used for the CV
scans and PEIS techniques were determined after iterations of testing different setup designs and

other factors, as discussed in Section 4 on the optimization of the experimental methods.

CV scans were important for assuring that the electrode behavior is purely capacitive and
the faradaic activity is minimized in the voltage window used. For CV scans, the more of a
rectangular shape the scan is, the closer and electrode material is to ideal double layer
capacitance behavior [2], as seen in Figure 3-4. Deviation from the rectangular shape exhibits
pseudofaradaic reactions and possible redox reactions on the electrodes [2]. This is important in
the data collection because by optimizing the behavior of the electrode, the more valid it is to say
that the current is independent of potential and that there are no side reactions occurring on the
electrodes. Details taken to determine the most optimal voltage window for running the CV

scans will be discussed Section 4.
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Figure 3-4. Cyclic voltammetry scan of (a) an ideal electrode with ideal double layer capacitor
behavior [18] and (b) a faradaic electrode behavior [19].

Impedance spectroscopy results were run to study the porous electrode behavior as
outlined in section 2.2.2. Electrochemical Impedance Spectroscopy. In addition, deviation from
the expected one-dimensional diffusion model suggests the possible existence of sealing issues
and possibly the existence of slow faradaic activity seen by the presence of a semi-circle, as
indicated in Figure 3-5. For a porous electrode with no faradaic activity, the Nyquist plot should
show a -45 degree phase angle at high frequency and then a vertical line at low frequency [8, 16]
as shown in Figure 2-3 (b).

Impedance Spectroscopy
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Figure 3-5. Example of impedance spectroscopy plot showing semicircular activity that implies

contact resistance and deviation from ideal porous electrode behavior.
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Chapter 4. Optimization of Experimental Methods

A significant amount of time and effort was put into the design of the experimental methods in
order to create the most ideal conditions for gathering electrochemical data. Design changes in
the sample holder, the electrode setup, and the program were done in attempt to achieve one-
dimensional ion diffusion and to minimize the factors that can affect the data collected. The
impacts of the changes were verified by looking at data collected through CV scans and PEIS
plots. The following sub-sections will discuss the different components of the experimental
method that were tested and altered to create an experiment that yields the most optimal data

collection.

4.1. Sample Holder Setup and Configuration

The working electrode sample holder is one of the most important parts of the experiment that
was optimized in terms of the materials used, the design and dimensions, and the layout of the
components. The holder affected the interaction between the CNT sample electrode and the
electrolyte, thus having a large effect on the data collection. It was important to have optimal
sealing around the CNT carpet so that the ion transport was in one direction parallel to the pore

length of the CNTs.

To ensure optimal data collection, the gasket material was a crucial component of the
setup. Gaskets made of Teflon® and rubber were both tested, and it was determined that the
Teflon® worked better to ensure that there was no leakage of water through the sides of the
setup. The Nyquist impedance spectra from using the ;I‘eﬂon® gasket material had a high
frequency slope that was closer to the ideal 45 degrees and the low frequency regions had a

straighter slope, allowing the data to be fitted with the model. Figure 4-1 shows a comparison
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between the Nyquist plots from using Teflon® gasket material versus rubber gasket material, and
it is seen that the impedance spectra for Teflon® gasket material are closer together and do not

deviate as much as the impedance spectra for rubber gasket material do when the voltage

changes.
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Figure 4-1. Comparison of Nyquist plots for sample holder using (a) Teflon® gasket material
versus (b) rubber gasket material using a 1% VA-CNT electrode ran in 1 M NaCl. The Teflon®
gasket material is shown to have better sealing and results in more ideal porous electrode
behavior than the rubber gasket material.

