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OPTIMIZATION OF TRANSITION-METAL INCLUSIVE CARBON
AEROGELS FOR ELECTROCHEMICAL ENERGY APPLICATIONS

An Abstract of the Thesis by
Allen Dalton Davis

The ever-growing need for energy alongside rising concerns for climate change
demands the development of renewable energy technologies. Hydrogen fuel cells are a
promising technology that can serve to either supplement energy generation or act as a lone
power source. Yet for these devices to be truly green, the hydrogen that serves as fuel must
be procured from a renewable resource. Electrolytic water splitting is a process that allows
for the dissociation of water into Hz and O». For this process to be practical, the electrolyzer
needs to demonstrate high efficiency and stability, as well as a low overhead cost. Towards
this end, transition-metal-based electrocatalysts demonstrate the desired properties.

In this study, transition-metal inclusive carbon aerogels (RF-CTm) were initially
synthesized by adding nickel acetate (RF-CNi), cobalt acetate (RF-CCo), or a 1:1 weight
ratio of both (RF-CCoNi) to a resorcinol-formaldehyde (RF) hydrogel synthesis. The
resulting hydrogels were then lyophilized to create their respective aerogels, followed by a
calcination process to carbonize them. After synthesis, the various samples were employed
towards electrode construction for use as bifunctional electrocatalysts. Furthermore, the
initial success of RF-CCoNi encouraged the creation of more samples, which modified the
wt.% of the 1:1 metal mixture added to the hydrogel synthesis.

Initial electrochemical testing demonstrated that the materials possessed a high
affinity for the oxygen evolution reaction, with RF-C, RF-CCo, RF-CNi, and RF-CCoNi

producing low overpotentials of 320, 360, 330, and 310 mV respectively. Additionally,



these materials processed the reaction at a high rate, with corresponding Tafel slopes being
79, 65, 65, and 47 mV/dec. Meanwhile, the material provided solid results for the hydrogen
evolution reaction, demonstrating overpotentials of 236, 207, 202, and 141 mV alongside
Tafel slopes of 203, 168, 142, and 131 mV/dec. Considering the promising results of RF-
CCoNi, further testing explored the adjustment of overall metal content added to the
aerogel. The resulting samples, delineated as RF-CCoNi 25%, RF-CCoNi 50%, RF-
CCoNi 75%, and RF-CCoNi 150% demonstrated oxygen evolution and hydrogen
evolution overpotentials of 310, 370, 360, 360, and 188, 134, 158, 340 mV each. The
results from these experiments advocate that RF-CCoNi aerogels possess desirable

properties as a bifunctional electrocatalyst for water electrolysis.

Vi
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CHAPTERI I

INTRODUCTION

1.1 The importance of energy

According to Nobel laureate Dr. Richard Smalley, energy is the largest issue
humanity will need to overcome in the near future [1]. This prediction, made around the
turn of the century, has thus far proven accurate. Energy and/or its storage is mentioned
daily in the news, with modern infrastructure being reliant on consistent energy generation.
Yet energy production is only a facet of the issue when sustainability and climate change
are considered. Growing awareness of the limitations inherent to fossil fuels has created a
massive drive towards renewable green energy solutions. These limitations include the
generation of greenhouse gas emissions, the overhanging threat of resource scarcity, and a
lack of diversity in petrochemical products. In terms of greenhouse gas emissions, fossil
fuels are responsible for the majority of CO> released into the atmosphere [2]. Other
common greenhouse gases that are involved with fossil fuel usage include nitrous oxides
(NO2), methane (CH4), and water vapor (H.O). These emissions variably lead to global
warming and/or ocean acidification, which in turn causes harm to the global ecosystem.
Meanwhile, the finite amounts of oil available on the earth means that the total supply will
eventually run out. Due to society’s massive reliance on petroleum, many of the most

easily available deposits have already been exploited. Subsequently, a large percentage of



the remaining deposits require vast amounts of time, manpower, and machinery to extract
from reserves deep in the earth. As the oil well drains, the energy required to extract drilled
oil outweighs its cost. Eventually, this fate will befall all known oil wells, leading to an
international shortage. While this problem may seem distant, recent conflicts have
demonstrated the need for sustainable energy access [3]. Finally, while gasoline, coal, and
natural gas are popular choices for energy generation, they are derived from a handful of
sources, often with harsh methods of extraction. This issue is most notable when economic
scarcity is considered. Given that most of America’s infrastructure is reliant on petroleum
or natural gas, a shortage of one or the other equates to higher energy prices. While these
problems plague the current energy infrastructure, many solutions are being implemented
and explored. One option is to reduce, then completely replace fossil fuels with renewable
energy sources. As opposed to petrochemical energy, renewable energy relies on naturally
occurring phenomena to transform different forms of energy into electricity. Examples of
these sources include solar, wind, hydroelectric, and geothermal power. Regardless of the
specific source, renewable energy offers sustainable alternative fuel sources that directly

counter many of the issues seen in fossil fuels.

