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Abstract
Renewable energy is regarded as the most effective tool to combat

climate change/global warming. Electrochemical reactions are the cornerstone
for these technologies. I present a fabrication process to create hierarchical
structures with engineered functional groups (redox species for repeated
electrochemical reactions or catalyst species for electrochemical reactions)
uniformly distributed on an electrode aiming for enhanced device performance.
For energy storage applications, poly (1,5- diaminonaphthalene) (PDAN) and
polyaniline (PANI) have been oxidatively electrografted onto carbon for side-by-
side comparison. It has been found that PDAN offers 17% higher theoretical
capacitance than PANI. More impressively due to the rigid highly conjugated
nature PDAN has a more stable cycle stability than PANI. This lightweight
platform with high energy density and enhanced cycle stability opens the door
to a wide array of electrochemical storage applications. For energy conversion
applications, metal-nitrogen coordinated species are a low-cost alternative to
platinum. In this study poly (4-vinylpyridine) (P4VP) has been cathodically
electrografted onto carbon substrates. The effect of ligands and metal species on
coordination and catalytic activity was investigated by keeping all other
parameters (interface properties, spatial distribution, and relation with
electrodes) the same. Cobalt-containing catalysts have demonstrated the best
catalytic activity compared to tin and iron-based catalysts. This platform is
expected to provide a tool to screen a variety of catalyst systems.



Introduction

With the growing concern for climate change, geopolitical issues and
increased reliance on electronic devices renewable energy has become an
increasingly hot topic among the scientific community. However, as of now
fossil fuels are still the largest source of energy in the US. In 2021 79% of the
energy needs of the US were covered by fossil fuels while only 12% was covered

by renewable energy, the remaining 9% came from nuclear energy53. Although
the vast majority of energy in the US comes from fossil fuels that does not mean
that there is no hope for renewable energy. Everyday scientists make strides to
have more energy be provided by renewable energy sources. Just a few weeks
ago, the state of California was able to provide energy to the entire state with

4,55
. There are a

solely renewable energy sources for 3 minutes interrupted5
variety of renewable energy technologies available such as solar systems,
batteries, wind turbines and so on. Renewable energy will be key to powering
our world in the upcoming years. Although we can generate renewable energy,
we also need to have the capacity to store for when we need it. Batteries and
pseudocapacitors can store this energy. In particular, pseudocapacitors are
ideal for fast charge discharge applications. These devices are able to store
energy in the chemical form through redox reactions. In the other hand we can
also generate energy by using hydrogen, a very lightweight and clean fuel, in
fuel cells. Fuel cells have the ability to convert electrochemical energy into
electricity. These devices are great for applications that require a lot of power
delivered such as powering a bus or a large transportation truck. In this study
we use hierarchical 3D structures coated with redox active material to make
electrodes for energy storage and energy conversion applications. We will first
look at pseudocapacitors for energy storage. Then we will look at the use of
catalysts for energy conversion in fuel cells.

Pseudocapacitors fall under the umbrella of supercapacitors.
Supercapacitors are different from capacitors because these devices are able to
have much higher capacitance values than those of capacitors56'58.
Pseudocapacitors are classified as supercapacitors because of this. For
pseudocapacitors the primary energy storage mechanism comes from redox

. 59,60 .. . .
reactions . This is why pseudocapacitors are often composed of metal oxide or

conductive polymer materials®” ®’. These materials are often able to reach high
capacitance values, however, they are often plagued by poor rate capabilities

due to poor cycle stabilities*®. Due to this my research focused on a highly
stable conductive polymer Poly-(1,5-diaminonaphthalene) or PDAN. This
conductive polymer stands out from others such as polyaniline (PANI) due to its
great cycle stability. The conjugated nature of the polymer makes it rigid and
prevents mechanical failure that rises from the redox reactions that the polymer

undergoes to store energy64. So, in this research not only were we able to
achieve a high capacitance, 17% higher than PANI, we also were able to achieve
a high cycle stability. Now that we have addressed how to store our energy, let’s
talk about how to produce our energy with fuel cells.

Fuel cells have become a promising source of clean energy as they

produce electricity by consuming oxygen and hydrogenee. The only byproducts
of this cell are water and heat. PEM fuel cells are energy conversion devices that
consist of an anode, cathode, electrolyte, the proton exchange membrane, and a

9



catalyst67’68. Although fuel cells have promise they have a major setback. Fuel

cells require a catalyst in order to accelerate the sluggish kinetics of oxygen

reduction reactions (ORR) that occurs at the cathode. The most commonly used

67

catalyst for fuel cells is platinum 09, Although platinum gives a great

electrochemical performance for ORR the catalyst itself can be very costly and it

is prone to leaching and poor cycle stability70. Because of this there has been a
lot of research to replace platinum. As of now there has been some promising
catalyst replacements such as carbon-metal-nitrogen (M-Nx-C) coordinated

" 1In this work Poly(4-vinylpyridine) (P4VP) was used as a nitrogen

catalysts
source to synthesize M-Nx-C catalysts. First a systematic study of the effects of
ligands on coordination chemistry was conducted. Followed by an investigation
on ORR catalytic performance of said ligands and as well as various metal
species. In this work we found that the type of ligand affects the coordination
chemistry. We also found that cobalt containing catalysts had a better overall
performance when compared to iron and tin containing catalysts.

The work contained in this thesis work can be of use to both the energy
storage and conversion fields. In the energy storage front we present a
pseudocapacitor with high capacitance and high cycle stability. While on the
energy conversion side we present a platform in which to test a variety of metal
precursors with promising ORR catalytic activities. The hope is that this work
will be of use for a multitude of applications in the renewable energy world.

10



Chapter 1: Poly(1,5-diaminonaphthalene)-
Grafted Monolithic 3D Hierarchical Carbon as
Highly Capacitive and Stable Supercapacitor
Electrodes

1.1. Introduction

Over the last two decades, handheld electronics have gained increasing
applications for sport activities, health monitoring, biomedical sensing,

environmental detection among other applications.l_6 These emerging
applications call for a lightweight energy storage system that can safely operate
over an extended period of time. At the same time, load leveling of renewable
energy, harvested from solar and wind farms, as examples, also requires energy

storage systems that offer adequate cycle stability without any safety concerns.”
Li-ion based batteries use flammable electrolytes to provide high energy

density.8 In addition to safety concern, these batteries suffer from limited

power density and cycle performance.Q’10 Comparatively, supercapacitors
exhibit higher power density, significantly prolonged cycle life and can operate
in a safe aqueous electrolyte that is non-flammable and environmentally
benign. To address the intrinsically low energy density of supercapacitors, an
immense effort has been made to incorporate redox active centers into

supercapacitors to form pseudocamacitors.10
Redox-active conjugated polymers that consist of electrochemical active
sites in each repeat unit offer appreciable theoretical capacitance and electrical

.. 11-16 . . . ..
conductivity. Compared to inorganic redox materials such as transition

metal oxides and sulfides, they exhibit dramatically enhanced mechanical

flexibility and processibility.l‘i’w’17 Therefore, these polymers can be readily

deposited on a flat or curved surface. In addition, they are lighter in weight and

can be processed inexpensively.14 However, the application of conventional
conjugated conductive polymers in energy storage is hindered by two major
drawbacks. One is poor cycle stability brought by significant volumetric
changes during doping and de-doping of ions in the charge and discharge

processes.18 The other is reduced specific capacitance and rate capability with

polymer thickness due to the combination of the inability to timely transport

. . . . 19,20
ions to reaction sites and increased electron transport length-

To boost electrical conductivity and shorten diffusion length, polyaniline

(PAND), as an example, is often mixed with carbon allotropes.'"">*"

Nevertheless, stochastic blending with carbon brought about ill-defined
structures which cannot provide continuous electron transport pathways and
stymie ion diffusion as well.

Polydiaminonapthalene (PDAN), which can be viewed as two anilines
fused together, has not received similar attention in comparison to PANI. 1,5-
diaminonaphthalene, 1,5 DAN hereafter, can be polymerized oxidatively in
aqueous and organic electrolyteszzf28 to form poly(1,5-diaminonaphthalene) 1,5
PDAN (Scheme 1a) in linear or ladder form.”>*® It is known that conjugated

ladder polymers exhibit extraordinary chemical, and mechanical stability.” *
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Due to chemical structural resemblance of 1,5 PDAN and PANI, one

follows previously reported approaches to calculate theoretical capaci‘cances.21
The theoretical capacitance of 1,5 PDAN using the ladder structure would be
1545 F/g whereas that of PANI is 1325 F/g. Therefore, 1,5 PDAN offers 17 %
higher specific capacitance.