Another reason why the design of the CNT electrode holder was important is because it is
important to minimize the amount of resistance between the CNT forest electrode and the metal
(the base electrode) in order to optimize the amount of charge transfer. Resistance and poor
contact results in unreliable and inconsistent data that cannot be fitted with the model developed
by Song et al. Two types of typical base electrode materials were tested: Ti foil and Pt foil. Pt
foil yielded impedance spectra that demonstrated the porous electrode behavior of the VA-CNT
forest and that can be fitted with the model. Even thinner Ti foil (25 pm) yielded semicircular
impedance spectra (Pt foil was 50 pm). A comparison between the two metals as base electrodes

is shown in Figure 4-2. Additionally, the effect of sputtering the CNT carpet’s base with Ti was
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considered and was realized that impedance data collected from samples that were unsputtered

were closer to the ideal impedance plot, most likely due to less contact resistance without an

extra material between the VA-CNT electrode and the base electrode.
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Figure 4-2. Comparison of Nyquist plots for sample holder using (a) Ti as the base electrode
metal and (b) using a 1% VA-CNT electrode ran in 1 M NaCl. The Teflon® gasket material is
shown to have better sealing and results in more ideal porous electrode behavior than rubber

gasket material.

The setup was also tested with and without the use of tape over the mesh to hold down

the CNT carpets, as shown in Figure 4-3. It was found that the tape provided an extra barrier

around the CNT carpet, preventing the flow of the ions through the edges of the carpet. The tape

also yielded impedance spectra that was similar and did not shift across the different voltages.

The mesh was added to the setup because the mesh held the CNT carpets flatter and thus in

contact with the metal base electrode while at the same time allowed permeability of ions

through the porous CNT carpet. The mesh position within the setup was also considered and it

was shown that the mesh was most effective when placed in direct contact with the CNT carpet

and taped down onto the metal along its perimeter.
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Figure 4-3. Comparison of Nyquist plots for sample holder (a) with tape versus (b)
without tape using a 1% VA-CNT electrode ran in 1 M NaCl. The setup that used tape to hold
down the mesh and the CNT electrode results in more impedance spectra that are consistent
across voltages.

4.2. Electrode Setup and Procedure

The next part of the experimental setup that required attention to was the three-electrode setup
used for running electrochemical techniques. The effect of moving the reference electrode in
respect to the working electrode was experimented with and it was found that the distance
between the reference and working electrodes did not affect the impedance spectra collected, as
shown in Figure 4-4. In order to maintain consistency across the tests, the distances between the
electrodes are keep constant and the working and counter electrodes are placed so that the CNT

carpet faces parallel to the Pt counter electrode.

36



[nE ]
180
160
AD®
140
—~ 1201 0O &%
)
£ 100 |
= O&a ©  Distance 1(Closest)
80 O  Distance 2
O %  Distance 3
5 O 4 Distance 4
™ o ¢ Distance 5 (Farthest)
e i
(p:c =)
T —— T R TR 53 ' " '
0 05 1 15 2 25 3

Re(Z)

Figure 4-4. Impedance Spectra of a 2% VA-CNT electrode in 1 M NaCl placed in electrode
setup in which distance between the reference and working electrodes are changed. It was seen
that there was no significant change in the impedance spectra when the distance between the
reference and working electrodes was increased from the closest possible to the furthest allowed
by the electrode setup.

From the CV scans collected, it was seen that the duration in which the CNT carpet is
saturated in the electrolyte solution affected the shape of the scans. The longer the carpet was
soaked in the solution, the more wetted it was and the more rectangular the shape of the CV
scans were. Furthermore, as the cycle number increased, the lines in the CV scan flattened and
CV scan cycles that were closer to a rectangular shape. Thus, in order to make sure the CNT
sample was closer to steady state when the impedance data is collected, samples setup in the

electrode setup are left for at least an hour before the programs are ran.
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4.3. Data Collection Program