1.2 Importance of energy storage

While renewable energy addresses the problems of sustainability, these resources
in turn face a few issues. First, renewable energy is environmentally dependent. To be
cost-effective, wind turbines and solar panels require areas with wide access to wind and
sunlight respectively. Just as well, hydroelectric and geothermal power require the

presence of specific geological features to even be considered for use. These issues



coincide with inconsistent energy generation, which is especially pertinent among solar
and wind. While petrol plants can adjust the amount of fuel burned in line with energy
demands, many green energy sources are at the mercy of nature. Meanwhile, regardless of
the power source used, more energy is generated than required to prevent blackouts,
leading to wastage. Thankfully, a simple solution to these problems is to invest in energy
storage. Supplemental energy storage is already standard practice in the modern energy
grid [4]. When demand is low, excess power is allocated to the energy storage medium of
choice. Then, when demand spikes, energy is extracted to supplement power needs. This
process allows for stability in an otherwise volatile industry. While there are many options
available for supplemental energy storage, hydrogen fuel cells are among the most
attractive. In general, fuel cells are energy-generating devices that converts chemical
energy into electric current. The attractiveness of hydrogen fuel cells is due to their high
efficiency, green byproducts, and negligible emissions. Like batteries, fuel cells rely on
electrochemical redox reactions to generate electricity. Unlike batteries, fuel cells require
a constant application of fresh reactants to fuel the reaction. In the case of hydrogen fuel
cells, these reactants are diatomic hydrogen and oxygen. While oxygen is abundantly
available, dihydrogen is a much more limited resource. Industrially, most H is generated
via steam methane reforming and coal gasification [5]. These are violent, high pressure
and high temperature, processes that transform their respective fuel sources into hydrogen,
carbon monoxide, and carbon dioxide. While this process is certainly effective, it faces the
same issues seen with other fossil fuels, making its use in sustainable energy questionable.
Further considerations for a cyclic hydrogen economy include hydrogen storage,

transportation, and of course, safety concerns. When compared to fuel like oil, gas, and



methane, hydrogen is somewhat difficult to store. This is due to hydrogen’s low volumetric
energy density and minute molecular size. To counter these limitations, many solutions
have been developed and explored. The most common solutions include gas compression,
hydrogen liquification and chemical storage. Gas compression is a simple solution to the
problem, that involves storing hydrogen gas within a high-pressure tank. These tanks can
either be completely hollow or filled with porous, high surface area materials to further
enhance storage capacity. Hollow tanks are inexpensive but suffer from low energy
density. Meanwhile, filled tanks can store more hydrogen per volume via the physisorption
effect, but are more expensive [6][7]. Hydrogen liquefaction has the highest energy density
per volume, making it a popular option for transportation. However, hydrogen only enters
its liquid state at -253 °C at standard pressure, thus it must be kept at extremely low
temperatures to be viable. Finally, hydrogen can be stored chemically, with metal hydrides
being an extremely popular option for this task [8]. Regrettably, the chemical storage of
hydrogen again faces the issues of limited storage capacity and complex equipment
requirements. In terms of safety, hydrogen is treated similarly to natural gas given their
high flammability, yet extra care must be taken with hydrogen given its propensity to leak
and near invisible flame [9]. Altogether, these many concerns and issues initially make
hydrogen seem counterproductive to energy storage. However, one final consideration
makes this chemical among the most widely researched options for energy conversion and

storage, water electrolysis.



1.3 Introduction to water electrolysis

Water electrolysis, also known as electrolytic water splitting, is the process of
electrically separating H2O into its constituent atoms. This reaction can occur when two
electrodes are submerged in an aqueous system, whereafter a voltage can be applied to
evolve hydrogen at the cathode and oxygen at the anode, as shown below in Figure 1.1.
Given that pure water is a poor conductor of electricity, an electrolyte is added to the
reaction mixture to enhance the reaction kinetics. This is especially noticeable when the
electrolyte is acidic or basic, as the pH of the system determines the half-reaction pathways
for water splitting. In an acidic system, water is oxidized at the anode, producing O and
a handful of protons, which are concurrently reduced into H; at the anode. In a basic
system, water is instead reduced into H2 and some hydroxide ions, with said ions oxidizing
into Oz and H20. Regardless of the path taken, the result involves splitting two molecules
of water to create two H» molecules and one O, molecule, demonstrated in the following

set of equations [5].
Acidic solution

(1) Cathode 4H* + 4e~ - 2H,

(2) Anode 2H,0 > 4H* + 4e™ + 0,

In neutral or basic solution

(1) Cathode 4H,0 + 4e~ - 2H, +40H~
(2) Anode 40H~ - 2H,0 +4e™ + 0,
Complete reaction 2H,0 - 2H, + 0,



While the total process sounds simple on paper, there are many parameters that
affect the efficiency of the reaction. Natively, the electrolysis reaction requires a minimum
potential difference of 1.23 V at STP [5]. However, due to thermodynamic limitations, the
true voltage required is often a fair bit higher. The difference between these two values is
the system’s overpotential. The efficiency lost due to overpotential can be attributed to
many different causes. These limitations range from the activation energy required to
jumpstart the reaction to the formation of bubbles that stick to the electrode and limit active
site availability. While solutions to correct many of these issues are limited, one prominent

solution is to develop effective electrocatalysts.

Cathode Anode

Figure 1.1- Graphic demonstrating a simplified electrolyzer setup.



1.4 Importance of efficient electrocatalysts

Large volumes of research have gone into designing electrocatalysts that efficiently
evolve both O, and H,. As of now, the most effective materials observed for reducing
overpotential are noble metals and their derivatives. Platinum (HER), iridium oxide
(OER), and ruthenium oxide (OER) provide the lowest overpotentials seen for the overall
reaction [10]. However, these materials suffer from cost efficiency due to their high cost
and low corrosion stability. With this fact in mind, noble metal substitutes have been
explored to lower the overhead cost and increase stability. These materials range from
various metal sulfides, phosphides, oxides, and hydroxides, to more advanced materials
such as metal-organic frameworks, conducting polymers, and graphene-based materials.
Each of these materials seeks to improve electrocatalytic properties in their own ways.
Metal sulfides, for example, adopt different morphological configurations depending on
the set of base metals used. Layered metal sulfides can be readily made into nanosheets,
exhibiting enhanced properties at the edges. Meanwhile, non-layered metal sulfides
provide a distinct crystalline morphology and exhibit major property differences based on
the specific element used [11]. For this study, transition-metal nanoparticles were selected
as the electrocatalytically active material, with a resorcinol-based carbon aerogel acting as
a substrate to improve electrochemical activity. The rationale for selecting these materials

is further explored in Chapter II.