We herein report a holistic approach to form a reproducible 3D
electrode in which a layer of 1,5 PDAN is monolithically integrated with
mechanically robust high-density carbon nanotubes (CNTs) grown on carbon
cloth, CNTs-a-CC. Without any special treatment, 1,5 PDAN can be
conformally deposited onto each individual CNT. To the best of our knowledge,
this is the only conductive polymer system that can uniformly deposit redox

centers in carbon by a simple electrochemical oxidation step.31
The specific capacitance of 1,5 PDAN based on multiple sample analysis

is in the range of about 900 — 1250 F/g (0.07 ~ 0.5 mg/cm®), on par with, if not
exceeding, well-studied conjugated polymers such as PANI and polypyrrole

(PPy).l?”32 Impressively, this value can be maintained at a high rate, 100
mV/sec. The unobstructed ion and electron transport pathways offered by this
new hierarchical structure combined with uniform dispersion of 1,5 PDAN
throughout the entire CNTs-a-CC framework gives this impressive result.
Electrochemical reactions in 3D, produce a capacitance of 650 F/g under 2 mV/s

scan rate at a mass loading of 2.5 mg/cm2 of 1,5 PDAN.

The relation between weighed mass and calculated mass using charge
flow during polymerization, explicitly indicates the formation of the ladder
structure. Due to extended conjugation, 94 % capacitance retention is obtained
after 25,000 cycles at 100 mV/s scan rate, a value significantly higher than what

has been observed from most conductive polymer systems.12

Through seamless integration of PDAN with CNTs-a-CC, this platform
simultaneously offers enhanced theoretical capacitance, and improved polymer
loading for energy density and power density. The significantly enhanced cycle
stability owing to structurally robust CNTs-a-CC together with mechanically
and chemically stable PDAN has been demonstrated.

This new energy storage platform has the potential to be incorporated
into textiles, wearable electronics, and gadgets. The methodology to fabricate
3D hierarchical electrochemical systems is scalable, reproducible, and thus
manufacturable. This lightweight and flexible electrode platform circumvents the
use of the traditional heavy metal current collectors and eliminates the need for
binder that can block electrochemical reactions. The hierarchical platform can
serve as an inspirational model to disperse functional species in 3D for
enhanced rate capability and density. Furthermore, this platform can be
extended to host electrocatalysts for energy conversion reactions or
electrochemical sensors for sensing applications.

12



1.2. Experimental Methods
1.2.1. Material synthesis

1.2.1.1. Carbon cloth modification. Plain carbon cloth (CC) that is made of an
average of 10 pm microfiber was purchased from Fuelcell Earth. Initially, CC
samples were annealed in 5 % Oy / 95 % Ar at 400 °C for 2 hours to remove
organic contaminants and incorporate oxygen species on the carbon surface.
The CC samples were cut in 1 inch x 8 inch size and treated with 5 M HNOj; to
enhance hydrophilicity further. After washing HNOS3 treated CC samples in
deionized water, KOH impregnations were conveyed with a degassing process
to wet and fill all of the accessible surface with 8 M KOH. The samples were
then rolled to fit into 1 inch alumina tubes and pushed into the heating zones.
The KOH activation process was conveyed at 825°C for 3 hours and cooled to
room temperature. KOH activated CCs (a-CC) were then sonicated in 1M HCI
for 24 hours to remove side products.

1.2.1.2. Catalyst deposition and carbon nanotube growth. CNT growth on CC
and a- CC were proceeded in a quartz tube via chemical vapor deposition (CVD)
method. For the CNT synthesis, copper and nickel catalysts were deposited
alternately via electroplating using solutions of 4 mM CuSO, and 40 mM
NiNO; at constant potentials of 0.04 V and -0.56 V vs saturated calomel
electrode (SCE) for 8 s and 20 s respectively. The plating potentials were
selected based on the reduction potentials of Cu and Ni ions at a pH of 3. The
catalyst coated CC and a-CC were dried in a vacuum oven and then moved to a
CVD furnace. Samples were heated with Ar/H; carrier gas and held at 650°C for
15 minutes for the formation of N1/Cu nanoparticles. Then, CNT growth was
carried out at 725°C with a flow of ethylene for 20 minutes. After the CVD
growth, samples (CNTs-a-CC) were treated with 1 M HNOj; for 2 hours to remove
any residual catalyst and amorphous carbon. The typical loading of CNTs on a-

CCis 3 mg/cm2. Electrochemical depositions and analyses were conducted with
Biologic potentiostat by using three electrode electrochemical cell setup. For the
Cu/Ni catalyst deposition, SCE as a reference electrode and a nickel plate as a
counter electrode were used specifically.

1.2.1.3. Electro-oxidative polymerization of 1,5 PDAN. 1,5 DAN monomers
were purified by ethanol recrystallization process before use. For oxidative
polymerization, three-electrode electrochemical cell was used with a counter
electrode (graphite) and a reference electrode (Ag/AgCl). Electropolymerization
processes were conducted via potential sweeping or pulse deposition between
potentials of 0 V — 1.2 V with respect to reference electrodes in acid. On each
cycle of pulse deposition, potentials were kept at 1.2 V for 20 seconds. In
aqueous solutions, 10 mM 1,5 DAN monomers were dissolved in 0.02 M NaClO4
as supporting electrolyte and 0.1M HClO, solution. In acetonitrile solutions, 10
mM 1,5 DAN monomers were dissolved with 0.1 M NaClO4 as supporting
electrolyte.

13



1.2.1.4. Electro-oxidative polymerization of PANI. Aniline monomers were
initially purified, and above-mentioned oxidative polymerization was
performed. Electropolymerization processes were conducted on a-CC via pulse
deposition between potentials of 0 V — 1.2 V with respect to reference electrodes
in 1 M H,S0, solution. Two sets of aniline monomers with 0.02 M and 0.1 M
monomers concentration were polymerized with 20 successive pulses where
potentials kept at

1.2 V for 20 s. After polymerization, electrodes were rinsed in DI water and
oligomers removed in acetone solution.

1.2.2. Characterization

1.2.2.1. Electrochemical Characterization. For electrochemical analyses, a
carbon rod as counter electrode and a saturated calomel (SCE) reference
electrode were used in
0.5 M HySO, electrolyte. Cyclic voltammetry analyses were conveyed with
different scan rates between 2 mV/s and 100 mV/s. Galvanostatic charge
discharge analysis was conducted with current rates of 1 A/g, 2 A/g, 4 Alg, 8 Alg
and 16 A/g. Cycle stability tests were conducted by using cyclic voltammetry
analyses with Hg/HgSO4 reference electrode. Electrochemical impedance
spectroscopy (EIS) analysis was investigated at frequencies between 0.01 Hz and
100 kHz at 10 mV amplitude at fixed potential of 0.2 V vs. SCE reference
electrode.

Specific gravimetric and areal capacitances were calculated from the area in
the cyclic voltammetry plots by using the following formulas:

1av

C, =1 &)
2vmV

J1dv 5

47 2pav 2)

where C, is gravimetric capacitance (F/g), C4 is areal capacitance (F/cmz), I1is
current (A), vis scan rate (V/s), m is mass (g), Vis potential range and A4 is
electrode surface area (cm”). Additionally, specific capacitances from
galvanostatic charging/discharging plots were calculated by using the following

formula:

I=t
Cy = (3)

T msv

where C, is gravimetric capacitance (F/g), Iis discharging current (A), mis
active mass (g), Vis potential range and #is discharging time.

1.2.2.2. Structural Characterization. Field Emission Scanning Electron
Microscopy (FESEM, ZEISS GEMINI 500) was used to study morphological
structures of carbon, 1,5 PDAN and PANI. For a fair comparison, identical
samples were imaged before and after electropolymerization or stability tests.