The program details for running the electrochemical techniques were important in collecting the
data as well because various factors, such as voltage window, scan rate, and time, all affected the
quality of the data collected. To obtain Nyquist plots that can be modeled with the transmission
line model, impedance at both high and low frequencies were need, thus resulting in the
frequency range of 10 kHz to 10 mHz. Both positive and negative operating voltages were
experimented with in the impedance spectroscopy scans. The resulting impedance graphs
showed a deviation from ideal porous electrode capacitor behavior of a straight line in the low
frequency region when the voltages ran were negative, as shown in the impedance spectra in
Figure 4-5 with an operating voltage window of -0.2 V to 0.2 V. Thus, for the final program the

voltage window used contained all positive voltages from 0 V to 0.5 V at 0.1 V intervals.
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Figure 4-5. Impedance spectra for a 1% VA-CNT electrode operating witha -0.2 Vt0 0.2 V
voltage window in 1 M NaCl solution. At low frequencies, the impedance spectra deviates from
the straight slope expected of porous electrodes and starts becoming semicircular.
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After iterations of tests and changes, the sample holder setup, electrode setup, and
electrochemical program techniques are now optimal for gathering impedance data and data from
other electrochemical techniques that are useful in the characterization of the porous electrode
geometry. The final design of the sample holder, as shown in Figure 3-2A, contains Teflon®
gasket and Pt base metal that uses tape to hold the VA-CNT electrode to the base electrode,
which are design components that yielded the best results. The three-electrode cell setup is
sufficient for gathering electrochemical data and the settings for the operation of the
electrochemical techniques was found to be best at positive voltage windows. The optimization
of the experimental setup is a crucial part of this project, and was found to have a significant role

in the success of the project.
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Chapter 5. Data Analysis and Discussion

CNT samples of 1%, 2%, 5%, and 10% volume fractions were tested and electrochemical data
(via cyclic voltammetry, impedance spectroscopy, and potentiostatic step techniques) were
collected for each. The impedance spectroscopy data is fitted with Song et al.’s model described
in section 2.3 to calculate the three parameters Yp, oy, and o. This chaper will discuss the
electrochemical data collected and the trends seen in them as well as the porosimetry parameter

values generated from the fitting the data with Song et al.’s model.

5.1. Cyclic Voltammetry (CV) Scans

CV scans recorded the current response of the VA-CNT forest electrode sample to the voltage
window applied. They were used check the porous behavior of the porous electrodes, to ensure
minimal faradaic reactions on the electrode, and to verify the saturated, steady state status of the
VA-CNT electrode in the solution. CV scans can also be used to check the capacitance response
of the sample and verify the capacitance with the step potential data discussed in the following
section (5.2). A sample CV scan obtained is shown in Figure 5-1, which shows a CV scan with

five cycles obtained for a 1% VA-CNT forest operating in 1 M NaCl solution.

Cyclic Voltammetry Scan for 1% CNT Electrode in 1M NaCl
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Figure 5-1. Sample CV scan (scan rate 10 mV/s) for a 1% volume fraction VA-CNT forest
electrode in 1 M NaCl.
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5.2. Potentiostatic Measurements

A series of constant potentials are applied to the setup and the current response with time is
recorded using a step potential electrochemical spectroscopy technique is recorded. By
integrating the current over time, the total charge can be plotted against the voltage and the
capacitance of the CNT forest sample can be determined via equation 8. Figure 5-2 shows an
example of a plot of the charge for a 1% VA-CNT electrode, where the slope of the plot is the
capacitance. Typical sample capacitances ranged from 22.08 (SD 0.37) F/g to 44.97 (SD 0.92)
F/g. To find the normalized Ca, the capacitance of the sample is divided by the surface area of
the CNTs calculated based on the sample mass and previous TEM information indicating a ~8

nm outer diameter CNT [7].
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Figure 5-2. Sample potentiostatic spectroscopy data for a 1% VA-CNT forest tested in 1 M NaCl
solution. The slope of a charge Q versus voltage V plot yields the capacitance of the electrode.

