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ABSTRACT

Clean and efficient energy technologies are in high demand to resolve the
issues related to limited fossil fuels and the climate crisis. Recently, electrochemical
conversion devices, such as fuel cells and electrolyzers, demonstrate a viable option
for a sustainable energy system. Electrolyzers can generate green hydrogen through
water electrolysis, which can then be used in fuel cells to directly convert chem-
ical energy to electricity. However, there are still technical barriers that need to
be addressed before reaching full commercialization in these emerging technologies.
For fuel cells, especially in heavy-duty vehicle applications, durability is a critical
concern to be competitive with internal combustion engines. One of the key degrada-
tion losses in fuel cells comes from the catalyst layer made of platinum nanoparticles
dispersed on carbon support (Pt/C). Here, a fundamental study was conducted to
investigate the degradation mechanism of Pt/C using accelerated durability testing
protocols in acidic and alkaline media. It was found that the generation of car-
boxyl functional groups due to carbon corrosion in acid poisons the Pt active sites
during oxygen reduction reaction (ORR). In alkaline, carbon dissolution happens
that triggers the formation of large Pt agglomerates. For electrolyzers, hydrogen
generation relies on an expensive and scarce iridium metal as a catalyst for the
oxygen evolution reaction (OER). To lower the cost of this device, alternative ma-
terials are developed to reduce the iridium (Ir) loading. We proposed to enhance Ir
utilization by alloying with cobalt (Co), being a less expensive and more available
metal. Surfactant-assisted Adam’s fusion synthesis technique was developed as a
scalable method to produce IrCo catalysts. The synthesized material outperforms
commercial Ir baseline catalysts, in both acidic and alkaline media. In addition, the
effects of the Ir/Co molar ratio, the use of surfactant, and acid etching were investi-
gated to enhance OER performance. In this dissertation, the catalytic performance
and degradation mechanisms of precious metals for ORR and OER in both acid
and alkaline media were successfully studied using half-cell electrochemical set-up
and physicochemical characterization tools. The new findings provide insights into
developing more efficient and durable fuel cells and electrolyzers to promote energy
sustainability toward a decarbonized society.
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Chapter 1

INTRODUCTION

1.1 The Climate Crisis and the Role of Hydrogen

1.1.1 Climate Change

The beginning of the industrial revolution in the mid-18th century propelled
our society to advance –– from steam engines powering trains, ships, and industrial
types of machinery. The new source of energy at that time was burning coal, natural
gas, and coal. This is followed by the invention of the internal combustion engine
which changed the transportation sector and how we move things around the world
[1]. Since then, our society has been totally dependent on the fossil fuel supply,
which although we know is limited, we keep on exploiting them for our aggressive
goal of industrialization. But this comes without a consequence as the uncontrolled
burning of these fuels leads to a massive release of harmful gases, which collectively
we call greenhouse gases (GHGs).

Carbon dioxide (CO2) is one of the leading GHGs released into the atmo-
sphere. It has been noted by a lot of research facilities around the world that the
concentration of CO2 in the atmosphere has been constantly increasing in the last
few decades. The Keeling Curve, presented in Figure 1.1, monitored by the Scripps
Institute of Oceanography at the University of California, San Diego is a great re-
source to track the CO2 concentration in the atmosphere. The drastic increase of
CO2 concentration in the atmosphere is echoed in this chart, where recent data
shows around 420 ppm of CO2 in the atmosphere. This is significantly higher than
the CO2 level in 1750 at around 280 ppm.

1



Figure 1.1: The Keeling Curve recording the CO2 concentration in the atmosphere
in the last six decades [2].

The increase in GHGs concentration is driven by the rising global population
which in turn demands higher energy usage in recent years compared to previous
decades. And the rest is history, where the world we live in right now is suffering
from a phenomenon we call global warming. Global warming disrupted the normal
daily activities of individuals, especially in developing nations. Climate change is
real and is happening right in front of our very own eyes. We experience heatwaves,
droughts, extreme flooding, melting ice caps, declining biodiversity, food insecurity,
and the list goes on.

There is a consensus in the scientific community that climate warming in
the last century is caused by anthropogenic activities [3]. The reports [4] from
the Intergovernmental Panel on Climate Change (IPCC) strengthen the correlation
between climate change and more frequent severe storms, floods, droughts, and other
extreme weather disturbances. GHG emissions from fossil fuel burning endanger the
human population but we can still alter the climate story if we collectively put an
effort to adapt to the changes that are already happening.

Back in 2015, 196 parties signed the Paris climate agreement during the
Conference of the Partied (COP) 21. The goal of this international treaty is to limit
global warming to well below 2 °C, and preferably below 1.5 °C compared to the pre-
industrial level [5] . This calls for both private and public entities to cooperate and
promote a net-zero global economy. One clear path to mitigating global warming is
to reduce our carbon emissions by shifting from fossil fuel-based energy to renewable
energy systems.
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Figure 1.2: (a) Projections of global carbon emissions and (b) CO2 concentration
under different Representative Concentration Pathways (RCP). Image
obtained from Smith and Myers [6].

For climate modelers, the concept of Representative Concentration Pathways
(RCP) was introduced in 2011 by van Vurren [7] to predict the trajectories of CO2

emissions and the resulting atmospheric concentration from 2000 to 2100. The
four different RCPs, depicted in Figure 1.2, were based on some assumptions for
the following parameters: population; economic growth; energy consumption and
source; and land use. The scenarios are named from the “radiative forcing” that
each of them produces in terms of Watts per square meter (W/m2). It is clear in
Figure 1.2b that even after emissions were reduced, the CO2 concentration continue
to rise in RCP 4.5 and RCP 6.0. Thus, it is important that the relationship between
emissions and CO2 concentration in the atmosphere must be understood.

The RCP 8.5 is the worst possibility where the missions continue to rise until
stabilizing by 2100. However, in this case, the CO2 concentration could reach 950
ppm by 2100 and continue to rise in the next 100 years. Population growth is pre-
dicted to be 12 billion by the end of the century, leading to intensive energy demands
of about three times of the current levels. On the contrary, RCP 2.6 presents the
best alternative where the anthropogenic causes of climate change are limited. In
this scenario, the emissions are reduced to zero by the end of the century and the
CO2 concentration can be stabilized at current levels and the global temperature
can be controlled at around 1°C compared to 1900’s level [8].
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Figure 1.3: Cost projection of renewable energy sources such as solar PV, concen-
trating solar power (CSP), offshore and onshore wind energy. Figure
and data obtained in 2018 by International Renewable Energy Agency
(IRENA).

The scenario presented in RCP 2.6 can be a reality considering that recently,
the price of renewable power is getting cheaper according to the latest report from
the International Renewable Energy Agency (IRENA) in 2019 [9]. The historical
and cost projection of the different renewable technologies are shown in Figure 1.3.
This strengthens the role of renewable energy as a key to low-cost decarbonization
and climate solution, aligning with the Paris agreement.

In the next decades, cost reduction is still expected according to IRENA,
where three-quarters of onshore wind and four-fifths of solar PV to be commissioned
net year will yield lower prices than the cheapest new coal, oil, or natural gas option.
The price of onshore wind and solar PV could now fall in the range of $ 0.03-0.04
per kilowatt hour (kWh) in areas with good resources and enabling regulatory and
institutional frameworks. For instance, in countries such as Chile, Mexico, Peru,
Saudi Arabia and United Arab Emirates, the levelized cost of electricity (LCOE)
could drop as low as $ 0.03 per kWh.

1.1.2 Sources of Greenhouse Gas Emissions

The GHG emissions in the US can be broken down according to different
economic sectors, presented in Figure 1.4 from the US Environmental Protection
Agency (US EPA) database [10]. The major emitters are from electricity at 25%
primarily from the burning of coal, natural gas, and oil, and transportation at 29%
coming from fossil fuels burned for road, rail, air, and marine transport. Glob-
ally, most of the transportation sector is powered by either gasoline or diesel. The
transportation sector in California accounts for about 40% of the state’s emissions
[11].
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Figure 1.4: Total greenhouse gas emissions from different economic sectors in the
US. Data collected from 1990-2019 by US Environmental Protection
Agency (2021) [10].

The aviation sector is the leading emitter of GHGs, based on the data pre-
sented in Figure 1.5, along with buses besides passenger vehicles. While electric
vehicles have been on the rise in recent years, the battery technology is still not
mature enough for scaling up to electrify heavy-duty vehicles, aviation, and marine
transport. The decarbonization of the transportation sector can significantly reduce
our global GHG emissions and limit global warming.

Figure 1.5: CO2 emissions from different modes of transportation. Data from
BEIS/Defra Greenhouse Gas Conversion Factors 2019 [12]
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1.1.3 The Hydrogen Economy

Figure 1.6: An infographic of hard-to-decarbonize sectors where direct electrifica-
tion using battery storage is not feasible with the current state-of-the-
art technology. Image obtained from Energy Transitions Commission
[13].

The declining cost of renewable energy and the improvement in battery tech-
nology have paved the way to decarbonizing electricity and energy storage. Now the
challenge remains for the hard-to-decarbonize sectors, some of them shown in Figure
1.6. Altogether, they account for 30% of all emissions [13]. Direct electrification is
not feasible for heavy industries and heavy-duty transport. To decarbonize these
sectors, we need new technologies or improve the current existing technologies that
have not yet reached full commercialization.

An option to decarbonize these heavy sectors is green hydrogen obtained
from splitting water and powered by renewable energy like solar and wind. Some
advantages of hydrogen include: it can be produced from diverse domestic resources
or for export; having the highest energy content by weight among all fuels; it can
enable zero or near zero emissions in transportation, stationary or remote power,
and portable applications; it can be used as a responsive load on the grid to enable
grid stability and energy storage at the same time enhance the utilization of power
generators; and it can enable innovations in domestic industries such a transporta-
tion. Hydrogen serves as an essential feedstock in the petrochemical sector and as
a fuel in the emerging fuel cell technology. There are still areas for hydrogen to
expand its value proposition such as steel manufacturing, ammonia production, and
others.

The US DOE has launched the H2@Scale initiative [14], illustrated in Figure
1.7, that aims to promote affordable production, storage, transport, and utilization
of hydrogen to decarbonize and how it can interact with multiple sectors. Hydrogen
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was even further promoted by DOE through the Energy Earthshots Initiative – a
series of events to accelerate breakthrough discoveries for abundant, affordable, and
reliable clean energy solutions in the decade. This aligns the aggressive goal of the
current administration to push net-zero carbon by 2050. The first installment in
this initiative is the Hydrogen Shot, which aims to reduce the cost of clean hydrogen
to $1 per 1 kilogram in 1 decade (“1 1 1”) [15].

Figure 1.7: Schematics of the H2@Scale initiative of the US Department of Energy
(DOE) demonstrating the future of hydrogen economy as a pathway
to decarbonization [14]

1.2 Electrochemical Devices for Sustainable Energy

1.2.1 Fuel Cells

A fuel cell is an electrochemical device that converts chemical energy from
hydrogen or other fuels directly to electricity. With hydrogen, the only products
are electricity, water, and heat. The electrochemical reactions, hydrogen oxidation
reaction (HOR) and oxygen reduction reaction (ORR), involved in the fuel cells
are expressed in Equation (1.1) and (1.2) for acidic environment and Equations
(1.3) and (1.4) for alkaline environments, respectively. The major components and
schematics of fuel cell operation is presented in Figure 1.8. A fuel cell is comparable
to a battery except that it does not need to be recharged. Rather, a constant supply
of fuel is necessary to continue producing electricity and heat.

2H2 → 4H+ + 4 e– (Vanode = 0.0 V vs RHE) (1.1)
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2O2 + 4H+ + 4 e– → 2H2O (Vcathode = 1.23 V vs RHE) (1.2)

2H2 + 4OH– → 4H2O+ 4 e– (Vanode = −0.83 V vs RHE) (1.3)

O2 + 4OH– + 4 e– → 4OH– (Vcathode = 0.40 V vs RHE) (1.4)

There are two electrodes in a fuel cell –– the negative electrode or the anode
and the positive electrode known as the cathode. The fuel is fed to the anode
side while air or the oxidant is on the cathode side. On the anode side, there is a
catalyst usually made of platinum that separates the hydrogen molecule into protons
and electrons, and these two travel in different directions toward the cathode. The
electron goes to an external circuit which then generates electricity. The protons,
on the other hand, migrate through the electrolyte and combine with oxygen to
produce water and heat [16].

Figure 1.8: A schematic diagram of a hydrogen fuel cell showing the major com-
ponent of the device. Image provided by Setra Systems, Inc [17]

There are different types of fuel cells depending on the operating conditions
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and the type of fuel used. For this dissertation, the focus would be on polymer
electrolyte membrane fuel cells (PEMFC), which have been commercialized in fuel
cell vehicle applications. The main parts of the PEMFC are shown in Figure 1.9.
The membrane electrode assembly (MEA), which consists of membrane, catalyst
layer, and gas diffusion layers (GDL), is considered the heart of the PEMFC. The
membrane, which is typically Nafion® manufactured by DuPont, conducts only
protons and blocks electrons. This membrane is usually very thin, under 20 microns,
for applications in the automotive industry. On the two sides of the membrane is the
catalyst layer made of nanosized platinum dispersed on a high-surface area carbon
support. An ion-conducting polymer, known as ionomers, is mixed to act as both
binder and ion-conducting pathways. The catalyst layer is sandwiched between the
membrane and the GDL. The role of the GDL is to facilitate reactant transport and
the removal of water. GDLs are usually made of carbon paper, in which carbon fibers
are partially coated with polytetrafluoroethylene (PTFE). There are also hardware
components that are incorporated with the MEA such as gaskets that provide a seal
around the MEA, preventing leakage of gases, and bipolar plates used to assemble
individual PEM fuel cells into a stack that also serve as flow fields or channels for
gaseous fuel and air [18].

Figure 1.9: A more detailed illustration of the different components of the fuel
cell, including the catalyst layer, which is critical to the performance
and durability of the device. Image obtained from Prof. Chuang’s ME
262 lecture slides at UC Merced.
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Fuel cells offer several advantages over conventional combustion-based tech-
nologies for power generation and automotive applications. Fuel cells can operate
with much higher efficiencies, usually exceeding 60%. With hydrogen as fuel, the
only emission from a fuel cell is water, thus presenting a climate solution associated
with carbon dioxide emissions. Since there are no moving parts, fuel cells operate
quietly.

1.2.2 Electrolyzers

Figure 1.10: Generation of hydrogen from water electrolysis. Image obtained from
US Department of Energy (DOE).

An electrolyzer is another electrochemical device that complements a fuel cell
for hydrogen production. Hydrogen is generated via water splitting using renewable
energy sources in a process known as electrolysis, and Equations (1.5) and (1.7),
and Equations (1.6) and (1.8) illustrates the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) in both acidic and alkaline media, respectively.
An electrolyzer unit can vary in size from small, appliance-size to large-scale central
production facilities that can be tied to renewable electricity production. Since only
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an electrochemical reaction is necessary, water electrolysis does not need any moving
parts just like in fuel cell. This process can produce hydrogen at high purity in a
non-polluting method unlike in conventional steam methane reforming process. The
reaction happening in an electrolyzer is just the opposite of the fuel cell. A typical
schematic for the water electrolysis processes shown in 1.10. For fuel cells, the anode
is where the hydrogen is consumed but in electrolyzers, hydrogen is produced on
the cathode side. Electrolyzers are ideal to be incorporated in stationary, portable,
and transportation power systems. Since a significant amount of hydrogen can be
produced, it is beneficial to couple it with any system with solar or wind power [19].

2H2O → O2 +H+ + 4 e– (Vanode = 1.23 V vs RHE) (1.5)

4H+ + 4 e– → 2H2 (Vcathode = 0.0 V vs RHE) (1.6)

4OH– → O2 + 2H2O+ 4 e– (Vanode = 0.40 V vs RHE) (1.7)

4H2O+ 4 e– → 2H2 + 4OH– (Vcathode = −0.83 V vs RHE) (1.8)

There are also different types of fuel cells depending on the condition and
the electrolyte used. In this dissertation, it will be focused on the same membrane-
based technology like in PEMFC, but for electrolysis application, it is called polymer
electrolyte membrane water electrolyzer (PEMWE). Water reacts at the anode to
form oxygen and proton. The electron supplied by a power supply travels through
an external circuit. The proton would then travel across the membrane until it
meets with the electron at the cathode side forming hydrogen [20].
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Chapter 2

LITERATURE REVIEW

2.1 Catalyst Layer Degradation in Fuel Cells

Clean and efficient energy technologies are currently in demand to address
the issues of environmental pollution and the finite fossil fuel supply. Fuel cells are
alternative energy conversion devices that offer eco-friendly solutions for both trans-
portation and stationary applications [21]. A polymer electrolyte membrane fuel cell
(PEMFC) is one of the most common types of fuel cell that can convert hydrogen
and oxygen gases to generate electricity, with water as a by-product [22, 23]. The
PEMFC has a niche application in the automobile industry, as demonstrated by the
release of commercially available PEMFC vehicles in recent years [24, 25]. However,
one of the critical issues of PEMFC is the long-term durability that needs to be met
before mass production [26–28].

Ideally, a PEMFC shall meet or exceed the durability requirements of an
internal combustion engine to be competitive [29]. For automotive application, the
US Department of Energy (DOE) has set an ultimate target of 8,000 hours or equiv-
alent to 150,000 miles of driving with less than 10% loss in performance [30]. These
stringent targets shall be met at various operating and ambient conditions, such
as dynamic automotive driving load cycles, start-stop operation, road vibrations
and shocks and extreme weather from hot and dry to sub-freezing. The highly
dynamic operating conditions of PEMFC requires robust and durable materials.
Recent findings reveal that the majority of the performance losses are related to
the degradation in the catalyst layer (CL) [31], which typically consists of platinum
(Pt) nanoparticles dispersed on a carbon support mixed with ionomer electrolytes.
Possible degradation modes within the CL can be attributed to Pt loss, ionomer
degradation and carbon corrosion [32–35].

During typical operation of a PEMFC, Pt nanoparticles can be agglomerated
or detached from the carbon support, reducing the electrochemically active surface
area (ECSA) that leads to performance losses [32]. Further, the cycling of the
cathode potential could oxidize and reduce Pt surface atoms and result in Pt metal
dissolution into ionic species (Pt2+) in the electrolyte. The Pt ions can then be
redeposited onto an existing Pt nanoparticle in a process known as Ostwald ripening
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[35, 36]. Larger Pt nanoparticles are formed, which also causes a reduction of
the Pt surface area, hence losing ECSA [37]. Besides the catalyst, the carbon
support can also undergo oxidation reaction causing additional performance loss 38.
The carbon oxidation reaction (COR) and its thermodynamic equilibrium potential
under standard conditions can be written as [38]:

C+2H2O → CO2+4H+ + 4e−(E◦ = 0.207 V vs. RHE at 25◦C) (2.1)

Since the reversible potential of COR is less than cathode potential, which
is between 0.4 V and 0.9 V under normal fuel cell operating conditions, the carbon
support is theoretically unstable. Due to the slow kinetics of the COR, carbon
oxidation is mostly negligible at potentials ¡ 0.9 V vs. RHE, making it still useful
in the cathode CL. However, the potential at open circuit voltage and start-up
and shut down (SU/SD) conditions can easily exceed 0.9 V, leading to oxidation of
carbon structure or carbon corrosion [39, 40]. Carbon corrosion promotes particle
detachment, decreased electrical conductivity, collapse of pore structure and changes
in the carbon surface characteristics [41]. It has also been shown that the presence
of Pt nanoparticles can catalyze the COR in the presence of water [29, 42, 43].
Hydrogen starvation conditions, where localized regions are temporarily starved of
hydrogen, can also cause carbon corrosion at the anode side even under typical fuel
cell operating potentials [40, 41]. The combining effects of these conditions make
carbon corrosion a major concern in the long-term stability of fuel cells.

Strategies to enhance the lifetime of PEMFCs have been heavily studied,
which involves engineering and material solutions [39, 44]. The system level solutions
include: (1) limiting cathode voltage to avoid carbon corrosion induced by SU/SD
processes and to maintain the carbon support within a safe operating envelope, (2)
minimizing local and gross fuel starvation, (3) optimizing cathode outlet opening
size, etc. [29]. However, this makes the operation and implementation of PEMFC
vehicles more complicated and costly. The other solution to enhance PEMFC dura-
bility without complicating the system involves the development of new materials
as alternative Pt support. Recently, metal oxides have received strong attention
as a possible replacement for carbon [45–47]. Titanium dioxide (TiO2) is the one
of the leading candidates considering its electrochemical stability and resistance to
acid dissolution. However, TiO2 suffers from low electron conductivity that needs to
be addressed and has been the focus of many works [48–50]. Researchers also tried
graphitic carbon, which has better stability [39], and incorporated it with functional
groups and/or other species to have better Pt dispersion [51–55]. However, none
of these alternative materials have proven to be successful in commercial scale and
there are still technical barriers that needs to be addressed for practical applications
[56, 57].
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To evaluate the durability of PEMFCs, accelerated durability tests (ADTs)
were developed by different groups, such as US DOE, US DRIVE Fuel Cell Tech
Team (FCTT), Japan Automobile Research (JARI) and Fuel Cell Commercializa-
tion Conference of Japan (FCCJ). These ADTs all involve potential cycling with
triangular or square-wave profiles at different potential ranges and ramp rates. The
ADTs allow accelerating degradation in a short time to simulate practical conditions
for longtime performance. Running the ADTs on a single fuel cell test station can
then be used to assess the performance degradation of catalyst, catalyst support and
membrane. However, the performance degradation is resulted from different param-
eters and components, which makes the analysis of various degradation mechanism
difficult to deconvolute. Therefore, half-cell tests by means of a rotating disk elec-
trode (RDE) are often used to evaluate catalyst activity and durability [34, 58–
63]. Although the RDE test does not reproduce the environment of testing a real
PEMFC, the main mechanisms of catalyst degradation can be directly investigated
to improve fundamental understanding.

ADT protocols meant to study carbon corrosion are usually performed in the
potential range of 1.0 – 1.6 V vs. RHE [34, 59, 64, 65]. Within this range, it is be-
lieved that Pt dissolution is minimized due to the formation of passivated layer from
Pt-oxide [66] and activity losses can be solely accounted to carbon corrosion. How-
ever, Sharma and Anderson [65] reported that the ADT meant for carbon corrosion
resulted to about 50% ECSA loss due to Pt particle growth. It was also shown that
even with low potential cycling range, i.e. 0.6 – 1.0 V vs. RHE, carbon corrosion
would still occur at low rates [29, 59]. Thus, discriminating these two degradation
modes is not very direct with potential cycling range.

It has been well established that Pt can catalyze the oxidation of carbon
through the formation of carbon surface oxides even at potentials below 1.0 V vs.
RHE [29, 42, 43, 67]. But the influence of carbon surface oxides during activity
measurement has not been reported in the literature. In alkaline environment,
there are limited studies [68–70] discussing carbon corrosion with high potential
range cycling ADTs. Early study suggest that the mechanism would be different
in acid and alkaline, as demonstrated for glassy carbon electrode [71]. It would be
interesting to see how, in the presence of Pt, will carbon corrosion be different in
acid and alkaline media and how the formation of carbon surface oxides can alter
activity measurements.

To better design catalysts, a detailed investigation of the degradation mech-
anism of the baseline material is necessary to ascertain the phenomena that are
deleterious to the PEMFC performance. In this work, we applied two ADT pro-
tocols recommended by US DOE [64] to investigate the corresponding degradation
mechanisms. The role of pH on the degradation mechanism of both Pt and the
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carbon support was also evaluated. Electrochemical testing and physico-chemical
characterizations were performed to analyze the changes in catalyst activity and
the structure of the commercial materials after degradation. Particular interest
was given to the degradation of carbon support, where multiple steps are involved
including the formation of surface oxides.

2.2 Catalyst Development for Water Electrolyzers

Contemporary environmental concerns, such as rapidly accelerating global
warming coming from fossil fuel usage, have pushed the transition from non-renewable,
carbon-based energy dependence toward clean, low-carbon energy sources. By 2050,
it is projected that the contribution of renewable energy in the energy mix will be
3 to 5 times greater than the current amount. Thus, a new energy carrier to store
the growing share of decarbonized primary energy [72] is necessary. Hydrogen is
one of the options as alternative energy storage over battery, owing to its unique
electrochemical properties, high energy density, and covalent and chemical bonds
that facilitate its mechanism to store and move energy [73]. Paradoxically, current
production methods of hydrogen heavily rely on fossil fuels through steam methane
reforming (SMR). In SMR, about 10 tons of carbon dioxide per ton of hydrogen
(tCO2/tH2) is generated from natural gas [74]. An eco-friendly alternative for hy-
drogen generation is water electrolysis [75, 76], if coupled with grid-scale renewable
energy technologies, like solar photovoltaics or wind [77].