1.5 Research objectives

Transition-metal-based electrocatalysts are among the most promising options for
water electrolysis. This is due to their high conductivities, available active sites, good
chemical stability, and versatile morphologies. Nevertheless, transition metals require
extensive modifications to achieve optimal properties for electrocatalysis. Considering
this, the purpose of this study was to improve the properties of such materials via their
inclusion within the synthesis of carbon aerogels. This was achieved by adding transition-
metal acetates to a resorcinol-formaldehyde (RF) hydrogel synthesis. The resulting
products were then subjected to further treatment to create transition-metal inclusive
carbon aerogels. Portions of the developed carbon aerogels were made into electrodes for
electrochemical testing, while the remainder of the samples were preserved for structural

analysis.



CHAPTER II

EXPERIMENTAL DETAILS

2.1 Materials

Nickel (II) acetate {Ni(CH3CO2).} tetrahydrate, cobalt (II) acetate {Co(CH3COx)}
tetrahydrate, resorcinol, sodium carbonate, and 37 wt.% formaldehyde were purchased
from Fisher Scientific, USA. Meanwhile, polyvinylidene fluoride (PVDF), N-methyl-2-
pyrrolidone (NMP), carbon black, and KOH pellets were purchased from MTI

Corporation, USA.

2.1.1 Transition-Metals

Transition metals and their derivatives have grown into increasingly popular
options as a material for electrocatalyst application. As opposed to noble metals, transition
metals are widely abundant and of low cost. As such, while their electrochemical
properties are generally lesser, their ease of attainment makes them much more cost-
effective. It should be stated that only a limited selection of these metals is amenable to
these applications. The limitations associated with some transition metals include toxicity,
low electrocatalytic activity, high scarcity, and poor stability. Thankfully, a majority of

first row transition metals provide beneficial properties for this use, with Mn, Fe, Co, Ni,



and Cu being particularly popular. These materials often demonstrate beneficial properties,
such as high stability, available active sites, and lower cost. Multiple studies have
demonstrated the efficacy of transition-metal-based materials in electrochemical
applications. Furthermore, additional studies have shown the benefits of using multi-
metallic compounds for electrochemistry. For example, Kim et al. synthesized nickel
oxide and iron-nickel oxide nanoparticles that demonstrated promising results towards
oxygen evolution [12]. These particles were created through hydrothermal synthesis,
wherein their morphology was modified by adjusting the synthesis route. In testing, the
nickel oxide nanoparticles with both hexagonal and toroid morphology demonstrated
overpotentials of 420 mV, while the octahedral nanoparticles provided an overpotential of
450 mV. Meanwhile, the inclusion of iron oxide lowered the overpotentials for all the
samples. The hexagonal, toroid, and octahedral iron-nickel oxide nanoparticles had
overpotentials of 380 mV, 370 mV, and 380 mV at 10 mA/cm? each. This study
demonstrates the importance of both nanoparticle size and shape for electrochemical

applications, as well as the benefits of using bimetallic compounds.

2.1.2 Carbon Aerogels

Aerogels are a unique class of material that demonstrates high porosity, low
density, and extremely low weight. Due to the notable porosity of aerogels, they have a
high surface area to match. This fact makes certain varieties of aerogels extremely
promising for electrochemical applications. This is because one of the great limitations
observed in electrocatalyst application is the available surface area for reactions. Carbon

and graphene aerogels are among the most popular options for use in both water splitting

10



and supercapacitors. Carbon aerogels are unique amongst other types of aerogels because
they cannot be directly synthesized. To create a carbon aerogel, a precursor aerogel must
first be obtained. These precursor aerogels can be made from a variety of either polymer
or bio-based aerogels. Popular options for polymer aerogel precursors include RF aerogels,
crosslinked polyimides, and many others [13][14][15][16]. Meanwhile, bio-based aerogels
can be made from cellulose, chitosan, and bacteria-derived materials [17][18][19][20].
Graphene aerogels are within the family of carbon aerogels, their notable differences are
general increases in the desired properties, albeit at an inflated cost. Graphene aerogels, as
their name suggests, are composed entirely of graphene. These aerogels are predominantly
made from reduced graphene oxide aerogels, which in turn are created via the hydrothermal
synthesis method, followed by calcination [21]. Graphene demonstrates a plethora of
properties that translate into their application towards aerogels. These properties include
high conductivity, massive surface area, and improved mechanical properties [22]. Despite
these advantageous properties, producing graphene is a harsh and expensive undertaking,
limiting its general applicability. As such, non-graphene carbon aerogels demonstrate
promise as a more cost-effective option. RF aerogels are an extremely popular option for
carbon aerogel synthesis due to the low cost of its constituents and facile reaction method.
In literature, RF-carbon aerogels have shown potential for wearable sensors,
supercapacitors, metal-air batteries, and in this study water splitting applications
[23][14][24]. An example of the RF aerogel synthesized in this report, and its subsequent

carbon aerogel, can be seen in Figure 2.1.
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Figure 2.1- RF aerogel held up by static, and subsequent RF-C with cross section.