5.3. Impedance Spectroscopy Data

Impedance spectroscopy data was gathered for VA-CNT samples of targeted 1%, 2%, 5%, and

10% volume fractions, which are in Figure 5-3. As seen in the Nyquist plots in Figure 5-3 , the

impedance spectra is independent of applied voltage in the tested window, indicating purely

capacitive behavior. Even at different voltages, the impedance of the sample as shown in the
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Nyquist plots should converge. The impedance data generally follows the shape of the ideal

porous electrodes, with a shift in the low frequency regimes.
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Figure 5-3. Impedance spectroscopy Nyquist plots for (a, b) 1%, (c, d) 2%, (e, f) 5%, and (g, h)
10% VA-CNT electrodes tested in 1 M NaCl. The impedance spectra across the operating
voltages become increasingly precise as volume fraction increased.
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The slope of the impedance data at high frequencies can be used to verify the porous
electrode behavior by seeing if the slope is 45 degrees. This trend can be seen in Figure 5-4,
which shows the average Nyquist plots zoomed into the high frequency regime for different
volume fractions. As expected, the pore resistance increases with increasing volume fraction,
shown by the length of the high frequency response (the region on the Nyquist plot given by the -
45 degree slope. Figure 5-5 shows an overlay of the impedance spectra for the different volume

fractions tested.
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Figure 5-4. Impedance Data in the high frequency regime for 1%, 2%, 5%, and 10% CNT

samples at 0.3 V in 1 M NaCl solution. The slopes of the impedance plot at high frequencies get
closer to the ideal -45 degree slope (shown by straight line) as volume fraction increases.
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Figure 5-5. Impedance data for 1%, 2%, 5%, and 10% volume fraction CNT samples operating
at 0.3 V and in 1 M NaCl. Overall impedance increases as the volume fraction increases.
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Experiments were conducted in both 1 M and 500 mM NacCl to validate that no
desalination is occuring and that the pores are saturated. We expect the impedance responses of a
sample in either solution to be identical except for a factor of 2x the change related to solution
conductivity. When testing in different concentrations of the electrolyte, it is expected that the
overall impedance differs by the condutivity [3], as shown in the example in Figure 5-7. The
overall impedance increased by twofold as the electroly solution concentration was halved. This
trend was seen in all of the VA-CNT eelctrode samples and behaved as expected. The data

colleted reflects anticipated behavior of the porous working electrode.
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Figure 5-6. 500 mM NaCl electrolyte vs 1 M NaCl electrolyte 0.5 V impedance data for a 5%
CNT sample, showing a difference in the overall impedance in different electrolyte
concentrations.

Taking the Nyquist plots generated from the impedance data, the TSM-PSD model
developed by Song et al. can be applied to fit the data collected. Figure 5-4 shows fits for a

sample from each of the targeted volume fractions tested.
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Figure 5-7. Examples of impedance data fitted with Song ez al.’s model for (a) 1%, (b) 2%, (c)
5%, and (d) 10% VA-CNT electrodes in 1 M NaCl.

5.4. TLM-PSD Model Fit

5.4.1. Total Ionic Conductance Parameter Y

The experimental total ionic conductance parameter Y, values were determined by fitting the
TLM-PSD model to the impedance spectroscopy spectra collected for each sample. Figure 5-8
shows the Y, values versus the volume fractions of CNT electrodes tested in 1 M and 500 mM
NaCl solutions. The trend that is observed is a decay of Y as volume fraction increases, which
matches with the expected behavior of Y;, because as volume fraction increases, the total porous

volume Vo decreases and Y, is directly proportional to the porous volume. As vertically-aligned
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CNTs are densified, the spacing between the pores decreases and ions have more difficulty
reaching the electrode-electrolyte interface. In addition, since the spacing is decreased, ions have
less mobility between the pores and thus increased ion resistance. The Y, trends also follow as
expected for different electrolyte solution concentration. The Y values for 500 mM are half of
those for 1 M, which correlates with Equation 6 since the electrolyte conductivity is decreased in

half.
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Figure 5-8. Experimental Y}, values determined via fitting for CNT samples of volume fractions
tested in 1 M and 500 mM NaCl solutions.

Using the experimental Y, extracted, the total porous electrode volume Vi can be
calculated using Equation (6). When normalized over the macroporous volume of the VA-CNT,
its relationship relative to volume fraction Vr can be obtain and should follow Vi=1 —

Viot/ Vimacro- Figure 5-9 shows that the ratios between the Vi and the Vimacro stay relatively

consistent across the different volume fractions.
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Figure 5-9. Viot/Vmacro ratios for CNT forests of the volume fractions tested in 1 M and 500 mM

NaCl solutions.