The actual operating voltage and efficiency of water electrolyzers depend
on the kinetics of the reactions and the design of the electrolyzer system [78]. The
challenge in water electrolysis technology is the sluggish kinetics of the anode oxygen
evolution reaction (OER) that has a large overpotential. Therefore, it requires an
operating potential that is much higher than the reversible potential of 1.23 V. The
mechanism of OER is not yet fully understood, and an ideal catalyst in terms of
activity, stability, and cost is yet to be determined [79]. To improve the efficiency of
the electrolyzers, significant efforts have been devoted to the understanding of OER
and the development of high-performance and robust OER electrocatalysts [80–83].
Metal oxides are so far the best option for OER, considering their activity and
stability [84, 85]. The leading choice and the most commonly used catalyst for OER
is iridium oxide (IrO2) [86]. However, this noble material is scarce and expensive
for large-scale applications. In addition, stability issues of Ir-based catalysts also
need to be understood at a fundamental level to develop mitigation strategies and
increase the lifetime of the catalyst [87, 88].

Iridium oxide (IrO2) is considered the state-of-the-art catalyst [89, 90] for the
oxygen evolution reaction (OER) in water electrolysis to produce green hydrogen.
This precious metal oxide can operate at low overpotentials with practical current
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density in addition to its stability in corrosive environments typical for electrolysis.
However, iridium is one of the least abundant metals, comprising only about 3 x 10-6

parts per million on Earth’s crust [91] and global annual production of only 7.25
tons [92]. The limited availability of iridium makes it expensive, thus hindering the
economic viability of water electrolyzers for wide scale decarbonization. In addition,
the activity of IrO2 is still not optimized in the volcano plot, which connects the rate
of reaction to a particular descriptor [78]. The binding energetics of iridium oxide
with oxygen intermediates is suboptimal, a parameter that is highly correlated with
OER activity.

Alloying IrO2 with other low-cost metals can help reduce the precious metal
loading if the performance of such catalyst is similar to that of IrO2 [93]. Also,
alloying has the potential to tune the catalyst intrinsic activity, especially consid-
ering Ir oxides have suboptimal oxygen intermediate binding energetics, which is
highly correlated with OER activity [94]. Ir-based bimetal alloys in the literature
include Ir-Co and Ir-Ni nanowires [95], thin films with Sn, Ti, Ni, and Cr [93],
porous microsphere of Ir-Mo mixed oxides [96], and Ir-Y pyrochlores [97]. There are
also evidence in the literature that alloying can modulate the electronic structure
and improve oxygen binding energetics of IrO2 [93]. Combining IrO2 with another
metal can also modify the surface chemical properties of the catalyst, creating more
active species [82], and improving OER activity. Bimetal Ir-based systems are also
described to have improved site-specific activities [95], tunable stoichiometry, and
crystallinity [96]. The non-noble metal combined with Ir can undergo dissolution
either during the OER process [97] or through acid leaching/etching [95] or deal-
loying process [98]. The removal of the other metal can create highly active IrOx

layers beneficial for OER. Cobalt is one of the transition metals that could modify
the intrinsic activity of Ir aside from its moderate activity for OER as cobalt (II,III)
oxide (Co3O4) [84, 99–101]

To further improve the activity and stability of the catalysts, researchers per-
form acid etching on their synthesized materials [95, 102]. Acid etching is performed
to preferentially remove Co and the majority of the template material as well as to
enhance the porosity of the material to facilitate more active sites for the surface
reactions. However, one concern over iridium-cobalt alloys in the literature is that
their synthesis procedure has not yet been established well for large-scale production
and a detailed analysis on the activity and durability in both acidic and alkaline
media is still lacking.

The success of platinum-cobalt (Pt-Co) alloy utilized in the commercial fuel-
cell vehicle Toyota Mirai [103] drives the motivation to develop a similar bimetal
catalyst system for commercial-scale water electrolyzers. In Pt-Co alloys, it has
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been reported that several parameters need to be controlled for heavy-duty applica-
tions. These parameters include Pt shell and Pt:Co ratio, crystal structure, carbon
structure, as well as Co stabilization, etc. [104]. Similar to Pt, there are also ef-
forts to develop Ir-Co catalysts with different synthesis approach [95, 102, 105–107].
However, unlike in the Pt-Co system which has been used commercially and exhaus-
tively studied, a state-of-the-art commercial Ir-Co catalyst is yet to be developed,
and identifying the desired physicochemical properties to balance both activity and
stability must be known.

For a pure Ir-based catalyst, it has been shown in recent studies that high
OER activity can be ascribed to quasi-amorphous, nanocrystalline Ir(OOH) [108];
high surface concentration of Ir3+ and OH [109]; a mixture of tetragonal and or-
thorhombic phases [110]; and hollandite-like structural domains cross-linked with
undercoordinated oxygen/iridium atoms [111]. However, the influence of another
metal on these desired Ir properties is still not known. Also, the possible synergistic
effects with Co for both activity and stability need to be considered. Thus, the
synthesis approach and parameters must be carefully planned to optimize the OER
activity and stability. Another consideration for the synthesis method is the scala-
bility of the process, avoiding sophisticated processes and toxic and environmentally
harmful chemicals.

Adam’s fusion method is a conventional synthesis route for the production
of platinum oxide catalysts at industrial scale [112, 113]. This method has also
been adapted for the preparation of IrO2 nanoparticles, as reported by others [97,
108, 114, 115]. In Adam’s fusion, an Ir metal precursor is combined with a nitrate
salt, forming iridium nitrate, and then thermally decomposed through calcination
to produce IrO2 [113]. Bimetal oxide from Adam’s fusion can also be produced,
such as iridium-titanium mixed oxide [116].

Different synthesis parameters in Adam’s fusion method can affect the mate-
rial properties like crystallinity, oxidation state, surface area, etc. For instance, at
higher calcination temperatures, IrO2 becomes more crystalline and the OER sta-
bility improves but the surface area and activity are compromised [114, 117]. The
OER activity and stability of catalysts are heavily influenced by the structural or
morphological properties [118], thus effective control of the shape, size, and atomic
arrangements is critical. Surfactants are typically used in the synthesis to aid in the
proper control of catalyst morphology [119, 120].

This research examines the use of iridium-cobalt oxide as an electrocatalyst
for oxygen evolution reaction to produce hydrogen via water electrolysis. An equimo-
lar IrCo oxide was synthesized through a simple and scalable surfactant-assisted
Adam’s fusion method and electrochemically tested both acidic and alkaline media.
In this work, it is demonstrated that an IrCo alloy has an improved electrochemical
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performance over the commercial IrOx C and was further enhanced by performing
acid etching. However, there is a trade-off in stability as acid-etched Ir-Co suffered
a significant activity degradation, especially in the alkaline media. Combining the
electrochemical analyses and physicochemical characterization results, the relation-
ship between IrCo oxide catalyst structure and performance is elucidated. Insights
regarding the catalyst degradation mechanisms in acidic and alkaline media are also
examined. The results from this work would provide some guidelines as to the effec-
tive synthesis of catalysts, tailoring the design to enable the balance of both activity
and stability with a much cheaper catalyst than the commercially available IrOx C.

In this work, the synthesis parameters in a surfactant-assisted Adam’s fusion
method to produce iridium-cobalt (IrCo) alloy catalysts, the resulting physicochem-
ical properties, and the proceeding correlation with the OER activity and stability
are also systematically studied. Specifically, the effects of (1) iridium and cobalt ra-
tio, (2) the presence of surfactant, (3) acid etching process, (4) and the interaction of
these variables on the material properties are investigated. Results from advanced
characterization techniques and electrochemical studies are bridged to understand
the structure-property relationship.
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Chapter 3

EXPERIMENTAL TOOLS

3.1 Electrochemical Methods

3.1.1 Rotating Disk Electrode (RDE) and Rotating-Ring Disk Electrode
(RRDE)

An important tool to evaluate electrocatalysts in half-cell environment is ro-
tating disk electrode (RDE). With the RDE apparatus, there is a precise control
of electrode rotating rate and control of the diffusion layer thickness. Central to
RDE theory is the convection of electrolyte solution [121]. For a rotating ring disk
electrode (RRDE), a second working electrode in the form of a ring around the cen-
tral disk-working electrode is added [122]. This can be useful to study multielectron
processes, kinetics of a slow electron transfer, adsorption/desorption steps and elec-
trochemical reaction mechanisms. An illustration of these two apparatus is shown
in Figure 3.1b and when they are used as a working electrode shown in Figure 3.1a.

RDE and RRDE techniques are considered hydrodynamic methods that in-
volve convective mass transport of reactants and products. In hydrodynamic meth-
ods, a steady state is attained quickly, and high precision measurements can be
done. Double-layer charging is also eliminated in the measurement. Since the rate
of mass transfer at the electrode surface is much larger than diffusion alone, the
contribution of mass transfer to the electron-transfer kinetics is typically reduced
[123].

For convective electrode systems, the diffusion-convection current density
for an oxidant species (iDC,O) can be obtained from the convective-diffusion and
hydrodynamic equations, and the final equation is shown in Equation (3.1):

iDC,O = nFDO
C0

O − CS
O

δO
(3.1)
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Figure 3.1: (a) An illustration of the half-cell electrochemical set-up with the ref-
erence electrode (RE), working electrode (WE), and counter electrode
(CE) with gas bubbling condition. (b) Rotating disk electrode (RDE)
or rotating ring disk electrode (RRDE) typically used as working elec-
trodes.

Where n is the number of electrons transferred, F is the Faraday’s constant
(96,485 C/mol), D0 is the diffusion coefficient of the oxidant, δO is the thickness of
the diffusion-convection layer, and C0

O and CS
O are the oxidant concentration at the

bulk and at the electrode surface [121]. When CS
O approaches zero, iDC,O reaches

maximum and is called the diffusion limited current density (IDC,O):

IDC,O = nFDO
C0

O

δO
(3.2)

By approximating δO from the convection kinetic theory:

IDC,O = nFD
2/3
O ν−1/6y−1/2υ1/2

y C0
O (3.3)

Where ν is the kinetic viscosity, y is the distance at the vertical direction and
υy is the solution flow rate.
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Figure 3.2: Illustration of the concentration profile of the oxidant near the elec-
trode surface [121].

In the RDE, since the products of the electrode reaction is continuously swept
away from the disk surface, studying the reverse reaction is not possible. Thus, by
adding an additional electrode in the form of ring electrode surrounding the disk
makes it possible to study the reverse reaction. From the current measurement at
the ring, information regarding the disk reaction can be known. When conducting
RRDE, the whole system is rotated and this spinning motion drags the electrolyte
solution to the surface due to centrifugal force, The solution is then thrown outwards
from the center in the radial direction. The product formed at the disk is then swept
to the ring by the radial flow and then oxidized or reduced back to the original
reactant. The ring and disk potential can be controlled independently, depending
on the targeted reactants.

RRDE experiments are typically conducted with a bipotentiostat since two
potentials are being probed, disk and ring potential. Different kinds of experiments
can be conducted with RRDE such as collection experiments, where the ring is used
to investigate species generated from the disk and shielding experiments, where the
disk reaction perturbs the flow of the bulk electroactive species to the ring [123].
In collection studies, the reaction mechanisms can be elucidated from the detection
of reaction intermediates or products at the ring. This method has been widely
used in ORR studies where the disk can generate either water or peroxide via a
four-electron or two-electron process, respectively [122].
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An important parameter that needs to be determined in RRDE experiment
is the collection efficiency (N), which measures the percentage of the disk product
that can be detected on the ring electrode. By determining the disk current (id)
and ring limiting current, N can be estimated. When the reaction is a steady-state
process, and the ring electrode current is at limiting current (Ir,R) and the disk
product does not undergo any chemical decomposition, N can be calculated using
Equation (3.4). Since RRDE is a universal tool, the determination of N should be
intrinsic and independent on the reaction studied. Only the geometric sizes of the
disk and ring determines the N [122].

N =

∣∣∣∣Ir,Rid
∣∣∣∣ (3.4)

3.1.2 Linear Sweep Voltammetry (LSV))

Figure 3.3: Linear sweep voltammetry technique (LSV) used to assess the electro-
chemical performance of the electrocatalysts.

Linear sweep voltammetry (LSV) is a potential sweep technique where the
potential is varied with time within a fixed range at a specified rate, known as the
voltage ramp or scan rate (υ). Current is then recorded as a function of potential
[124]. For electrochemical reactions where mass transfer can be a potential concern
such as oxygen reduction evolution reaction, rotation of the working electrode is
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typically applied. Factors such as the rate of electron transfer, chemical reactivity
of the electroactive species, and voltage scan rate determine the characteristic of the
LSV curve. The potential is swept from a point where no electrode reaction occurs
then transition to reducing or oxidizing potentials, often through the equilibrium
potential, E0, of the electroactive species [125]. At any given time, the instantaneous
potential can be expressed as:

Et = Ein ± υt (3.5)

Where Et is the electrode potential at instantaneous time t, Ein is the starting
potential and υ is the scan rate.

An example of an LSV curve is shown in Figure 3.3 for an ORR reaction in
acidic media (0.1 M HClO4). In this experiment, electrode rotation was set at 1600
rpm and the electrolyte was saturated with oxygen gas prior to the experiment.
The onset potential of the ORR is where the cathodic current starts to rise, in this
case around 1.0 V. Further reducing the potential increases the cathodic current, as
the potential is more negative than the standard electrode potential. Over time, a
limiting current, around 6 mA/cm2, has been reached where the rate of electron flow
is limited only by the transport of the reactant material to the electrode surface. In
comparing catalysts, the kinetic current (ik) is often the figure of merit used and
can be extracted from the Koutecky-Levich equation [123] where a series of LSV
curves are generated for different scan rates, as written in equation 3:

1

iL
=

1

iK
+

(
1

0.62nFAD2/3υ−1/6C0

)
ω−1/2 (3.6)

Where iL is the limiting current, ik is the kinetic current, C0 is the reactant
concentration, A is the electrode area, ν is the kinematic viscosity, D0 is the diffusion
coefficient, and ω is the angular rotation. By plotting the 1/iL and ω−1/2, a straight
line will be generated with an intercept that is equal to 1/ik. This method provides
a quick estimate of the activity of various catalysts by means of LSV.
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3.1.3 Cyclic Voltammetry (CV)

Figure 3.4: A cyclic voltammetry (CV) curve for platinum on carbon support
(Pt/C) showing the different redox reactions at varying potentials.
Image taken from the lecture slide of Prof. Chuang’s ME 262 class at
UC Merced.

Cyclic voltammetry (CV) is a tool used to investigate electrode materials
and electrochemical reaction, specifically the reduction and oxidation of molecular
species. In electrocatalysis, CV can help understand the electron-transfer process.
In CV, a voltage is applied to the working electrode and scanned linearly from an
initial value, E1, to a predetermined limit, E2, then scan direction is revered. The
current response is then plotted as a function of the applied potential. Cathodic
and anodic peak currents emerge as a result of the change in concentration of the
reducing or oxidizing species near the electrode surface and this is in accordance
with the Nernst equation. A scan rate (υ) is defined in the CV experiment which
is the rate of change of the potential, similar to that in LSV. Faster scan rates can
reduce the thickness of the diffusion layer, thus generating higher currents. The
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Randles-Sevcik equation [126], shown in Equation 3.7, predicts how square root of
the scan rate can lead to a linear increase of the peak current, ip.

ip = 0.446nFAC0

(
nFυDO

RT

)1/2

(3.7)

Where n is the number of electrons transferred in the redox process, DO is
the diffusion coefficient of the oxidized analyte, and C0 is the bulk concentration of
the analyte. Deviation from the Randles-Sevcik equation could suggest either elec-
trochemical quasi-reversibility or electron transfer may occur via surface-adsorbed
species. When the peak-to-peak separation shifts with scan rate, an electrochem-
ically quasi-reversible process happens but no peak-to-peak separation is observed
when a surface-adsorbed species happens [126].

In electrocatalysis, CV can be very useful in determining the types of elec-
trode reactions present as well as in estimating the electrochemically active surface
area (ECSA) of the catalysts. For platinum supported on carbon (Pt/C), a typi-
cal CV profile in acidic media (perchloric acid, HClO4) or in a polymer electrolyte
membrane fuel cell is shown in Figure 3.4 Different reactions can be observed in
the anodic scan, as represented by the peak currents. In the anodic scan, hydro-
gen oxidation happens at low potential that generates H+ ions. By increasing the
potential, desorption of H+ ions from the Pt surface occurs and at further oxidiz-
ing condition, Pt is oxidized into PtOHad. On the reverse scan, peak currents are
also observed based on the reduction of the same species discussed in the anodic
scan. In estimating ECSA, the adsorption of hydrogen on the Pt surface is typically
used where the charge generated from the process is normalized to the charge of Pt
surface at full coverage, typically reported as 210 µC cmPt

-2 [127].

3.1.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an electrochemical tech-
nique that can employed to study different electrochemical phenomena such as
electrode kinetics, double-layer structure, corrosion, etc. In this technique, the
impedance of the circuit is measured in steady state which can be represented with
various equivalent circuits that can be used to explain physical phenomena in the
system. EIS is measured by applying an AC potential to an electrochemical cell
then measure the current in the cell. A real and imaginary component of the EIS
can be collected and is usually plotted in what is known as the Nyquist plot, similar
to that in Figure 3.5 [128, 129].
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Figure 3.5: A Nyquist plot of an impedance data from an electrochemical system
and the imaginary part (Im) and real part (Re) are indicated as y-
and x-axis, respectively. Frequency is labeled as f with the decreasing
magnitude from right to left [128]

In an AC system, an analogous equation to that of Ohm’s law for direct
current (DC) holds but instead of a static current or voltage, the passing signal
oscillates as a sinusoidal wave at a given frequency. Instead of using the resistance,
R, impedance is represented by Z and voltage (V ) and current (I) are functions of
frequency (ω) [129] as shown in Equation 3.8:

Z =
V (ω)

I(ω)
(3.8)

In EIS, the amplitude and frequency of the input signal can be defined by
the user and the measured output signal can have the same frequency as the input
signal but could be the phase can be shifted by a finite amount, known as the phase
shift or phase angle. Figure 3.6 summarizes the relationship between input and
output signals in an EIS measurement with a given the phase angle, ϕ.
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Figure 3.6: Schematics of an EIS measurement where the input and output signal
have the same frequency, but a phase angle exists when both signals
are overlapped [130]

By using polar coordinates, impedance can be expressed as a sum of both x-
and y-components:

Zx = |Z|cos(ϕ) (3.9)

Zy = |Z|sin(ϕ) (3.10)

The x-component of the impedance is considered as the real impedance and
the y-component is the imaginary impedance and plotting these two gives the
Nyquist plot shown in Figure 3.5. The total impedance of the electrochemical sys-
tem can then be modeled with known circuit elements that are well-characterized
such as resistor for electron transfer across an interface; capacitor, usually for non-
Faradaic charging at an interface; inductor, for magnetic inductance; constant phase
element, to account non-ideality in capacitors; and a Warburg element, for diffusion
or movement of electrons or ions in solid or liquid phases [130].

For electrochemical systems like fuel cells and electrolyzers, EIS can offer
some advantages as a diagnostic tool that the entire frequency response can be
correlated to non-Faradaic reaction mechanisms, water management, ohmic losses
and ionic conductivity. EIS can probe electrochemical processes that are happening
at the same time but on different time scales. For instance, the electrochemical
double-layer charging can happen in microseconds while diffusion typically occurs
on hundreds of milliseconds time scale [130].

EIS can also pinpoint possible failure modes within the fuel cell components.
As a diagnostic tool, EIS can identify individual contributor to impedance such
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as ohmic resistance, interfacial charge-transfer resistance, and mass transport re-
sistance in a short amount of time. After identifying the individual contributors
to impedance, the performance of the electrochemical device can be optimized in-
cluding humidification, temperature, back-pressure, and reactant flow rates. Some
problems that can be identified by EIS to prevent performance failure and collapse
are catalyst coarsening, membrane degradation, bipolar plate corrosion, etc. [131].

However, EIS also has some drawbacks as there are difficulties in implement-
ing impedance methods and fitting the data to the model to obtain the relevant
electrochemical parameters. These limitations come from the conditions necessary
for an EIS measurement to be valid –linearity, stability, and causality. In linearity,
the amplitude of the AC signal must be low enough to make sure that the response
of the electrochemical system behaves linearly. However, it also needs to large so the
signal can be recognized otherwise, the signal might be buried in the noise leading
to poor accuracy. Drift in the system should also be avoided to minimize problems
in EIS measurement, thus the system needs to be stable while the experiment is
ongoing. A steady-state environment must be attained first before collecting any
impedance measurement. Lastly, causality must be established that the output of
the system should be from the perturbing input. The phase and amplitude of the
impedance must be related to each other in a linear system, and if the frequency
dependence of the phase, the amplitude of the impedance can also be calculated.
A useful check on the validity of the measured impedance is typically achieved us-
ing the Kramers-Kronig (K-K) transforms [131]. If all those three requirements are
met, a reliable EIS spectrum can be a powerful tool to improve the current status
of electrochemical energy devices.

3.2 Material Characterization Techniques

3.2.1 Gas Adsorption Porosimetry

The porosity and surface area of the catalysts are essential to their electro-
chemical performance and as it provides an idea of the density of the active sites
necessary for the reactions to happen. Gas adsorption technique was implemented
in this work which is based on capillary condensation of a condensable gas, such as
nitrogen (N2) at used in this work. The modelling approaches for the gas adsorp-
tion isotherm used here are Brunauer-Emmett-Teller (BET) for surface area and
Barrett-Joyner-Halenda for pore size distribution. In these capillary models, differ-
ent pores are treated as capillaries with various sizes and are interconnected to form
the porous body. The porosity information can be calculated from the amount of gas
adsorbed at a specified temperature and pressure. If the equilibrium pressure (p) is
much lower than the saturation pressure (p0), the adsorbed gas will condense at the
meniscus of liquid in the capillary. The diameter of the pore can then be estimated
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using the relative pressure (p/p0). As the gas pressure is reduced, evaporation of
condensed gases begins from large to small pores and the pore wall will be left with
an adsorbed layer [132].

Figure 3.7: An illustration of the gas adsorption process for the surface area and
porosity measurement [133]

3.2.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The identification of exact metallic composition of the catalysts as well as the
dissolved metals in the electrolyte after the stability test was achieved using ICP-
MS, an analytical technique based on the ionization of the elements. The instrument
consists of an ion source (ICP), a mass spectrometer (MS) typically a scanning
quadrupole mass filter, and a detector. In terms of operating pressure, the ICP is
at ambient pressure while the MS and detector are under vacuum chamber, which
requires a vacuum pump, vacuum interface and some electrostatic ion lenses for
focusing the ions through the system [134]. The MS separates the ions in the sample
matrix by discriminating them based on mass-to-charge ratio and the concentration
of each element are determined by the detector that counts the number of selected
ions per second. The solid catalysts in this study needed to be digested first prior to
analysis as ICP requires liquefied samples. An argon (Ar) carrier gas then aerosolizes
the sample and sends only the smallest droplets through the chamber and into the
Ar plasma torch to desolvate and ionize the samples [135].
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Figure 3.8: A schematic of the ICP-MS process where a sample is being ionized
using a plasma source [136].

3.2.3 X-ray diffraction (XRD)

XRD can be used to analyze the crystalline properties of the catalysts used in
this work as well as the changes that happened after subjecting them to degradation
tests. The materials are analyzed based on their diffraction patterns formed by the
reflection of the X-rays from the source that are scattered by the sample and to
the detector. By applying Bragg’s Law, various characteristics of the materials
can be determined. The pattern collected after performing XRD is known as a
diffractogram with y-axis as the intensity and x-axis is a function of the scanning
angle. The peak positions in the diffractogram give information such as crystalline
structure, qualitative phase information, and space group symmetry. The intensity
can also provide point symmetry and quantitative phase fractions. The crystallite
size and stacking faults, and antiphase boundaries can be extracted from the peak
shapes and peak width. XRD can be applied in many different applications such
as thin film analysis, sample texture evaluation, monitoring of crystalline phase and
structure, and investigation of sample stress and strain [137].
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Figure 3.9: A depiction of the X-ray diffraction process to study crystallographic
information of materials [138]

3.2.4 Electron Microscopy

Electron microscopy (EM) is an imaging technique that can obtain high res-
olution images of different types of materials using high bean of highly energetic
electrons. Different information can be obtained using EM such as topography,
morphology, composition, and crystallography. EMs were developed to address the
limitations of light microscopes that can only work up to 500 to 1000 times magni-
fication and a resolution of 0.2 micrometers. The basic operating principles in any
kind of EM involve: 1.) formation of stream of electrons from the electron source
and acceleration towards the sample by means of a positive electrical potential; 2.)
confinement and focusing of the stream of electrons using metal apertures and mag-
netic lenses into a thin, focused, monochromatic beam; 3.) focusing of the sample
onto the sample using a magnetic lens; and 4.) electron-beam sample interaction
upon irradiation. The interaction with the electron beam and the sample then yields
signals that can now be transformed into an image [139].