2.2 Synthesis of metal inclusive carbon aerogels.

2.2.1 Synthesis of RF-C, RF-CCo, and RF-CNi, & RF-CCoNi

The general synthesis scheme for the carbon aerogels occurred over three distinct
steps, hydrogel synthesis, lyophilization, and calcination. For the initial hydrogel
synthesis, resorcinol (1.00 g) was dissolved in H2O (47 mL). After total dissolution, 37
wt.% formaldehyde solution (1.8 mL) and Na2COs catalyst solution (2.4 mL) were added,
then the solution was covered and left to stir for 24 h. For RF-CCo, RF-CNi, and
RF-CCoNIi, 249 mg of their respective metal acetates (124.5 mg of each metal acetate for
RF-CCoNi) were then added. After stirring was complete, the samples were evenly divided

into two centrifuge tubes per sample and allowed to cure in an oven at 80 °C for 48 h. The

12



resulting hydrogels were then allowed to cool to room temperature, then frozen for 24 hours
in a-20 °C freezer. The frozen samples were then lyophilized in a FreeZone 2.5 L freeze
dryer at -80 °C for 72 h. The RF aerogels were finally subjected to calcination under a
nitrogen atmosphere in an OTF-1200X tube furnace at 800 °C for 2 hr with a heating rate

of 5 °C/min. The final products were then set aside for characterization and testing.

2.2.2 Synthesis of various RF-CCoNis

After testing the initial samples, further investigation of RF-CCoNi was warranted.
As such, multiple samples were synthesized that varied the overall metal concentration.
These samples were labeled based on their metal wt.% difference from the original RF-
CCoNi sample, shown below in Table 2.1. These materials were made using the same
methods as prior and were also treated for characterization and testing. Examples of RF-

CCoNi 10%-40% post lyophilization are shown below in Figure 2.2.
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Table 2.1- Formulations for different aerogel syntheses.

Sample 1D Resorcinol | Formaldehyde ga“t’;;; {Co(CH;COx):} | {Ni(CH3CO2)2}

9 (mi) (ml) (mg) (mg)

RF-C 1.00 1.8 2.4 0 0

RF-CCo 1.00 1.8 2.4 249 0
RF-CNi 1.00 1.8 2.4 0 249
RF-CCoNi 1.00 1.8 2.4 124.5 124.5
RF-CCoNi 25% 1.00 1.8 2.4 31.13 31.13
RF-CCoNi 50% 1.00 1.8 2.4 62.25 62.25
RF-CCoNi 75% 1.00 1.8 2.4 93.38 93.38
RF-CCoNi 150% 1.00 1.8 2.4 186.75 186.75
RF-CCoNi 10% 1.00 1.8 2.4 12.45 12.45
RF-CCoNi 20% 1.00 1.8 2.4 24.9 24.9
RF-CCoNi 30% 1.00 1.8 2.4 37.35 37.35
RF-CCoNi 40% 1.00 1.8 2.4 49.8 49.8

Figure 2.2- RF-CCoNi 10%-40%.
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2.3 Structural characterization
Morphological and chemical analysis of the metal inclusive carbon aerogels were
collected via X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-

dispersive X-ray analysis (EDS).

2.3.1 XRD

XRD is an analytical technique that is used to observe the different crystalline
domains present in a specific material. The XRD apparatus itself is composed of three
separate parts, the X-ray tube, sample platform, and X-ray detector. During operation, the
X-ray tube shines on the sample while rotating around the platform. Meanwhile, the X-
rays scattered from the sample are observed by the detector, which measures the change in
intensity of the reflected X-rays at different angles. The data collected from this process
was analyzed via Bragg’s law (nA =2dsin6), where d is the inter-layer spacing, 0 is the
diffraction angle, n is the diffraction order, and A is the wavelength of the X-rays. The
XRD data for all the samples was produced and collected using a Shimadzu X-ray

diffractometer (XRD, CuKal A =1.5406 A), shown in Figure 2.3.
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Figure 2.3- Shimadzu X-Ray Diffractometer.

2.3.2 SEM & EDS

SEM, as opposed to optical microscopy, allows for the observation of a material’s
surface morphology at the microscopic level. In this process, a focused beam of electrons
acts to scan the sample. These electrons impact the sample, and then scatter to reveal
information about the sample’s constitution [25]. The information that can be derived from
this process heavily depends on how the electrons scatter. Inelastically scattered electrons,
known as secondary electrons, reflect to show the surface structure. Meanwhile, elastically
scattered electrons, known as backscattered electrons, reflect from the inside of the sample
and can be used to observe elemental details. Furthermore, deeply penetrative electrons
result in X-ray radiation, which in turn provides identifying details about elemental type
and distribution. EDS takes advantage of these unique X-ray signatures, generating a

unique emission spectrum that can be used to approximate atomic weight distributions.
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SEM and EDS data were collected using a SU5000 FE-SEM microscope, shown in Figure

2.4.

Figure 2.4- SU5000 FE-SEM microscope.

2.4 Electrochemical Characterization

The electrochemical properties of the various carbon aerogels were studied with the
use of a PARSTAT MC electrochemical workstation (Princeton Applied Research, USA).
These tests were carried out using a three-electrode system that consisted of a working
electrode (the sample), a counter electrode (platinum wire coil), and a reference electrode
(saturated calomel electrode). Additionally, an electrolyzer test was performed on a two-
electrode system. The electrochemical testing setup, three-electrode system, and two-
electrode system are visible in Figure 2.5. To prepare the samples for testing, the material
(16 mg) was added to a mortar with PVDF binder (2 mg) and carbon black (2 mg). NMP

(15 drops) was then added to the mixture, which was subsequently ground for 30 min each
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to create an electrocatalytic ink. The resulting ink was applied to 5 precleaned nickel foam
pieces, which were then dried in a vacuum oven at 60 °C for 48 hr. Electrochemical testing
for the electrodes consisted of linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), and chronoamperometry (CA). Each of these

measurements was performed in 1 M KOH electrolyte.