14



Polymerization of 1,5 DAN monomers was confirmed by Fourier-Transform
Infrared Spectroscopy Attenuated Total Reflectance Analyses (FTIR-ATR)
through Bruker Vertex 70 spectrometer. FTIR-ATR spectra were recorded with
absorbance spectra.

1.3. Theoretical Calculations

1.3.1. Theoretical capacitance of 1,5 PDAN

The oxidation states of 1,5 PDAN are shown at Scheme 1b. Excellent
electrochemical performance is mainly attributed to two fused aniline benzene
rings. The theoretical specific capacitance of PANI was calculated using the
equation:

_ a+F
T AVEM,,

Cr @)

where a is the number of electrons involved in the redox conversion of a single
monomer unit, 'is Faraday constant, A Vis the potential window and M, is the

molecular weight of each monomer.”"** As a result, the theoretical specific
capacitance of PANI would be 1325 F/g for 0.8 V potential window, calculated by
using Equation 4, assuming that one electron is transferred per aniline unit. If
one applies a similar approach to 1,5 PDAN, 1545 F/g is obtained, assuming
that two electrons transfer per 1,5 DAN unit for the ladder structure formation.
Therefore, 1,5 PDAN intrinsically possesses higher theoretical
pseudocapacitance, 17 % higher than PANI. In this study, the pseudocapacitive
behavior of 1,5 PDAN was analyzed by incorporating them onto a highly porous
3D carbon scaffold.

KOH activated Carbon CNT decorated Carbon

Individual Carbon ;
Fiber (CC) Fiber (a-CC) Fiber (CNT-a-CC)
KOH Activation

PDAN PDAN \ PDAN
Deposition Deposition Deposition

1,5PDAN on a-CC = 1,5 PDAN on
CNT-a-CC

CNT Growth

1,5 PDAN on CC

/«/

easmme CC eaamme 3-CC e -CC wm CNT

1,5 PDAN 1,5 PDAN 1,5 PDAN

Figure 1. Schematic of process flow to fabricate a hierarchically nanostructured
electrode starting from as-received carbon cloth to 1,5 PDAN grafted CNTs-a-
CC.
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1.4. Results and Discussion

Figure 1 illustrates the electrode fabrication process flow. The carbon cloth was
first subjected to a surface modification via KOH activation, followed by catalyst
precursor deposition and finally CNT growth. 1,5 PDAN was then
electrografted to form the final hierarchical structure.

1.4.1. 3D scaffold formation and characterization

CC is a woven fabric consisting of microfibers with a smooth surface as shown

in Figure 2a-b. CCs have very low surface area (e.g., 5.5 m*/g) which can be
improved with addition of nanostructured materials. It is known that the

chemical vapor deposition of 1D carbon nanostructures proceeds through the

.. .. 34-41
decomposition of carbon precursors on transition metal catalyst seeds.

Catalyst seeds can be deposited via electrodepositi0n36’37, e-beam evaporation37

or solution impregnation methods.” Uniform catalyst distribution on carbon
microfibers is the prerequisite for the formation of evenly distributed CNTs, but
it is challenging. To obtain uniform catalyst coverage on carbon cloth, we

modified the previously published method.”” Ni and Cu were electrochemically
deposited on carbon cloth due to the ability of Ni-Cu alloy catalysts to produce

CNTs with a higher graphitic content than pure Ni (Figure S1).%.

Prior to CNT growth, Hy treatment at 650 °C was carried out to ensure
the formation of metallic Ni-Cu alloy nanoparticles. At this temperature, the
dewetting of the plated layer from the carbon surface renders the formation of
catalyst nanoparticles anchored to the a-CC surface in the in the small pores
developed during KOH activation (Figure S2). Non-uniform CNT growth was
observed on bare CC as shown in Figure 2c. The reason behind the lack of
growth is that small seeds are difficult to form on a smooth carbon surface
through the dewetting method in the absence of a sufficient support. KOH
interaction with carbon reduces K ions to metallic potassium at elevated
temperatures while simultaneously oxidizing the carbon. Micro- and meso-
porosity is developed due to the gasification of carbon and intercalation of

metallic K, which is utilized as a catalyst support42. SEM images (Figure 2d-1)
clearly support that pore formation after KOH activation.
CNTs grown on a-CC possess an average diameter of 50 nm, while up to

3 mg/cm2 of CNTs were grown on each sample. Samples were treated with 1 M
nitric acid to remove exposed residual catalyst seeds and amorphous carbon
(Figure S3). For further improvement, the newly formed 3D current collector in
which CNTs uniformly emanating from each carbon microfiber was coated with
redox centers. Pertinent to this investigation, 1,5 PDAN was chosen as redox
centers for enhanced energy storage performance.
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Figure 2. (a) Optical images of carbon cloth before and after KOH activation.
SEM images of (b) carbon cloth threads, (¢) a-CC surface, (d-1) no CNT
growth on CC, (d-2) CNT growth on a-CC.

1.4.2. Electrografting 1,5 PDAN.

During polymerization, amines in DAN act as nucleophiles to react with the

two oxidized phenyl rings.23’25’43 Electropolymerization proceeds via one- or two-

electron transfer per monomer (Scheme 1a). 1,5 DAN is not soluble in water, but
its solubility increases after protonation of amine groups by an acid such as
HC10,4. Electropolymerization was carried out in an acidic solution
containing HCIO, (pH=1). As shown in the CV curves in Figure S4, an
irreversible oxidation peak was observed at 0.72 V vs. Ag/AgCl at first scan.
The intensity of the irreversible peak decreases with increasing cycles due to
monomer consumption. There are two pairs of reversible redox peaks observed
0.35 and 0.5 V vs. Ag/AgCl after the first cycle due to the polymer formation. The
intensity of the reversible peaks increases with cycle.

a) 1,5 DAN b) 1,5 PDAN
Electropolymerization Oxidation/Reduction

1 1
( \f 1

Ladder structure

- + A A+
QN Wan@e!
H H H H
L n L n
HzN O Linear structure
o o v
[ -2e” +2H" [ A
H H +
A+ H

|
1l

|

NH,

Scheme 1. (a) Proposed polymerization scheme for ladder and linear structure.
(b) Redox reaction of PDAN for ladder and linear structure.
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We demonstrated that 1,5 PDAN can be grafted conformally onto
CNTs-a-CC (Figure 3 and Figure S5). Polymer mass loadings were 0.3 mg/cm?,

1.05 mg/cmz, 1.53 rng/cm2 and 2.5 mg/cmZ, corresponding to film thicknesses of
12.8 nm, 41.4 nm, 66.6 nm and 87.2 nm, for 5, 20, 40 to 80 pulse depositions,
respectively (Figure S5). According to SEM images, polymerization in acids
yields rough, granular surfaces (Figure 3c-d) which could offer a greater surface
area leading to enhanced supercapacitor performance. On the other hand, 1,5
PDAN films grown using acetonitrile are densely packed (Figure 3e-f). The
measured polymer loadings in acetonitrile were 0.28 mg/cmz, 0.45 mg/cm2 and
0.8 mg/cm2 for the polymerization cycle of 5, 10 and 40 respectively and
corresponding film thicknesses increase gradually (Figure S6). Despite similar
mass gain observed at low loading (5 cycles), there was a limited growth at high
loadings (40 cycles). We attribute this to a lower polymerization efficiency to the
solubility of oligomers in acetonitrile, which was observed to change the color of

the monomer solution red in the vicinity of the working electrode.™

c) 1.5 PDAN on CNT-a-CC | d) .1,5 PDAN on CNT-a-CC
- inacid . in acid

1,5 PDAN on CN] -a-CC
in MeCN

200 nm SN
—

Figure 3. (a-b) SEM images of CNT decorated activated carbon cloth, 1,5 PDAN
grafted CNTs-a-CC in acid (¢-d) and in acetonitrile (e-f).

To confirm the polymer formation, FTIR analysis was conducted. The

three absorption bands near 1585 cm™, 1510 cm " and 1410 cm ', observed in
the FTIR spectrum of DAN (Figure S7), resulted from stretching vibration
of C-C on the
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23,28,44

aromatic rings. The broadening of these peaks observed from the polymer

spectrum (Figure S7), indicates the formation of the polyrne]r.44 The
disappearance of C-N stretching vibrations of the aromatic primary amine

around 1360 c¢cm ' for DAN monomer is the indication of the polymer

. 2844
formation.