The sample-electron beam can interact in different ways, as summarized in
Figure 3.10. A volume of primary excitation is generated when an electron beam
impinges a sample, which leads to electron scattering and photon and X-ray pro-
duction. The interaction volume depends on several factors such as accelerating
potential, mean atomic weight, sample tilt relative to impinging electron beam.
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The interaction can lead into elastic scattering, inelastic scattering, or no interac-
tion at all. The scattering effect can produce signals that can be used for imaging,
quantitative and semi-quantitative information, and generation of an X-ray source.
For imaging, secondary electrons (SE), backscattered electrons (BSE), cathodolu-
minescenece (CL), auger electrons (AE) and characteristic X-rays are often used
for imaging. The characteristic X-ray can be used to obtain quantitative and semi-
quantitative elemental mapping. The two basic types of electron microscopes are the
scanning electron microscope (SEM) and transmission electron microscope (TEM),
which are discussed more in the next sections [140].

Figure 3.10: Electron beam-sample interaction with at different depths and dif-
ferent signals for analyzing surface properties of materials [141]
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3.2.4.1 Scanning Electron Microscopy (SEM)

Figure 3.11: Different parts of a scanning electron microscopy (SEM) to study the
morphology of materials [142]

A scanning electron microscope (SEM) is a technique often used to analyze
surfaces and the typical layout of its parts are shown Figure 3.11, which consist of the
electron gun (electron source and accelerating anode), electromagnetic lenses, vac-
uum chamber containing the specimen stage, and detectors that collect signals emit-
ted by the sample [142]. Compared to a transmission electron microscope (TEM),
the column is shorter since the only lenses needed are those above the specimen to
focus the electrons into fine spot on the sample surface. The sample chamber, on
the other hand, can be larger since there are no restriction on sample size other than
the chamber itself. The sample does not need to be thin, thus simplifying sample
preparation. The electron gun at the top of the column emits electron beam that
is focused into a small 1 nm spot on the specimen surface unlike the broad static
beam used in TEM. The specimen is then scanned by the focused electron beam in
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a rectangular raster fashion, generating signals from the interaction and the inten-
sities of different signals are stored on a computer memory. The secondary electron
is the most typically used for image processing which varies with the topography
of the sample. Compared to TEM, the accelerating voltage is much lower ranging
from 50 V to 30 kV [143].

3.2.4.2 Transmission Electron Microscopy (TEM) and Scanning Trans-
mission Electron Microscopy (STEM)

When looking at the internal microstructures, evaluate nanostructures like
particles, fibers and thin films, and atomic resolution imaging, transmission electron
microscope (TEM) is the appropriate imaging technique [142]. The basic compo-
nents of a TEM include electron gun, electrostatic lenses for focusing the electrons
before and after specimen, and a transmitted electron detection system, all shown
in Figure 3.12. The microscope can be fully enclosed to avoid interference from the
environment and operated remotely using control panels.

For modern TEM, a major advancement is the aberration-corrected capabil-
ity. Without correction, the image quality is often hindered by spherical aberration
that leads to blurred image and also the appearance of periodic structures that ap-
pear to extend beyond the actual physical boundaries, known as delocalization [144].
A parallel beam of electrons is required to illuminate the specimen observed in TEM.
While travelling down the column, the condenser system made of different magnetic
lenses and apertures focus the electrons into a particular beam suitable for imaging.
TEM instruments also have the option to operate in scanning transmission electron
microscope (STEM) mode, which requires flexibility in the illumination conditions
[145]. The ray path differentiating TEM and STEM is illustrated in Figure 3.13.

STEM combines the principles in TEM and SEM and unlike in TEM where
a parallel illumination is needed, a tiny convergent electron beam with selected
convergent angles is necessary for STEM to form the image. The convergent beam
scans a defined specimen area and the signals produced are recorded spot-by-spot to
form the image on a screen. A thin sample is also required to analyze with STEM.
An advantage of STEM over TEM is the ability to collect signals that cannot be
spatially correlated in TEM such as secondary electrons, scattered beam electrons,
characteristic X-rays, and electron energy loss. Compared to conventional SEM,
STEM has an improved spatial resolution [142, 146].
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Figure 3.12: A breakdown of the components inside a transmission electron mi-
croscope (TEM) [142]
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Figure 3.13: Ray path for the STEM and TEM mode [147]

3.2.5 Spectroscopy

Spectroscopy is the science of investigating and measuring spectra generated
by the interaction between a matter and an electromagnetic radiation. Spectroscopy
broadly covers any measurement of a quantity as a function of wavelength or fre-
quency, resulting from the interaction between particles and electrons, photons, ions
as well as their interaction with other particles as a function of collision energy. The-
ses interaction may lead into either absorption, where a sample absorbs the energy
from the radiation source, or emission, when the sample emits radiation of a different
wavelength other than the source. Spectroscopy has been crucial in many different
fields and can also be applied to advance the understanding of material develop-
ment [148, 149]. In this work, three major spectroscopic techniques were employed
to study the catalysts: energy-dispersive X-ray spectroscopy (EDS), energy electron
loss spectroscopy (EELS), and X-ray photoelectron spectroscopy (XPS).

3.2.6 Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique that
allows elemental and compositional analysis of different materials, an in this case
was applied to understand the catalysts. With the addition of and EDS detector
to an electron microscope, chemical composition down to atomic level resolution
can be possible. Elemental composition maps over a broader raster area can be
constructed with EDS by combining chemical information from a spot size of a few
microns. These capabilities advance the fundamental compositional knowledge in
wide range of materials. For STEM-EDS, a sample is excited by the electron beam
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which then dissipates some of the absorbed energy by ejecting a core-shell electron.
This empty place in the core level is then filled by a higher energy outer shell
electron, thus releasing an X-ray with a characteristic spectrum based on its origin.
As the electron probe is scanned across the sample, characteristic X-ray are emitted,
and the spectrum is mapped to specific locations on the sample. The EDS detector
separates the characteristic X-rays of different elements into an energy spectrum
and a software usually aids the analysis of this spectrum to identify the abundance
of specific elements. Peak positions in the spectrum are used to discriminate the
elements while signal intensity represents the concentration of the elements. EDS
can be applied semi-quantitatively to determined chemical composition by using the
peak-height ratio relative to a standard. The data quality depends on the signal
strength and cleanliness of the spectrum, which relies on a good signal-to-noise ratio
especially for trace elements [142, 150, 151].

3.2.6.1 Energy electron loss spectroscopy (EELS)

Energy electron loss spectroscopy (EELS) are typically installed with TEM
instrument with an acceleration that could range between 60-300 kV to analyze
the samples. Since this technique is TEM-based, thin samples are still needed so
electrons can transmit through the sample. EELS exploits the inelastic scattering
between the sample and the electron beam to extract information about the sample.
These inelastic scattering causes the primary electrons to lose energy, and this can be
quantified and detected by passing the transmitted electrons through energy filters
that separates the electrons by their energy loss. The electron energy loss values
can also be linked to different scattering mechanisms such as plasmon scattering,
phonon scattering, secondary electron emission, and fine detail of atomic bonding
in different crystal structures. Based on this electron loss, an EELS spectrum can
be constructed with typical resolution of 0.5 to 1 eV. By taking multiple sequential
EELS spectra, a spectrum image can be obtained, and different types of information
can be extracted from the material such as specimen thickness, valency, optical
response, band structure, elemental composition, etc.[152].

For this work, EELS was mostly used to study the valency of iridium (Ir)
and cobalt (Co). Combined with an imaging optics, chemical mapping can also be
performed by using the contrast created by the energy loss properties of different
elements and this is referred to as an energy filtered TEM (EFTEM) image. In
the second project of this work, EFTEM images we also constructed to map out
the distribution of Ir and Co in the samples. The major drawback in the EELS
technique is sample thickness where the thicker the sample, the stronger the in-
teraction of the primary electron resulting into multiple energy loss events. This
scenario would reduce the signal-to-background ratio of the EELS edges and the
visibility of the edges becomes less. Nevertheless, EELS is still valuable especially
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in determining the distribution of lighter elements such as boron (B), carbon (C),
nitrogen (N) and oxygen (O), whose X-rays are low enough to be absorbed by the
specimens and detectors, making them hard to analyze [142]. Thus, EELS and EDS
are complementary techniques that can be used to analyze any type of sample and
a typical layout for a TEM instrumentation with both EELS and EDS capabilities
is illustrated in Figure 3.14.

Figure 3.14: An illustration of EDS and EELS signals obtained from TEM [152]

3.2.6.2 X-ray photoelectron spectroscopy (XPS)

The chemical nature of the catalysts in this work was investigated using X-
ray photoelectron spectroscopy (XPS) shown in Figure 3.15, a surface sensitive and
non-destructive technique that probes the outermost layer, about 5-10 nm from
the surface. The photoelectric effect is the fundamental principle that makes XPS
possible, in which electrons are emitted from atoms after being exposed to an electro-
magnetic radiation. Photoelectrons are emitted from the material when the energy
of the impinging photon is higher than the binding energy of the material. Typical
X-ray source for XPS is a mono-energetic aluminum (Al) Kα. The kinetic energy
of the emitted electrons is then measured by an electron energy analyzer. XPS is
also known as electron spectroscopy for chemical analysis (ESCA) and can provide
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chemical quantification and chemical state information from the surface of the ma-
terial being studied based on the binding energy and photoelectron peak intensity.
The subsurface chemical information or depth distribution can also be probed by
combining XPS with ion sputtering to analyze thin film structures [153, 154].

Figure 3.15: X-ray photoelectron spectroscopy (XPS) for quantification of surface
composition and chemical states [154]

.
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Chapter 4

DEGRADATION BEHAVIOR OF PLATINUM-CARBON
CATALYST FOR OXYGEN REDUCTION REACTION

(ORR) IN ACIDIC AND ALKALINE MEDIA

This chapter is taken from the published article “Insights on platinum-carbon
catalyst degradation mechanism for oxygen reduction reaction in acidic and alkaline
media” in the Journal of Power Sources [155].

4.1 Abstract

Developing durable electrocatalyst for oxygen reduction reaction (ORR) is
essential for fuel cell commercialization. Herein, we perform a study of platinum-
carbon (Pt/C) degradation mechanisms using potential cycling of accelerated dura-
bility testing protocols in alkaline and acidic media. Physicochemical results indicate
that carbon surface oxides are formed after high-potential cycling in acid causing
an increase in the double-layer capacitance and severe ORR activity loss due to
Pt poisoning. Whereas, low-potential cycling in acid shows less ORR activity loss,
mainly caused by Pt Ostwald ripening, and does not lead to a significant change
in double-layer capacitance. In alkaline, the Pt/C catalyst after high-potential cy-
cling shows a decrease of double-layer capacitance over time because of carbon layer
dissolution. TEM images reveal larger Pt agglomerates in alkaline, due to high Pt
mobility. These findings provide new insights into the role of catalyst and carbon
support interface in developing mitigation strategies for stable fuel cell operation.

4.2 Physicochemical, Performance and Durability Assessment Tools

4.2.1 Chemicals

The chemicals and their suppliers used in this work include perchloric acid
(HClO4, 69-72% Certified ACS), ethanol (≥ 95%) and potassium hydroxide (KOH,
≥90 %) from Sigma-Aldrich, isopropanol (IPA, 99.5 %, ACS), and 20% platinum
on carbon black (Pt/C, HiSPEC-3000) from Alfa Aesar, and 5% D2020 Nafion®

solution from Ion Power. All solutions were prepared with ultrapure deionized water

40



(> 18 M Ω·cm resistivity) supplied by a water purification system from Thermo
Scientific Barnstead Nanopure.

4.2.2 Electrode Preparation and Electrochemical Tests

Half-cell electrochemical tests were conducted with Autolab Metrohm PG-
STAT128N potentiostat/galvanostat at room temperature and ambient pressure.
Thin-film rotating disk electrode (TF-RDE) measurements were performed with a
three-electrode electrochemical set-up in a modulated speed rotator from Pine Re-
search Instrumentation, Inc. A saturated calomel electrode (SCE) and a Hg/HgO
electrode (filled with 1 M KOH) were used as the reference electrode in acid and
alkaline electrolyte, respectively. A 1.5 cm2 Pt mesh was used as the counter elec-
trode and E3 series RDE (OD = 5 mm) with glassy carbon (GC) disk as the working
electrode. All potentials shown in this work were converted to a reversible hydrogen
electrode (RHE) using:

ERHE = EWE + E0,RE (4.1)

whereEWE is the experimentally obtained working electrode potential against
the reference electrode, and E0,RE is the standard potential of the reference electrode
vs. RHE. The pH of applied electrolytes was measured using the Mettler ToledoTM

S220, which was calibrated by a standard buffer solution (pH = 4.01, 7.0, and 10.0)
before use. Based on the measured PH, the SCE potential was adjusted to be 0.312
V at 0.1 M HClO4 [123] and the Hg/HgO potential was 0.839 V at 0.1 M KOH
according to our previous work [156].

The catalyst ink was prepared by mixing commercial 20 wt.% Pt/C in 24
vol.% IPA-water solution with a Nafion ionomer/carbon weight ratio (I/C) of 0.125.
To obtain uniform dispersion, the catalyst ink was sonicated for 30 minutes at < 35
°C temperature. Before ink deposition, the GC disk of RDE was polished for 2–3
minutes with a rayon micro-cloth wetted with the 50 nm aluminum oxide (Al2O3)
suspension. A controlled volume of catalyst ink was then deposited on the clean
disk and dried with a 250 W infrared lamp. For each studied sample, the target
catalyst loading is 0.1 mg/cm2.

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and electro-
chemical impedance spectroscopy (EIS) were first measured in N2-saturated 0.1
M HClO4 or 0.1 M KOH. The sequence of electrochemical tests is: 1) surface ac-
tivation through CV from 0.0125 to 1.2 V for 50 cycles at 500 mV/s, 2) another
CV in the same potential range for 3 cycles at 20 mV/s, 3) a background current
obtained with LSV from -0.01 to 1.2 V at 20 mV/s with 1600 rpm rotating speed,
and 4) EIS at a DC potential of 0.4 V with a frequency range from 100 kHz to
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0.1 Hz and 10 mV AC amplitude. Then, measurements were performed in 0.1 M
O2-saturated electrolyte solution with 1600 rpm rotating speed: 1) LSV at 20 mV/s
to obtain ORR activity and 2) EIS at 0.85 V DC potential with 10 mV AC ampli-
tude from 100 kHz to 0.1 Hz. For the degradation protocols, 5, 000 potential cycles
were conducted in N2-saturated electrolyte. Two ADT protocols were performed
including the potential cycling of 0.6–1.0 V at 50 mV s−1 and 1.0–1.6 V at 100 mV
s−1, which are referred to as low-potential cycling (LPC) and high-potential cycling
(HPC) tests, respectively. Accordingly, the measurements taken before and after
the 5,000 durability cycles are referred to as beginning-of-life (BOL) and end-of-life
(EOL), respectively. All measurements were performed more than three times to
ensure data reproducibility.

4.2.3 Physicochemical characterization

The RDE, after degradation test, was gently sonicated in ethanol to detach
the catalyst layer from the disk substrate. After being loaded on a 300 mesh Lacey
Carbon Type A copper grid supplied by Ted Pella, Inc., fresh and degraded samples
were analyzed using a transmission electron microscope (TEM, JEOL 2100) operated
at 200 kV. Scanning electron microscopy (SEM, Field Emission Gemini 500) at 3
kV was done on catalyst layers deposited on a removable RDE disk to capture the
actual physical degradation on the thin film.

X-ray photoelectron spectroscopy (XPS) was performed with Thermo Scien-
tific K-Alpha Plus using a monochromatic aluminum X-ray source. Each sample
was repeated for three different locations with an X-ray spot of 400 µm. For the
degraded samples, XPS measurements were conducted directly on the catalyst layer
of a removable RDE disk, similar to SEM, to ensure data quality. Avantage software
was used to post-process the XPS data of C 1s and Pt 4f spectra.

4.3 ORR Performance Loss

Figure 4.1a displays the CV curves obtained every 1,000 ADT cycles of
LPC Acid and the four reaction regions. The current densities in regions I, II, and
IV reduce with increasing durability cycles, highlighting the loss of ECSA. Further,
the Pt reduction peak potential in region IV becomes more positive with cycling
time resulting from the increase of Pt particle size [157], most likely due to Ostwald
ripening [36].
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Figure 4.1: Electrochemical acid degradation data (0.1 M HClO4) for LPC Acid
(a,c,e) and HPC Acid (b,d,f) recorded every 1,000 cycles: (a,b) CV
recorded in N2-purged electrolyte, (c,d) changes in roughness factor
and normalized Cdl and (e,f) LSV results in O2-saturated electrolyte
at 1600 rpm.

4.4 Catalyst utilization via Tafel analysis

The ECSA, estimated by HAD, is widely considered as an indicator of cata-
lyst activity and can be monitored for degradation studies [58, 61, 65, 158]. During
the long-term potential cycling, identifying the ECSA loss would have an underlying
assumption that the mass loading of Pt catalyst remains unchanged. To avoid the
effect of Pt mass loss, roughness factor (rf) is used instead, which represents a ratio
between the electrochemically active Pt area and the geometric area of the working
electrode:

rf =
qPt

Γ
(4.2)

where qPt is the hydrogen adsorption charge density (in C cm-2
geo) and Γ is

the standard charge to reduce a monolayer of protons on Pt (210 µC cm−2
Pt ) [159].

From Figure 4.1c and d, LPC Acid and HPC Acid are found to have similar rf
losses of around 50% after 5,000 cycles. This agrees well with the results reported
by Pizzutilo et al. [59] and Weber et al. [58]. For LPC Acid, the majority of the
rf losses are in the first 2,000 cycles, then the rf reaches a plateau, owing to the
formation of a steady-state electrode/electrolyte interface and possibly a stable Pt
size. In the case of HPC Acid, the initial rf degradation appears to be linear from
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1,000 to 4,000 cycles, most likely coming from Pt dissolution and detachment from
the carbon support, then begin to plateau in the last 1,000 cycles.

The ORR activity, which typically correlates well with the rf , was evaluated
using linear sweep voltammetry (LSV) performed in O2-saturated 0.1 M HClO4

after every 1,000 ADT cycles. The results for LPC Acid and HPC Acid are shown
in Figure 4.1e and f, respectively. Compared with LPC Acid, the HPC Acid sample
suffered from severe kinetic losses, as observed from the ORR onset potential, despite
having the same rf loss. Meanwhile, the limiting current density on these two
samples is very similar after 5,000 ADT cycles. This observation can be explained
by the similar rf losses since the diffusion layer thickness and the catalyst layer
structure determine the limiting current according to the Koutecky-Levich equation
[123].

To study the ORR electrocatalytic resistance, EIS was also conducted in
an O2-saturated 0.1 M HClO4 electrolyte at 0.85 V. The EIS spectra of LPC and
HPC samples are shown in Figure 4.2a and b, respectively. EIS also allows the
differentiation of catalyst and carbon support degradation [160]. The experimental
results are simulated by an equivalent circuit (inset of Figure 4.2c), consisting of
a charge transfer resistance (R1), a constant phase element (CPE) corresponding
to a double-layer capacitance (Q1), a mass transfer resistance (R2), another CPE
simulating the diffusion process (Q2) and an ohmic resistance (Ro) [161]. All fitted
results are summarized in Table 4.2 (refer to Appendix). Throughout 5,000 ADT
cycles, the total polarization resistance, R1+R2, increased drastically for HPC Acid
in contrast to the slight change for the LPC sample, as shown in Figure 4.2c. Such
observation also agrees well with the change of ORR activity shown in Figure 4.1e
and f.
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Figure 4.2: Electrochemical impedance spectroscopy (EIS) data in O2-satured 0.1
M HClO4 at 0.85 V with 1600 rpm recorded at beginning-of-life (BOL)
and end-of-life (EOL) for (a) LPC Acid and (b) HPC Acid. Symbols
represent raw data and dashed lines are the fitting results. (c) Total
resistance (R1 + R2) as a function of cycle number along with the
equivalent circuit used in the simulation.

High-potential cycling was also performed in alkaline media (HPC Alkaline)
consisting of N2-saturated 0.1 M potassium hydroxide (KOH) to compare the degra-
dation mechanism of HPC in acidic media. Similar to that in the acidic media
(Figure 4.1a), the measured CV curves of Pt/C catalyst in alkaline media have the
characteristic pseudocapacitive features, including HAD below 0.3 V and Pt oxide
formation at over 0.7 V as shown in Figure 4.3a. Note that the oxide formation on
Pt surface in alkaline media originates from the specific OH- adsorption, whereas
in acidic media, it is due to the activation of solvent water molecules [159]. At
any given potential, the CV current density decreases drastically during the first
1,000 cycles, revealing that HPC Alkaline sample suffers from significant catalyst
loss and/or irreversible chemical and structural reconstruction. After the first 1,000
cycles, the alkaline CV results indicate that a stable reaction interface has formed
gradually throughout the next 4,000 cycles.
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Figure 4.3: Electrochemical data for alkaline degradation (0.1 M KOH) collected
every 1,000 cycles: (a) CV results in N2-saturated electrolyte, (b)
roughness factor and normalized Cdl change, and (c) LSV curve in
O2-saturated electrolyte at 1600 rpm.

For rf estimation in alkaline media, a method developed by Vidal-Iglesias et
al. [162] uses a reference total charge of 390 µC cmPt

−2 taken between 0.06–0.9 V
considering both H+ and OH− adsorption. In Figure 4.3b, the rf decreases 57% af-
ter 5,000 cycles of HPC compared to a 50% loss in HPC Acid. Alkaline electrolytes
typically show more severe ECSA degradation of Pt/C than acidic media. In al-
kaline media, particle detachment is related to both the change in carbon support
chemistry, which alters the anchoring sites between the Pt NPs and the carbon sup-
port and the associated carbon corrosion in the vicinity of the Pt NPs. [69, 70]. In
O2-saturated 0.1 M KOH, the ORR activity in HPC Alkaline was assessed as shown
in Figure 4.3c. At BOL, HPC Alkaline demonstrates higher kinetic overpotential
as compared to that in acidic media (Figure 4.1f) due to increased Pt-OH coverage
[163]. However, based on the Tafel plots of Figure 4.9b and c (see Appendix), the
ORR activity degradation of HPC Alkaline is not as severe compared to HPC Acid.
These combined results further suggested that the inconsistent trend between the
measured rf and ORR activity in HPC Acid is likely related to the Pt and carbon
support interaction, to be discussed in the succeeding sections.
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To analyze ORR kinetics, Tafel model approximation of the classic Butler-
Volmer equation can be represented in the following form:

ik = 10(η/B) × i0 × rf (4.3)

where ik and i0 are the kinetic and exchange current densities (mA cm−2
geo),

respectively, η is overpotential (V), and B denotes the Tafel slope. When describing
the real reaction rate, kinetic current density (ik) was employed instead of mass ac-
tivity to minimize the influence of Pt mass loss throughout the degradation cycles.
The Tafel slope and exchange current density can be obtained experimentally from
the kinetic dominant region of the LSV data using Tafel plots (i.e. log(i) vs η) as
shown in Figure 4.9 (see Appendix). For LPC Acid, the fitted values of B and i0
are 56 mV dec−1 and 3.35 × 10−7 mA cm−2

Pt , respectively, presented in 4.10a. Fur-
thermore, these two parameters are roughly constant during 5,000 potential cycles,
implying no significant changes in terms of the reaction rate-determining step and
intrinsic kinetic rate in the whole measurement period. The ik at η = 0.33 V for
the LPC Acid per 1,000 cycles was estimated according to Equation (4.3) and was
compared to the experimental results derived by:

ik =
ilim × i0.9
ilim − i0.9

(4.4)

where i0.9 is the current density from LSV obtained at 0.9 V (corresponding
to η = 0.33).The reasons for the choice of 0.9 V to represent the catalyst activity are
discussed in the literature [164]. The estimated ik values for LPC Acid correspond
well with the experimental results as shown in Figure 4.4a, demonstrating the reli-
ability of the Tafel approximation method. After 5,000 cycles, the loss (∼55%) is
consistent with the decrease of rf (∼46%), with B and i0 remain unchanged during
the low-potential cycling. Similarly, the fitted value of B and i0 for HPC Alkaline
remains almost constant throughout the 5,000 ADT cycles as shown in Figure 4.10c.
The average values in HPC Alkaline for Tafel slope and exchange current density
are B = 68.0 mV dec−1 and i0 = 4.81 × 10−7 mA cm−2

Pt , respectively. El-Sayed et
al. [165] used similar Tafel analysis to investigate catalyst degradation for oxygen
evolution reaction by assuming constant B and i0.
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Figure 4.4: (a) Analysis with the Tafel approximation showing the model predicted
and experimental values for kinetic current (ik) in LPC Acid. (b)
Comparison of the model and experimental values of rf in HPC Acid.
(c) Correlation of the effective Pt area utilization (model predicted rf
divided by experimentally measured rf) with the normalized Cdl for
HPC Acid.