Figure 2.5- Electrochemical testing setup, alongside
both three and two-electrode system.
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CHAPTER I

RESULTS AND DISCUSSION

3.1. Structural characterization

3.1.1. XRD

XRD measurements of all samples were carried out within an angle range of 26 =
15° to 80°. Figure 3.1 shows the XRD spectra of RF-CCo, RF-CNi, and RF-CCoNi
respectively. Each of the samples demonstrated peaks at 44.5° and 52°, which correspond
to the (111) and (200) planes, respectively. Meanwhile, small peaks at 76.5° were observed
in RF-CCoNi and RF-CNi. This peak corresponds to the (220) plane, and while a similar
peak was expected in RF-CCo, it was likely lost in the noise due to RF-CCo’s lower
crystallinity. These three peaks are strongly indicative of both pure metallic cobalt and
nickel, demonstrating that their metallic nature was preserved. Additionally, both results
match with their respective JCPDS files, being No. 03-1051 for nickel and No. 15-0806
for cobalt respectively [26][27]. The broad peak at 26° indicates the formation of graphitic
carbon, which was attributed to the metallic cobalt. This is due to the previously observed
phenomenon of metallic cobalt acting as a graphitization catalyst for amorphous carbon at
high heat [28]. Figure 3.2 shows the XRD spectra of RF-CCoNi 25%-150%. Each of

these spectra demonstrates the expected peak values, with the changes in peak intensity
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corresponding to the changes in metal concentration. Finally, Figure 3.3 provides the
XRD spectra for RF-CCoNi 10%-40%, also demonstrating the expected changes in peak
intensity.  Altogether, these results establish that the peak intensity of the various
RF-CCoNi samples correlate to the change in total metal concentration. Furthermore, the
minimal number of peaks observed shows that the metals in these samples are in their base
metallic form, as these material’s oxides and hydroxides would coincide with the
observation of many additional peaks. Finally, the observation of the Ni and Co (111)
plane was important in the scope of electrochemistry, as it has been observed as an

important active site for water splitting [29][30][31].

——CCoNi
——CNi

CCo

Intensity (a.u.)

15 25 35 45 55 65 75
20 (deg.)

Figure 3.1- XRD spectra of RF-CCo, RF-CNi, and RF-CCoNi.
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Figure 3.2- XRD spectra of RF-CCoNi 25%-150%.

40%
—30%
—20%

—10%

Intensity (a.u.)

15 25 35 45 55 65 75
20 (deg.)

Figure 3.3- XRD spectra of RF-CCoNi 10%-40%.
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3.1.2. SEM & EDS

SEM testing was performed on all samples to observe their microstructure,
alongside EDS to measure elemental distribution. As shown in Figure 3.3, the addition of
metal acetate to the RF-gel synthesis had a major effect on this final material’s structure.
RF-C possessed a plate-like structure reminiscent of graphene. This arrangement was to
be expected, matching similar examples in literature. RF-CCo, meanwhile, produced
notable agglomerations that ranged from 1-10 um in diameter. RF-CCo and RF-CCoNi
yielded similar patterns to each other, consisting of smaller, finely distributed
nanoparticulate nodules. EDS analysis of these materials demonstrated an even
distribution of carbon, oxygen, and the respective metals in each of the samples, with
Figure 3.4, elucidating the individual element distributions for RF-CCoNi. In addition to
identifying the elemental characteristics of the samples, EDS allows for the estimation of
individual elemental wt.% of the bulk material. For RF-C, the material was shown to be
90.4% carbon by mass, with oxygen accounting for the remaining 9.6%. RF-CCo
meanwhile had carbon, oxygen, and cobalt providing wt.% of 91.9%, 5.3% and 2.8%
respectively. RF-CNIi, provided wt.% of 90.5% carbon, 2.1% oxygen, and 7.4% nickel.
Finally, RF-CCoNi had carbon maintaining 91% of its weight, oxygen being 2.4% of its
weight, and both metals composing 3% of its weight each to a total of 6%. These results
reveal that each of the samples were ~90% carbon by weight. Furthermore, the metal
content varied between samples, but totals were observed to be similar between RF-CNi
and RF-CCoNi. which was reflective of the morphological results observed in the SEM

results. In total, it seemed that nickel and the CoNi mixture were better incorporated with
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the aerogel synthesis, while cobalt by itself tended to agglomerate, with much of the
unincorporated metal being lost between synthesis steps.

Figure 3.5 provides the SEM and EDS observations for RF-CCoNi 25%-150%.
Herein it was observed that RF-CCoNi-25% retained most of the original acrogel’s
microstructure, with a distinct fuzziness provided by the growing metal nanoparticles.
Opposingly, RF-CCoNi 50%,75%, and 150% recalled similar structures to RF-CCoNi,
with the nodule size increasing commensurate with the metal content. EDS analysis again
demonstrated that each of the constituent elements were well dispersed throughout the
various samples. Weight % mapping of RF-CCoNi 25%-150% demonstrated mostly
expected results. For RF-CCoNi 25% the C, O, Ni, and Co content was 94.7%, 3.4%,
0.9%, and 0.9% respectively. Notably, a trace amount of sulfur was detected in this sample,
likely arising from trace sulfur compounds within the tube furnace during calcination, as it
was absent from the other samples in this cohort. The remaining samples further fell in
line with expected values and ratios, with the Co/Ni metal contents of RF-CCoNi 50%,
75%, and 150% being 1.8%/1.8%, 2.6%/2.8%, and 4.9%/4.7% each. These values align
with the amount of metal added during synthesis, producing a linear relationship when
compared.