Table 5-1 shows raw Yp and Vio/Vmacro values corresponding to the exact volume

fractions of each sample tested. Expected Y, values were also calculated for each sample by

using measurable values of CNT sample height, area, and mass, and can be found in Appendix

C.

Table 5-1. Yp and Viet/Vmacro ratios for CNT samples of 1%, 2%, 5%, and 10% targeted volume
fractions tested in 1 M and 500 mM NaCl solutions.

Volume Fraction 1MY, 1M 500 mM 500 mM
(Exact) Viot/Vinacro Y, Viot/ Vinacro
0.01 0.49 0.62 0.24 0.66
0.01 0.59 0.59 0.30 0.63
0.02 0.44 1.25 0.25 1.47
0.022 0.30 0.99 0.17 1.27
0.047 0.14 0.69 0.10 1.03
0.05 0.10 0.51 0.10 0.98
0.105 0.10 1.20 0.04 0.96
0.113 0.08 1.04 0.04 1.04
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5.4.2. Mode penetrability coefficient ay

The mode penetrability coefficient a, is expected to decrease as volume fraction
increases. As the spacing between CNT pores decreases, the penetration depth decreases. Even at
the same frequency, the signal cannot travel as far into pores that are closer together than pores
that are further apart from each other, yielding lower a, values. The actual mode penetrability
coefficient a, values could be calculated using data collected from step potentials and the
measurable values of VA-CNT forest height, area, and mass (Appendix C). The a, values ideally
can also be determined by applying the TLM-PSD model developed by Song et al., to the
impedance spectroscopy data. However, this model did not yield anticipated a, values for some
of the CNT samples the model was applied to. This suggests that there is a need for a model that
fits better or that there are parameters that still need to be finalized and refined in the model
developed by Song et al. The model used relied on various assumptions on the porous structure
and ideal electrochemical behavior of porous electrodes that might not hold true for high density
porous electrodes such as the VA-CNT forests with high volume fraction [16]. Improvements on
the TLM-PSD model need to include more accurate input parameters that would fit for highly
dense porous materials and need to incorporate more accurate assumptions of the physical

characteristics of VA-CNT forests.

5.5. Sources of Error

The various problems that still exist with the analysis and application of the model to the
impedance data collected indicates the possibility of various sources of error in the experiment.
One source of error that is not accounted for in the modeling is the physical condition and

stability of the VA-CNT forests. When CNTs face compressive, bending, or torsional stress, they
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may buckle, which can occur during the mechanical densification of the VA-CNT forests
described in section 3.1.3. Mechanical Densification. Signs of buckling exist in the form of
metallic surfaces on the VA-CNT forests and samples that were used for data collection possibly
contained buckled nanotubes. Another potential error during the mechanical densification is the
change in height of the CNTs when placed in the densification setup. The densification setup is
fabricated with a 1 mm height channel for the VA-CNT forests and many of the forests grown
are taller than 1 mm. Thus, when the forest is mechanically densified, the cover piece of the
densification setup holding the forest down may have caused potential bending of the nanotubes,

which are assumed to be vertical in the model applied.

Other challenges that may cause error in the modeling is the translation of the mass of the
VA-CNT sample to the number of CNTs present in the sample. When the mass is measured, as
described in section 3.1.2. Morphology Characterization, the CNT carpet typically contain a
layer of water absorbed to the surface of the CNTs. This layer over water will cause a higher
mass to be measured than the actual mass of the carpet, which causes overprediction of the

number of CNTs in the sample.
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Chapter 6. Conclusions and Future Work

6.1. Conclusions

Effective in situ characterization methods of carbon nanotubes (CNT) are needed for geometric
and performance characterization of CNT electrodes used in electrochemical systems. VA-CNT
forest electrodes of densities from 1-10% were studied electrochemically in NaCl solutions to
extrapolate information about the impedance response and geometry in situ. Expected trends in
the CV scans and impedance spectra were obtained after careful debugging and optimization of
various parameters in the experimental setup design and data collection procedure. Operational
settings, such as the voltage window, electrochemical techniques were also found to be important
in the collection of data suitable for analysis and fitting using Song ef al.’s model. Thus, the

optimization of various components of the experimental method yielded effective data collection.