On the other hand, the experimentally measured loss (∼ 97%) is much greater
than the rf degradation (∼50%) measured by CV for HPC Acid after 5,000 cycles,
as illustrated in Figure 4.11 (see Appendix). To further investigate this discrepancy,
the Tafel model in Equation (4.3) was also employed for HPC Acid. The fitted
values of i0 and B for HPC Acid are plotted in Figure 4.10b (see Appendix), which
significantly shows variation throughout the ADT process, indicating a change of
reaction kinetics. Using the i0 and B obtained at BOL, the theoretical rf can be
calculated by the Tafel approximation based on the ik measured experimentally for
HPC Acid. Figure 4.4b shows a significant discrepancy of the rf between the Tafel
model and the CV measurement, which can be ascribed to the growing number
of inaccessible active sites for ORR during the high-potential cycling. For further
analysis, the effective Pt area utilization, calculated from model predicted rf divided
by the measured rf , is plotted as a function of the normalized Cdl in Figure 4.4c.
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The results show that effective Pt utilization reduces exponentially with increasing
double-layer capacitance, confirming that the majority of the catalyst surface sites
are not catalytically active towards ORR after 5,000 cycles. Moreover, the resulting
trend in Figure 4.4c resembles that in Figure 4.12, which is comparable to Langmuir-
like adsorption of carbon surface oxides on Pt surface, as elucidated in the Appendix.
Thus, for HPC Acid, the carbon surface oxides improve the electric double-layer
(EDL) charging capacitive behaviors but disrupt the accessible active sites or the
Faradaic electron transfer for ORR. In contrast to HPC Acid, HPC Alkaline yield
a high effective Pt surface area utilization by applying the same Tafel analysis in
Equation (4.3) over the entire HPC process, as shown in Figure 4.13 (see Appendix).
The high Pt utilization of HPC Alkaline agrees with the less severe ORR activity
loss measured in LSV (Figure 4.3c).

4.5 Degradation of carbon support

The condition of the carbon support can be deduced from the region III
in the CV (Figure 4.1a and b), where the DL charging capacitive current remains
almost constant throughout the ADT for LPC Acid. It can be concluded that the
surface of the carbon support is not modified significantly. In contrast, Figure 4.1b
for HPC Acid demonstrates increasing DL capacitive current, suggesting oxidation
of the carbon support. In region IV, the Pt reduction peak current decreases with
potential cycling, which could be interpreted as alternations of adsorbed species
generated by carbon corrosion [65]. Besides, as illustrated in Figure 4.1b, a small
oxidation peak at around 0.6 V is slowly forming over time, which can be assigned to
the formation of electro-active carbon species, such as quinone/hydroquinone [67,
166]. To further investigate the degradation of the carbon support, double-layer

capacitance, Cdl (mF cm−2
geo) is calculated as:

Cdl =
idl
v

(4.5)

where idl is the DL charging capacitive current density (mA cm−2
g eo) and v

is the applied potential scan rate (mV s−1). The calculated Cdl is then normalized
to that of the BOL condition. As shown in 4.1c and d, the Cdl remains almost
unchanged for LPC Acid, but is more than doubled for HPC Acid, indicating only
the latter underwent considerable oxidation of carbon support surface. The increase
in for HPC Acid could be ascribed to the formation of carbon surface oxides, which
increases the interfacial wettability of the carbon surface and attracts more elec-
trolyte [167], thus facilitating the ion transport and adsorption for DL capacitive
behaviors.

49



Another tool to study EDL is through electrochemical impedance spectroscopy
(EIS). The EIS results of the samples in the N2-saturated acid electrolyte at 0.4 V
from the LPC and HPC ADTs are shown in Figure 4.5a and b, with the expanded
view of the high-frequency region in the inset. Without the Faradaic electron trans-
fer reaction, the impedance at the high-frequency region is dominated by the proton
transport in acid [31]. Compared with LPC Acid, HPC Acid experiences a promi-
nent increase in proton transport resistance with cycling time, possibly due to in-
creasing non-covalent interaction between the adsorbed proton and the oxide species
on the carbon surface.

Figure 4.5: Electrochemical impedance spectroscopy (EIS) response and the cor-
responding capacitance plots in N2-satured 0.1 M HClO4 at 0.4 V for
(a,c) LPC Acid and (b,d) HPC Acid.

Capacitance plots processed from the EIS data (Figure 4.5c and d) provide
valuable information on the charge conductivity within the catalyst layer and the
available surface area simultaneously [31]. Also, the maximum capacitance is pro-
portional to the utilization of the available surface area of both Pt and the carbon
support [31]. The maximum capacitances throughout 5,000 durability cycles for
LPC Acid remain almost constant in the range of 1.5–2.0 mF cm−2, but more than
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doubled for HPC Acid, correlating with the Cdl measured from CV (Figure 4.1c and
d).

For HPC Alkaline, the apparent Cdl was estimated at 0.4 V, where the de-
tected current is purely attributed to the DL charging and discharging capacitive
behaviors. Contrary to HPC Acid, the measured Cdl, shown in Figure 4.3b and
Figure 4.14b from EIS (see Appendix), decreases throughout the HPC process, sug-
gesting the prominent carbon surface area loss. In summary, the observations from
Cdl demonstrate the electrolyte-dependent degradation mechanism of carbon corro-
sion, which will be further discussed.

To track the chemical changes in the carbon support and to explain the
electrochemical behaviors observed, XPS was performed on fresh and degraded Pt/C
samples in both acidic and alkaline media, in Figure 4.15 (See Appendix). The
collected C 1s spectrum is analyzed by six different carbon chemical states, including
C–C at 284.3 eV, three C oxidized species, and two C–F bonds from Nafion ionomer,
as shown in Figure 4.6. The fitted results are summarized in Table 4.1. Compared
with the fresh Pt/C, only slight oxidation of carbon surface is observed in LPC Acid,
consistent with the Cdl observation in Figure 4.1c. In contrast, high-potential cycling
exhibits significant carbon oxidation and forms the carboxyl (O–C=O) and carbonyl
(C=O) groups in acidic and alkaline media, respectively. In addition, the C–C
bonding in HPC Acid decreased significantly compared to other samples, implying
the severe carbon surface oxide formation on the sample.
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Figure 4.6: XPS peak deconvolution of C 1s spectrum collected from glassy carbon
electrode coated with catalyst layers for (a) fresh, (b) LPC Acid, (c),
HPC Acid, and (d) HPC Alkaline samples.

Table 4.1: XPS analysis of C 1s peaks for the fresh and degraded Pt/C.

Chemical State
Peak Relative Distribution (%) Binding

Energy (eV)
Reference

Fresh LPC Acid HPC Acid HPC Alkaline
C–C 45.42 45.55 26.73 43.8 284.3 [166]

C–O–C 30.67 36.1 40.41 32.92 285.7 [166]
C=O - - 5.33 12.44 287.0 [166, 168]

O–C=O 10.73 9.22 15.34 1.4 289.2 [169, 170]
CF2 11.23 7.84 9.59 6.6 ∼292.0 [169]
CF3 1.95 1.29 2.61 2.84 ∼294.0 [169]

The XPS results provide direct evidence that the carbon corrosion mecha-
nism strongly depends on the electrolyte environment despite having similar ADT
conditions. In an earlier investigation [71], carbon surface oxides were observed to
form in an acidic environment through acid-catalyzed ring-opening in the graphitic
structure. The formed carbon surface oxides may include phenols, ethers, ketones,
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and carboxylic acids among others [29]. The carbon surface oxides in the acidic
environment, mostly O–C=O, increases the wettability of the carbon support and
improves the ion migration, making it easier to form a double-layer [167]. This phe-
nomenon then leads to a considerable increase in the measured Cdl. For the alkaline
condition in the same study [71], hydroxyl radical (OH·) preferentially reacts with
the alkyl side chains, causing oxidation of the carbon layers. The oxidation process
in alkaline media weakens the π−π interactions between the graphitic layers, turning
the carbon surface to be more hydrophilic and eventually dissolve in the electrolyte.
This mechanism is consistent with the observed decrease in HPC Alkaline. The
detachment of carbon layers in alkaline media also exposes more C=O functional
groups [71].

At potentials between 0.6–0.8 V, Pt is known to be an active catalyst for
COR upon interaction with the carbon surface oxide generated in the degradation
process [61]. However, during ORR activity measurement, the carbon surface oxides
could be adsorbed onto the Pt surface, which blocks the active sites for ORR. This
strengthens the idea that the ORR activity decline in HPC Acid is mostly due to
the poisoning of Pt active sites. The poisoning effect of carbon surface oxides on
Pt for ORR is also observed by another work [171] using scanning electrochemical
cell microscopy. Furthermore, the discrepancy between the measured and model
calculated rf (Figure 4.2b) in HPC Acid affirms Pt poisoning from the carbon
surface oxide, predominantly due to O–C=O. The estimation of the active Pt surface
area from a CV in the potential range 0.05–0.4 V has been established to have less
influence from the carbon support and Pt oxide reaction compared to other regions
[43]. Thus, the measured rf is not affected by possible carbon surface oxide, while
the actual Pt surface available for ORR is much lower. Moreover, the peak current
of Pt-oxide reduction in Figure 4.1b diminishes gradually throughout high-potential
cycling, which also indicates a strong interaction between the Pt surface and the
adsorbed carbon surface oxides [65].

The mechanisms for the Pt and carbon degradation in different ADT condi-
tions can be deduced from a study by Pandy et al. [42]. During LPC Acid, unstable
carbon surface oxides can be formed even at low potentials. Amorphous carbon do-
mains can be corroded in the potential range of 0.40–1.00 V. The unstable carbon
oxides can be further oxidized by water activation at 0.95 V or upon reaction with
Pt-OHads at 0.65 V. After the oxidation process, CO2 and carbon defect sites are
formed. Since the majority of the generated carbon surface oxides in LPC Acid are
converted to CO2, this explains why carbon surface oxide poisoning is not primar-
ily observed in the sample. At potentials higher than 1.0 V, the ordered graphitic
domain starts to corrode [67]. This could be happening in HPC Acid, where un-
stable carbon surface oxides are generated from the ordered domains of the carbon
support and are not fully converted to CO2. These species then heavily affect the
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Pt ORR performance, with O–C=O groups mainly poisoning the Pt surface sites
in HPC Acid. In general, CO and CO2 are known contaminants that poison the Pt
and Pt-alloy catalysts in PEMFC even at high temperatures [172].

In alkaline media, the carbon surface oxides are also generated and can be
converted to CO2 either by directly reacting with Pt–OHads through the spillover
mechanism or by adsorbing onto Pt first to form Pt–COads followed by the reaction
with Pt–OHads [69]. Pt also acts as a catalyst for CO2 evolution in alkaline media,
however, carbon layers dissolve in the alkaline electrolyte, thus severe Pt poisoning
effect could have been avoided. The generated CO2 can also interact with K+ to form
solid potassium carbonate (K2CO3) in the KOH solution. The solid carbonates near
the Pt NPs are believed to facilitate the detachment of Pt on the carbon support
[69].

4.6 Pt degradation and interfacial interactions with carbon support

To investigate the chemical change of the Pt catalyst, the Pt 4f XPS spectrum
shown in Figure 4.16 (see Appendix) and Table 4.3 (see Appendix) reveal the oxide
species (i.e. PtO and PtO2) on the Pt surface. Overall, similar Pt oxidation states
can be observed between the fresh and the degraded samples. This can be explained
by the instability of the generated Pt oxides in the hydrated form which could be
dissolved in the electrolyte solution.

The morphological changes on the Pt NPs were investigated using TEM
(Figure 4.7a–d). These images were analyzed using ImageJ software to estimate the
size and number of Pt NPs of all studied samples, and the results are summarized
in Figure 4.7h. To ensure data quality, the entire area of the TEM image was
processed to capture the maximum sample size. As a result, the number of Pt
particles analyzed from the fresh, LPC Acid and HPC Acid samples were 488, 288,
and 105, respectively. Figure 4.7e–g illustrate the observed size and distribution of
Pt NPs for fresh, LPC Acid and HPC Acid samples, respectively. The fresh Pt NPs
have an average diameter of 2.6 nm with uniform dispersion on the carbon support.
In LPC Acid, significant Pt particle growth can be observed due to agglomeration
and Ostwald ripening. The larger particles formed in LPC Acid (> 8 nm) can be
due to Pt redeposition, happening at potentials less than 1.0 V [173]. For HPC Acid,
the Pt size increases slightly to an average of 3.2 nm, with Pt agglomeration and
particle detachment being the primary mechanisms, as observed from Figure 4.7c.
Due to Ostwald ripening and Pt detachment occurring in LPC Acid and HPC Acid,
respectively, the final Pt surface area (or rf) after ADT can be similar as measured
from CV shown in Figure 4.1c and d. This behavior for the two ADT conditions is
further explained in the Appendix.
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Figure 4.7: TEM images for (a) fresh samples, (b) LPC Acid, (c) HPC Acid,
and (d) HPC Alkaline showing the different Pt particle distribution
and physical degradation. Illustration of Pt particle evolution from
(e) well-dispersed fresh sample to (f) LPC Acid demonstrating severe
Ostwald ripening and (g) agglomerated Pt particles in HPC Acid with
significant Pt detachment due to carbon corrosion. (h) Particle size
distribution based on (a-c) comparing fresh and acid degraded sam-
ples.

Interestingly, the Pt agglomeration after degradation in alkaline media is
significantly different from that in acid; much larger chain-like Pt agglomerations
are observed in HPC Alkaline. Due to the difficulty in identifying individual Pt NPs
in HPC Alkaline, quantification of the size distribution with TEM images was not
performed. Nevertheless, prominent surface mobility and detachment of Pt in the
HPC Alkaline sample can be noted, which is not observed in HPC Acid. Similar
observations are supported by the SEM images in Figure 4.17. Since the XPS results
of Pt do not show any significant difference, the Pt mobility should be mainly
influenced by the carbon support chemistry. Kim et al. [174] showed that there
is a higher adhesion force between the Pt-probe and an acid-treated carbon with
C/O functional groups using atomic force microscopy techniques. Another study
[175] reported that the modification of the carbon surface with O–C=O improved
Pt dispersion and strengthened the interaction between the carbon support and the
Pt NPs through coordination or electrostatic interaction. Therefore, the presence of
O–C=O, groups, which is abundant in HPC Acid but scarce in HPC Alkaline, could
play an important role in stabilizing the Pt NPs on the carbon surface, keeping them
from being mobile.

Schematic illustrations summarizing the various degradation mechanisms in
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all studied samples are depicted in Figure 4.8. The Pt/C degradation mechanisms
are elucidated to be dependent on the ADT operating conditions and the applied
electrolyte environment. The ORR activity loss can be attributed to the combi-
nation of carbon corrosion, Pt degradation, and the interfacial interaction between
carbon and Pt.

Figure 4.8: Schematic illustration of the degradation of both Pt and carbon sup-
port after being subjected to different potential cycling condition in
acid and alkaline electrolyte. Major degradation mechanisms are also
listed for each accelerated durability test (ADT) conditions.

4.7 Conclusion

The degradation mechanisms of Pt/C catalyst for ORR in acidic and alka-
line media were investigated. Low-potential and high-potential cycling in acid yield
comparable electrochemical active surface area at the end of their respective acceler-
ated durability tests. However, their primary degradation mechanisms are different,
where Oswald ripening is dominant in low-potential cycling and Pt detachment and
agglomeration for high-potential cycling. Carbon surface oxides, predominantly
O–C=O functional groups, are generated after high-potential cycling in acid. These
species enhance the wettability of the carbon support, leading to the increase of
double-layer capacitance, but also impede the ORR activity by adsorbing unto the
Pt active sites and cause poisoning. After high-potential cycling in alkaline media,
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the presence of O–C=O groups was scarce, and the ORR activity degradation is not
as severe as in acid, thus supporting the poisoning effect of O–C=O groups to cause
ORR activity degradation in acid. These results demonstrate the effects of different
carbon corrosion mechanisms in acidic and alkaline media and its impacts on the
measured ORR activity. The carbon corrosion mechanism also affects the mobility
of Pt on the carbon support, as exemplified from high-potential cycling samples
in alkaline, where larger chain-like Pt agglomerations are formed. The presence
of O–C=O in high-potential cycling samples in acid strengthened the interaction
and bonding between the Pt nanoparticles and the carbon support. It is empha-
sized in this work that the measured electrochemically active Pt area from the HAD
method might not be fully utilized for ORR, as there could be poisoning effect. The
results from this work contribute to the fundamental understanding of the degra-
dation mechanisms of the commercial catalysts for developing more durable ORR
catalysts. Implementing the optimized operating strategy and corrosion-resistant
supports are the key to enable long-term fuel cell operation.

4.8 Appendix

Table 4.2: Impedance fitting parameters at 0.85 V obtained in O2-saturated 0.1
M HClO4 with 1600 rpm.

Cycle No.
LPC Acid HPC Acid

Ro (Ω) R1 +R2 (Ω· cm2) Ro (Ω) R1 +R2 (Ω· cm2)
0 26.0 43.9 28.4 32.4

1,000 25.1 49.1 27.7 115.6
2,000 23.6 59.3 28 159.0
3,000 24.1 53.3 26.7 202.7
4,000 23.6 80.9 27.8 280.9
5,000 24.3 72.1 27.2 441.4

Table 4.3: Relative amount of different Pt chemical states from Pt 4f XPS peak
deconvolution on fresh and degraded samples and the average oxidation
state calculated as weighted average from each chemical states.

Chemical State Fresh HPC Acid HPC Alkaline
Pt0 43% 45% 41%

PtO (Pt2+) 34% 34% 32%
PtO2(Pt4+) 23% 21% 27%

Average Oxidation State 1.61 1.51 1.70
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4.8.1 Particle Size and roughness factor (rf) in acid

To justify the similarities in rf for LPC and HPC in acid, consider two samples
with similar total Pt masses but with different Pt nanoparticle (NP) diameters.
Assuming the density (ρ) of Pt NPs is constant, the total Pt mass (m) can be
expressed as:

m = ρn1V1 = ρn2V2 (4.6)

where the subscripts 1 and 2 denote LPC Acid and HPC Acid, respectively
and n and V are the number and volume of Pt NPs. Consider a scenario where
Ostwald ripening is more severe in LPC Acid, thus having larger Pt NPs than
HPC Acid, i.e. r1 >> r2. The number of Pt NPs (n2) in HPC Acid, with smaller
radius r2, can be calculated:

n2 =
n1V1

V2

(4.7)

The total surface area for LPC Acid and HPC Acid are:

A1 = 4πr1
2n1 × (1−OR1) (4.8)

A2 = 4πr2
2n2 × (1−OR2) (4.9)

where OR is the overlap ratio between Pt NPs, accounting for agglomeration,
and assumed to be zero for LPC Acid (OR1 = 0). Getting the ratio for A2/A1 and
expressing n2 using Equation 4.7:

A2

A1

=
r2

2

r12
× V1

V2

× (1−OR2) (4.10)

The volume ratio can be expressed as:

V1

V2

=
r1

3

r23
(4.11)

Then, the area ratio can be simplified as:

A2

A1

=
r1
r2

× (1−OR2) (4.12)
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Since r1 >> r2, then A2 for HPC Acid is greater than A1 of LPC Acid.
Therefore, to match the rf of HPC Acid, i.e. A1 ≈ A2, additional smaller-sized Pt
NPs are necessary for LPC Acid. The total Pt masses in LPC Acid and HPC Acid
do not necessarily have to be the same. This justifies that even with Pt detachment
in HPC Acid that results in reduced Pt mass loading, a similar rf with LPC Acid
would still be obtained.

4.8.2 Langmuir adsorption isotherm and the available Pt sites for HPC Acid

The characteristic profile illustrated in Figure 4.4c for HPC Acid can be
explained by approximating the adsorption of the carbon surface oxides (COx) on
the Pt surface sites (*) with the Langmuir adsorption isotherm [176], described as:

COx + ∗
kads
⇌
kdes

COx∗ (4.13)

where COx∗ is the chemisorbed state of COx and kads and kdes are the rate
constants for adsorption and desorption, respectively. The net rate of adsorption
can be written as:

r = kads[COx][∗]− kdes[COx∗] (4.14)

At equilibrium, the net rate of adsorption is zero and the relationship can be
expressed as:

r = kads[COx][∗]− kdes[COx∗] (4.15)

Performing a site balance with [*]0 as the total adsorption sites, the fractional
coverage of COx (θCOx) on the Pt surface can be derived:

[∗]0 = [∗] + [COx∗] (4.16)

θCOx =
[COx∗]
[∗]0

(4.17)

Expressing (θCOx) in terms of measurable quantities, [COx] and Kads, then
combining the above equations:

θCOx =
Kads[COx]

1 +Kads[COx]
(4.18)
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Consider the case for Kads= 10, can be estimated with Equation (4.18) along
with the Pt vacant sites, expressed as (1 − θCOx), as shown in Figure 4.12. For
HPC Acid, the concentration of COx is proportional to the Cdl, thus justifying
the relationship in Figure 4.4c for Cdl and the effective Pt area utilization, which
represents the vacant sites available for ORR.

Figure 4.9: Tafel plots for (a) LPC Acid, (b) HPC Acid, (c) and HPC Alkaline
every 1,000 cycles. Symbols represent raw data and solid lines are
simulation results.
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Figure 4.10: Tafel slopes and exchange current density, i0, for (a) LPC Acid, (b)
HPC Acid and (c) HPC Alkaline every 1,000 cycles.

Figure 4.11: HPC Acid normalized kinetic current (ik) and roughness factor ob-
tained from the experiment.
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Figure 4.12: Fractional coverage of COx (θCOx) as a function of concentration
approximated using Langmuir adsorption model.

Figure 4.13: Effective Pt area utilization in HPC Alkaline estimated by dividing
the model predicted rf obtained from Tafel equation model with the
experimentally measured rf .
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Figure 4.14: (a) Electrochemical impedance spectra and (b) capacitance plot for
HPC Alkaline in N2-saturated 0.1 M KOH recorded at 0.4 V.

Figure 4.15: XPS survey spectra for fresh and degraded Pt/C samples.
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Figure 4.16: XPS peak deconvolution of Pt 4f spectrum, showing the different Pt
chemical states present in (a) fresh sample, (b) HPC Acid, and (c)
HPC Alkaline.
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Figure 4.17: SEM images for (a) fresh sample, (b), HPC Acid, and (c)
HPC Alkaline.
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Chapter 5

DEVELOPMENT OF IRIDIUM-COBALT OXIDE AS AN
ALTERNATIVE CATALYST FOR OXYGEN

EVOLUTION REACTION (OER)

5.1 Abstract

Green hydrogen from water electrolysis can be a commercially viable path
towards decarbonization if cost reduction can be achieved. The iridium-based an-
ode catalyst is one of the most expensive components in electrolyzers. We pro-
pose to reduce iridium usage by alloying with cobalt (IrCo), being a less expensive
metal. Surfactant-assisted Adam’s fusion synthesis technique was developed here
as a scalable method to produce IrCo alloy. The synthesized material outperforms
a commercial baseline, iridium oxide (IrOx C), in both acidic and alkaline media.
Further activity enhancement was achieved through acid etching (IrCo ae), prefer-
entially removing Co to generate more active sites. IrCo ae obtained a much lower
overpotential at 10 mA cm-2 compared to IrOx C by ∼18% and ∼14% in acid and
alkaline, respectively. This work shows that effective Ir utilization is possible with
the proposed synthesis method and can be tailored to improve the catalyst stability
for green hydrogen production.

5.2 Catalyst Synthesis and Testing Protocols

5.2.1 Catalyst Synthesis

IrCo oxide was synthesized using a surfactant-assisted Adam’s fusion method.
Pluronic F-127, a triblock copolymer, was used as a surfactant to control the mor-
phology and stirred for 4 hours. H2IrCl6 and Co(NO3)2, as Ir and Co precursors,
were mixed in a KNO3 solution with a total metal content of 1 mM and added
to the surfactant in a dropwise fashion. The solution is then stirred for 12 hours
at 80 °C and evaporated at 98.5 °C to obtain a polymerized particle. Calcination
was then performed in the air for 2 hours at 400 °C and the particle was washed
with ethanol and water to remove excess reactants and surfactants. The samples
are then air-dried. Acid etching was employed by soaking the catalyst powders in
HNO3 solution (0.5 M) for 48 hours and recovered through centrifugation.
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Figure 5.1: A general schematic for the surfactant-assisted Adam’s fusion method
developed in this study as illustrated by Dr. Guangfu Li of Thermal
and Electrochemical Energy Laboratory (TEEL).