Finally, Figure 3.6 discerns the SEM and EDS observations for RF-CCoNi 10%-
40%. RF-CCoNi 10% appears similar to RF-C, albeit slightly fuzzy. RF-CCoNi 20%
maintained much of the original structure as well, with definite plates still clearly visible.
RF-CCoNi 30% and RF-CCoNi 40% thereafter seemed to return the nodular trend

established prior. EDS analysis of these samples again demonstrated an equal dispersity

23



of the expected metals in all the materials. For RF-CCoNi 10%-40%, the weight ratios
were observed to be 0.4%/0.3%, 0.8%/0.8%, 0.9%/0.9%, and 1.2%/1.2% each.

These results establish a noticeable trend in nanocluster size that correlates with the
amount of metal added. As the wt.% of metal increased, the size and definition of the
nanoclusters did as well. Likely of greater importance is that as observed via EDS, the
metals were well distributed throughout the samples. Furthermore, these metals were also
approximated to be equal in wt.%, providing the desired 50/50 ratio for this experiment.
These results, in conjunction with the XRD results and physical observations of the
material, confirmed that the RF-CCoNi materials successfully integrated the metals into

the carbon aerogel framework.
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Figure 3.4- SEM & EDS images of RF-C, RF-CCo, RF-CCoNi, and RF-CCoNi.
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Figure 3.5- Individual elemental maps derived from EDS of RF-CCoNi.
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Figure 3.6- SEM & EDS images of RF-CCoNi 25%-150%.
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Figure 3.7- SEM & EDS images of RF-CCoNi 10%-40%.
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3.2. Electrochemical measurements

3.2.1. Electrocatalytic performance for water splitting

LSV was performed to observe the OER activity of the developed electrodes. The
resulting OER polarization curves were measured at a scan rate of 2 mV/s for each sample.
Figure 3.6 demonstrates the polarization curves of RF-C, RF-CCo, RF-CNi, RF-CCoNI,
and RF-CCoNi 10%-150%. The observed overpotentials for RF-C, RF-CCo, RF-CNi, and
RF-CCoNi were 320, 360, 330, and 310 mV respectively at 10 mA/cm?. With RF-CCoNi
demonstrating the most promising properties, further tests were performed to define the
optimal ratio of metal to gel. As such, testing of RF-CCoNi 25%, RF-CCoNi 50%,
RF-CCoNi 75%, and RF-CCoNi 150% demonstrated overpotentials of 310, 370, 360 and
360 mV, respectively at 10 mA/cm?  With RF-CCoNi 25% providing comparable
properties to RF-CCoNi, one final set of electrodes was tested. In this test, RF-CCoNi
10%, RF-CCoNi 20%, RF-CCoNi 30%, and RF-CCoNi 40% established overpotentials of
370, 320, 340, and 380 mV at 10 mA/cm?. These results, alongside the upcoming Tafel
slope values, verify that RF-CCoNi 25% exhibited the preferred balance of optimal OER
activity and low metal content.

Tafel slopes for each of the electrodes were derived from the OER curves via the
Tafel equation,n = a + blogj. Inthisequation, n represents the overpotential, b the Tafel
slope, and j the current density, with a being a constant. The OER Tafel slope values for
each of the samples are shown in Figure 3.7. For RF-C, RF-CCo, RF-CNi, and RF-CCoNi,
Tafel slope values were 79, 65, 65, and 47 mV/dec respectively. Furthermore, the Tafel

slopes for RF-CCoNi 25%, RF-CCoNi 50%, RF-CCoNi 75%, and RF-CCoNi 150%, were
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48, 56, 49, and 60 mV/dec respectively. Lastly, RF-CCoNi 10%, RF-CCoNi 20%,
RF-CCoNi 30%, and RF-CCoNi 40% provided Tafel values of 59, 71, 53, and 55 mV/dec.

Figure 3.8 demonstrates the HER polarization curves for all the samples. LSV at
a scan rate of 2 mV/s was performed to gather HER overpotential measurements. The HER
overpotentials for RF-C, RF-CCo, RF-CNi, and RF-CCoNi were 236, 207, 202, and 141
mV at 10mA/g respectively. Again, With RF-CCoNi demonstrating the lowest
overpotential, further testing was required. Thus, the HER overpotentials for RF-CCoNi
10%-150% were 204, 250, 188, 188, 149, 134, 158, and 140 mV respectively at 10 mA/g.
These results, alongside the Tafel results, demonstrate that RF-CCoNi 50% provided
optimal HER properties.

Tafel analysis obtained from the HER polarization curves showed slopes of 203,
168, 142, and 131 mV/dec for RF-C, RF-CCo, RF-CNi, and RF-CCoNi respectively.
Further analysis of the slopes for RF-CCoNi 25%-150% provided values of 168, 147, 161,
and 145 mV/dec each. Finally, RF-CCoNi 10%-40% showed Tafel values of 188, 157,
188, and 150 mV/dec. These results, alongside the HER curve results, demonstrate that
RF-CCoNi 50% provided optimal HER properties.