As for N-H stretching vibrations in the region of 3450 - 3200 cm ', the

monomer shows bands around, 3413, 3322 and 3223 cm'’ corresponding to
symmetric and antisymmetric NH2 vibrations, respectively. The polymer

counterpart shows a broadening band around 3337 cm™ associated with N-H
stretching mode for secondary amine groups, which can be attributed to

disappearance of NH2 groups that were consumed in the polymerization process

and further supports the polymer formation.””® The structure of 1,5 DAN

monomers and possible structures of 1,5 PDAN polymer are depicted at Scheme
la with a ladder structure and linear structure.”

1.4.3. Accurate determination of supercapacitor electrode mass and the
effect of morphology on mass loading

An accurate mass determination is important for specific capacitance calculation.
The large discrepancy in performance in the literature for materials such as

PANI is in part due to the inability of accurate mass determination.” It is
challenging to determine a miniscule mass gain resulting from polymer
grafting, especially with consideration of the loss of material (e.g., carbon
nanotubes and carbon threads from carbon cloth) during the fabrication process.
Alternatively, charge flow during polymerization has been used to calculate the

thickness of a deposited polymer laye]r45 and to estimate the gravimetric

capelci‘can(:e.24’46 Assuming 100 % polymerization yield no charge loss and
charges were consumed to form the deposited polymer), there should be a linear
relation between charge flow (§) and polymer mass (m):

where Mw is the molecular weight of the repeat unit, F'is the faraday constant,
n is the number of electrons needed for each monomer to participate in
polymerization. Typically, n varies with monomer type and polymerization
conditions. For example, n is 2 for linear structure and n is 4 for ladder

structure (Scheme 1).%%*"**

To determine n, equation 5 is used by taking “m” as weighed mass. n
was calculated to be about 4 — 5.5 electrons per monomer when DAN
polymerized in acid (Figure 4a). Given that high electropolymerization yield in

acid, this finding supports a significant percentage of the ladder structure

formed.”**"*® On the other hand, the calculated n is around 18 electrons per

monomer in acetonitrile. Such discrepancy can be attributed to DAN oligomers
formed and the subsequently dissolved in the acetonitrile which is a good
solvent for DAN oligomers. Such low efficiency was observed with 1,8 PDAN

polymerization in acetonitrile medium>* Due to the high polymerization
efficiency and the loosely packed 1,5 PDAN obtained by pulse
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electrodeposition in acidic media (Figure 3d), this method was chosen for the
investigation of the effect of the morphology of the current collector on performance.
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Figure 4. (a) The corresponding number of electrons used during
polymerization with various 1,5 PDAN loading in acidic solution. (b)
Electrochemical charge storage comparisons of bare CC, a-CC, CNTs-a-CC.
Charge flow during electropolymerization (¢) and polymerization cycle vs 1,5
PDAN loading (d) on CC, a-CC and CNTs-a-CC.

Charge flow allows real-time monitoring of mass gain during
polymerization, polymer deposition rate on CC, a-CC, CNTs-a-CC was carefully
investigated. Based on cyclic voltammetry analysis (Figure 4b), specific
capacitance of CC, a-CC, CNTs- a-CC was 0.05 F/g, 2 F/g, and 1.5 F/g
respectively at 5 mV/s scan rate. A slight reduction after CNT growth might be
due to clogging of nanopores created by KOH activation. Morphology can
significantly impact polymer deposition rate (Figure 4c). For CC and a-CC, the
charge flow increases during the initial several cycles and then reach to plateau
indicating that the maximum loading is reached. The maximum PDAN loading

on CC and a-CC are 0.24 mg/cm” and 0.48 mg/em” respectively. In a stark

contrast, for CNTs-a-CC, 2.5 mg/cm2 PDAN loading has been obtained without
saturation (Figure 4d). 1,5 PDAN deposition rate on CC, a-CC and CNTs-a-CC is

0.01 mg/cmz, 0.02 mg/cm2 and 0.066 mg/cm2 for each cycle respectively.

1.4.4. Electrochemical performance
A thin polymer coating that mitigates performance loss resulting from ionic

diffusion and electrical conductivity would provide a gravimetric capacitance
value that is close
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to the theoretical one. CNTs-a-CC was chosen for the investigation of 1,5 PDAN
electrochemical charge storage behavior,

The thinnest 1,5 PDAN coating was obtained by decreasing the
monomer concentration (5 mM DAN) and polymerization time (20 seconds, 2

pulses), yielding the areal mass density of 1,5 PDAN of 0.07 mg/crn2 that was
confirmed based on charge flow calculation. CV analyses show two pairs of
reversible redox peaks at 0.12 V and 0.44 V vs. SCE (Figure 5a). The observed
reversible redox pairs are ascribed to the oxidation and reduction of the ladder
structure (as shown in Scheme 1b).

To investigate the charge storage mechanism, the redox peak potentials

and intensities were compared with various scan rates.” Both anodic peak
currents for

0.12 V (peak 1) and the minor one at 0.44 V (peak 2) increase linearly with
respect to scan rate as shown in Figure 5b-c. The peak currents are

proportional to v*® which indicates that charge storage is governed by surface-
controlled redox reactions. This result showcases the importance of the
combination of low tortuosity of CNTs-a-CC with thin conformal coating of
PDAN. Corresponding specific capacitance of 1,5 PDAN is 1250 F/g which can
be maintained up to 100 mV/s scan rate (Figure 5e). This experimental value is
very close to the theoretical value of 1545 F/g for the ladder structure.

We decoupled the faradic component from the double layer region
(Figure 5d). Introduction of 2% PDAN yielded 1.4 times increases of the total
capacitance. Corresponding specific capacitance of 1,5 PDAN is 1250 F/g which
can be maintained up to 100 mV/s scan rate (Figure 5e). This experimental
value is very close to the theoretical value of 1545 F/g.

To further verify our finding, we prepared additional 6 samples with a

thicker coating of 0.1 — 0.5 mg/cmz. Figure 5f is a histogram for 7 samples on
CNTs-a-CC. The specific capacitance ranges from 900 to 1250 F/g. The median
1s 1100 F/g. This finding further buttresses the contention of high percentage of
ladder structure.
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Figure 5. (a) Cyclic voltammetry analysis of thin 1,5 PDAN on CNTs-a-CC.
Corresponding anodic peak currents at different scan rates for Peak 1 (b) and
Peak 2 (¢). (d) Total capacitance of 1,5 PDAN electrodes at different scan rates.
(e) Pseudocapacitive contribution from 1,5 PDAN at different scan rates. (f)
Specific gravimetric capacitance on CNTs-a-CC for loadings of 0.1 — 0.5

mg/cm2.

The overall capacitance increases with 1,5 PDAN loading (Figure 6a).
We further investigated the energy storage capability of thicker 1,5 PDAN
coatings on CNTs-a-CC. This structurally well-defined and mechanically robust
3D carbon platform allows for more deposition of redox active species than flat

or porous surfaces. The original areal capacitance of CC was 5 mF/em” at 2
mV/s. At a loading of 2.5 mg/em® 1,5 PDAN on CNTs-a-CC, the areal

capacitance increased to 1600 mF/cm” at 2 mV/s (Figure 6b) and corresponding
capacitance contribution of 1,5 PDAN is found to be 650 F/g at 2 mV/s (Figure
6¢). The specific capacitance of 1,5 PDAN on CNTs-a-CC with different loadings
in an acidic medium is summarized in Figure 6d. The results highlight the
importance of a 3D open structure for achieving excellent gravimetric
capacitance at a high polymer loading.
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Figure 6. (a) CV characteristics of 1,5 PDAN on CNTs-a-CC at 2 mV/s with
different polymer loadings, (b) Areal capacitance comparison with various scan
rates,

(c) Electrode capacitance and (d) Specific capacitance of 1,5 PDAN
synthesized on CC, a-CC and CNTs-a-CC with different areal masses.

The substrate morphology plays an important role in electrochemical
storage (Figure 6d and Figure S9). Although the accessible surface area on a-
CC 1s comparably 40 times higher than CC, the electrochemical performance of
1,5 PDAN on a-CC was mediocre. The polymer deposition planarizes porous
surfaces (Figure S10). Since CNTs-a-CC offers 30 times higher surface area
than that of CC, it allows the deposition of 10 times more polymer while still
maintaining appreciable electrochemical energy storage capability. To maintain

650 F/g of PDAN, CNTs-a-CC allows 2.5 mg/crn2 of 1,5 PDAN loading whereas

less than 0.25 mg/cm2 polymer loading on CC and on a-CC which is 10 times
less 1s permitted.