5.2.2 Physicochemical Characterization

X-ray diffraction results are obtained using PANalytical X’Pert PRO with
a Co radiation (λ= 1.7902 Å) at 40 kV and 45 mA. Chemical oxidation states
of Ir and Co were analyzed using X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Nexsa) with a monochromated Al Kα X-ray source (400 µm spot size). Struc-
tural analysis and chemical composition of the particles was also performed using
transmission electron microscopy and energy-dispersive X-ray spectroscopy (EDS)
taken with JEOL 2100-F with an accelerating voltage of 200 kV. Scanning trans-
mission electron microscope (STEM) images are also obtained using TitanX at 300
kV including additional EDS chemical maps at higher resolution. Surface area and
porosity estimation were done with N2 physisorption (TriStar II Plus Micromiretics)
using Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH), respec-
tively. Ir and Co content in the bulk material, as well as the metal dissolution in
the electrolyte from full cell stability tests, were measured from inductively coupled
plasma-mass spectrometry (ICP-MS) using Agilent 7500ce.
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5.2.3 Electrochemical Tests

Electrochemical performance of the catalysts was assessed in half-cell tech-
nique, both in HClO4 (0.5 M) and KOH (1 M) as acidic and alkaline media, respec-
tively, were measured using a CHI 750 E bipotensiosat at room temperature and
pressure. Reference electrodes used were Hg/HgO (filled with 1 M KOH) for alkaline
and saturated calomel electrode (SCE) for acidic. Pt mesh (1.5 cm2) serves as the
counter electrode. All potentials are converted to a reversible hydrogen electrode
(RHE) in this study using:

ERHE = EWE + E0,RE (5.1)

where EWE is obtained from the working electrode with respect to the refer-
ence electrode, E0, RE is the standard potential of the reference electrode vs. RHE
The reference electrode potential for SCE from the literature is 0.241 V 125 while
the Hg/HgO potential was adjusted to be 0.9 V at 1.0 M KOH from our previous
study 158. Mettler ToledoTM S220 was used to measure the pH of the electrolytes
and calibrated by standard buffer solutions (pH = 4.01, 7.0, and 10.0) prior to its
use.

A thin-film (TF) catalyst layer was coated on a glassy carbon disk of a TF-
RDE (E3 series, OD = 5 mm) and TF-RRDE (E7R9 series, GC disk OD = 5.61
mm, Pt ring OD = 7.92 mm, ID = 6.25 mm) and served as the working electrode.
For the catalyst layer preparation, 5 mg of catalyst powder was sonicated with 4
mL of ethanol-water solution (1:3 weight ratio) and 5 wt% Nafion ionomer (I/C =
0.5). The desired amount of catalyst ink was drop cast on a cleaned GC disk to
form a uniform thin film and achieve a loading of 0.1 mg/cm2.

Before the electrochemical measurement, the electrolyte was purged with
N2 for at least 30 minutes. For TF-RDE, classical voltammetry techniques (cyclic
voltammetry, linear sweep voltammetry, and electrochemical impedance spectroscopy)
were employed to assess the materials. The CV curves were obtained at static con-
ditions while LSV and EIS results were generated with electrode rotation at 1600
rpm using a modulated speed rotator (MSR) to enhance mass transport and O2

removal. Nyquist plots from EIS within the range of 100 kHz to 0.1 Hz and col-
lected at 1.55 V were simulated using a built-in CHI program. Electrode rotation
was also employed with TF-RRDE and the Pt ring potential was set at 0.4 V to
study oxygen transport, 0.9 V metal dissolution study, and 1.4 V to detect hydrogen
peroxide (H2O2) generation.

Stability evaluation was performed in half-cell by applying 2,000 potential
cycles between 0.4-1.4 V at 100 mV/s and the electrochemical performance of the
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catalyst are evaluated at end-of-life (EOL). An extended stability test was also
performed in full-cell configuration using a working electrode prepared by coating
the catalyst ink (loading = 3 mg/cm2) on a carbon paper with a microporous layer (1
cm2) and a Pt plate counter electrode. Current control (50 mA/cm2) using a power
source (BK Precision 9120A) was used for stability evaluation at 100 hours and the
electrode was collected for post-mortem characterization as well as the electrolyte
to detect any metal dissolution using ICP.

5.2.4 Turnover Frequency

Turnover frequency is estimated at 250 mV overpotential where the kinetic
region is dominant. Using Equation (5.2) below, TOF is calculated:

TOF =
j × A

4× n× F
(5.2)

Where j is the current density (mA cm-2) at 250 mV overpotential, A is the
geometric area of the rotating disk electrode (0.196 cm2), n is the number of moles
of Ir atoms assuming it is the dominant active site.

5.2.5 Mass Activity Conversion

To convert the geometric current density (mA cm-2) to mass activity and
assess the Ir utilization, Equation (5.3 below was used:

iMA =
j

l ×mIr × 1000
(5.3)

Where iMA is the mass activity (A gIr
-1), j is the current density (mA cm-2), l

is the catalyst loading (0.1 mg cm-2) and mIr is the Ir weight content of the catalysts
estimated from XPS coupled with ion etching.

5.3 Material Characterization

Iridium-cobalt oxide (IrCo) was prepared using a surfactant-assisted Adam’s
fusion method as a catalyst for OER. To enhance the surface area and porosity
of the synthesized catalyst, the prepared IrCo material was subjected to an acid
etching process with nitric acid (HNO3), thus partially removing Co (IrCo ae). Both
catalysts were compared to a commercial iridium oxide (IrOx C) typically used in
electrolyzers. The crystalline structure of the materials was investigated using X-
ray diffraction (XRD). In Figure 1a, two major peaks appear in IrCo at around
34.7° and 36.8°, with respect to copper Kα, that matches the pattern for rutile IrO2

(101) (IrO2 rutile, JCPDS 88-0288) and Co3O4 (311) (Co3O4, JCPDS 74-2120),
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respectively. However, after acid etching, the Co3O4 (311) pattern disappeared while
the IrO2 (101) was retained in IrCo ae. Similar observations were obtained from
electron diffraction (see Figure 5.5) where most of the d-spacings that correspond to
Co3O4 patterns in IrCo cannot be found in IrCo ae and only d-spacings related to
IrO2 (101) was present. Reduced d-spacings in IrCo ae at around 0.245–0.249 nm
(see Figure 5.5f) suggest that lattice contraction is possible, where Co atoms could
substitute Ir atoms in the Ir oxide matrix. Compared to the synthesized materials,
the commercial IrOx C shows mostly amorphous, although some reflections coming
from the Ir metal are also present.

Figure 5.2: (a) X-ray diffractogram of the three catalysts being compared as well
as reference patterns for standard materials, (b) X-ray photoelectron
spectra for Ir 4f and the deconvoluted peaks of the Ir chemical states
among the samples. Electron micrographs and Ir and Co chemical
mapping from EDS for (c,d,) IrCo and (e,f) IrCo ae.

The electronic structure of the catalysts was also investigated using X-ray
photoelectron spectroscopy (XPS), shown in Figure 5.2b, and the distribution of
three Ir chemical states by deconvoluting the Ir 4f spectra, are presented in Table
5.1. For IrOx C, although Ir metallic peaks are obtained in XRD, the presence of Ir0

on the surface is limited. This can be due to a thick oxide shell or a low dispersion of
the metallic state [177, 178]. A mixed valency of Ir3+/ Ir4+, as summarized in Table
5.1, exists for IrOx C. A mix of Ir3+/ Ir4+ is also obtained for IrCo but a higher Ir0
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fraction at 6.67%. After the acid etching process, the relative amount of Ir3+ state
increased by around 10% while Ir0 dropped to 1.43%. The Co 2p fitting results
in Figure 5.9 and Table 5.4 reveal a transformation of a Co3O4 dominant phase in
the IrCo to a CoO-dominated surface in IrCo ae. The metallic Co0 composition
increased from 2.70% to 15.85% after acid etching. It is possible that the acid
etching removed most of the Co3O4 phase, consistent with what is also observed in
the XRD results in Figure 1a and exposing more metallic Co on the surface that are
more resistant to acid etching. Acid etching could have also promoted the oxidation
of the Ir metals leading to an increase in the metal-oxide concentration in O 1s. For
the O 1s spectra, four different chemical states were fitted, as tabulated in Table
5.3. A higher defect site for low oxygen coordination was observed for IrCo and
IrCo ae at 42.38% and 31.15%, respectively compared to IrOx C at 23.75%.

Table 5.1: Comparison of the Ir chemical states between the synthesized materials
and the commercial catalyst.

Ir Oxidation
State

Peak Relative Distribution (%) Ir 4f 7/2
Binding Energy (eV)IrOx C IrCo IrCo ae

Ir0 0.72 6.67 1.43 60.8
Ir3+ 42.68 30.66 40.12 62.2
Ir4+ 56.6 62.67 58.45 61.9

The morphology of the synthesized materials was examined using transmis-
sion electron microscope (TEM). From Figure 5.2c and e, particles of about 2 nm
are highly agglomerated on a nanosheet. Additional images using scanning trans-
mission electron microscopy (STEM) are also presented in Figure 5.7. Before acid
etching, fringes with large spacings are observed in IrCo which could be from the
salts used in the synthesis. After acid etching, the wide fringes are removed and the
finer lattice fringes on each particle are more visible.

Using elemental mapping through energy-dispersive X-ray spectroscopy (EDS)
at high resolution (see Figure 5.6), the nanoparticles are confirmed to be made of
pure iridium atoms; however, the matrix where these nanoparticles are embedded
can either be a pure cobalt oxide matrix or in combination with iridium oxide. The
EDS chemical mapping in Figure 5.2d and f also agrees with XPS quantification
data (Table 5.2), where initially an Ir:Co atomic ratio of 1.59 was obtained for IrCo
then increased to 5.62 after acid etching, proving the preferential removal of Co.
Powder samples were also digested and analyzed using ICP-MS and bulk metal
atomic ratios agree well with the XPS data.
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5.4 Electrochemical Performance

The cyclic voltammetry curves in Figure 5.3a demonstrate the sharp redox
peak at ∼0.73 V for the Ir3+/Ir4+ pair transition in acid while Figure 5.3b shows the
same redox pair in alkaline at ∼0.55 V, although not as distinct as that in acid. The
shift in redox peak with respect to pH has been referred to as the “super-Nernstian”
behavior of the Ir3+/Ir4+ redox transition [179]. Additionally, the redox peak in
Figure 5.3a for the synthesized oxides (IrCo and IrCo ae) is much higher in current
density compared to the commercial IrOx C. It could be related to the generation
of more Ir3+ oxides from the exposed Ir0 in the synthesized material, compared
to a negligible Ir0 peak from the commercial IrOx C. According to Steegstra et al.
[179], there is an increased oxide formation in acidic pH, thus might explain why
the enhanced Ir3+/Ir4+ peak was not observed in the alkaline conditions.

Figure 5.3: Cyclic voltammetry curves of IrOx C, IrCo and IrCo ae in (a) acid and
(b) alkaline media collected at 50 mv/s. (c) Compiled overpotential
at 10 mA/cm2 and Tafel slopes of the three different catalysts. Linear
sweep voltammetry at 20 mV/s in (d) acid and (e) alkaline media. (f).
Turnover frequency (TOF) was estimated from the LSV curves at an
overpotential of 250 mV in acidic and alkaline media.

The electrochemical performance of the catalysts was assessed by linear sweep
voltammetry, presented in Figure 5.3d and e for acidic media and alkaline media,
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respectively. To compare the catalytic performance, OER kinetic parameters were
extracted from the LSV curves and are summarized in Figures 5.3c and f. The
most active catalyst in both acidic and alkaline media is IrCo ae, where the Tafel
slopes are 42.2 mV/dec and 34.5 mV/dec, respectively. These slopes are preferred
compared to a relatively higher Tafel slope from IrOx C at 59.6 mV/dec in acid
and 38.0 mV/dec in alkaline media. The large difference in the Tafel slope between
IrCo ae and IrOx C in the acidic media can indicate their different rate determining
steps [180]. Interestingly, this also coincides with the observed CV peak difference
in acidic media between the synthesized oxides and the commercial catalyst and
that the Ir3+/Ir4+ redox peak might influence the rate determining steps. IrCo ae
also has the lowest overpotentials at 10 mA/cm2, yielding 283.3 mV and 252.7 mV
in acidic and alkaline media, respectively.

As to the effect of acid etching, the Tafel slopes were not changed significantly
from IrCo to IrCo ae, both in acidic and alkaline media, but the improvement in
the catalytic activity is magnified in the turnover frequency (TOF), representing the
amount of product formed per unit time per amount of catalyst [181]. The TOF
after acid etching increased from 0.0044 s-1 to 0.011s-1 in acid and 0.016 s-1 to 0.045
s-1 in alkaline after the acid etching process. Mass activities (see Figure 5.10) were
also obtained with respect to the amount of Ir in the catalyst, and it becomes clearer
that both IrCo and IrCo ae have more effective Ir utilization than the IrOx C.

A rotating ring-disk electrode study was also performed to evaluate the oxy-
gen transport efficiency (see Figure 5.17) of the catalysts, where IrCo ae demon-
strates the most efficient O2 transport in both electrolytes. This can be attributed
to an optimized pore size and surface that allows the efficient removal of O2 bubbles
[156]. In addition, the OER pathway was also assessed with the ring potential set
at 1.4 V to detect peroxide formation (see Figure 5.19). The anodic current de-
tected on the ring is negligible, suggesting that a 4-electron path is preferred for all
catalysts.

The OER performance is dictated by the availability of the active sites. The
BET surface areas obtained from N2 adsorption experiment are as follows: 44.97 cm2
g-1 for IrOx C, 135.57 cm2 g-1 for IrCo and 273.17 cm2 g-1 for IrCo ae. All other
information related to pore size is summarized in Table 5.5. IrCo shows a much
higher BET surface area than IrOx C which could indicate more reaction sites for
OER. However, BET surface area does not directly translate to the electrochemically
active surface area (ECSA). In the literature [182], the double-layer capacitance of
Ir-catalysts has been associated with the ECSA unlike in Pt-based systems where
hydrogen adsorption and desorption can be utilized for ECSA measurement [155].
The measured electrode double-layer capacitance (Cdl) is more commonly used and
can be converted into ECSA by assuming a specific areal capacitance. Single-point
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Cdl measurement at 0.9 V (Figure 5.12 and Figure 5.13) with scan rates ranging
from 2 to 150 mV/s was performed to estimate the ECSA using an areal specific
capacitance from the literature [183] of 1.3 F m-2. However, the obtained double-
layer capacitance (Cdl) for IrOx C is much larger, resulting in an order of magnitude
difference in the calculated ECSA compared to its BET surface area. In alkaline
media, IrOx C yields the highest ECSA (see Table 5.6) from the single-point Cdl

measurement. This might be due to the pore size of IrOx C being much larger
than those of IrCo and IrCo ae, hence making it more accessible for ions to get
transported and collect on its surface especially at higher current density. Also, the
hydrophilicity of IrOx, considering its higher metal-oxide concentration from XPS,
could improve the wettability and transport of ions on its surface and lead to a
higher capacitive current [182].

Another technique that can be used to estimate ECSA is by using electro-
chemical impedance spectroscopy (EIS). Here, an AC perturbation was applied at
10 mA and the corresponding Nyquist plot is presented in Figure 5.15. Also, in EIS
the voltage was set at 1.5 V which is in the OER region and can probe the actual
interface participating in the reaction. The chemical interface is influenced by the
applied potential, as illustrated in Figure 5.14, where the CV curves evolve with
the upper potential limit. An equivalent circuit model was used to fit the data, as
discussed in detail in a previous work [182] and the effective capacitance was used
to estimate ECSA. Compared to the single-point Cdl method, the ECSA obtained
from the EIS method now scales better with the BET surface area, as shown in
Figure 5.16.

The enhanced OER activity of the synthesized catalysts, IrCo and IrCo ae,
compared to the commercial catalysts is not only influenced by its physical extensive
property, such as ECSA which can be interpreted as the abundance of the active
sites but also in the intrinsic nature of the material that drives the OER reaction
faster. This intrinsic property of the catalyst is often assessed in terms of the
exchange current density (i0) and Tafel slope. However, obtaining a reliable i0
is inherently difficult and has been subject to a lot of criticisms in the literature
[85]. Nevertheless, with the lower overpotential for OER and the Tafel slopes in
the synthesized catalysts compared to IrOx C, it can be surmised that the intrinsic
activities of the IrCo and IrCo ae catalysts are much higher than IrOx C.

The conductivity of the catalysts can potentially enhance their activity by
reducing the charge transfer resistance (Rct) [78]. It has also been shown in the
literature that Ir metal has much better OER performance than its oxide counterpart
[180] and that an Ir metallic core can provide a better electronic pathway than
that of a pure oxide catalyst 100. The presence of metallic states in IrCo and
IrCo ae, as revealed by the XPS data, shows that it could have resulted in improved
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conductivity, thus lowering the Rct. Interestingly, the EIS data also agree that the
Rct of IrCo and IrCo ae are much lower compared to IrOx C (Table 5.7 and 5.8).

The presence of higher defect sites in the IrCo-based catalysts from the O
1s XPS data could also play a role in OER activity enhancement. Defect sites
are often regarded as essential for the electrochemical reaction that present unique
electrochemical properties and bind reaction intermediates to optimize activity and
selectivity 189. With regards to which valence state of Ir can be a key indicator of
its high activity, some literature [184] suggest Ir4+, considering it is a precursor to
the OER binuclear mechanism while others [108, 109, 185] report the high presence
of Ir3+. In this case, the IrCo and IrCo ae catalyst have higher Ir4+/ Ir3+ obtained
from the XPS data compared to the IrOx C, which seems to agree with one study
[184]. On the other hand, after performing acid etching and comparing analogous
catalysts, IrCo and IrCo ae, the increase in the surface area is accompanied by an
enrichment of Ir3+species, which is considered a more active species by other studies
[108, 109, 185]. The presence of cobalt in the alloy might also have some benefits.
A substitution of Co in the Ir oxide, suggested by the slightly smaller d-spacings
from TEM for IrCo ae, would cause a lattice strain. These lattice strains can lower
the Ir-Ir distance, and in effect, the distance between the nearest neighboring OH-
adsorbates, thus improving the OER activity [186].

Overall, the enhanced OER activity of the catalyst cannot be solely at-
tributed to a single physicochemical property, especially for very different mate-
rials, but rather a combination or interactions of those properties. Decoupling the
contributions of each parameter would seem very complex, if not impossible.
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5.5 Stability Insights

Figure 5.4: (a) Activity loss after degradation in half-cell for acidic and alkaline
media determined from the area under the LSV curves before and
after the stability tests. The change in (b) electrochemically active
surface area (ECSA) and (c) total resistance, Rct + R1, both obtained
from electrochemical impedance spectroscopy (EIS) before and after
the stability tests. Full-cell stability tests in (d) 0.5 M H2SO4 and
(e) 1.0 M KOH at a fixed current density of 50 mA/cm2 and the
corresponding metal concentration in the electrolytes after the test
detected using inductively coupled plasma mass spectrometry (ICP-
MS).

To evaluate the stability of the catalysts, both half-cell and full cell testing
were performed in acidic and alkaline media. The half-cell test was conducted by
subjecting the catalysts to 2,000 potential cycles from 0.4 to 1.4 V. Comparing the
activity before and after the stability test, the loss in activity was measured by the
area under the LSV curve, as shown in Fig. 3a. The activity loss is more severe in
alkaline media than in acidic media for all catalysts. This can be attributed to the
dissolution behavior of Ir in the alkaline media from the Pourbaix diagram [187].
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IrCo ae, which shows the best OER performance in the alkaline media, happens
to have the worst stability in the same condition agreeing with previous literature
119 on the inverse correlation between activity and stability. IrCo ae also happens
to have the highest loss in ECSA, estimated using the EIS method, at 25.46%
and 24.41% in acidic and alkaline media, respectively. Although Ir dissolution is
presumed to be dominant in the alkaline media, the ECSA loss in acidic media
might be driven by other mechanisms, such as particle growth, which is not probed
in this work.

The EIS data at the end of the durability test can also provide information
regarding the resistances. Still, IrCo ae had the largest increase in the combined
resistance consisting of charge transfer resistance (Rct) and due to diffusion/ad-
sorption of reaction intermediates (R1) [182]. The increase in total resistance can
potentially explain why the activity loss in alkaline is much higher than in acid
despite having comparable ECSA losses. Nevertheless, the OER activity of the syn-
thesized catalysts, IrCo and IrCo ae, still perform much better than the commercial
IrOx C in Figure 5.21. No significant change in Tafel slopes (see Figure 5.21b,d)
after degradation for all catalysts, suggesting the rate determining step for OER
reaction mechanism remains the same.

A full-cell liquid electrolyzer was also constructed to study degradation at a
longer duration. The catalyst ink was coated on a carbon paper (SGL 10 BC) with
a targeted loading of 3 mg/cm2 on the anode side while a Pt plate (4 cm2) was used
as cathode. The durability test was performed by fixing the current density at 50
mA/cm2 for 100 hours and the change in potential was tracked. The performance
of IrCo ae is still much better compared to other samples in both media, with
initial cell potential of 1.50 V and 1.52 V in acidic and alkaline media, respectively.
Interestingly, although different degradation protocol was performed in half-cell and
full-cell test, the same trend was obtained where alkaline media yields the highest
increase in overpotential for all samples, comparing Figure 5.4d and e.

Metal dissolution was investigated using ICP-MS by collecting the electrolytes
on the anode side as well as post-mortem characterization of the anodes using XRD
and XPS. The detected metal contents in acidic electrolytes show a much higher
Co content than Ir, with IrCo ae showing 0.767 ppm and 0.541 ppm for IrCo. On
the other hand, in alkaline electrolytes, the situation is reversed where the majority
of metals detected is coming from Ir, with IrCo ae giving the highest dissolved Ir
at 2.09 ppm while Co is below the detection limit for both IrCo ae and IrCo. The
higher Ir dissolution in IrCo ae compared to IrOx C might be due to the partici-
pation of the lattice oxygen in the OER, which has been recently discussed in the
literature to trigger Ir dissolution [185]. Metal dissolution was also studied in the
rotating-ring disk electrode by setting the ring potential at 0.9 V (Figure 5.18). It
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can be noted that the ring current starts to increase in the alkaline media even
before the OER onset. This is possible, suggesting that Ir dissolution can proceed
before OER [180].

Evaluating the evolution of the electrodes after the durability test from XRD
reveals that in alkaline media, the IrO2 (101) peak in IrCo is reduced compared
to the data from the powder catalysts but is not observed in acidic media (see
Figure 5.23a). This agrees with the ICP-MS data that the IrO2 component is highly
unstable in alkaline as compared to acidic media. On the other hand, Co34 (311)
peak is reduced and less sharp in acid compared to the alkaline media. For IrCo ae,
since there is only one recognizable peak from IrO2 (101), analysis of the full-width
half maximum (FWHM) was done to compare the degradation of the catalyst in
both media (see Figure 5.23c-e). An increasing trend was observed from the fresh
sample at 0.0778 rad to the acid degraded at 0.0836 rad and 0.0887 rad in the
alkaline degraded anode. It proves that the structure of the catalysts becomes less
crystalline or the particle size increases due to agglomeration or coarsening [188].

The change in the valance state of Ir was also investigated using XPS, pre-
sented in Figure 5.24 and the quantification is listed on Table 5.9. For the commer-
cial IrOx C, there is no significant difference in the acidic and alkaline media where a
comparable mix between Ir3+ and Ir4+ states can still be observed. However, for the
synthesized catalysts, degradation in the acid lead to an increase in Ir3+ oxidation
state and a reduced Ir4+ state compared to the original powder catalysts for both
IrCo and IrCo ae. In alkaline media, an even lower Ir4+ distribution is observed
with an increase in metallic Ir0. This can be caused by the exposure of metallic
surface once the oxide layer, predominantly from Ir4+ state, has been dissolved in
the electrolyte or resulting from redeposition of dissolved Ir ions. The increase in
Ir3+ state was also observed in other works [117, 185], which can possibly be formed
from the cyclic transition between Ir5+/Ir3+ [156]. However, there is still no clear
understanding of the underlying degradation mechanism. As to how the catalyst
morphology and electronic structure can induce a different degradation path, and
would need further study to validate the results from this work.

5.6 Conclusions

The ambitious goal of US DOE to make green hydrogen more affordable at $1
per kg in one decade would necessitate a cheaper process from water electrolyzers.
There is a cost-saving benefit from catalysts with a much lower Ir content but
better OER performance. That catalyst could promote both the efficient use of
the scarce Ir resource and a sustainable and affordable energy system to meet the
net-zero carbon emission goal by 2050. Here, a synthesized IrCo alloy was able to
achieve a more enhanced OER catalytic activity over the commercially available
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IrOx C and at a reduced Ir content. The overpotential at 10 mA/cm2 for IrCo ae
are 283.3 mV and 252.7 mV in acid and alkaline media, respectively. These are
much lower compared to IrOx C which are at 347.0 mV and 293.5 mV in acid and
alkaline media, respectively. Implementing the surfactant-assisted Adam’s fusion
method can produce catalysts with a higher BET surface area, which translates
to more available active sites for OER, and a higher Ir metallic content that can
improve the conductivity of the material. However, the role of cobalt is still not
clearly understood as that would entail further experiments and computational work
outside the scope of this study.