EIS is a powerful and complex analytical tool that can yield vast amounts of
information regarding electrode kinetics and interfacial properties. For this study, the
properties of interest were the charge transfer resistance and electrolyte resistance. To
collect this information, Nyquist plots were generated from 0.05 Hz to 10 kHz range at 0.6
V vs RHE at an AC amplitude of 10 mV for all samples, as seen in Figure 3.11. The
resulting semicircular curves provide information about the electrolyte resistance, charge

transfer resistance, and interfacial capacitance. These factors are hereafter represented as
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Rs for electrode resistance, and Rt for charge transfer resistance [32]. The charge transfer
resistance can be derived from the diameter of the semicircle, with smaller diameters
equating to lower charge transfer resistance. Meanwhile, the electrode resistance values
are collected from the start point of the semicircle from zero. Rs was observed at ~3 Q for
RF-C, ~3.5 Q for RF-CCo, ~1 Q for RF-CNi, and ~2.5 Q for RF-CCoNi. Rt for these
same samples were 6.2 Q, 9.1 Q, 2.3 Q, and 3.1 Q respectively. The extra hump observed
in RF-C and those with a metal content below 40% is due to added electrolyte resistance
at the electrode interface, arising from the hydrophobicity native to high carbon content
[33]. In this regard, RF-CNi demonstrated the lowest total resistance, with RF-CCoNi
being close behind. Rs and R¢t for RF-CCoNi 25%-150% were ~2.25 Q 2.4 Q, ~3 Q 3.4
Q,~5.750Q3.3Q,and ~2.5 Q 1.3 Q each. Finally, RF-CCoNi 10%, 20%, and 30% had Rs
values at ~2 Q, with RF-CCoNi 40% having a lower Rs value of ~1.25 Q. These values
corresponded with Ret values of 1.5 Q, 1.2 Q, 1.4 Q, and 1.4 Q respectively. Overall, Ret
and Rs trended downwards in correspondence with metal content, barring the unmodified
RF-C.

Stability is amongst the most important factors that can be measured for
electrocatalyst application. This is because electrocatalysts with a relatively short cycle
life are both economically inviable and wasteful. To observe the stability of the samples,
two tests were performed. The first set of tests compared the LSV polarization curves for
both OER and HER after 1 and 1000 cycles. As demonstrated in Figure 3.13 and Figure
3.14, each of the tested electrodes provided little change between the cycles, suggesting
good stability. The second set of tests determined the long-term stability of the electrodes.

This test, known as CA, plots the change in current density over time at a set voltage (0.6
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V vs RHE). In testing, many of the samples demonstrated only a slight loss in current
density after 24 hours of testing. Additionally, stepwise changes observed in testing were
due to the release of accumulated gas bubbles on the surface. These results suggest that
the prepared electrodes had a relatively high stability during continuous use.

With these results in hand, the OER and HER properties were compared with other
examples as seen in recent literature. As seen below, in Table 3.1 RF-CCoNi 25% was
compared to multiple bifunctional electrocatalysts, as well as a few monofunctional
catalysts. In these comparisons, RF-CCoNi 25% was often superior in at least one field.
For example, this material demonstrated enhanced properties when compared to porous 3D
materials like carbon foam and other carbon aerogels. Meanwhile, this material
demonstrated comparable reaction rates when compared to graphene-based materials,
albeit with a higher comparable overpotential. It should be noted however that despite the
loss in comparative overpotential, RF-CCoNi 25% had a much lower material cost
alongside a less harsh synthesis method. In terms of HER properties, Table 3.2, compares
RF-CCoNi 25% and RF-CCoNi 50% to many of the same bifunctional electrocatalysts of
the former, as well as some dedicated HER electrocatalysts. In this application, both
materials demonstrated fair properties, with RF-CCoNi 50% providing enhanced
electrocatalytic properties. Again, RF-CCoNi 50% was only heavily outpaced by advanced

materials containing graphene or noble metals.
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Table 3.1- Comparison of OER activity vs other studies.

OER Tafel
Sample ID Type Electrolyte Overpotential Slope Reference
(MV@10mA/cm?) | (mV/dec)
. Carbon [This
- 0,
RF-CCoNi 25% Aerogel 1M KOH 310 48 Work]
CoNiP/CoNi- Graphene/
G/CMF Carbon Foam 1 MKOH 341 58 [34]
NizS— Carbon
Co0ySs/NCASs Aerogel LWLl £l & [35]
Cobalt Oxide
CoO,/CNy Nanosheet 1M KOH 310 60.7 [36]
CuFeS2 on
SlIFEEE graphene 1 M KOH 176 216 [37]
rGO :
oxide
N- CoP on
VGSs@CB/CoP graphene 1 M KOH 256 61 [38]
CoMo
Co1Mo1NigsPi ternary 1M KOH 272 84.71 [33]
phosphate
ZnCo-C
Zg‘:'g]%ﬁﬁ' PANI 1 M KOH 338 42 [39]
Nanofibers
Co-T-BPY Co3S4 4 M KoH 285 109 [40]
Nanoparticles
HfCoSonr
HfCoS/rGO graphene 1 M KOH 210 46 [41]
oxide
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Table 3.2- Comparison of HER activity vs other studies.