Galvanostatic charge discharge analyses of 1,5 PDAN on CNTs-a-CC
(Figure S11) confirms the pseudocapacitive nature of 1,5 PDAN. Furthermore,
electrochemical impedance analysis indicates nearly ideal capacitive behavior
of 1,56 PDAN on CNTs-a-CC at a load of 2.5 mg/em® (Figure S12). The two-cell
performance using the porous carbon as a negative electrode was characterized
in 0.5 M H,SO,4 in 1.6V potential window. The electrochemical energy storage
capacity of  PDAN is Flg at 2 mV/sec (Figure S13).
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The stability analysis was conducted for 1,5 PDAN as shown in Figure
7. 1,5 PDAN shows exceptionally high capacitance retention (94%) after 25000

cycles at 100 mV/s scan rates, compared to other conductive polyme]rs.13 PANI
was electropolymerized on a-CC. We compared cycle stability (Figure S14).
Unlike 1,5 PDAN, the reduction of electrochemical surface, indicates the
degradation of PANI. SEM images (Figure S15) showed nanofiber-like PANI
deposition which were either dissolved or detached from a-CC after the cycle
stability test. The observed mechanical degradation is a common stability
problem for conductive polymers due to repeated swelling and de-swelling

during the redox reaction.” In contrast, no structural alteration was observed
in 1,5 PDAN (Figure S14b and Figure S16). The significant improved stability of
1,5 PDAN can be attributed to strong m-m interaction between the polymer and

carbon surface and within the polymer — a unique attribute of ladder polyme]rs.51
Further, the ladder structure of 1,5 PDAN should be less soluble in the

electrolyte as opposed to the linear and less conjugated PANL.”
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Figure 7. Cycle stability test for 1,5 PDAN on CNTs-a-CC for 25000 cycles at
100 mV/s scan rate.

1.5. Conclusions

We have developed a holistic method to conformally disperse redox species on
the surface of the newly constructed carbon scaffold, CNTs-a-CC. This 3D
scaffold, made of cylindrical micro- and nanostructures, offers well-defined and
tunable micro- and nano-porous channels to facilitate ion and electron
transport. Simultaneously, it offers excellent mechanical integrity allowing 1,5
PDAN conformal grafting to form a hierarchical nanostructure without altering
the continuous porous architecture after polymer deposition.

Precise PDAN loading was achieved by the combination of charge flow
analysis and weighing facilitated by the deposition of a thin layer of PDAN on
CNTs-a-CC. This allows for accurate gravimetric capacitance estimation.
Multiple sample characterization shows 1,5 PDAN possesses exceptionally
high pseudocapacitance
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between 900 F/g and 1250 F/g, which ranks among the best reported values of
conductive polymers. The median 1100 F/g is only 20% less than the theoretical
value for a polymer with 100% ladder structure, suggesting that a significant
portion of a ladder structure present in the polymer system,

Owing to facile kinetics and unobstructed charge transport, an
outstanding rate capability of 1250 F/g can be maintained up to 100 mV/s. Such
a mechanically robust and open porous structure affords a significantly higher
polymer loading. CNTs-a-CC allows for at least10-fold more polymer loading

than its flat or porous counterpart. 650 F/g at a loading of 2.5 mg/cm2 has been
attained with CNTs-a-CC. The reported facile fabrication method, monolithic
integration of functional species with a 3D carbon without need of binder,
enables electrochemical reactions in 3D. This approach can be used to fabricate
electrodes for electrochemical sensing and possible electrocatalysis in 3D.
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Chapter 2: Metal-Nitrogen Coordinated Networks for ORR

Part 1: Investigation of Ligands and Oxidation State on
Coordination Chemistry

2.1. Introduction

Pyridine is a heterocyclic aromatic organic molecule that closely resembles
benzene; its only difference is that nitrogen replaces one of the carbons in the

six membered ring76. The presence of the nitrogen hinders the resonance of the
molecule. The lone pair in the pyridinic nitrogen does not participate in the
aromaticity of pyridine, rather it sits outside the ring. Due to this pyridine
behaves as a Lewis base as it can donate electrons to Lewis acids. Hence, the
nitrogen in pyridine is able to participate in coordination bonds with metal ions,
which are Lewis acids. The lone pair of electrons in the pyridinic nitrogen
interacts with the empty d-orbitals of metal ions (scheme 2.1a). Pyridine causes
a large slitting of the orbitals which allows for a strong metal-ligand bond. And as

such it is classified as a relatively strong field ligand in crystal field theoryW.

We can take advantage of the ability of pyridine to form coordination
bonds with metals species that offer empty d-orbital to generate metal
coordinated pyridine compounds. We conjecture that, after pyrolysis, this
compound can turn into metal coordinated nitrogen doped carbon networks for
electrocatalysts. In this work, poly(4- vinylpyridine), referred to as P4VP from
now on, was used to create such a network. Typically, P4VP is a linear polymer,
however it crosslinks with metal ions via complexation (scheme 2.1b).
Pyrolyzing this metal complexed P4VP will yield a nitrogen rich carbon network
for electrocatalysts. Metal precursors can have different oxidation states, orbital
occupancy, and ligands and as a result it can impact the coordination
chemistry. The goal of this work is to have comprehensive understanding on the
effect different ligands have on the chemistry and yield N- doped carbon.
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Scheme 2.1. (a) Pyridine and metal interaction. (b) Linear P4VP to
crosslinked P4VP via complexation.

2.2. Experimental Methods
2.2.1. Tin Chloride ( Sn(II)Cl and Sn(IV)C]) and Tin Acetylacetonate ( Sn(II)AcAc)

Poly(4-Vinylpyridine), P4VP, of Mw of 160,000 g/mol (n = 1522), tin (II) chloride, tin
(IV) chloride, and tin(II) acetylacetonate were purchased from Sigma-Aldrich
without purification. P4V4 was first dissolved in ethanol to make a 3 w/v%
solution. The tin

(IT) acetylacetonate, tin (II) and tin (IV) chlorides were dissolved in 5 mL of
ethanol respectively. To form metal complexes P4VP with a molar ratio of
metal:4VP of 2:1. First, 3 mL P4VP was added dropwise into a 5 mL ethanol
solution that contains excess metal salt. White precipitate was immediately
observed (Figure 2.1b-c). This is an indicator of successful the formation of Sn
coordinated P4VP complexation.

Figure 2.1. (a) P4VP in ethanol. (b) Sn(II)C1-P4VP. (c) Sn(IV)CI-P4VP.
(d) SnIV)OAC-P4VP. () Sn(IDOAc-PAVP
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To extract the white precipitates — product, the solution was transferred to a
centrifuge tube and more ethanol was added to dissolve uncomplexed P4VP and
excess metal salt. The precipitate was dispersed in ethanol. After mechanical stir
and decantation of the solution. The entire process was repeated two times to
ensure that the excess metal and uncomplexed polymer were removed.

2.2.2. Tin Acetate (Sn(II)OAc and Sn(IV)OAc)

For the Tin (II) acetate and Tin (IV) acetate salts ethanol could not be used as a
solvent, instead acetone was used as the solvent for these solutions. However,
acetone is not a good solvent for high molecular weight P4VP. So, to ensure that
there was an interaction between the tin acetate salts and P4PV it was first
determined how much acetone needed to be added to a 3 mL 3% wt/vol solution of
P4VP without the polymer crashing the solution. From this small experiment of
addition of acetone to a 3 mL 3% wt/vol solution of P4VP in ethanol it was
concluded that 30 mL of acetone could be added before the polymer began to
crash out (1:10 Ethanol: acetone ratio). Just like before 3 mL of P4VP solution
was added to the metal solution. Upon addition of the P4VP to the tin (II)
acetate solution there was a light cream precipitate while the tin (IV)
complexation solution formed a white suspension (figure 2.1 d-f)

Table 1- Solubility of P4VP and various metal precursors in ethanol and acetone

Material Ethanol Solubility Acetone Solubility
P4vVP Soluble Soluble for low
molecular weight
Sn(IDCI Soluble
Sn(IV)Cl1 Soluble
Sn(IDOAc Not soluble Partial suspension
Sn(IDAcAc Soluble
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2.3. Characterization

The resulting metal complexed polymer was characterized via Fourier-
Transform Infrared (FTIR) spectroscopy with a Bruker Vertex 70 spectrometer.
This characterization technique was employed to check for the presence of the
coordination bond between the pyridinic nitrogen in P4VP and the metal
precursors. Thermogravimetric analysis (TGA) was performed with an SDT-
Q600 instrument to examine thermal stability of a metal coordinated polymer.
From the degradation temperature and profile, the degree of crosslinking will
be determined.