A more pressing concern is the stability of the catalyst for long-term opera-
tion. The degradation study of IrCo ae in half cell condition reveals higher activity
loss compared to IrOx C, relative to their initial OER activities. Nevertheless, the
OER activity at the end of the stability test of IrCo ae is still superior to IrOx C,
making it a good candidate for OER catalyst development. Further understanding
of the catalyst degradation mechanism can provide knowledge on how to mitigate
performance losses. A better understanding of the structure-function of the catalyst
can provide insights on tailoring the design of the materials to balance both activity
and stability. With the promising results from this work, a follow-up study on the
effects of other synthesis parameters such as Ir and Co content, surfactant effect, an
acid etching process, and the interaction of these variables is being planned. This
will facilitate the development of a cheaper catalyst for water electrolyzers with a
readily scalable synthesis method.

5.7 Appendix

Table 5.2: Evaluation of iridium and cobalt atomic ratio from X-ray photoelectron
spectroscopy (XPS) and inductively coupled plasma mass spectrometry
(ICP-MS).

Catalyst
XPS ICP-MS

Ir (at%) Co (at%) O (at%) Ir:Co atomic ratio Ir:Co atomic ratio
IrOx C 24.97 - 75.03 - -
IrCo 18.26 11.46 70.29 1.59 1.06

IrCo ae 23.61 4.2 72.19 5.62 5.94
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Figure 5.5: Electron diffraction for (a) IrCo showing the patterns for Co3O4 and
IrO2 rutile (101) and (d) possibly a Co-substituted IrO2 matrix and
(e) IrO2 (101) in IrCo ae. Lattice fringes for (b,c) IrCo showing Co3O4

(311) and IrO2 (10) rutile while a reduced d-spacing for (f) IrCo ae
also supports Co-substituted IrO2 matrix.
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Figure 5.6: Chemical mapping of iridium and cobalt using energy-dispersive X-ray
spectroscopy (EDS) for (a) IrCo and (b) IrCo ae. Overlap images for
Ir (green) and Co (red) are shown for both catalysts where a strong
spatial correlation between the nanoparticles, represented as bright
spots, and Ir distribution can be established.
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Figure 5.7: Scanning transmission electron microscope (STEM) images of com-
mercial (a) IrOx C, (b) IrCo and (c) IrCo ae

Figure 5.8: X-ray photoelectron spectra for O 1s in (a) commercial IrOx C, (b)
IrCo and (c) IrCo ae deconvoluted into four oxygen chemical states.

Table 5.3: Tabulated results for the relative amounts of oxygen chemical states
derived from O 1s deconvolution in XPS for IrOx C, IrCo and IrCo ae.

O 1s peak Chemical State
Binding Energy

(eV)

Peak Relative
Distribution (%)

IrOx C IrCo IrCo ae
OI Metal-oxygen bonds (oxide) 529.4 28.88 12.12 25.93

OII
Hydroxylated metals
(M-OH2 or M-OH)

530 34.11 27.03 23.06

OIII
Defect sites with low
oxygen coordination

531 23.75 42.28 31.15

OIV
Physisorbed and/or chemisorbed

water at or near the surface
533 13.27 18.57 19.87
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Table 5.4: Distribution of cobalt compounds identified in XPS from Co 2p for IrCo
and IrCo ae.

Compound
IrCo IrCo ae

Associated
Peaks (eV)

Peak
Distribution (%)

Associated
Peaks (eV)

Peak
Distribution (%)

Co0
778.4, 780.8,

783.38
21.59

778.1, 781.1,
783.1

15.85

Co(OH)2
780.19, 781.9,
786.03, 790.17

11.21 -

CoO - -
780.0, 782.1,
785.5, 786.5

70.12

Co3O4
779.3, 780.7,

781.9, 785, 789.2
67.2

779.6, 780.9,
782.2, 785.2, 789.5

14.03

Figure 5.9: Deconvolution of Co 2p XPS result for (a) IrCo and (b) IrCo ae show-
ing the different Co compounds present in each catalyst.
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Figure 5.10: Mass activity (iMA) and Tafel plots in (a,b) 0.5 M H2SO4 and (c,d)
1.0 M KOH.

Figure 5.11: Nitrogen gas adsorption experiments for Brunauer–Emmett–Teller
(BET) surface area measurements showing the (a) gas adsorption
isotherm and (b) pore diameter distribution calculated from Barrett-
Joyner-Halenda (BJH) method for the desorption branch.
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Table 5.5: Surface area and pore size characterization obtained from the gas ad-
sorption measurements for the different catalysts.

Catalyst
BET surface area

BET desorption
pore size diameter

Single point
total pore volume

BJH desorption
pore volume

(cm2 g-1) (nm) (cm3 g-1) (cm3 g-1)
IrOx C 44.97 19.96 0.2244 0.2246
IrCo 135.57 7.50 0.2541 0.2491

IrCo ae 273.17 4.20 0.2884 0.2187

Figure 5.12: Cyclic voltammetry (CV) curves at different scan rates in (a-c) 0.5
M H2SO4 and (d-f) 1.0 M KOH for the double-layer capacitance
estimation. The corresponding catalyst are indicated in the plots.
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Table 5.6: Double-layer capacitance obtained from the CV method and the es-
timated electrochemically active surface area (ECSA) of the different
catalysts.

Catalyst
0.5 M H2SO4 1.0 M KOH

Cdl (mF cm-2) ECSA (m2 g-1) Cdl (mF cm-2) ECSA (m2 g-1)
IrOx C 31.07 ± 0.17 238.98 ± 1.32 31.99 ± 0.28 246.10 ± 2.10
IrCo 24.66 ± 0.38 189.69 ± 2.92 18.14 ± 0.04 139.5 ± 0.31

IrCo ae 33.23 ± 0.49 255.62 ± 3.77 24.4 ± 0.30 187.69 ± 2.27

Figure 5.13: Current density measured at 0.9 V at different scan rates in (a) 0.5
H2SO4 and (b) 1.0 M KOH to obtain the double-layer capacitance
from the slope of the line.
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Figure 5.14: Cyclic voltammetry (CV) curves for the different catalysts, as indi-
cated in the plots, in (a-c) 0.5 M H2SO4 and (d-f) 1.0 M KOH. The
upper potential limits are varied to observe different pseudocapaci-
tive redox reactions happening in each catalyst.

Figure 5.15: Electrochemical impedance spectra obtained in (a-b) 0.5 M H2SO4

and (c-d) 1.0 M KOH (a,c,) before and (b,d) after the stability test.
Raw data are shown as symbols while the fitted result shown with
the solid curves.
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Table 5.7: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 0.5 H2SO4 and the calculated ECSA from
the EIS-based capacitance.

Catalyst
L RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

E-7 H cm2 Ω cm2 Ω cm2 E-3 F sn-1 cm2 E-3 F sn-1 cm2 mF m2/g

IrOx C
BOL 2.50 0.91 12.50 1.54 0.68 1.61 0.73 1.54 60.42
EOL 2.34 0.93 12.38 1.69 0.71 4.99 0.68 1.69 66.40

IrCo
BOL 2.63 0.94 1.74 5.34 0.92 10.01 0.65 5.34 209.49
EOL 2.36 0.97 2.20 4.73 0.91 5.96 0.65 4.73 185.68

IrCo ae
BOL 2.73 1.00 1.33 7.98 0.95 42.06 0.56 7.98 313.12
EOL 2.15 1.03 1.73 5.95 0.91 19.40 0.57 5.95 233.39

Table 5.8: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 1.0 M KOH and the calculated ECSA from
the EIS-based capacitance.

Catalyst
L RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

E-7 H cm2 Ω cm2 Ω cm2 E-3 F sn-1 cm2 E-3 F sn-1 cm2 mF m2/g

IrOx C
BOL 1.95 0.93 3.16 0.32 0.88 22.52 0.43 0.81 31.76
EOL 1.65 0.95 3.48 0.33 0.85 0.99 0.74 0.69 27.22

IrCo
BOL 1.61 0.98 1.17 0.97 0.91 8.20 0.56 3.26 127.77
EOL 1.17 0.98 1.45 1.17 0.85 0.65 0.66 2.93 115.14

IrCo ae
BOL 1.87 0.98 1.07 1.32 0.88 3.06 0.58 3.96 155.37
EOL 1.34 0.98 1.77 1.04 0.88 3.28 0.51 2.99 117.44

Figure 5.16: Comparison of the ECSA derived from EIS and the measured BET
surface area for the different catalysts in both acid and alkaline me-
dia. 88



Figure 5.17: Rotating ring-disk electrode (RRDE) measurement at 0.4 V ring
potential to study oxygen transport efficiency from the catalyst layer
in (a,c) 0.5 H2SO4 and (b,d) 1.0 M KOH.

Figure 5.18: Investigation of Ir dissolution in the catalysts using RRDE measure-
ment by setting ring potential at 0.9 V in (a) 0.5 H2SO4 and (b) 1.0
M KOH.
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Figure 5.19: Detection of possible peroxide generated from the 2-electron OER
pathway using RRDE at 1.4 V ring potential in (a) 0.5 H2SO4 and
(b) 1.0 M KOH.

Figure 5.20: Half-cell stability tests by performing 2,000 potential cycles from 0.4
to 1.4 V in (a-c) 0.5 H2SO4 and (d-f) 1.0 M KOH.
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Figure 5.21: Linear sweep voltammetry (LSV) curves at the end of the stability
tests and the corresponding Tafel plots in (a,b) 0.5 H2SO4 and (c,d)
1.0 M KOH.

Figure 5.22: Full-cell stability tests performed by holding the current density at
50 mA cm-2 for (a) IrOx C, (b) IrCo, and (c) IrCo ae in both acidic
and alkaline media.
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Figure 5.23: X-ray diffractogram of the degraded (a) IrCo and (b) IrCo ae elec-
trodes after the full-cell stability tests in both acid and alkaline me-
dia. The full width at half maximum (FWHM) of the IrO2 (101) peak
in (b) was estimated by fitting the Gaussian distribution for the (c)
fresh IrCo ae, (d) acid-degraded IrCo ae and (e) alkaline-degraded
IrCo ae.
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Figure 5.24: Ir 4f X-ray photoelectron spectra of the degraded electrodes in (a-
c) 0.5 H2SO4 and (d-f) 1.0 M KOH. The data is deconvoluted for
the different Ir chemical states in (a,d) IrOx C, (b,e) IrCo and (c,f)
IrCo ae.

Table 5.9: Relative amounts of the different Ir chemical states estimated from XPS
in the degraded electrodes after the full cell stability test.

Ir Oxidation
State

Ir 4f 7/2
Binding Energy

(eV)

Peak Relative Distribution (%)
0.5 M H2SO4 1.0 M KOH

IrOx C IrCo IrCo ae IrOx C IrCo IrCo ae
Ir0 60.8 0.91 7.40 5.08 - 43.35 42.43
Ir3+ 62.2 49.63 66.36 55.37 51.53 51.75 51.65
Ir4+ 61.9 49.45 26.24 39.55 48.47 4.90 5.92
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Chapter 6

INVESTIGATING MATERIAL SYNTHESIS
CONDITIONS OF IRIDIUM-COBALT ALLOY

6.1 Abstract

The synthesis conditions for the modified Adam’s fusion method were inves-
tigated here to understand the effects of iridium and cobalt (Ir/Co) molar ratio, the
use of surfactant and its interaction with the acid etching process. The dominant
crystal plane in the material changes from IrO2 (101) for Ir-rich samples to Co3O4

(311) with Co-rich samples. Surface segregation exists for all samples where Ir sur-
face enrichment occurs. Without the surfactant (N-Ir6Co4), the segregation of Ir
and Co is much stronger forming a Co core and an Ir shell. After acid etching, Co
was almost leached out completely with the surfactant-assisted synthesis (Ir6Co4).
In N-Ir6Co4, the thick Ir on the surface forms a protective layer, preserving the Co
core. In any case, the acid etching process leads to enhanced surface area but is
more pronounced in the Ir6Co4. An optimized mass activity based on Ir content and
overpotential at 10 mA/cm2 was attained with Ir6Co4 in both acidic and alkaline
media. The results also show that surfactant improves the interaction of Ir and Co,
leading to a much better OER performance. In terms of stability, the dissolution of
Ir in the alkaline media is a critical concern for the catalysts developed here. The
possible role of Ir3+ surface concentration to achieve high OER activity, especially in
the acidic media, is highlighted in the study. The dependence of Ir and Co valency
as a function of Ir/Co ratio is also probed.

6.2 Modification of the Adam’s Fusion Method

The same surfactant-assisted Adam’s fusion method technique implemented
in the previous chapter (Chapter 5) was used here but was expanded to alter
different synthesis parameters. A surfactant Pluronic F-127, a triblock copoly-
mer of poly(ethylene oxide)(PEO)-poly(propylene oxide)(PPO)-poly(ethylene ox-
ide) (PEO) with the chemical formula shown in Figure 6.1, was used to synthesize
the Ir-Co alloys. This particular surfactant was added based on previous works
showing how Pluronic F-127 can enhance the synthesis of gold nanoparticles [189],
mesoporous silica material [190], and silver metal nanoparticles [191]. It is hypoth-
esized that by adding a surfactant in the Adam’s fusion method, these surfactant
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molecules can self-organize into aggregated micelles after its microphase separation
in the precursor solution. The self-organized micelles can then help control the for-
mation of the Ir nitrate intermediate by acting as a soft template. This templating
method then translates into a better formation of oxide particles during calcination,
minimizing the possibility of sintering.

Different Ir:Co ratios were designed as follows: 8:2, 6:4, 4:6 and 2:8. These
samples are nominally labeled as Ir8Co2, Ir6Co4, Ir4Co6 and Ir2Co8. At the same
time, a pure IrO2 catalyst was also prepared to see the benefit of adding Co in the
material. Another set of catalyst without the surfactant, N-Ir6Co4, was prepared to
see how the surfactant can affect the physicochemical property of the catalyst and
its activity and stability towards OER. Comparing both Ir6Co4 (with surfactant)
and N-Ir6Co4, both were subjected to 0.5 M nitric acid (HNO3) solution etching
process, creating Ir6Co4 ae and N-Ir6Co4 ae. The change in both physicochemical
and electrochemical properties were assessed and correlated.

Figure 6.1: Chemical structure of Pluronic F-127, a surfactant used in the synthe-
sis of the Ir-Co catalysts [192]

6.3 Characterization with Energy Electron Loss Spectroscopy (EELS)

In the work presented here, EELS spectra were collected in dual EELS
mode using TEAM 1.0 microscope at the National Center for Electron Microscopy
(NCEM) in Lawrence Berkeley National Laboratory equipped with Gatan Imaging
Filter (GIF).

Three scans were performed to: 1.) collect Ir and Co chemical maps (500
eV low loss, 2,000 eV high loss); 2.) evaluate Ir valency (0 eV low loss, 30 eV high
loss); and 3. evaluate Co and O valency (0 eV low loss, 530 eV high loss). To avoid
sample damage, 80 kV primary energy was set. All measurements were collected
with a 5 mm spectrometer aperture. The channel dispersions and screen currents
were set at 90 meV/Ch and ∼0.70 nA for Ir, Co and O valence evaluation while
0.25 eV/Ch and ∼0.150 nA was set for Ir and Co chemical mapping.

For all other characterization techniques used, similar operating conditions
were applied from Chapter 5.
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6.4 Effect of Iridium-Cobalt (Ir-Co) Ratio

Figure 6.2: (a) X-ray diffractogram data for the Ir-Co samples. (b) Quantification
of the Ir/Co molar ratio on the bulk using ICP-MS and on the sur-
face using XPS. (c) Surface area measurement implementing the BET
model for N2 gas adsorption experiment.

For the investigation of the effect of iridium-cobalt atomic ratio in the cata-
lyst, the nominal values from the synthesis design were first validated using material
characterization techniques such as: 1.) X-ray diffraction for the crystallographic
information; 2.) ICP-MS and XPS for bulk and surface composition quantification,
respectively; and 3.) surface area using nitrogen gas adsorption experiment and
applying the Brunauer-Emmet-Teller (BET) model.

The XRD patterns in Figure 6.2a shows that IrO2 exhibits IrO2 rutile (101)
plane at ∼35° and these peak decreases as cobalt content increases, accompanied
with an increase of Co3O4 (311) peak at ∼ 37°. With Ir4Co6, weaker peaks of Co3O4

(400) at ∼45° and (511) at ∼59° and (440) at ∼65° also emerge. Ultimately, with
Ir2Co8, the crystal structure matches that of Co3O4 with none of the iridium peaks
detected.
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For the bulk composition in in Figure 6.2b, ICP-MS indicates that the atomic
ratio of Ir and Co closely matches that of the theoretical atomic ratio based on the
synthesis design. However, from XPS analysis, there seems to be a discrepancy
between bulk and surface amount of Ir, suggesting Ir surface enrichment. This
agrees with the literature [113] that Ir prefers to be on the surface of the alloy based
on the surface energies of the metals. The Ir enrichment becomes more pronounced
as Ir content increases in the material.

Surface area is one critical property for catalysis as this indicates the avail-
ability of active sites for the reaction. In the BET quantification shown in in Figure
6.2c, Ir black has the lowest surface area at 23.53 ± 0.27 m2/g, which agrees with
some literature values [193]. Surprisingly, with pure IrO2 in the synthesis, it yielded
the highest BET surface area of 222.53 ± 1.02 m2/g, comparable to those in the lit-
erature [108] reported for Ir oxide catalysts synthesized from Adam’s fusion method.
Then a sudden decrease in BET surface area happens upon the slight addition of
cobalt in Ir8Co2. However, the surface area tends to increase as more cobalt is added,
where Ir2Co8 had the highest value among the Ir-Co alloys. Nevertheless, the range
of surface area seems to fall within the range of 158-267 m2/g. More information on
the porosity of the materials is provided in Table 6.1

Table 6.1: Porosity and surface area information for the different Ir/Co catalysts
obtained from N2 gas adsorption experiment.

Catalyst
BET

surface area
BET desorption

pore size diameter
Single point

total pore volume
BJH desorption
pore volume

(m2 g-1) (nm) (cm3 g-1) (cm3 g-1)
Ir2Co8 222.53 ± 1.02 0.2896 5.21 5.56
Ir4Co6 186.52 ± 2.05 0.2633 5.65 7.11
Ir6Co4 185.51 ± 2.92 0.2464 5.31 7.20
Ir8Co2 158.30 ± 2.00 0.2481 6.27 8.70
IrO2 265.99 ± 4.40 0.2808 4.22 6.66

Ir black 23.53 ± 0.27 0.0591 10.04 7.83

The structure and morphology of the electrocatalysts were also probed using
transmission electron microscopy (TEM), shown in Figure 6.3. The trend that can
be observed in the structure is that as more Ir is added to the material, the density
of the nanoparticles suspended on the matrix also increases, comparing Ir2Co8 and
Ir8Co2 in Figure 6.3a and Figure 6.3c, respectively. It has been proven in Chapter 5
that these nanoparticles are solely made of Ir and the matrix could potentially be a
Co oxide or a mix of both Ir and Co oxides. This is even more evident in the case of
pure IrO2 in Figure 6.3d where the Ir nanoparticles are more closely packed. This
close packing in IrO2 might have given rise to its high surface area, as measured in
nitrogen gas adsorption in Figure 6.2c. The host matrix seen in the Ir-Co alloys is
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not observed for IrO2, suggesting that this only forms upon the introduction of Co
in the material and forming a separate phase with Ir.

Figure 6.3: Transmission electron micrographs of (a) Ir2Co8, (b) Ir6Co4 , (c) Ir8Co2
and (d) IrO2.

To validate the distribution of Ir and Co, chemical mapping tools such as
energy-dispersive X-ray spectroscopy (EDS) and energy-electron loss spectroscopy
(EELS) both from scanning transmission electron microscopy (STEM) were per-
formed. In the EDS overlap images in Figure 6.4, it can be observed that the Ir
signal, symbolized by the purple, increases as more Ir is added to the material.
There is some degree of separation between Ir and Co phases but there are also
regions where these two metals overlap and interact. In the Ir2Co8 image, we can
see that it is dominated by Co, as shown in green color, in the overlap image in
Figure 6.4a. The same information can also be observed from the EELS maps in
Figure 6.5, where a shift in the color for the overlap image occurs with respect to
the more dominant element.
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Figure 6.4: Chemical mapping results from STEM-EDS for (a-c) Ir2Co8, (d-f)
Ir6Co4, and (g-i) Ir8Co2. Ir signals are shown in purple while Co is in
green. Overlap images for the two metals for each sample are shown
in a, d and g.
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Figure 6.5: Chemical mapping results obtained from STEM-EELS experiments
for (a,d,g) Ir2Co8, (b,e,h) Ir6Co4, and (c,f,i) Ir82. Ir signals are shown
in red while Co signals are colored green. The overlap images for the
two metals are shown in g,h,and i.

After obtaining all relevant information from material characterization, the
OER electrochemical activity of these catalysts was investigated in half-cell condi-
tions using a rotating disk electrode in acidic and alkaline media. The raw data, as
represented by the geometric current density from linear sweep voltammetry (LSV)
in Figure 6.6 was further processed to get activity metrics such as mass activity
based on Ir amount, overpotential, and Tafel slopes.

In general, from LSV in Figure 6.6a, it can be noted in acid media that there
are only two major groups representing the best performing catalyst and another
group that performs inferior to that of the former. Among the best-performing
catalysts in acidic media are Ir82 and Ir6Co4. In the alkaline media in Figure 6.6b,
there are also two groups of catalyst performance but in this case, Ir black and IrO2

belong to the best-performing catalysts joining Ir8Co2 and Ir6Co4. This suggests a
possible interaction of the Ir chemistry and the OER mechanism under different pH
conditions.
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Figure 6.6: Linear sweep voltammetry (LSV) data collected in (a) 0.5 M H2SO4

and (b) 1.0 M KOH at 1 mV/s for samples with different Ir/Co ratios.

Mass activity is an important descriptor especially when it comes to cost
consideration. The mass activity was calculated at 300 mV since this region is
dominated by kinetics and normalized to the mass of Ir on the sample. Obtaining
an accurate mass for Ir in the sample is difficult since the Ir-Co alloys are hard
to fully digest for ICP-MS. Only a pinch of the material was digested for sample
preparation in the ICP-MS which is not in the detection limit of the analytical
balance. So, the calculations are mostly based on theoretical values and assuming
that Ir forms IrO2 and Co forms Co3O4 to estimate oxygen content in the material.

The results obtained for mass activity are then presented in Figure 6.7a for
both acidic and alkaline media. It can be readily seen that the mass activities in
alkaline media are significantly higher than that in acidic media for all samples. This
discrepancy will not be covered in this work since there are a lot of differences in these
two conditions such as the type and concentration of electrolyte used, the behavior
of these two metals in different pH conditions, and the OER reaction mechanism.
However, it is also very clear that the Ir-Co alloys have higher mass activity in acidic
media compared to pure Ir catalysts, e.g., Ir black and IrO2, with Ir2Co8 having the
highest mass activity. This indicates an effective Ir utilization the synthesized Ir-Co
alloys. In the alkaline media, Ir black and IrO2 obtained higher mass activities than
the Ir-Co alloys, except for Ir6Co4 which yielded a maximum mass activity of 117
mA/mgIr among all samples. This supports a possible synergistic effect between Ir
and Co and is optimized at this condition.

Overpotential at 10 mA/cm2, shown in Figure 6.7b was then taken for both
acid and alkaline, with the same contention for the mass activity that this region is
kinetically dominated. Conceptually, the overpotential represents how far the value
is from 1.23 V for the theoretical OER potential. Similar to mass activity, acidic
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media has higher overpotential than alkaline since the kinetics is much slower, thus,
to achieve 10 mA/cm2, we need more overpotential to drive the reaction. However,
major differences such as pH and electrolyte concentration need to be considered
and a direct comparison between acidic and alkaline media in this work is avoided.

Figure 6.7: (a) Mass activity at 300 mV overpotential normalized to Ir mass esti-
mated using stoichiometry for samples with different Ir/Co ratios. (b)
Overpotential at 10 mA/cm2 in both acidic and alkaline media.

The trend in acidic media OER overpotential is that it decreases from Ir
black to Ir6Co4 at 292 mV, then increases again once the Co ratio is increased. In
alkaline media, the lowest overpotential is obtained by IrO2 at 261 mV, which is
still comparable with Ir6Co4 at 263 mV. On the other hand, Co-rich samples Ir4Co6
and Ir2Co8 have the highest OER overpotential in alkaline media at 288 mV and
294 mV, respectively.

