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Chapter 1

General introduction



1.1 Resources and environment

Energy has become the key to the development of human society and the progress of civilization.
Woods, hays, and other combustibles which are easily accessible from nature were used for
cooking, heating, and other essential purposes by pnmtive humans. With advances in geology
and mining technology. coal has a much higher energy density than traditional animal and plant
fuels.

Generally, Karl Mamx recogmzed positive feedback between advanced productivity and
technological progress. [1, 2] In 1776, James Watt improved on the Newcomen steam engine
with his Watt steam engmne, marking the Industrial Revolution’s armival. Until the 1830s, one
worker’s output was increased around 500 times in mechanized cotton spinning [3]; the needed
fuel decreased to 1/5 - 1/10 due to the efficiency of steam energy. [4. 5] In the 1780s, the first
transformation was that coal became the largest share of primary energy instead of the woods.
[6] In 1876, Nicolaus Otto invented the Neuer Otto-Motor, which used gas as fuel and made the
efficiency improvements to 12%, this cycle named as Otto cycle. Then, in 1885, Gottlieb Wilhelm
Daimler mvented the first gasoline engine. It was one of the features of the Second Industnal
Revolution. The second industrial revolution saw another leap forward in manufactunng, such
as the construction of railways, large-scale steel production, the widespread use of machinery,
the general use of the telegraph. oil, and the beginning of electrification. [7] The second
transformation was that the share of petroleum and gas m the pnmary energy mix improved
rapidly, and instead, coal was the most prominent part 1 1965. [6] Herein. in the second

transformation, the primary energy source 1s transferred from coal to o1l and natural gas.

With the development of the social economy and further improvement of efficiency, the
production mode of human society 15 bound to undergo the third transformation: from traditional
fossil fuel to non-fossil new energy 15 becoming mnevitable. Specifically, with the development
of mformation technology, people’s demand for electricity 1s gradually increasing. The total
power generation in 1985 was 9826 TWh, of which the proportion of oil, gas, and coal were
1108.76, 1422 36, and 3748.31 TWh, respectively; i 2021, the power generation was 27520.52
TWh, of which the proportion of oil, gas. and coal were 851.7, 100422 and 6098.08 TWh,
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respectively. [8. 9] A lot of interesting facts could be found in those data. First, in the past 36
years, the power generation increased 2.8 times. This 1s in line with the global economc
development over the past century. Then, in the part of primary energy, o1l 1s decreasing, the
position of natural gas 1s increasing rapidly, and the mcrement of coal 1s less than the increment
of total power generation, which is related to the reduction of harmful NOy, SOx emissions as
well as mternational energy prices, market supply stability. Finally, although the increment of
total power generation 1s enormous, the primary part 1s decreased. It benefits from renewable
energy development and the efficiency improvement of traditional power generation methods,

like ultra-supercritical. The importance of non-primary energy 1s steadily increasing.

With industrialization, various greenhouse or harmful gas emissions increased very quickly and
massive, such as NOx, SOx, CO2. CHs, HFCs, etc. Since the Industnial Revolution, within the
unreasonable time of 300 years, greenhouse gas / harmful gas emmssions have been several times
higher than before. Even worse, the emission still mcreases with a high growth rate. For example,
the CO; emission from fossil fuels was 27869 Mt in 2007 and expanded to 30127 Mt 1n 2017 [8,
10, 11]. The growth rate 1 10 years 15 8.1%, which 1s obviously a dangerous acceleration. On
the other hand, based on the IPCC-ARS report, it could be easily found that the CO, emission 1s
more about 5682 Mt than the natural absorption amount of 24445 Mt, which means that the
carbon cycle balance has been broken.

In Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC-ARS), they
reported the Representative Concentration Pathways (RCPs) model, which 1s predicted the
impact of different conditions of greenhouse gas emissions on the global environment by the
radiative forcing value in 2100 (1.9, 2.6, 34,456, 7 and 8.5, W/m?, respectively. In the model,
several possible scenarios for greenhouse gas emissions are assumed. From RCP 1.9 to RCP 8.5,
the number represents their atmospheric concentrations. Herein, the RCP 3 4 was considered the
most reasonable prediction[12]. although 1t 15 still a strict emmssion target. In addition, according
to the emission reduction plans announced by major countries, RCP 4.5 15 also a possible model.
The emissions peak would be reached around 2040, which would cause the temperature to rise 2
— 3 Celsius, and many plants and animals will be hard to survive at RCP 4.5 or higher RCPs [11].

The deterioration of the environment 1s affecting the earth’s atmosphere. Sea levels are rising,
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extreme climates are increasing. and the living environment of humans and other species 1s
deteniorating. It is increasingly necessary and urgent to reduce greenhouse gas emissions.
According to NASA's speculative data [13]. if the RCP 4.5 forecast model can be stnictly
implemented. the global sea level nise will be controlled within two meters, which is still a grim
situation for some regions. Meantime if emissions cannot be effectively controlled. the average
sea level nse will exceed two meters around 2180 and about 4.7 meters in 2300. This will lead
to extremely serious consequences. For example, the area near Yokohama Station with an average
altitude of about two meters will disappear, and the coastal industrial area near Isogo will also be

seriously threatened or even submerged.

Meanwhile, from the perspective of energy securnty and stability, renewable energy development
15 becoming more and more necessary. From the 1973 o1l cnisis, 1979 o1l crisis, 1990 o1l price
shock, etc., to the 2022 Russo-Ukramian War, whach is still ongoing, international energy prices
are prone to sigmficant fluctuations due to external factors such as wars. Since the 2022 Russo-
Ukrainian War, the global crude o1l price has remained above 100 dollars per barrel for a long
time; it increases the cost of production and living in many countries and even threatens the

security of the energy supply chain.

Not only the environment but energy secunity problems. To defend the development of human

civilization, developing renewable energy 1s necessary and urgent.

1.2 Renewable energy

Pnimary energy is energy harvested from nature directly without the human conversion process.
[14] In general, there are two primary energy categories: non-renewable energy. like oil, coal,
and natural gas, and the other 1s renewable energy, such as hydro and biofuels. Renewable could
be replenished on the scale of human development. It 1s trusted that resource reserves of
renewable energy are never-ending and can be automatically regenerated or recycled under
certain conditions. In a broad sense, it includes some traditional, long-term use in human history
ways such as faggot and ammal power, etc. In a narrow sense. now renewable energy mamly

refers to some means of power generation 1n modem society, like hydropower, wind power, solar
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power, bioenergy, geothermal energy, etc. As a common feature of most renewable energy,
renewable energy often has the characteristics of low carbon emmission or even zero carbon
emission. This 1s of great significance for sustamable social and economic development, reducing

environmental pollution, and even diversifying energy sources.

Basic on the BP Statistical Review of World Energy [8]. i 2019, there 15 approximately 37% of
electricity generation from low-carbon sources, including nuclear energy, hydropower, and other
renewables. Such data 1s undoubtedly a positive signal. However, there is another aspect to
consider, for the total energy, which included electricity, transport. and heat. the part of low-
carbon sources was reduced to 16%. We need to notice that transport and heating are harder to
decarbomize, which means that the low-carbon electricity will be more critical. Many energy
needs that rely on traditional fossil fuels can be replaced by clean electnicity, e g, electric vehicles
and electric heating. However, we need to notice that used as energy sources are just only part of
the use of fossil fuels. They are also indispensable raw materials 1n modern chemustry and
industry. [16] This means that the use of fossil fuels will not objectively drop to zero.