2.4. Results and Discussion

2.4.1. FTIR

After thorough rinse to remove unreacted P4VP and metal precursor, FTIR was
used to confirm the presence of the coordination bond between P4VP and metal,

using Sn with different types of ligands. The corresponding 1800 to 1300 em’’
range is displayed Figure 2.2. First, we must note that P4VP has five distinctive

peaks in this region. The peak at 1596 em’ corresponds to the C=N bond in the
pyridine ring while the 1556, 1493, 1449 and 1413 cm’ correspond to the

characteristic vibrations of the pyridine ring itself. The C=N peak at 1596 cm’”
will help determine a successful complexation.

Figure 2.2 shows the effect different ligands have on complexation
which can lead to crosslinking of P4VP. Sn (IDOAc has the highest degree of
crosslinking as the FTIR peaks, especially the C=N peak, get widened out and
they become less defined. Next Sn (IV)OAc and Sn (II)AcAc have a similar
degree of crosslinking. Unlike acetate and acetylacetonate ligands, the Sn(II)Cl
precursor has the lowest degree of crosslinking.

Sn(IDCIl and Sn(V)Cl have two additional well-defined peaks with a
blue shift. This indicates a strong interaction by shortening the bonds between
metal and pyridine ring. The blue shift is an indication that the C=N bond was

strengthened, and the bond length got shortened 8082 The larger the shift

observed, the stronger the interaction is™ . Comparing Sn(II)Cl with Sn(IV)Cl,
we observe that after complexation the degree of strength of C=N is the same,
but the intensity of the peak is different. A more intense peak is indicative of
more Sn incorporation onto the pyridine ring.
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TGA results shown in figure 2.3 corroborates with the Sn(II)OAc is the
most crosslinked, followed by Sn(IV)OAc, Sn(I)AcAc, Sn(I)Cl and lastly by
Sn(IV)Cl. Tin chloride salts have a much lower char yield than those of tin
acetate and tin acetylacetonate coordinated P4VP.
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Figure 2.2. FTIR of P4VP and P4VP complexed with various metal salts.

2.4.2. TGA

TGA was used to look at the thermal stability and assess the successful
completion of complexation. In figure 2.3 we observe the thermal degradation of
P4VP and P4VP complexed with various metal salts. P4VP has a sharp
degradation at 300 °C and the polymer is virtually gone by 450 °C. On the other
hand, for metal crosslinked P4VP we can observe an earlier degradation of
complexed P4VP than P4VP at about 200 °C. This is attributed to the metal
interaction with the pyridine ring. The metal species allow for a better
distribution of the electronic density of the ring. This causes a weaker
interaction with the polymer backbone chain and hence an earlier degradation

is seen below 200 °C. It can be seen that Sn (I)OAc has the highest
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overall char yield (73.56%) followed by Sn(IDAcAc (56.64%), Sn(IV)OAc
(53.63%), Sn(IDCI (15.70%) and lastly by Sn(IV)CI (14.23%). The char yield of
the P4VP coordinated with tin acetate salts and tin acetylacetonate salt
indicates a high degree of crosslinking due to complexation, just as predicted by
FTIR. Finally, FTIR showed that the tin chloride salts had a high degree of
complexation but not of crosslinking which is confirmed with the low char yield
of said salts.

100 -}
80 -
R 60 A
T
R=)
[11]
= 40
— P4VP
20 + Sn(llCI-P4VP
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Figure 2.3. TGA curves of P4VP and P4VP complexed with various metal salts.

2.5. Conclusions

In this first part of the project, it was determined that the ligand of the metal
precursor used to complex and crosslink the linear P4VP has an effect. From
FTIR data we determined that bulky ligands like acetates and acetylacetonate
allow for a high degree of crosslinking. On the other hand, chloride ligands
allow for a high degree of complexation but not of crosslinking. This was further
corroborated with TGA data. The TGA plots and char yields observed that the
Sn (INOAc had the highest overall char yield followed by the Sn (II)AcAc and
lastly with the lowest overall char yield was the Sn (I)Cl and Sn(IV)Cl metal
precursors. The data collected in this first part of the project will be further
used to evaluate the ORR catalytic activity of catalysts made from precursors
with different ligands.
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Part 2: ORR Catalytic Investigation

2.6. Introduction

Polymer electrolyte membrane (PEM) based fuel cells produce electricity by
consuming oxygen and hydrogen (Scheme 2.2). The only byproduct is water.

This technology is one of vital green energy solutions®. However, the sluggish
oxygen reduction reaction (ORR) is one of the bottlenecks to prevent
commercialization. Often Platinum (Pt) is used to promote ORR. Not only a
considerable amount of Pt needs to be used but Pt leaching and aggregation

over time, limit the device cycle performance85'87. An alternative to Pt catalysts

are non-precious metal coordinated nitrogen doped carbon catalysts (M-Nx-C)*

” Over the past years there has been a great effort to generate and test these
M-Nx-C catalysts. These catalysts are usually synthesized with the help of
nitrogen rich precursors, carbon sources and non- precious metals such as

Cobalt or Iron®™* ™. Said catalysts are very close to matching the performance of
platinum catalysts. Taking inspiration from the literature and the first part of
this chapter M-Nx-C catalysts were synthesized with the use of P4VP.

For the second part of this chapter the goal was to investigate the ORR
catalytic activity of catalysts made from Sn (II)Cl and Sn (II)OAc. These two
metal precursors were chosen based on the results from TGA and FTIR from
the first part of this chapter. In particular we wanted to determine the influence
that the ligand of the metal precursor had on the catalyst ORR activity. In
addition to the tin precursors iron (II) chloride, cobalt (II) chloride and an alloy
was evaluated to formulate the best catalysts possible. To test this cyclic
voltammetry (CV) was employed to check the ORR catalytic activity. XPS was
also used to check for nitrogen content of the catalysts synthesized with
different ligands. Finally, some OER was also evaluated with the help of linear
sweep voltammetry (LSV). The results from these tests are outlined in the next
sections.
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PEM FUEL CELL
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Electrolyte

Hydrogen Oxidation Reaction
Anode: 2H2 — 4e +4H*
Hydrogen gets oxidized (0 to +1) and gives up electrons which travel
from the anode to the cathode.
Oxygen Reduction Reaction
At cathode: 02 + H* +4e — 2H20
Protons travel through a polymer electrolyte membrane and react with

oxygen to generate water. In this case, oxygen was reduced (-2 to 0)

Scheme 2.2. Fuel cell schematic adapted from Wikipedia94. This scheme
describes the relevant redox reactions present at the anode and cathode of the
PEM fuel cell.

2.7. Experimental Methods

2.7.1. Electrografting of PAVP onto Carbon Substrate

P4VP was electrografted onto a carbon substrate via reductive polymerization.
To achieve this the carbon substrate was submerged onto a solution of
acetonitrile, 125 mM distilled 4VP monomer, 50 mM ammonium perchlorate
and 20 mM MBA (all chemicals were purchased via sigma aldrich). The 4VP
monomer was then polymerized by running 60 CV cycles from -1 V to 2.7 V vs
Ag/Ag+ with a CHI potentiostat. After polymerization substrates were air dried
and weighed to check mass loading.