Data collected from the electrochemical techniques aligned with the trends expected in
the impedance response and the porous volumes. The CV scans and impedance spectra showed
the porous behavior of the CNT electrodes. The impedance spectra showed that the volume
fraction did not affect the shape of the impedance spectra, but affected the overall impedance.
Data collected in 1 M NaCl and 500 mM NaCl showed the expected proportionality of the
impedance to the conductivity of the solution as well as the consistency in the calculation
parameters describing the geometric characteristics of the VA-CNT electrodes. The porous
volume Vit predicted by applying Song et al.’s model to the data collected follows the trend
expected, in which increasing volume fraction yields lower ionic conductance Y, and porous
volume Vior. Although the results support many of the expectations and assumptions made to

apply the model used to characterize the VA-CNT porous geometry and structure, a more
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detailed extension of Song ef al.’s model is needed to fully characterize VA-CNT forests. This
study has refined an experimental platform and collected extensive data for densified VA-CNT

forests to further develop porosimetry models to extrapolate these values.

6.2. Future Work

The work done thus far provides the foundation for more research into in situ characterization of
VA-CNT electrodes using electrochemical impedance spectroscopy measurements. In order to
more accurately describe the porous structure and geometry of VA-CNT forests, more data
collection needs to be done to refine the model. VA-CNT forests provide a unique advantage
over the study of other porous materials: varying the pore length and exposed surface area can be
done by simply varying growth time and wafer area during the growth process. We plan to

investigate varying heights and total surface are to refine the model.

In addition, it would be exciting to push the data analysis to higher volume fractions to
determine the limitations on both this experimental method as well as the limitations of
mechanical densification of increased packing density. In addition, this data would allow us to
refine the model, yield more accurate Ypand a, values, and develop an understanding of the
effect of high volume fractions. A better model would also provide further validation of results

obtained so far and whether or not Song et al.’s model is applicable to VA-CNTs.

By applying impedance spectroscopy to model the porous characteristics of VA-CNT
carpet, we hope this will become a practical and adequate method of obtaining information on
CNTs while using them. Furthermore, we hope that this can become a widespread method that
can be used in future studies on CNT electrodes and potentially other porous electrodes, allowing

for a step closer towards new and powerful applications of CNTs in electrochemical systems.

51



Appendices

Appendix A. CNT Growth Recipe

VA-CNTs were grown via CVT on silicon wafers with 140 nm SiOz thickness that were cleaned

using 3:1 Piranha acid, rinsed with DI water, and spun dry before they were prepared with

electro-beam deposition, deposited with Al2Os and iron. The 20 nm Al203 served as the diffusion

barrier and the 5 nm iron acted as the growth catalyst. The program used to operate the controls

for growing CNT in the tube furnace is as follows:

1. Cleaning the tube:

1.1.
1.2
1.3.
1.4.
1.5.
1.6.
1.7.
1.8.
1.9.

1.10.
1.11.
1.12.
1.13.

Set helium to 1000 sccm and turn helium on.

Wait for 4 min.

Set hydrogen to 200 sccm and turn hydrogen on.

Bubbler turned on at 0.7 bubble per second of water at ~600C (~0.01scfth).
Set helium to 37 sccm.

Set furnace 1 and furnace 2 to 200 degrees C.

Turn furnace 1 and 2 on.

Wait for 4.5 minutes.

Wait until furnace 1 temperature is above 199 degrees C.

Set furnace 1 to 740 degrees C and furnace 2 to 800 degrees C.
Turn furnace 1 and furnace 2 on.

Wait until furnace 1 temperature is above 738 degrees C.

Wait for 5 min.

2. Growing CNTs:

2.1.
2.2.
2.3.

Set ethylene to 150 sccm and turn ethylene on.
Wait for 7.5 minutes and turn ethylene off.
Turn furnace 2 off.