Unlike fossil energy, which can be convemently stored m reserve and used on-demand at any
time, hydro power, wind power, and solar power are deeply affected by dry& wet seasons, wind
speed and direction, sunlight time, etc. Therefore, the electricity that comes from renewable
energy is hard to use. Although some energy conversion means can regulate the supply of
renewable energy, such as pumped-storage hydroelectricity, the amount and time of power
generation that can be adjusted by pumped-storage hydroelectricity are very limted. It is
unrealistic to build a giant chemical battery for electricity to store energy like an oil tank. [16]
As a solution, more extensive and more efficient energy conversion facilities have been bult,
such as compressed air energy storage in 300 MWh storage capacity Jintan salt caverns in Jiangsu,
China [17]; 40 GWh storage capacity Fengming Pumped Storage Power Station in Hebei, China.
[18] Meantime, another way to address this problem 1s using hydrogen as an intermediary to
connect the power generation, storage, and consumer. Thus. hydrogen 1s on the fortune to the
future.



1.3 Hydrogen energy

Hydrogen is the lightest element by relative atomic mass in the world, which i1s a colorless,
odorless, tasteless, non-toxic, explosive, and chemical element in the universe. [19] The most
basic reaction of hydrogen 1s the combustion reaction with amr/oxygen, which 1s expressed as
2Hs(g) + 0.(g) — 2H0(1) + 572 kI; the only product 1s water. Humans have been usmg hydrogen
for nearly 200 years. Débereiner’s lamp uses zinc metal and sulfunic acid to produce hydrogen
[20]. In the early 20th century, hydrogen was widely used in airships and other awrcraft, and the
Zeppelins had therr maiden flight in 1900 [21]. In 1971, the nickel-hydrogen battery was patented
by Alexandr Tlich Kloss and Bors Ioselevich Tsenter in the Umted States [22]. Hydrogen 1s also
widely used in the petrochemmcal industry, rocket fuel. semiconductor industry, etc. Hong Yong
Sohn et al. reported that with the metallurgical hydrogen production by flash ironmaking, the
CO: emissions would be reduced to one forty of avg. blast furnace. [23, 24] It could be found
that hydrogen has been widely used 1n many fields. Although hydrogen forms explosive mixtures
with air in concentrations from 4 — 74%4[25]. hydrogen remains relatively safe due to its minimal
mass and rapid dissipation in open spaces, and 1t makes hydrogen has huge potential as an energy

source in the next generation.

Nowadays, hydrogen production has increased three times since 1975, and 1n 2015, the global
demand for pure hydrogen has reached over 70Mt, of which 36 Mt accounted for refining, 31.9
Mt accounted for ammoma. and 3.8 Mt accounted for others, respectively. [26, 27] Unfortunately,
despite the strong growth in demand for hydrogen over the past half-century, hydrogen
production still comes almost entirely from fossil fuels, of which 76% from gas and 23% from
coal. [28, 29] Existing hydrogen production processes make the potential advantages of hydrogen
in low/zero emissions not fully utihized. Meanwhile, electrolysis currently accounts for less than
2% of hydrogen production. Combined with other renewable energy generation methods such as
solar energy and wind energy, water electrolysis has great potential for low-carbon hydrogen
production. Water electrolysis mamly includes Alkaline Water Electrolysis (AWE), Proton
Exchange Membrane Water Electrolysis (PEMWE), and Amon Exchange Membrane Water
Electrolysis (AEMWE). etc. Related research has accelerated in recent years. Since the

electrolysis process is artificially controllable, the electrolysis of hydrogen production as a

6



supplement to the unstable renewable energy for power generation is expected.

Centering on the production and utilization of hydrogen, Japan has put forward the concept of
"hydrogen society” [30] As shown in Fig_ 1.1, in the hydrogen society, excess electricity can be
converted between electnicity and hydrogen, to realize the regulation of electricity, especially
renewable energy such as solar power generation whose power output is not stable. Realize a
relatively stable power supply that can be adjusted on demand. In addition, hydrogen can also be
used in a vanety of production and life scenarios, such as polymer electrolyte fuel cell (PEFC)
devices, heating, metal refimng, petroleum refiming, and other fields. The large-scale utilization

of hydrogen 1s expected to reduce carbon emissions while spawmng many new industries.