In addition, another polymerization method was tested. The same steps
described above were taken to elecrograft the polymer into a carbon substrate.
The only difference is that for the second method the 4VP monomer was first
complexed with the metal precursor and then allowed to polymerize.
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2.7.2. Preparation of M-Nx-C catalysts

After P4VP was electrografted onto a carbon substrate the polymer was
complexed. Complexation solutions were made by dissolving metal salts (tin(II)
chloride, tin (II) acetate, iron (I) chloride and cobalt (I) chloride) in anhydrous
ethanol with a concentration of 50 mM. The P4VP samples were then
submerged into their respective metal salt solution and allowed to soak for an
hour. After the hour had passed the substrates were taken out of solution and
allowed to air dry before pyrolysis. Once complexed samples were placed on an
alumina boat and loaded into a quartz tube. The samples were then heated

under a nitrogen atmosphere to either 850 °C or 925 °C and held there for 3
hours. After pyrolysis samples were leached with 1 M sulfuric acid for a
minimum of 8 hours at room temperature to leach out excess metals. After
leaching the samples were then annealed under a hydrogen atmosphere for 20
minutes to remove harmful oxygen species.

2.8. Characterization

The catalysts were characterized via cyclic voltammetry for ORR103,104 gach
catalyst was tested under a nitrogen and oxygen atmosphere in 0.1 M HCIO4 at
10 mV/s. A graphite rod was used as a counter electrode, a saturated calomel
electrode (SCE) was used as a reference electrode and the catalyst deposited on
the carbon substrate were used as the working electrode. Additionally, some
samples were tested for OER with linear sweep voltammetry at 10 mV/sin 0.1 M
KOH. The reference electrode for this test was a Hg/HgO reference electrode
while the working and counter electrodes remained the same as for ORR
testing.

2.9. Results and Discussion

2.9.1. Electropolymerization of P4VP

P4VP can be electrografted onto carbon substrates via cathodic polymerization.
Scheme 2.3 shows the electrografting process. A cathodic potential is applied to
the working electrode. As a result, a negative charge builds due to the presence
of electrons in the surface of the electrode. This allows for the monomer units to
graft to the surface of the electrode and for the formation of radical cations that
form the dimers, trimers and so on until polymer chains are formed.
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Scheme 2.3. Electropolymerization of P4VP.

2.9.2. Comparison of the synthesis method of M-Nx-C catalysts

In this work we tested two possible ways of forming the Sn-Nx-C catalysts. In
the first method (denoted as soak) P4VP was electrografted onto a carbon
substrate via cathodic polymerization first. The substrate was then soaked for
an hour in a 50 mM solution made of ethanol and metal precursor. For the
second method (denoted as M- 4VP where M stands for the metal used), The
distilled monomer mixed with an excessive amount of metal precursor and
poured onto the carbon substrate. Cathodic polymerization was then carried out.
Both substrates were then annealed and treated as described in the
experimental section. Figure 2.4 shows CV of ORR obtained from both
polymerization methods. One can observe that the ORR catalytic activity of the
catalysts synthesized from different methods is quite similar for both Co and Sn.
The only difference that can be seen is that with the M-4VP method the surface
area is much larger than the soak method. This is due to (1) excess metal and
hence more char and (2) diffusion of the monomer solution onto carbon
substrate. The ORR catalytic performance between two methods is comparable.
This implies that either the composition of M-Nx-C derived from these two
methods is the same or metal plays a more important role in determining the
ORR catalytic activity of the M-Nx catalyst.
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Figure 2.4. (a) CV curves under nitrogen and oxygen of Soak and Co-4VP
synthesized catalysts in an acidic electrolyte at 10 mV/s. (b) CV curves under
nitrogen and oxygen of Soak and Sn-4VP synthesized catalysts in an acidic
electrolyte at 10 mV/s.

2.9.3. Effect of metal incorporation on char yield and effect on composition

To further confirm that the complexation of the P4VP samples was successful for
the soak method one can look at the cyclic voltammetry results of samples after
pyrolysis. In figure 2.5 we see the CV under a nitrogen atmosphere for P4VP,
Sn(IDC1-P4VP and Sn(IDOAc. It can be observed that the CV area of the
pyrolyzed P4VP is smaller than that of Sn (I)C1-P4VP and Sn (I[)OAc, this
indicates that the complexation was successful as a larger CV area is related to
more material deposited on the surface of the substrate.
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Figure 2.5. CV plots of PAVP, and complexed P4VP catalysts under nitrogen
atmospheres at 10 mV/s in acidic electrolyte.
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2.9.4. Effect of annealing temperature on ORR catalytic activity of Sn-N-C catalysts

Another parameter investigated in this study was the effect of annealing
temperature on the resulting ORR activity. Nitrogen doped carbon plays an
important role in the ORR activity of catalystsg5'97. To generate this N-doped
carbon samples are annealed at elevated temperatures under an inert
atmosphere. To determine which annealing temperature would yield better
ORR activity of samples complexed with Sn (II)Cl were annealed at 850 °C and
OC 925 degrees. Figure 2.6 shows the CV under nitrogen and oxygen
atmospheres. It can be seen that annealing at a higher temperature causes the
CV area of nitrogen curves to be smaller which is expected as material will be
removed at higher temperatures. It can also be seen that the onset potential for
925 OC is slightly better. The slope of 925 OC is steeper which implies a lower
ORR activation barrier and higher ORR electrocatalytic activity98’99. Due to

this, 925 °C was chosen as the annealing temperature for the formation of
nitrogen doped carbon as well as the subsequent hydrogen treatment.
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Figure 2.6. CV ORR catalytic activity of Sn catalysts synthesized at different
temperatures in acidic electrolyte at 10 mV/s.

2.9.5 Effect of different ligands

In the first part of this chapter, it was determined that Sn (I)Cl and Sn (I)OAc
metal precursors were going to be used to investigate the effect that a ligand
may have in the ORR activity of the M-C-Nx catalysts. The stark results from
the FTIR and TGA data in the first part of this chapter indicated that the
coordination chemistry changed depending on the ligand on the metal
precursor. This would mean that the ORR catalytic activity should have been
impacted. However, as seen in figure 2.7a
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the catalytic activities of Sn (II)CI and Sn (INOAc are remarkably similar. The
one difference that can be seen in the CV data under a nitrogen atmosphere is
that surface area of Sn (ICl is smaller than that of Sn (I)OAc. Indicating that
Sn (IOAc has more material in the surface of the electrode than Sn (II)CI. This
is further corroborated by XPS data in which it can be seen that the nitrogen
content for Sn (IDOAc is higher than that of Sn (IDCl (4.89% vs 3.48%
respectively). This was expected because from the first part of this chapter we
observed that Sn (INOAc had a higher char yield, and hence retained more
nitrogen and material, than Sn(II)Cl. So, from this we can conclude that the
catalysts have a remarkably similar ORR catalytic activity, but Sn (ID)Cl
coordination chemistry can be more ORR active. We know this because Sn
(IDC1 required less active material to have a similar ORR performance to that

of Sn (INOAc77,100,105
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Figure 2.7. (a) CV of ORR catalytic activity of Sn catalysts synthesized with
Sn(II)Cl and Sn(II)OAc in an acidic electrolyte at 10 mV/s. (b) Nitrogen XPS
spectra for Sn(I)C1 and Sn(II)OAc catalysts. (¢c) CV of ORR catalytic of Sn
catalysts synthesized with Sn(II)Cl and Sn(II)OAc, Pt catalyst and CNT
substrate in an acidic electrolyte at 10 mV/s.
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2.9.6. Effect of various metal precursors

Although for the majority of this project Tin metal salts were used to investigate

ORR activity due to tin not undergoing the Fenton reaction2. It was easy to
observe that tin did not have the best ORR catalytic activity. So, to find a better
catalyst two additional metal precursors were tested, Co (IDCIl and Fe (IICl.
These particular metal precursors were chosen as they had shown promising
ORR catalytic activity in other systems. The Co and Fe catalysts were prepared
in the same way as the Sn catalysts. In Figure 2.8 their electrochemical activity
can be seen. Both Co and Fe catalysts outperform the Sn catalyst. The onset
potential of the Co and Fe catalysts are 0.73 V and 0.72 V vs RHE, respectively.
These catalysts outperform even the best Sn catalyst (0.6 V vs RHE). Upon
further inspection of the Co and Fe catalyst we observe that although they
have very similar onset and half-way potentials (E1/2=