Tafel slopes were evaluated within the range of 0.3 to 3 mA/cm2 to cover the
kinetic region and the Tafel plots for acid and alkaline media are shown in Figure
6.8a and Figure 6.8b, respectively. The final Tafel slopes are then summarized
in Figure 6.8c. For catalysts in the acidic media, the Tafel slopes generally fall
within the range of 42.5 to 45 mV/dec, suggesting that the OER rate-determining
step is not influenced by the Ir-Co composition. However, in the alkaline media, a
minimum of 30 mV/dec was found with IrO2 then shifting to a higher Tafel slope as
the Co concentration increases. This indicates that the OER rate-determining step
is influenced by the Ir/Co composition of the material in alkaline media. Almost all
catalysts have much lower Tafel slopes in alkaline media, which means faster reaction
rates, but the discrepancy between acidic and alkaline Tafel slopes diminishes with
Co-rich samples like Ir4Co6 and Ir2Co8.
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Figure 6.8: (a) Tafel plot derived from LSV in 0.5 M H2SO4 as well as in (b) 1.0
M KOH. (c) Summary of the Tafel slopes for all samples with different
Ir/Co ratios.

Electrochemical impedance spectroscopy (EIS) is also another tool that can
provide information related to the different sources of resistance in the system. The
Nyquist plots for acid and alkaline media are presented in Figure 6.10a and Figure
6.10b, respectively. The experimental data are then fitted using an equivalent circuit
in Figure 6.9 comprising different circuit elements that represent the physical phe-
nomena in the system. These elements are the following: L for the inductance; RΩ

ohmic resistance from the bulk solution; Rct from the charge transfer resistance be-
tween the reactant and the electrode surface; Q1 is the constant phase element (CPE)
for the electric double layer and the R2Q2 parallel is from diffusion/adsorption of
reaction intermediate caused by slow diffusion through the reaction interphase.
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Figure 6.9: An equivalent circuit model used to fit the EIS data consisting of an
inductor, L, solution resistance, RΩ, charge transfer resistance, Rct,
double-layer capacitance, Q1, and resistance from diffusion/adsorption
of intermediates coupled in R1Q2.

Figure 6.10: Electrochemical impedance spectra in (a) 0.5 M H2SO4 and (b) 1.0
M KOH for samples with different Ir/Co ratios.

The Nyquist plots in Figure 6.10 already reveal the correlation between the
diameter of the loop, which is mostly related to Rct [182], and the OER activity.
This is further confirmed by taking the sum of Rct and R1 presented in Figure 6.11.
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In the acidic media, the minimum for Rct+R1 is with Ir6Co4 at 1.61 Ω cm2 while in
alkaline, Ir black has the minimum at 0.82 Ω cm2. When comparing the synthesized
catalysts, the Ir8Co2 and Ir6Co4 yield the lowest total resistance values.

Figure 6.11: Total resistance (Rct + R1) extracted from EIS in 0.5 M H2SO4 and
1.0 M KOH for samples with different Ir/Co ratio.

Table 6.2: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 0.5 H2SO4 and the calculated ECSA from
the EIS-based capacitance.

Catalyst
RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

Ω Ω cm2 E-3 F sn-1 F sn-1 mF m2/g
Ir black 5.13 3.00 4.32 0.98 5.24E-02 0.47 3.93 154.27
IrO2 4.97 2.58 5.90 0.95 1.26E-02 0.76 4.79 188.04
Ir8Co2 4.74 1.76 8.37 1.00 1.10E-01 0.56 8.37 328.41
Ir6Co4 4.71 1.61 8.57 0.94 1.28E-01 0.43 6.88 269.91
Ir4Co6 5.06 2.54 6.76 0.89 7.44E-03 0.59 4.28 168.10
Ir2Co8 4.97 2.82 6.05 0.88 1.20E-01 0.50 3.64 142.98
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Table 6.3: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 1.0 M KOH and the calculated ECSA from
the EIS-based capacitance.

Catalyst
RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

Ω Ω cm2 E-3 F sn-1 F sn-1 mF m2/g
Ir black 5.32 0.82 2.51 0.99 1.57E-02 0.64 2.39 93.97
IrO2 5.28 1.48 4.21 0.92 1.73E-02 0.69 2.90 113.77
Ir8Co2 4.77 1.30 4.85 0.89 1.07E-02 0.75 2.83 110.95
Ir6Co4 5.12 1.39 4.33 0.92 1.53E-02 0.61 3.04 119.38
Ir4Co6 5.40 2.03 3.52 0.91 7.15E-03 0.54 2.22 87.15
Ir2Co8 5.25 2.10 3.27 0.93 9.03E-03 0.64 2.28 89.62

On the other hand, cyclic voltammetry (CV) was employed to study the
relevant redox pairs, shown in Figure 6.12. In the acidic media, the transition
between Ir3+ to Ir4+ can be observed at around 0.75–0.78 V, as reported in the
literature [194], which happens to increase with the best performing catalyst Ir8Co2
and Ir6Co4. It can be noted that the peak current density of IrO2 is much smaller
than the two catalysts previously mentioned. This signals the possible role of Co in
making Ir more oxidizable in these binary systems.

Figure 6.12: Cyclic voltammetry curves collected at 50 mV/s for samples with
different Ir/Co ratios in (a) 0.5 M H2SO4 and (b) 1.0 M KOH

In the alkaline media, this peak is not as sharp compared to that in acidic
media and shifts at a much lower potential at around 0.6 V, which is expected for
the super-Nernstian behavior of Ir [179, 194]. The trend among the catalysts is also
not so clear but it is evident that the less performing catalyst, Ir4Co6 and Ir2Co8,
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do not have well-defined peaks compared to the others. Nevertheless, the further
oxidation of Ir4+ to Ir5+ at around 1.3 V is much clearer than acidic CV results and
is then proceeded by the OER reaction towards higher potential.

Another use of CV is the estimation of the double-layer capacitance (Cdl),
which can then be related to the electrochemically active surface area (ECSA). By
obtaining CV at different scan rates from 2 mV/s to 150 mV/s and plotting the
current density at 0.9 V for each scan rate, a linear regression can be obtained
with a slope related to the Cdl. This method has been described as well in the
previous chapter. In both media, the optimum Cdl seems to occur between Ir82 and
Ir6Co4. Using an areal capacitance reference at 1.3 F/m2 [183], ECSA values can
be estimated as shown in Figure 6.14a.

Figure 6.13: Double-layer capacitance (Cdl) estimated at 0.9 V using different CV
scan rates from 2 mV/s to 150 mV/s.

Similarly, the effective capacitance can also be obtained from EIS as outlined
by Li et al. [182] and then convert it to ECSA using the same areal reference.
However, this ECSA represents the double-layer structure at 1.55 V, which is in
the OER relevant region. It can be found in the acidic medium that an optimum
exists for Ir8Co2 at 328 m2/g. In alkaline, the differences among the samples are
very subtle with an observable decline for Ir4Co6 and Ir2Co8. Although different
approaches were applied to capture ECSA, both techniques yield almost similar
trends and range of values and are even comparable to those obtained from BET
surface area measurement as depicted in Figure 6.14b.
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Figure 6.14: Comparison of electrochemically active surface areas (ECSA) ob-
tained in acidic and alkaline media using (a) CV method and (b)
EIS method.
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6.5 Effect of Surfactant and Acid Etching

Figure 6.15: (a) X-ray diffractogram data for the Ir6Co4 samples prepared with
and without surfactant and subjected to acid etching. (b) Quantifi-
cation of the Ir/Co molar ratio on the bulk using ICP-MS and on
the surface using XPS. (c) Surface area measurement implementing
the BET model for N2 gas adsorption experiment.

In the previous section, it has been identified that Ir6Co4 is one of the best
catalysts for OER in both acidic and alkaline media. Thus, it is imperative to
further probe additional synthesis variables that can potentially impact its per-
formance. Here, two variables were investigated, specifically the effect of adding
surfactant in the synthesis condition and post-processing with acid etching under
similar conditions used in Chapter 5. The interaction between adding surfactant and
acid etching was also studied. To sum up, four catalysts are studied here: Ir6Co4;
Ir6Co4 ae for after acid etching; N-Ir6Co4 for without surfactant; and N-Ir6Co4 ae
for without surfactant and after acid etching
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The crystallographic information in XRD in Figure 6.15a shows that for N-
Ir6Co4 , the Co3O4 peaks for the (311) at ∼37°, (400) at ∼45°, (511) at ∼59°, and
(440) at ∼65° planes become sharper compared to Ir6Co4 . This could mean that
the degree of separation between the Ir and Co phases is much stronger without
the surfactant. In the case of Ir6Co4, more peaks from IrO2 rutile appeared after
acid etching, specifically (211) at ∼ 54°, (220) at 57.8° and (002) at ∼58.4°along
with the disappearance of the characteristic Co3O4 (311) peak. This could indicate
that upon removal of excess cobalt, these planes became more exposed. When acid
etching was performed on the N-Ir6Co4, only a slight appearance of these additional
peaks was observed coupled with reduction in Co3O4 (311) plane.

The surface Ir:Co ratio from XPS in Figure 6.15b indicate that N-Ir6Co4 is
more Ir-enriched than Ir6Co4 (arrow ‘b’). This suggest that an even higher degree of
surface segregation between Ir and Co, with Ir dominating the surface in N-Ir6Co4.
For the acid etching effect, most of the cobalt has been leached out in Ir6Co4 ae where
a significantly higher Ir:Co ratio is detected both from XPS and ICP compared to
Ir6Co4 (arrow ‘a’). However, the reverse is happening for non-surfactant N-Ir6Co4 ae
where the Ir: Co ratio decreased (arrow ‘c’), suggesting that both Ir and Co are
leaching out, the Ir layer on the surface dissolves at a faster rate and minimizes the
dissolution of Co. Regardless, the bulk composition of N-Ir6Co4 and N-Ir6Co4 ae
remain similar and comparable to that of Ir6Co4 and the theoretical value.

The BET surface area measurements in Figure 6.15c suggest an enhancement
due to the removal of Co in the material for acid etched samples, Ir6Co4 ae and N-
Ir6Co4 ae. With most Co leached out in Ir6Co4 ae, the surface area increased by
41%. In N-Ir6Co4 ae, a significant amount of Co is retained, and the surface area en-
hancement was only 11%. Surprisingly, the surface area in N-Ir6Co4 is significantly
higher than in Ir6Co4 which could possibly be driven by the morphological differ-
ence as revealed later by TEM imaging. More information from N2 gas adsorption
experiments is presented in Table 6.4.

Table 6.4: Porosity and surface area information for the different Ir/Co catalysts
obtained from N2 gas adsorption experiment.

Catalyst
BET

surface area
BET desorption

pore size diameter
Single point

total pore volume
BJH desorption
pore volume

(m2 g-1) (nm) (cm3 g-1) (cm3 g-1)
Ir6Co4 185.51 ± 2.92 0.2464 5.31 7.20

Ir6Co4 ae 262.21 ± 4.73 0.2752 4.20 7.34
N-6Co4 230.17 ± 2.53 0.2413 4.19 5.78

N-6Co4 ae 258.39 ± 3.32 0.2750 4.26 5.49

In terms of the morphology and structure of the catalysts from TEM in Figure
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6.16, the surfactant attains a more uniform structure, especially near the edge of the
material comparing Figure 6.16a (Ir6Co4) and Figure 6.16c (N-Ir6Co4). Without the
surfactant, the particle growth becomes heterogeneous with rod-like shapes. Rod
structures coming from Adam’s fusion method are also reported in the literature119.
The extended structures near the edge for N-Ir6Co4 might also have contributed to
its relatively larger surface area compared with Ir6Co4 BET measurements. For the
acid etching effect in Figure 6.16b, the density of Ir nanoparticles that are visible
increased compared to that in Figure 6.16a, where they might have been buried by
the Co matrix. However, for N-Ir6Co4 ae in Figure 6.16d, there is no clear difference
before acid etching in N-Ir6Co4 (Figure 6.16c). This supports the idea that the Co
component in the material is more preserved than with the surfactant.

Figure 6.16: Transmission electron micrographs of (a) Ir6Co4, (b) Ir6Co4 ae, (c)
N-Ir6Co4 and (d) N-Ir6Co4 ae.

To understand the chemical distribution as a function of surfactant and acid
etching process, EDS and EELS mapping are also performed. In Figure 6.17a and
Figure 6.17d, the effect of acid etching can be visualized effectively where most of
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Co are leached out. Comparing Ir6Co4 and N-Ir6Co4, in Figure 6.17g, the thick Ir
layer on the surface forces the Co to aggregate in the middle, forming a core-shell
structure. After applying acid etching on N-Ir6Co4, there is no significant difference
in the chemical distribution for N-Ir6Co4 ae. In the EELS maps, similar conclusions
can be derived and even less Co signals are detected in Ir6Co4 ae (Figure 6.18d).
The chemical mapping aligns very well with the quantification results obtained from
ICP-MS and XPS presented in Figure 6.2b and Figure 6.2c.

Figure 6.17: Chemical mapping results from STEM-EDS for (a-c) Ir6Co4, (d-f)
Ir6Co4 ae, (g-i) N-Ir6Co4 and (j-l) N-Ir6Co4 ae. Ir signals are shown
in purple while Co is in green. Overlap images for the two metals for
each sample are shown in a, d and g.
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Figure 6.18: Chemical mapping results obtained from STEM-EELS experiments
for (a-c) Ir6Co4, (d-f) Ir6Co4 ae, (g-i) N-Ir6Co4, and (j-l) N-Ir6Co4 ae.
Ir signals are shown in red while Co signals are colored green. The
overlap images for the two metals are shown in g, h, and i.

For the OER activity, the geometric current density from LSV data is pre-
sented in Figure 6.19a and Figure 6.19b for acidic and alkaline media, respectively.
The activity metrics for mass activity, overpotential, and Tafel slopes are also ex-
tracted from the LSV data and shown in Figure 6.20 and Figure 6.21.
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Figure 6.19: Linear sweep voltammetry (LSV) data collected at 1 mV/s in (a) 0.5
M H2SO4 and (b) 1.0 M KOH for Ir6Co4 samples prepared with and
without surfactant and subjected to acid etching.

The effect of acid etching on mass activity is more evident in the alkaline
media than in acidic media, especially for N-Ir6Co4 ae. The increased surface re-
sulting from acid etching could have improved the mass activity area but is not
reflected in the acidic media. The acid etching might have affected the surface Ir
or Co chemistry, leading to altered reactivity towards OER that has more impact
in the alkaline media. The role of cobalt and the possible change in Co chemistry
in N-Ir6Co4 could also be attributed to the improved performance considering it
is still present in significant amount for N-Ir6Co4 ae. The effect of surfactant on
mass activity is also not very significant in the acidic media, comparing Ir6Co4 and
N-Ir6Co4. However, the difference is much more significant in the alkaline media
where Ir6Co4 attains 41 mA/mgIr compared to 28 mA/mgIr for N-Ir6Co4 .
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Figure 6.20: (a) Mass activity at 300 mV overpotential normalized to Ir mass
estimated using stoichiometry for Ir6Co4 samples prepared with and
without surfactant and subjected to acid etching. (b) Overpotential
at 10 mA/cm2 in both acidic and alkaline media.

A similar trend in mass activity is observed for the overpotential at 10
mA/cm2. In acidic environment, the acid etching does not have any positive im-
pact but in alkaline media, the overpotential is reduced, and more significant for
N-Ir6Co4 ae. Nevertheless, significant reduction in overpotential can be obtained
when surfactant is used, comparing Ir6Co4 with 292 mV while N-Ir6Co4 has 307 mV
in the alkaline media.

While mass activity and overpotential are activity descriptors in the kinetic
region, the mass transfer region must also be considered at high potential. In the
LSV curves in Figure 6.19, the impact of mass transfer on N-Ir6Co4 in both acidic
and alkaline media reveals the possibility of inefficient reactant transport due to the
structure of this catalyst.

Information regarding the OER mechanism can be probed from the Tafel
plots in Figure 6.21a and 6.21b, and the Tafel slope values are summarized in Figure
6.21c. The Tafel slope in acidic media remains almost the same at around 42-45
mV/dec across all catalysts, unaffected by the nature of the catalyst, similar to that
in the Ir-Co ratio study in the previous section. However, a much lower Tafel slope
is obtained in the alkaline media, with Ir6Co4 at 35 mV/dec against N-Ir6Co4 at
40 mV/dec. Applying acid etching in both samples reduced the Tafel slopes to 31
mV/dec and 33 mV/dec for Ir6Co4 ae and N-Ir6Co4 ae, respectively. The sensitivity
of the Tafel slope in the alkaline media reveals the influence of the surface chemistry
of the catalyst on the OER mechanism and rate-determining steps.
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Figure 6.21: (a) Tafel plot derived from LSV in 0.5 M H2SO4 as well as in (b) 1.0
M KOH. (c) Summary of the Tafel slopes for Ir6Co4 samples prepared
with and without surfactant and subjected to acid etching.

The resistances in the system are also analyzed using EIS technique and
applying the equivalent circuit in Figure 6.9. The Nyquist plots for the raw and fitted
data in acidic and alkaline media are shown in Figure 6.22a and 6.22b, respectively.
The total resistance, Rct + R1, from the equivalent circuit is plotted in Figure 6.22
for all samples. Acid etching in both Ir6Co4 and N-Ir6Co4 resulted in reduced
total resistance, as indicated in arrow (a) and arrow (c) in Figure 6.22. Without
the surfactant, the total resistance is much higher comparing Ir6Co4 and N-Ir6Co4.
The total resistances in alkaline media are all lower than in acidic media and this
difference is more pronounced in N-Ir6Co4 ae.
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Figure 6.22: Electrochemical impedance spectra in (a) 0.5 M H2SO4 and (b) 1.0
M KOH

Table 6.5: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 0.5 H2SO4 and the calculated ECSA from
the EIS-based capacitance for Ir6Co4 samples subjected to different
conditions.

Catalyst
RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

Ω Ω cm2 E-3 F sn-1 F sn-1 mF m2/g
Ir6Co4 4.71 1.61 8.57 0.94 1.28E-01 0.43 6.88 269.91
Ir6Co4 ae 4.75 2.56 10.3 0.94 3.90E-02 0.57 8.32 326.52
N-Ir6Co4 4.78 2.35 5.37 0.94 4.18E-02 0.51 4.17 163.82
N-Ir6Co4 ae 4.61 1.38 6.31 0.99 2.57E-01 0.41 6.03 236.59
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Table 6.6: Values of the circuit elements for the fitted electrochemical impedance
spectroscopy (EIS) data in 1.0 M KOH and the calculated ECSA from
the EIS-based capacitance for Ir6Co4 samples subjected to different
conditions.

Catalyst
RΩ Rct + R1 C1 n1 C2 n2 C

ECSA @
Cs = 1.3 F m-2

Ω Ω cm2 E-3 F sn-1 F sn-1 mF m2/g
Ir6Co4 4.71 1.61 8.57 0.94 1.28E-01 0.43 6.88 269.91
Ir6Co4 ae 4.75 2.56 10.3 0.94 3.90E-02 0.57 8.32 326.52
N-Ir6Co4 4.78 2.35 5.37 0.94 4.18E-02 0.51 4.17 163.82
N-Ir6Co4 ae 4.61 1.38 6.31 0.99 2.57E-01 0.41 6.03 236.59

Figure 6.23: Total resistance (Rct + R1) extracted from EIS in 0.5 M H2SO4 and
1.0 M KOH for Ir6Co4 samples subjected to different conditions.

For the CV results, the redox couple at around 0.77 V for Ir3+/Ir4+ pair shifts
to a lower potential after acid etching in the acidic media, shown in Figure 6.24a.
Although, the peak current density remains almost the same. For N-Ir6Co4 and N-
Ir6Co4 ae, the peak current density for this redox pair is significantly less, possibly
indicating less amount of Ir3+ on the surface. Similar to the analysis in the previous
section, it is difficult to obtain a clear trend for the Ir3+/Ir4+ peak in the alkaline
media which shifted at around 0.58-0.59 V from that in acidic media. However, the
peak for Ir6Co4 ae stands out as it has a significantly higher peak current density.
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Figure 6.24: Cyclic voltammetry curves collected at 50 mV/s in (a) 0.5 M H2SO4

and (b) 1.0 M KOH for Ir6Co4 samples subjected to different condi-
tions.

The ECSA of the samples for this section are also estimated from the ca-
pacitance obtained from CV with different scan rates, as illustrated in Figure 6.25,
and the effective capacitance from EIS method. Regardless of the differences in the
techniques, a similar conclusion can be derived in both Figure 6.26a and Figures
6.26b. After acid etching, the ECSA increased for both Ir6Co4 ae (arrow ‘a’ and
‘b’) and N-Ir6Co4 ae (arrow ‘d’) in acidic and alkaline media.

Figure 6.25: Double-layer capacitance (Cdl) estimated at 0.9 V using different CV
scan rates from 2 mV/s to 150 mV/s for Ir6Co4 samples subjected
to different conditions.
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The impact of adding surfactant to the ECSA enhancement is more pro-
nounced in the alkaline media (arrow ‘c’) than in acidic media. These observations
connect back to the mass activity, overpotential, and the Tafel slope where the effect
of surfactant is more pronounced in the alkaline media compared to acidic media.
This gives rise to the possibility of the interrelationship between the pH and ions
involved in the electrolyte and the surface chemistry of the catalyst, and how the
interact with each other affects the OER mechanism.

Figure 6.26: Comparison of electrochemically active surface areas (ECSA) ob-
tained in acidic and alkaline media using (a) CV method and (B)
EIS method for Ir6Co4 samples subjected to different conditions.

6.6 Catalyst Stability Under Half-Cell and Full-Cell Conditions

A critical aspect in catalyst development is the stability of the material,
especially at highly oxidizing conditions. In this work, stability was investigated
in both half-cell and full-cell tests. For the half-cell conditions, 2,000 potential
cycles were performed in the range of 0.4 V to 1.4 V and the LSV performance are
collected before and after the stability testing. In the case of full-cell condition, a
constant current density of 50 mA/cm2 was held for 100 hours and the cell voltage
was tracked.

The stability test in the half-cell condition shows that the highest degradation
occurred in Ir black for both acidic and alkaline media, shown in Figure 6.27. In
acidic media, the synthesized catalysts with high Ir content, IrO2 and Ir8Co2, has
an improved activity after the potential cycling. This has been observed in other
works158 as well where an improved activity occurs after the potential cycling,
possibly due to the increased surface area. However, as the Co content increases,
the stability of the material also decreases. In the alkaline media, the same trend
is observed with decreasing catalyst stability as Co content increases but instead of
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improved performance, Ir-rich catalysts also suffered from activity reduction. In all
synthesized samples, alkaline media degradation seems to be higher than in acidic
media, except for Ir2Co8 where a comparable degradation is observed in both pH
conditions.

Figure 6.27: Stability of the catalyst tracked as the change in the area of the LSV
curve after performing 2,000 CV cycles between 0.4 to 1.4 V for (a)
samples with different Ir/Co ratios and (b) Ir6Co4 samples prepared
with different conditions.

In evaluating the effect of acid etching, there is no significant difference on cat-
alyst stability comparing Ir6Co4 and Ir6Co4 ae but in alkaline media, the Ir6Co4 ae
sample obtained a much higher degradation rate than Ir6Co4 as represented in Fig-
ure 6.27b. Without the surfactant, the degradation in acidic media is much higher
for N-Ir6Co4 than that of Ir6Co4. But this trend is reversed for N-Ir6Co4 in the al-
kaline media where an enhanced activity was found. After acid etching, a different
response was obtained. For N-Ir6Co4 ae, the acid stability was improved, compa-
rable to N-Ir6Co4 but the alkaline degradation is the worst, with 26% activity loss
among the four samples compared in Figure 6.26b.

A scaled-up up and longer degradation study was conducted in full-cell condi-
tions with similar electrolytes, 0.5 M H2SO4 and 1.0 M KOH for acidic and alkaline
media, respectively. The same electrode conditions were used as described in Chap-
ter 5. Due to time constraints, only selected catalysts were tested to understand the
trend in stability. In Figure 6.28a and Figure 6.28b, it is obvious that the degra-
dation in the catalyst in terms of increasing cell voltage overtime is more drastic
in the alkaline media than in acidic media, which agrees with the results obtained
in half-cell test conditions. For acid-etched samples in Figure 6.28c, the Co-rich
Ir2Co8 ae obtained the highest degradation in cell voltage with 4.14% increase in
the acidic media. However, in the alkaline media, the Ir-rich material Ir82 ae had the
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highest voltage change with 20% increase. Regardless, the trend is still consistent
that alkaline degradation results to much higher increase in cell voltage.

Figure 6.28: Full-cell stability tests in (a,c) 0.5 M H2SO4 and (b,d) 1.0 M KOH at
a fixed current density of 50 mA/cm2 for synthesized Ir-Co catalysts
and acid etched counterparts.