3. Delamination Process:

3.1.
3.2.

Set hydrogen to 250 sccm and wait 2 minutes.

Wait 2 minutes.
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3.3.  Open furnace lids and turn off water.

3.4. Turn hydrogen and furnace 1 off.

3.5. Set helium to 920 sccm and wait 10 minutes.

3.6. Set helium to 100 sccm.

3.7. Wait until furnace 1 temperature is below 180 degrees C.
3.8. Turn helium off.

Appendix B. Electrochemical Technique Program Details

1.

Potentiostatic Program

The potentiostatic program comprised of two chronoamperometry programs that hold the
potential at an voltage and then at 0 V, for a total of five loops times. Each loop is of an
incremented voltage of 0.050 V between 0.050 V and 0.200 V. An example of the settings
for a CA program used is as follows:

Ei =0.050 V vs. Ref; ti =2 min; dQum = 0.000 mA.h; dI = 5.000 pA; dQ = mA.h; dt = 0.100
s; dta = 0.10 s; E range min = -2.500 V; E range max = 2.500; Bandwidth = 7; Number of
loops =5

Impedance Spectroscopy + Cyclic Voltammetry

The second set of programs ran consisted of potentio electrochemical impedance
spectroscopy (PEIS) and cyclic voltammetry (CV) techniques. CA techniques were put into
the program before the PEIS techniques hold the electrode at a constant voltage that is
equivalent to the operating voltage of the PEIS technique to ensure steady state activity of
the electrode. The operating voltages used for the CA and PEIS techniques in each round of
data collection consisted of voltages from 0.000 V to 0.500 V at each 0.100 V. CV
techniques were ran at the beginning and end of the entire set of CA and PEIS runs. The
total run time for this program was 5 hours 14 minutes. Some of the other settings that are
constant across all the programs are: Voltage Control Range: min =-10.00 V, max = 10.00
V; V, I filtering: 50 kHz; Channel: Grounded; Bandwidth = 7

Examples of program settings used are shown below.

2.1.Cyclic Voltammetry
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Ei=0.000 V vs. Ref; dE/dt = 10.00 mV/s; E1 = 0.500 V vs. Ref; Step percent: 50; N = 10;
E2 =-0.500 vs. Ref; nc cycles = 5; Ef =0.000 V vs. Ref

2.2. Chronoamperometry / Chronocoulometry
Ei=0.000 V vs. Ref; ti = 5 min.; dl = 5.000 pA; dt = 0.1000 s; dta = 0.10 s; E range min;
10.000 V; E range max = 10.000 V

2.3. Potentio Electrochemical Impedance Spectroscopy
E =0.0000 V vs. Ref; tE = 10.00 s; record = 1; dI = 0.000 mA; dt = 1.000 s; fi = 10.000
kHz; fr=1.000 Hz; Sel Ng=1; Na =20; N;=50; Va=5.0mV; pw=0.10; Na =5

Appendix C. VA-CNT Sample Morphology Measurements

Sample | Volume | Mass | Height Final Vmacro 1M 1M 500 mM | 500 mM
# Fraction | (mg) (um) Planar (m3) Ye Viot/V macro Ye Viot/Vmacro
Area
(mm?)

77 0.01 3.02 1250 104.85 | 1.311E- | 0.49 0.62 0.24 0.66
07

78 0.01 3.41 1220 106.8 1.303E- | 0.59 0.59 0.30 0.63
07

84 0.02 2.21 1230 441 4.851E- | 0.44 1.25 0.25 1.47
08

81 0.022 2.15 1100 41.9 5.153E- | 0.30 0.99 0.17 1.27
08

97 0.047 3.47 1210 20.29 3.380E- | 0.14 0.69 0.10 1.03
08

98 0.05 2.09 1160 17.41 3.240E- | 0.10 0.51 0.10 0.98
08

88 0.105 2.54 1000 9.77 9.770E- | 0.10 1.20 0.04 0.96
09

87 0.113 2.66 1040 8.36 9.728E- | 0.08 1.04 0.04 1.04
09
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