Herein, m power generation, hydrogen is bemg used as an effective emission reduction solution.
In recent years, not only hybrid combustion/ dedicated combustion equipment for hydrogen but
fuel cells that use hydrogen as resources has been researched. Hydrogen and ammonia could be
used in power generation as a hybnd resource 1n gas turbines. At the low capacity factors typical
of flexible power plants, hydrogen costing under 2.5 dollars per kilogram has good potential to
compete. [31] In addition, stmilar to natural gas, hydrogen can be transported either as a gas
through pipelines or as a liquid through vehicles/ships; it makes hydrogen have the advantage of
rapid filling that lithium batteries have not yet achieved. Thus, the PEFC with high efficiency,
zero-emission/low emussion, and mimaturization, which use hydrogen as fuel, is expected to

become a clean power umit for trucks, and passenger cars, ships, etc.
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Fig 1.1 Image of hydrogen society.




1.4 Polymer electrolyte fuel cell

1.4.1 Basic Concepts of fuel cell
The fuel cell 1s an electrochemical power generation device that converts chemucal energy from
fuel and oxidants into electric energy. Different from traditional power generation, the fuel cells

are quiet, clean, and can generate electricity contimously. [32]

The reaction should be spontaneous in the fuel cell, which means that the Gibbs free energy 1s
negative. The oxidation and reduction reactions occur on the anode and cathode, respectively.
[33] The fuel cell 1s the reverse process of the electrolytic cell. The cathode 1s the positive
electrode 1n the fuel cell system, and the anode 1s the negative electrode. Unlike the battery, the
energy capacity 1s determined by the physical dimensions of the fuel storage contamer and the
energy density of the fuel itself. Fuel cells are often used for specific applications, such as
residential, vehicles, and mobile equipment, and the power output needs to vary in the range of
milliwatts to megawatts. [32] The power 1s defined as follows:

power = [Vogy (1.1)

Herein, the unit of power is watts (W). According to the actual application, the
output power can also be expressed in watts/unit mass or watts/unit.

The performance of a fuel cell system is determined by the cell voltage and
current density, while the cell voltage reflects the effectiveness of the fuel cell
system in extracting the chemical energy stored in the fuel to convert it into

electrical energy.

The cell voltage i1s obtained by the followmg formula:
Veen = AE, —1g— 1. — IR (12]

AE, 15 the equilibrium potential difference between the cathode reaction and the anode reaction.
Its relationship with the Gibbs free energy of the battery’s total reaction 1s:

AG = —nFAE, (1.3)
1 and 1}, are the overpotentials of the cathode reaction and the anode reaction, respectively. The
last item 1n equation (2) 1s the IR drop through the cell, 1e., the ohmic drop created by the
electrolyte, the electrodes, and the electrical contacts between the two electrodes.
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The overpotential and IR drop must be regarded as ineffectiveness. Its role 1s only to reduce the
proportion of chemical energy converted into electrical energy and generate heat. Therefore, the
energy efficiency of a fuel cell, which is the percentage of the theoretical energy actually obtained,
1s defined as:

V,
Energy efficiency = ;Ern » 100% (1.4)

g
Basically, m all types of fuel cells, the cathode reaction is the reduction of oxygen.
0, + 4H* + 4e~ — 2H,0 (1.5)

A vaniety of fuels are being considered. taking hydrogen as an example:
H, — 2e~ — 2H* (1.6)

The most attractive aspect of H; as a fuel for the fuel cell is that the only emmssion of H2/0- fuel
cell working i1s water. Zero emissions of harmful substances are generated dunng the entire
discharge process. The disadvantage 1s that hydrogen 1s not a primary energy source that can be
obtained directly and must be prepared by an mevitable chemical process.
In addition, the fuel of anode reaction 1s not only H; but also other types of fuel, such as methanol.
The anode reaction that the direct oxidation of methanol:

CH,0H + H,0 — 6e~ — CO, + 6H* (1.7)
However, a severe problem with using alcohols such as methanol, or other orgamic fuels, 1s that
the reaction product will contain CO,, which we try to reduce in the emission.