The full-cell set-up allows the collection of electrolytes after the test and
detection of dissolved metals using ICP-MS, as shown in Figure 6.28. Overall, the
consistently high degradation of cell voltage in the alkaline media can be explained
by the high dissolution of Ir from the catalyst, depicted in Figure 6.29a and Figure
6.29c. The high Ir dissolution can also explain the trend found in the half-cell tests
in Figure 6.28. Similarly, it has been reported in earlier studies [195] that Ir tend
to be less stable in the alkaline media than in acidic media. Ir black tends to have
the highest Ir dissolution in both acidic and alkaline media, suggesting that the Ir
chemical state might play a role in the dissolution behavior. For Co dissolution, it
can only be detected in the acidic media and not in alkaline media, shown in Figure
6.29b and Figure 6.29d. The behavior of Co in both acidic and alkaline media can
be explained from the Pourbaix diagram, as cited in Chapter 5.

In both non-acid etched and acid-etched samples, the degree of Co dissolution
increases with increasing Co content, demonstrated in Figure 6.28b and 6.28d. Also,
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for the acid etched Ir2Co8 ae, the high Ir dissolution observed in Figure 6.29c can be
tied up to the high Co dissolution for the same sample in Figure 6.29d. However, this
trend is reversed in the alkaline media where Ir8Co2 ae has the highest Ir dissolution
coinciding with the increase in cell voltage illustrated in Figure 6.29d. In general,
acid-etched samples have much higher dissolution in both acidic and alkaline media
compared to non-acid etched counterparts.

Figure 6.29: Dissolved metals in the electrolyte after the full cell tests for (a,c) Ir
and (b,d) Co in both 0.5 M H2SO4 and 1.0 M KOH.

6.7 Possible Influence of Iridium Oxidation State on OER Activity

It highly debated in the literature whether the Ir oxidation state is a critical
parameter for OER activity. Some works110,191 suggest that an Ir3+ rich surface
is beneficial, forming Ir(OOH), while others claim that an Ir4+ surface is more
preferred190. On one hand, another paper98 concludes that the Ir oxidation state is
not a relevant parameter to determine OER activity since all Ir catalyst, regardless
of the initial oxidation states attain a similar Ir oxidation state during OER, which
is much higher than Ir4+.

Here, the Ir 4f XPS spectra for different catalysts are deconvoluted into three
major oxidation states, namely Ir0, Ir3+ and Ir4+. The deconvoluted peaks are shown
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in Figure 6.30 for the different Ir-Co ratio study and Figure 6.31 for understanding
the effects of acid etching and surfactant. The areas under these individual peaks
are then converted to relative amounts in Figure 6.32. For Ir black on the surface,
it is dominated by Ir0 at around 56% and some oxidized Ir at smaller quantities. In
the pure IrO2 synthesized catalyst, a comparable amount of Ir4+ and Ir3+ exists at
around 55% and 45%, respectively.

Figure 6.30: Deconvolution of Ir 4f XPS peaks into three Ir chemical states: Ir0,
Ir3+ and Ir4+. The analysis was performed for (a) Ir black, (b) IrO2,
(c) Ir82, (d) Ir6Co4 , (e) Ir4Co6 and (f) Ir2Co8.
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Figure 6.31: Deconvolution of Ir 4f XPS peaks into three Ir chemical states: Ir0,
Ir3+ and Ir4+. The analysis was performed for (a) Ir6Co4 , (b) Ir6Co4
ae, (c) N-Ir6Co4 , and (d) N-Ir6Co4 ae.

Upon the addition of Co in the material, a metallic Ir0 begins to form, and its
quantity increases with more Co concentration. Coinciding this increase in metallic
composition is the preference for Ir4+ as well over Ir3+. With Ir6Co4, the amount of
Ir3+ on the surface is much higher at 52% compared to Ir0 at 17% and Ir4+ at 31%.
From the CV peaks for Ir3+/Ir4+ redox peak in Figure 6.12a, a correlation can be
drawn from its Ir3+ surface composition.
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Figure 6.32: Quantification of the different Ir chemical states for samples with (a)
different Ir/Co molar ratio and (b) Ir6Co4 samples prepared under
different conditions.

The formation of the of Ir0 is also confirmed using energy electron loss spec-
troscopy (EELS). Willinger et al. [111] established the linear relationship between
the energy shift in the second derivative of the Ir O2,3 edge and the oxidation state
of the material. The shift in the maxima of the EELS plot in Figure 6.33 suggest
the differences in the oxidation states of the materials being probed. The standard
materials, IrCl3 and calcined IrOx C, served as reference for Ir3+ and Ir4+, respec-
tively. The peak for Ir82 falls between Ir3+ and Ir4+, but leans closer to the Ir4+

peak, suggesting a higher fraction of Ir4+ in the sample. However, for Ir6Co4 , the
peak shifts further to the left of Ir3+ reference and Ir2Co8 shifts even further. These
peak shifts for Ir6Co4 and Ir2Co8 supports that Ir0 is formed as more Co is added
in the material.
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Figure 6.33: Second derivative EELS spectra of Ir samples from the Ir O2,3 edge.
Peak shifts correlate with the oxidation state, as indicated by the
reference materials IrCl3 for Ir3+ and calcined IrOx C for Ir4+.

To understand how the Ir0 formation is driven by the addition of Co in the
material, the oxidation states of Co in the samples were also assessed using XPS.
Figure 6.34a shows how the phase fractions of Co change as a function of Ir/Co
ratio and the quantification is presented in Table 6.7. As more Co is added in the
sample, the preferred phase is Co3O4 with 86.61% in Ir2Co8, which agrees with the
well-defined XRD peaks for the Co3O4 pattern in Ir2Co8. However, with less Co
such as in Ir82, the Co3O4 phase reduced to 47.44% but the amount of Co0 and
CoO both increased. The formation of Co3O4 comes from the conversion of a Co2+

precursor to a mixed valency of Co2+ and Co3+. This oxidation reaction possibly
pairs with the reduction of an Ir4+ precursor to Ir0. Thus, as more Co is added,
formation metallic Ir is promoted.

127



Figure 6.34: Quantification of the different Co phases for samples with (a) different
Ir/Co molar ratio and (b) Ir6Co4 samples prepared under different
conditions.

Table 6.7: Relative fractions of Co phases determined from XPS as a function or
Ir:Co ratios.

Sample Co(0) CoO Co3O4

Ir2Co8 2.16% 11.23% 86.61%
Ir4Co6 4.98% 16.40% 78.62%
Ir6Co4 13.37% 14.28% 72.35%
Ir8Co2 23.52 % 29.04 % 47.44%

Table 6.8: Relative fractions of Co phases from XPS as influenced by the presence
of surfactant in the synthesis and acid etching process.

Sample Co(0) CoO Co3O4

Ir6Co4 13.37% 14.28% 72.35%
N-Ir6Co4 7.03% 6.24% 86.74%
Ir6Co4 ae 22.28% 15.25% 62.46%
N-Ir6Co4 ae 18.01% 18.85% 63.14%

Meanwhile, without the surfactant, N-Ir6Co4 has a much lower Ir0 content
compared to Ir6Co4 but has a much higher Ir4+over Ir3+ fraction. The difference
in Ir3+ surface composition between Ir6Co4 and N-Ir6Co4 is well observed in the
acidic media CV in Figure 6.24a. The Co phase fractions are also influenced by
the presence of the surfactant. In Figure 6.34b and Table 6.8, there is much higher
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Co3O4 phase formed at 86.74% for N-Ir6Co4 against 72.35% for Ir6Co4. A lower
Co0 phase was also found in N-Ir6Co4. With both Ir0 and Co0 reduced in N-Ir6Co4,
without the surfactant the formation of oxide phases is preferred for both Ir and
Co and the dependence of their oxidation states are not clearly observed. From the
chemical maps in Figure 6.17 and Figure 6.18, the strong segregation between Ir
and Co phases hinders metallic formation of both Ir0 and Co0.

For the effect of acid etching on Ir6Co4 , the amount of Ir0 significantly
reduced to undetectable amount in Ir6Co4 ae but with an increase in Ir3+ surface
concentration. After performing acid etching, N-Ir6Co4 ae obtained an increase in
Ir3+ concentration but also enhanced the concentration of Ir0. This is probably due
to some metallic Ir0 being exposed when Ir and Co are released from the material.
As for Co oxidation phase, both with and without surfactant had an increase amount
of Co0 and CoO but a decreased amount of Co3O4 after acid etching. The Co3O4

phase can be easily removed by the acid etching process while leaving the more
stable and resistant Co0 and CoO phases.

In general, the high OER activity is correlated to a higher fraction of Ir3+

over Ir4+, especially in the in acidic media where the overpotential is reduced for
catalysts with high Ir3+ concentration, e.g., Ir8Co2 and Ir6Co4. Similarly, without
the surfactant, the overpotential increased for N-Ir6Co4, which has a much lower
Ir3+ surface concentration than Ir6Co4. The influence of Ir3+ can also be related to
the fact that Tafel slopes of all catalyst are almost comparable in the acidic media,
indicating that the same OER reaction mechanism holds for all of them.

However, there is no clear evidence in the alkaline media whether Ir3+ has
an influence since Ir black is also one of the best catalysts, where Ir3+ surface
concentration is not dominating. This might be due to the changing Tafel slopes with
different catalysts and that the OER reaction mechanism adapts to different surface
chemistry, with some proceeding at much faster rate not necessarily dependent on
high Ir3+ concentration.

6.8 Conclusions

The synthesized Ir-Co catalyst using the modified Adam’s fusion method was
further studied to investigate the effects of different material processing conditions,
in particular the effect of Ir-Co molar ratio, surfactant, and acid etching. A pure
IrO2 catalyst was also prepared along with a commercial Ir black as baselines. For
Ir-rich samples, the IrO2 (101) peak from XRD is the only main peak visible. As
more Co is added to the material, Co3O4 (311) peak becomes more visible until most
of Co3O4 peaks appear in Ir2Co8. The proper control of the Ir and Co content in the
sample is confirmed by the ICP-MS results, however, an Ir-enriched surface for all
samples is suggested by XPS data. Chemical mapping from both STEM-EDS and
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STEM-EELS allows the visualization of the distribution of Ir and Co. In terms of
their electrochemical performance, Ir-Co samples have much higher mass activities
in the acidic media compared to pure Ir samples, IrO2 and Ir black. This signifies
the advantage of adding Co in the material. With overpotential at 10 mA/cm2

and total resistance from charge transfer and diffusion/adsorption of intermediates
(Rct+R1), Ir6Co4 demonstrates the best possible option in both acidic and alkaline
media for OER. Hence, Ir6Co4 was further analyzed to study the effects of surfactant
and acid etching on this material.

The presence of surfactant in Ir6Co4 allows better interaction between Ir
and Co atoms, with less segregation compared to the non-surfactant sample, N-
Ir6Co4 as illustrated in XRD, XPS, and chemical maps obtained from STEM-EDS
and STEM-EELS. In N-Ir6Co4, a Co core and Ir shell were formed and in terms
of particle morphology, heterogeneous structures are found from TEM imaging for
N-Ir6Co4 with rod-shaped structures near the edge which are not found in Ir6Co4 .
These extended might also explain the relatively higher BET surface-are of N-Ir6Co4
at 230 m2/g compared to Ir6Co4 at 186 m2/g.

After subjecting the samples to acid etching, the presence of Co in Ir6Co4
almost diminished, as detected from both XPS and ICP-MS. However, acid etching
has no significant effect for the bulk composition of N-Ir6Co4 from ICP-MS but XPS
shows a reduced Ir composition on the surface. In any case, acid etching resulted
in an increased surface area for both Ir6Co4 and N-Ir6Co4. In terms of their OER
activity, the surfactant can boost the mass activity especially in the alkaline media.
On the other hand, acid etching leads to improvement for both with and without
surfactant but has much drastic effect on N-Ir6Co4 ae. This trend agrees well with
other metrics such as the overpotential at 10 mA/cm2 and the Rct+R1 from EIS. To
sum up, surfactant promotes a better distribution and interaction of Ir and Co and
is further improved by acid etching, although most Co is leached out from Ir6Co4 .

Aside from OER activity, the stability of the samples is also critical, thus
was tested in this work using both half-cell and full-cell conditions. In the half-cell
test, the stability of the catalyst is evaluated using 2,000 potential cycles between
0.4 to 1.4 V. The stability decreases as more Co is added to the sample for the Ir-Co
alloy. In the acidic media, Ir-rich samples IrO2 and Ir82 tend to have an improved
activity possibly due to the creation of new surface area induced by the cycling
condition. The non-surfactant N-Ir6Co4 suffered a much higher activity loss in the
acidic media than Ir6Co4 but had an activity enhancement in the alkaline media. In
either catalyst, acid etching caused a much higher activity loss in both Ir6Co4 and
N-Ir6Co4 .

In the full-cell tests performed for 100 hours at 50 mA/cm2, the alkaline
media caused a much higher increase in the overpotential. This aligns well with the
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half-cell results wherein higher activity degradation is observed in the alkaline media
for most catalysts. Using ICP-MS, a high amount of Ir dissolved in the electrolyte
was detected in the alkaline media which explains the high activity degradation. On
the other hand, the amount of Co in the alkaline media is below the detection limit
of the instrument but significant Co dissolution exists in the acidic media. This
observation agrees with the established stability behavior of Co in the Pourbaix
diagrams.

The oxidation state of Ir which has been debated in the literature as a crit-
ical parameter for OER activity was also studied here. Using XPS, Ir 4f peaks
were deconvoluted to quantify Ir0, Ir3+ and Ir4+ surface concentrations. The surface
concentration of Ir3+ increases from IrO2 to Ir6Co4 but as more Co is added to the
material, the Ir3+ quantity decreases followed by an increase in both Ir4+ and Ir0.
Without the surfactant, there is also a preference to form more Ir4+ on the sur-
face. When surfactant and non-surfactant catalysts were subjected to acid etching,
the concentration of Ir3+ also increased. The catalysts with high Ir3+ concentra-
tion achieve a much lower overpotential in the acidic media, suggesting a positive
correlation. However, this trend is not clear in the alkaline media. This might be
related to the Tafel slopes where in acidic media, it remains almost similar for all
catalysts at around 42-45 mV/dec, indicating a similar OER mechanism where the
role of Ir3+ is critical. In the alkaline media, the Tafel slope vary significantly in all
catalysts, which becomes higher as more Co is added into the material. A high Tafel
slope was also obtained without the surfactant in alkaline media which translates
to lower OER activity. The critical role and presence of Ir3+ in the catalysts can be
confirmed from the CV curves, where the peak current density in acidic media for
Ir3+/Ir4+ redox transition is much higher for Ir3+-rich catalysts. However, the trend
in Ir3+/Ir4+ redox is not visible in the alkaline media.

In this work, it has been concluded that surface area is not the most critical
predictor of catalyst activity, as well as a high Ir surface content comparing both
N-Ir6Co4 and Ir6Co4. The results from this study support a possible influence of Ir3+

oxidation state in the acidic media towards a better OER activity. Overall, alkaline
OER activities are much higher than in acidic media, but this major difference was
not explored in this work since there are several differences in the experimental
conditions, such as pH and electrolyte concentration, that can alter the surface
chemistry of the catalyst and in turn dictate the OER mechanism. Nevertheless,
this study provides an alternative catalyst design using Ir and Co and enhance the
efficiency of future water electrolyzers.
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6.9 Appendix

6.9.1 XPS Fitting Details

The fitting parameters used to deconvolute the Ir 4f spectra are shown in
Table 6.9 with an asymmetric line shape detailed by Povia et al. [108] and Freakley
et al. [177]. Relaxation of the constraints in the binding energy (BE) and full width
half maximum (FWHM) are applied within the range specified in the table below.
Height ratios for the Ir 4f 7/2 and Ir 4f 5/2 were constrained by the software database
at 0.787 while main peak to satellite was set at 4:1 height ratio. Convergence was
achieved with a minimum residual as determined by the Avantage XPS software.

Table 6.9: XPS fitting parameters for the deconvolution of Ir 4f spectra.

Reference Peak Binding Energy (eV) Height Ratio FWHM (eV)
A Ir0 4f 7/2 60.5:61.00 0.5:1
B Ir0 4f5/2 A + 3.20 + (+0.2 - 0.1) A*0.787 A*1
C Ir4+ 4f 7/2 61.5:62.20 1:2
D Ir4+ 4f5/2 C + 3.20 (+0.2 - 0.1) C*0.787 C*1
E Ir4+ 4f 7/2 (satellite) 63.00:63.40 C*0.25 1.94:2.74
F Ir4+ 4f5/2 (satellite) E + 3.20 (+0.2 - 0.1) E*0.787 E*1
G Ir3+ 4f 7/2 62.30:63.00 1:2
H Ir3+ 4f5/2 G + 3.20 (+0.2 - 0.1) G*0.787 G*1
I Ir3+ 4f 7/2 (satellite) 63.90:64.60 G*0.25 1.94:2.74
J Ir3+ 4f5/2 (satellite) I + 3.20 (+0.2 - 0.1) I*0.787 0.5:3.5

For the Co 2p XPS, the constraints established by Biesinger et al. [196]
identified five different phases for Co. However, in this study only the major Co
phases were considered that would clearly indicate the oxidation phase changes from
Co0 to a Co2+ in the form of CoO and to a mixed valency of Co2+ and Co3+ in Co3O4,
shown in Table 6.10. Similar to fitting the Ir 4f spectra, relaxations in the peak BE
and FWHM were applied to allow some flexibility in the fitting until convergence
has been reached.
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Table 6.10: XPS fitting parameters for the deconvolution of Co 2p spectra.

Reference Peak Binding Energy (eV) FWHM (eV)
A Co3O4 779.30 : 779.90 1.11: 2.11
B Co3O4 780.60 : 781.20 0.82 : 1.82
C Co3O4 781.90: 782.50 1.38 : 2.38
D Co3O4 784.90 :785.50 3.64 : 4.64
E Co3O4 789.20 : 789.80 2.49 : 3.49
F Co0 777.80 : 778.40 0.55 : 1.55
G Co0 780.80 : 781.40 2.56 : 1.55
H Co0 782.80 : 783.40 2.2 : 3.2
I CoO 779.90 : 780.10 2.5 : 3.5
J CoO 782.00 : 782.20 1.8 : 2.8
K CoO 785.40 : 785.60 2.5 : 3.5
L CoO 786.40 : 786.60 3.7 : 4.7

6.9.2 Error Propagation for Oxidation State from XPS

To assess the error involved in estimating the oxidation states from XPS,
three data sets were compared for two samples, Ir6Co4 in Table 6.11 and Ir6Co4 ae
in Table Table 6.12, and the standard deviation was calculated. However, the data
sets were taken a year a part and the sample could have changed. Nevertheless,
oxidation states with larger fractions seem consistent, and the overall trend can still
be captured well.

Table 6.11: Comparison of the Ir fractions obtained for three data sets from Ir6Co4.

Data Collected Ir0 (%) Ir3+ (%) Ir4+ (%)
2020 1016 17.23 52.33 30.44

2021 1110 P1 2.6 60.61 36.79
2021 1110 P2 1.52 70.35 28.13
Average 7.11 ± 7.16 61.10 ± 7.36 31.79 ± 3.67

A relative standard deviation of around 10–12% for the major components
were obtained. Caution should be taken for oxidation states comprising less than
10% in the quantification. From this analysis, it is assumed that variations in the
measurement would arise from the instrument and a 10–12% error for oxidation
states comprising more than 10% in the material can be assumed.
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Table 6.12: Comparison of the Ir fractions obtained for three data sets from
Ir6Co4 ae.

Data Collected Ir0 (%) Ir3+ (%) Ir4+ (%)
2020 1016 0.00 59.91 40.09

2021 1110 P1 0.00 56.05 43.95
2021 1110 P2 0.53 46.18 53.32
Average 0.18 ± 0.25 54.05 ± 5.78 45.79 ± 5.56
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Chapter 7

CONCLUSIONS

The climate crisis that has been impacting the lives of many people around
the globe demands new technologies that can curtail our greenhouse gas emissions.
Among these options are fuel cells, that can generate electricity without any harmful
gases if hydrogen is used as a fuel, and water electrolyzers, which can generate
green hydrogen if coupled with renewable wind or solar energy. However, technical
advancements and fundamental understanding of some of the phenomena happening
in these devices are still lacking. In this dissertation, the degradation mechanism
of the platinum-carbon catalyst (Pt/C) used in fuel cells is studied in both acidic
and alkaline environments and the results are presented in Chapter 4. On the other
hand, the development of a less expensive electrocatalyst for water electrolyzers was
pursued to reduce the use of expensive and rare metal, iridium, by alloying with
cobalt. Preliminary results as well as the effect of material processing are presented
in Chapters 5 and 6, respectively.

For the degradation study on fuel cells catalyst, deactivation of some surface
sites occurs when carbon was corroded with high potential cycling conditions in
acidic environment. This protocol leads to the generation of carbon surface oxides
predominantly O-C=O functional groups, which can enhance the wettability of the
carbon support, but the consequence is poisoning of the Pt active sites when the
same functional groups adsorb unto the catalyst surface and impede the ORR ac-
tivity. The carbon corrosion mechanism can also influence the mobility of Pt. In
the alkaline media, larger chain-like Pt agglomerations are formed. Meanwhile, the
presence of O-C=O in high-potential cycling samples in acid strengthened the in-
teraction and bonding between the Pt nanoparticles and the carbon support. These
findings can help in the development of more durable ORR catalysts, especially for
heavy-duty transport where fuel cells have a niche market.

The other half of this dissertation focused on OER catalyst development
using a surfactant-assisted Adam’s fusion method developed in-house. It has been
found that an optimal ratio between Ir and Co is with Ir6Co4. The benefit of
adding surfactant was highlighted, where it promotes a much better interaction and
distribution of Ir and Co metals. Without surfactant, the segregation between Ir
and Co is much stronger and although it led to a much higher Ir concentration on
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the surface, the OER performance is inferior. Acid etching was also implemented
to enhance the surface area and activity, where majority of Co leached out in the
surfactant-assisted Ir6Co4 catalyst. By analyzing the surface chemical states of Ir
using XPS, a correlation is found between the Ir3+ concentration and OER activity,
especially in the acidic media. However, the stability remains a concern for the
synthesized catalyst especially in the alkaline media where significant Ir dissolution
occurs.

The works summarized in these papers, although conducted conducted at
the fundamental and laboratory conditions, can still provide new directions for fuel
cell and electrolyzer development. Nevertheless, the significance of these electro-
chemical technologies as part of the climate solution are emphasized. Fuel cells and
electolyzesr have the potential to transform our energy system, leveraging the de-
clining cost of wind and solar energies. With the advancement in clean technology
and collaboration between government and industry, we can fully transition to a
decarbonized society and achieve net-zero emission by 2050.
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Chapter 8

FUTURE WORKS

In this work, the analysis of precious-metal catalysts for ORR and OER used
in fuel cells and water electrolyzers has been successfully studied in the half-cell
environment. But, the development of these technologies rely on the scaling up of
the laboratory investigations. Thus, it is desirable that component integration with
the ionomer and catalyst should be well understood. The interaction of these two
materials controls the final structure of the catalyst layer, which in turn influences
the performance and durability of the device. In the device level, the polymer elec-
trolyte membrane technologies are more mature, but a lot of research opportunity
can still be done with alkaline membrane counterparts.

In terms of the fundamental study, modeling approach based on first prin-
ciples can guide the catalyst discovery and lead to more understanding of reaction
mechanisms and degradation modes of the catalyst. Advanced characterization, es-
pecially in situ methods at the nanoscale, are also essential to be able to identify
the active sites and degradation behaviors. With both computational and charac-
terization tools, the material synthesis approach can be tailored to a create a more
durable and efficient electrocatalysts. To accurately predict the performance of the
new materials, multiphysics simulation should also be improved with the right input
parameters at the desired length scale.

Aside from fuel cells and electrolyzers, there are also other emerging elec-
trochemical devices that can be used to combat the climate crisis. One that our
group has worked on before is the urea oxidation reaction (UOR) where instead
of simply using water, urea or urea-rich waste streams like human urine can be
used. In theory, UOR has a lower reversible potential, thus less energy needed for
the reaction to proceed but the challenge is still finding the right catalyst for this
application. UOR-assisted hydrogen production could be a promising technology
in regions where urea contamination from excessive fertilizer use happens. Another
application of electrochemistry in the nitrogen cycle is the production of ammonia
through nitrogen reduction reaction as an alternative to the Haber-Bosch process.
Lastly, carbon dioxide reduction to valuable chemicals is also a viable research path
where electrochemical devices can be beneficial to the environment. However, the
selectivity is crucial to be able to direct the conversion of CO2 to desired products.
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All these promising technologies are still in the early stages of research and
development. But policies and government funding are continuously evolving in
response to the urgency of the climate crisis. In the coming decades, as soon as
fuel cells and water electrolyzers are fully commercialized with wide-scale deploy-
ment, these emerging electrochemical technologies can follow the path and further
strengthen the vision of a decarbonized society.
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