HER Tafel
Type Electrolyte Overpotential Slope | Reference
SEMRE L (MV@10mA/cm?) | (mV/dec)
RF-CCoNi 25% | Carbon Aerogel 1M KOH 188 168 [iare
Work]
RF-CCONi 50% | Carbon Aerogel 1 M KOH 134 147 v[\mﬁ]
CoNiP/CoNi- Graphene/
G/ICMF Carbon Foam LWLl 2% £ [34]
CoO,/CN, | CopaltOxide ;1o 365 168.6 [36]
Nanosheet
CuFeS;@ CuFeS2 on
rGO graphene oxide &G — Ll [37]
N- CoP on
VGSs@CB/CoP graphene 1 M KOH 114 86 [38]
L. CoMo ternary
C0;Mo:NiosPi B 1 M KOH 96 145.32 [33]
ZnCo-C
Z;‘Eﬁ'l%ﬁﬁ' PANI 1 M KOH 338 42 [39]
Nanofibers
Hfcosirgo | HfCoSonr oy \kon 164 49 [41]
graphene oxide
MoS2/CoS2
MoS2/CoS2 Heterointerface 1 M KOH 67 70 [42]
Hcp RuNi AU 1 M KOH 37 20 [43]
P Nanoplates
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Figure 3.8- OER polarization curves of all electrodes.
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Figure 3.10- HER polarization curves of all electrodes.
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3.2.2. Electrocatalytic properties for electrolyzer

Given the promising results of the independent HER/OER trials, a two-electrode
mock electrolyzer experiment was conducted. This trial provides information for the
electrocatalysts under applicatory conditions. For this portion of the experiment,
RF-CCoNi 25% and RF-CCoNi 50% were selected for their selectivity for OER and HER
respectively. Much like the three electrode trials, this experiment used 1 M KOH as the
electrolyte, with LSV and CA being used to characterize the sample. Figure 3.17 provides
the cell potential data and stability of the as-constructed electrolyzer. In this, the onset cell
potential of the reaction was observed to be 1.60 V at the benchmark current density of 10
mA/cm?. Furthermore, the cell demonstrated good stability, with a drop of 1 mA/cm? after
24 hr of operation. Furthermore, almost no change was detected in LSV 1 vs 1k, again
demonstrating the material’s high stability. As seen in Table 3.3, this electrolyzer
possessed comparable electrical potentials to other examples at 10 mA/cm?.  As such,
RF-CCoNi 25%/50% is a competitive option as an electrolyzer when compared to other

studies.
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Table 3.3- Comparison of electrolyzer results vs other studies.

Sample ID

Type

Electrolyte

Potential
(V@10mA/cm?)

Reference

RF-CCoNi 25%/50%

Carbon
Aerogel

1M KOH

1.60

[This
Work]

N-VGSs@CB/CoP

Cobalt
Phosphide
Nanoparticles

1 M KOH

1.60

[38]

Ni/MoC/TisC.Tx@C

Carbon-
Encapsulated
Multimetallic

Hybrid

1M KOH

1.64

[44]

MoS2/NiS>

Multimetallic
Sulfide

1 M KOH

151

[45]

V2CTx/Ag-NPs

Ag
Nanoparticle-
Decorated
MXene

1M KOH

47

1.60

[46]
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CHAPTER IV

CONCLUSION

4.1 Conclusion

In this study, a metal-inclusive carbon aerogel was designed and optimized for low
cost and high electrocatalytic activity. These materials were derived from the same RF
aerogel synthesis, with their ratio of cobalt and nickel optimized for overall water splitting.
Of all the samples developed, RF-CCoNi 25% demonstrated the most optimal properties.
First and foremost, it maintained a majority of the aerogel superstructure, which was often
lost past RF-CCoNi 30%. Furthermore, RF-CCoNi 25% demonstrated similar
electrochemical properties to RF-CCoNi, indicating the benefits of maintaining this
structure, even with the reduced metal content. In terms of actual electrocatalytic activity,
RF-CCoNi demonstrated superior OER performance, with a low overpotential of 310 mV
alongside a Tafel slope of 45 mV/dec. Meanwhile, RF-CCoNi 25% demonstrated a HER
overpotential of 188 mV with a Tafel slope of 168 mV/dec. However, it should be noted
that, unlike the OER overpotential, HER overpotential tended to be lower with an increase
in metal content, with RF-CCoNi 50% demonstrating an overpotential of 134 mV, likely
due to emergent crystallite formation. EIS analysis demonstrated that charge transfer
resistance generally decreased alongside metal content, again showing the benefits of

maintaining the aerogel structure alongside metal inclusion. Finally, all the samples
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demonstrated solid stability, with RF-CCoNi 25% maintaining most of its current density
after 24 hours of CA. With these results in hand, further testing of the material in a two-
electrode electrolyzer system was performed. This electrolyzer, made from RF-CCoNi
25% and RF-CCoNi 50%, demonstrated a low onset potential of 1.6 V at 10 mA/cm?, with

decent stability after 24 hr.

4.2 Future Work

Thanks to the nature of electrochemical experimentation, this work is open to many
avenues of further experimentation. First and foremost, the amount of added metal could
be further narrowed down to further discern the most optimal amount of metal acetate to
add. Furthermore, the mass ratio of metal to cobalt could be altered. While the current
ratio is 1:1, it could easily be adjusted to be 2:1 or 1:2, likely affecting electrochemical
properties. Another option could be to add other metals to RF aerogel synthesis, with iron
and copper being particularly notable due to their desirable electrochemical properties.
One interesting option could be to change the gel, with bio-based gels such as cellulose or
chitosan being particularly promising. Beyond modifying the initial material, further
research could apply RF-CCoNi to different electrochemical reactions. Urea oxidation is
an attractive application that could allow for water splitting at a lower energy potential in
dirty water, albeit with CO; as a byproduct. Another option could be to apply this material
as a methanol oxidation catalyst, allowing it to be used in a direct methanol fuel cell.
Considering the above, RF-CCoNi and its potential derivatives provide many avenues for

further work and research.
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Appendix B- EDS spectra of RF-CCoNi 25%-150%
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Appendix C- EDS spectra of RF-CCoNi 10%-40%
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