Ethanol or hydrocarbons are also usable fuels. The anode reaction process 1s as follows:

C,H.OH + 3H,0 — 12e~ — 2C0, + 12H* (1.8)

CH, + 2H,0 — 8e~ — CO, + BH* (1.9)

The thermodynamically estimated maximum equilibrium voltages (AE:) of H2, CH3OH, C2HsOH.,
and CHy are 1223, 1220, 1140, and 1061 mV. respectively. Table. 1.1 summanzes the total
reaction and the thermodynamically estimated maximum equilibrmim voltage of the above fuel
in the fuel cell system. [14]

1.4.2 Classification of fuel cell
In the world, fuel cells are mainly classified mto alkaline fuel cells (AFCs), phosphonic acid fuel

cells (PAFCs), molten carbonate fuel cells (MCFCs), and sohd oxide fuel cells (SOFCs)
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according to fuel types and work methods. Polymer Electrolyte Fuel Cells (PEFCs), direct
methanol fuel cells (DMFCs), etc. [32, 33]

For different types of fuel cells. in order to meet the specific work condition and environment,
the catalytic performance under the conditions of use, the type of catalyst used, and the
performance requirements are also different. For example, the fuel cell catalyst 15 not only
precious metals available in alkaline fuel cells (AFCs). Non-noble metals are also available;
platinum and plattnum alloys can be deposited on carbon materials as catalysts, nickel-based
metals can also be used as anodes, silver-based catalyst powders as cathodes, and for solid oxide
fuel cells (SOFCs), cathodes. In addition to noble metals, there are 1on-electron mixed conductive
perovskite-type composite oxides as cathode materials. Table. 1.2 shows the classification of
typical fuel cells and their main features.

PEFCs have already been applied to residential co-generation systems, trains, and velicles such
as passenger cars, buses, and trucks. However, the actual efficiency of the present PEFCs 1s still
low because of the large overpotential at the cathode side of the oxygen reduction reaction (ORR).
The operation at higher voltages owing to an enhancement of the ORR activity, as well as at

higher temperatures, 15 expected to improve the efficiency.

It 15 generally believed that a catalyst with good performance should be able to support O2 full
four-electron reduction at the low overpotential (1e., near the oxygen equilibnum potential
+1.23V vs. SHE) (Equation 1.5). However, even if the best available PEFC electrocatalyst is
used, the overpotential of oxygen reduction is more significant than 400 mV, so the oxygen
reduction process is the principal energy efficiency loss in the current PEFC. At the same time,
in the acidic environment of the PEFC, few matenals can remain relatively stable without
corrosion or dissolution at the oxygen electrode potential (about +0.8V vs. SHE). Therefore, in
the corrent situation, most cathode catalysts use precious metals. The main content of recent
research and development 1s to reduce the amount of catalyst m the cathode to ensure efficiency.
[34] Since the fuel cell cathode i1s operated under kinetically controlled oxygen reduction
conditions, the current density 1s proportional to the valid area of the catalyst/electrolyte interface,
50 the key 1s to increase the specific surface area of the cathode catalyst as much as possible. [35.
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36]