0.63 V vs RHE for both catalysts) the ORR slope for the Co catalyst is much
sharper and defined than the Fe one. This is an indication that the Co catalyst
has better reaction kinetics than the Fe catalyst?7:98, Another indication that
Co is a better catalyst comes from the surface area of the catalysts under a
nitrogen atmosphere. When looking at the CV surface area of the Fe and Co
catalysts it was found that the surface area of the Fe catalyst was 1.4 times
bigger than that of the Co catalyst. This indicates that although the Co catalyst
has less active material than Fe, their catalytic activity was

comparable72’ 100’105, so Co was chosen as the best metal for ORR.
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Figure 2.8. CV plots of carbon substrate, P4VP, and P4VP complexed with
various metals under nitrogen and oxygen atmospheres at 10 mV/s in acidic
electrolyte.
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2.9.7. Cobalt/Tin catalyst ORR and OER

Because the cobalt catalyst performed so well it was decided that a composite of
tin and cobalt should be used to see if the use of cobalt could boost the catalytic
activity of tin. The composite was formed by mixing two 50 mM solutions of Co
(IDC1 and Sn(II)ClL. The carbon substrate was then soaked for an hour in the
solution and processed just like the catalysts in the previous sections of this
chapter. Figure 2.9 shows the nitrogen and oxygen CV plots of pure cobalt and
the Co:Sn composite. One can observe that the Co catalyst remains the best
catalyst. However, with the Co:Sn composite we see that there is a small
improvement in the onset and half-way potentials when compared to the pure
Sn catalyst. The best performance for the Sn catalyst was an onset 0.6 V and an
E1/2=0.43 V, for the Co:Sn composite the onset is 0.65 V and the E1/2=0.45 V.
Alongside this we observed that the ORR slope for the composite is more
defined and sharper than the pure Sn slope as seen in figure 2.9a This indicates
that adding cobalt to the tin catalyst is useful to boost the ORR catalytic

activity of tin 98,99 Finally, we also tested to see if there was a similar effect of
the addition of cobalt to the catalytic activity for OER. Figure 2.9b shows the
OER plots for some cobalt composite. From the OER activity we see that the

cobalt catalyst has the best OER activity with a 1.38 V vs RHE at 10 mA/em?2. Tt
can also be observed that the next best catalyst is the 2 Co:1 Sn catalyst

followed by 1 Co: 2 Sn where the potentials at 10 mA/ecm? are 1.58 V and 1.80 V
respectively. Just like with ORR it can be seen that cobalt is a better catalyst for
OER. Which indicates that the properties of cobalt are great for the energy
conversion field. For future research one can make more cobalt catalyst and
combine them with other transition metals such as zinc to try and tune the
chemistry to find the best catalyst.
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Figure 2.9. (a) CV of ORR catalytic activity of cobalt and Co:Sn composite in
acidic electrolyte at 10 mV/s. (b) LSV of OER activity cobalt and Co:Sn
composite in basic electrolyte at 10 mV/s.

2.9.8. CO2reduction and HER activity for Cu(II)C1-P4VP

Finally, a test for the for CO2 reduction and hydrogen evolution reaction (HER)

was done with a cu(II)C1-P4VP catalyst and compared to a commercial copper
sample. CO2 reduction is important to produce fuels such as ethylene, formate

and morel0l, While HER is a promising way to generate hydrogen gasloz. This
was done by testing at two different potentials (-0.9 V and -1.1 V vs RHE). At
the potential of -0.9 V the Cu-P4VP catalyst showed a higher selectivity
towards CO2 reduction than to HER (48.36% vs 30.43% respectively). The
commercial copper sample also showed the same trend at -0.9 V with 60.6% for
CO2 reduction and 26.92% towards the HER reaction. However, at the
potential of -1.1 V we see higher selectivity towards HER with the Cu-P4VP
catalyst (55.53%) than for the CO2 reduction (15.72%). For the commercial Cu
sample, we see that, once again, there is higher selectivity for CO2 reduction
(63.91%) than for HER (18.19%). It is worth noting that for the Cu-P4VP there
is a higher selectivity for HER than for commercial copper sample. This is an
indication that Cu-P4VP catalyst can be used for HER applications, and if
further tunned it may be a potential CO2 reduction candidate.
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2.10. Conclusions

In this work we determined the best way to synthesize a M-Nx-C catalyst. Two
methods were compared: the soak method and the M-4VP method. Ultimately
the soak method was chosen. Because it had comparable ORR catalytic activity
to the M- 4VP method with the advantage of having less catalyst deposited in the
surface of the carbon substrate. Afterwards we also determined the best

annealing temperature for the best ORR activity which happened to be 925 OC.
Once the synthesis and annealing temperature parameters were chosen, we
compared Sn catalysts synthesized with metal precursors that contained
different ligands. It was observed that the catalysts had comparable ORR
catalytic activity. However, the catalyst that had chloride ions as ligands was
able to offer the same ORR activity with less amount of catalyst deposited on
the surface of the carbon substrate. Because of this the metal precursor with
chloride ions as ligands was chosen to further synthesize M-Nx-C catalysts with
iron, cobalt, copper, as well as composites of Co:Sn. By doing this we determined
that cobalt containing catalysts were the best for ORR. Co was better because it
had a more defined and steeper ORR slope than Fe containing catalysts and it
outperformed Sn containing catalysts by a lot. We also observed that Co
catalysts were good for OER, and the greater the amount of Co the better the
performance. Finally, it was shown that our catalyst platform with copper as
the metal source has promising results for HER. This shows how flexible this
catalyst system can be. It is my hope that the findings in this work can be
further utilized in the future. This catalyst platform has the opportunity to be
refined to achieve greater performance for both ORR and OER and HER. By
further tuning the coordination chemistry, as well as continuing to test other
transition metals and treatments, such as ammonia treatments, the values
reported here can be further improved. This catalyst platform can be of great
use for ORR, OER and other catalytic applications.
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Appendix 1

Poly(1,5-diaminonaphthalene) grafted
monolithic 3D hierarchical carbon as
highly capacitive and stable

supercapacitor electrodes
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Figure S1. Cu and Ni catalyst deposition at constant potentials of 0,04 V and -
0,56 V vs SCE respectively.

Figure S2 (a-b). SEM images of Ni-Cu catalysts on a-CC surface. Spherical
catalysts were obtained with electroplating and annealing in
Ar/H2 atmosphere at 650°C.

Figure S3. Amorphous carbon removal. SEM images (a) before and (b) after HNOS3 treatment.
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Figure S4. Electro-oxidative polymerization via cyclic voltammetry in acidic medium

Figure S5. SEM image comparison with different polymerization cycles in
acid. (a) SEM images with 50kX magnification of CC-a-CC and

1,5 PDAN on CNT-a-CC with (b) 5 cycles (c) 20 cycles (d) 80
cycles.
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Figure S6. SEM image comparison with different polymerization cycles in
acetonitrile (a) with 25kX magnification of CC-a-CC and 1,5
PDAN on CNT-a-CC with (b) 5 cycles (c) 20 cycles (d) 40 cycles.
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Figure S7 (a-b). FTIR analysis of 1,5 PDAN and distinctive peaks with their
possible assignments.
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Figure S8. Electrons consumed during polymerization in MeCN for each 1,5 DAN monomers.

6 | —— FDAN/ CNT-a-CC
4 —PDAN/a-CC
o [——PDAN/CC
5 of
E |
= 0o}
€ I
o
5 -2r
@] L
At

02 00 02 04 06
Potential vs SCE (V)

Figure S9. CV analysis of 1,5 PDAN (20 pulses) on various
substrates, CC, a-CC and CNT-a-CC at 2 mV/s.

Figure S10 (a-b). SEM images of 0.48 mg/cm?21,5 PDAN on a-CC
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Figure S11. Galvanostatic charge/discharge analysis at different current rates.
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Figure S12. Nyquist plot for 2.5 mg/cm? 1,56 PDAN grafted CNT-a-CC.
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Figure S13. CV profiles of 2-electrode asymmetric cell with 1,5 PDAN grafted on
CNT-a-CC as positive electrode and porous carbon as negative
electrode in 0.5 M H2S04.
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Figure S14. Stability test for (a) PANI and (b) 1,5 PDAN with subsequent CV
scans at 20 mV/s for 100 cycles on a-CC.
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Figure S16. SEM images of 0.27 mg/cm2 PDAN on a-CC before (a-b) and after stability test (c-
d).
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