Although the cumrent exchange density of the oxygen reduction reaction on the smooth Pt
electrode 1s only about 10° A cm™, the standard electrocatalyst used in the industry 1s still Pt. In
fuel cells, the way to improve performance 1s to make Pt into a form with a very ligh specific
surface area, but even so, the overpotential 1s still greater than 400 mV at operating current
densities. Oxygen reduction overpotentials on other noble metals are even higher. [37] Compared
with Pt-Cr, Pt-Fe, and Pt-Mn alloys can reduce the overpotential by about 25mV, but Fe and Mn
will all be dissolved out of the alloy 1n an acidic medium The interaction between the ions of
metal and the sulfonate in the membrane 15 more proton than the protons. Thus imferaction
increases the IR drop of the film. [38] There are some exceptions to the Pt-Cr alloy, with a Pt -

Cr ratio of 75 : 25 showing shightly better long-term stabality. [39]
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Table 1.1 The total reaction of the four fuels and the thermodynamically estmated maximum

equilibrium voltage
Fuel Reaction AE./mV
H, 2H, + 0, - 2H,0 1223
CH;OH CH,OH + 3/20, — CO, + 2H,0 1220
C:HsOH C,H.OH + 30, — 2C0, + 3H,0 1140
CH, CH, + 20, — CO, + 2H,0 1061
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Table 1.2 Common fuel cell classifications and their main features

Type of cell AFC PAFC MCFC SOFC PEFC DMFC
£l " KOH PO Molten S;::: 1]13‘ od Perfluoro Perfluoro
yie solution ? carbonate ] i sulfate film sulfate film
ZIfCOMma
Conductive
. OH- H* co; 03 H H
ion
perating 100-
temperature 50-100 200 650-700 900-1000 ET-100 ET-100
(°C)
Anode fuel Ha H: H,, CO H;, CO Ha CH>;0H
Anode
.- 02 O3 02 O:+C0 02 O
oxidizer
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1.5 Reflections on the development of polymer electrolyte fuel

cell

1.5.1 Policy guidance

Although PEFC has the advantages of fast filling and zero emissions, the development of fuel
cell velicle (FCV) has not been smooth in the past decade. With Honda announcmg its
withdrawal from FCVs, the fuel cell vehicle market outlook has become wornsome. There are
many reasons for this problem, and I think the main ones are the following: First, the construction
of hydrogen refueling stations in various countries, including Japan, 15 slow. The primary fuel
cell vehicle in the Japanese market 1s a passenger car, so convenience i1s undoubtedly the mumber
one prionty from the customer’s point of view. Second, the current hydrogen production still
relies on fossil fuels as raw matenals. so the low-emission/zero-emission of fuel cells 1s only a
theoretical perspective, and the source emussions in practical use cannot be ignored. Third. m
Japan, the construction of hydrogen refueling stations and hydrogen production 1s mainly carmed
out by o1l compames. In the presence of essential conflicts of interest, mdividuals are not
optimistic about the feasibility of o1l companies promoting clean energy. Judging from the actual
promotion in recent years, it has not achieved the expected goal of promoting hydrogen by relying

on existing gas stations.

Fortunately, governments are now gradually shifting fuel cells to the commercial vehicle market.
Commercial vehicles with relatively fixed routes can effectively avoid the shortcoming of the
less mitial distribution of hydrogen refueling stations, thereby achieving large-scale mass
production and cost reduction.

As the world's major economy and carbon emutter, China's decision-makmg play a crucial role
in reducing global emussions. In China, the fuel cell research can be traced back to 1958. The
Tianjin Institute of Power Research, formerly the Mimmistry of Electronics Industry, first
researched MCFC [40]; in the 1970s, serving the aerospace engineering, the two kinds of alkaline
asbestos models were developed by the Dalian Institute of Physical Chenustry, Chinese Academy
of Sciences The fuel cell system (kilowatts class; AFCs) passed the space environment simulation
experiment; in 1998, Tsinghua Umversity developed the first fuel cell vehicle in China; 1n 2001,
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Beijing Green Energy Group cooperated with Tsinghua University and Beiyjing Institute of
Technology to jomtly develop the fuel cell 1s a taxi, passenger car and 12 buses of the power
system. During the 2008 Beijing Olympic Games, domestic and foreign experts and the media
widely acclaimed 20 fuel cell demonstration vehicles independently developed by Chuna. Dunng
the 2010 Shanghai World Expo, 173 fuel cell vehicles jointly produced by Tongy: University and
domestic automobile compames were shuttled within the Shanghai World Expo. On November
13, 2015, Hydrogenic announced that it had reached an agreement with several electric velicle
integrators in China. To ease the current air pollution problem in China. At the beginning of this
year, the world’s first commercial-type fuel cell/super-capacitor hybrid 100% low-floor modem
tram was rolled out mn CRRC Tangshan Railway Velicles Co., Ltd. Based on Chima's
technological foundation and actual domestic market conditions, China proposed the
industrialization of fuel cell vehicles: From 2006 to 2010, through demonstration operations,
identified weak links, overcame technical difficulties, and conducted trials in small batches; from
2010 to 2020, To strive for mass production of fuel cell vehicles; from 2020 to 2030, the overall
technical level of fuel cell vehicles in China will meet or exceed international standards, and
mass production of fuel cell vehicles will be realized.

Recently. The government of Shanghai City announced the "Shanghai Fuel Cell Vehicle
Development Plan." The mmmediate target (2017-2020). To build a domestic leading fuel cell
vehicle technology demonstration city, form a clustering effect of high-quality mdustrial chamn
resources, and achieve the core key technologies of fuel cell velicles to keep pace with the
international industry. At the techmcal chain level, core technologies such as electric reactors,
system integration and control, and key components are tracked at the intermational level, and
key indicators align with mnternational standards. At the industrial cham level, an mdustrial
cluster including key components, electric stacks, system integration, test and certification
services, and vehicle development will be established to gather more than 100 fuel cell vehicle-
related compames and cultivate hydrogen and fuel with mternational influence. There 1s a battery
technology R&D center and a fuel cell vehicle inspection and testing center. The annual output
value of the fuel cell vehicle industry chain exceeds 15 billion yuan. At the demonstration
operation and promotion level, the construction of 5-10 hydrogen refueling stations and 2
demonstration areas for passenger vehicles will be completed. and the scale of operation will
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reach 3,000. The fuel cell bus and logistics vehicles will be actively promoted. Medium-term
goals (2021-2025). Plan fuel cell vehicle demonstration areas to form a relatively complete
infrastructure for the development of hydrogenation facilities in the region and explore the use
of batches in areas such as public transportation, official vehicles, and commercial logistics to
improve the international competitiveness of the entire mdustnial chain of fuel cell vehicles. At
the level of the technology chain, a senes of fuel cell stack products have been formed, and the
fuel cell vehicle technology has been synchronized to the international level. At the industrial
chain level, there are 1 velicle company with international mfluence, 2-3 power system
companies. 8 to 10 key component compamies, and 2 of the top 3 R&D and public service
agencies globally. The annual output value of the entire automobile industry chain exceeded 100

billion yuan.

At the demonstration operation and promotion level, there are 50 hydrogen refueling stations
built, no less than 20,000 passenger vehicles, and no less than 10,000 other special vehicles.
Based on the successful pilot operation of public transport, commercial buses, and logistics
vehicles, Expand the promotion scale as appropniate. Long-term goals (2026-2030). Become an
internationally influential city for fuel cell vehicle applications. The overall technology 1s close
to the mternational advanced. Some technologies have reached the top intemational level, and
the industrialization has been fully matured. It aims to achieve further market promotion for
private users, promote hydrogen energy transportation, and radiate the rapid development of the
national fuel cell auto industry. At the level of the technology chain, fuel cell vehicle
technology and manufacturing have reached the same level i foreign countries as a whole; at
the industnal chain level, the annual output value of the entire industrial chain of Shanghai's fuel
cell vehicles has exceeded 300 billion yuan, doving the diversified application of fuel cell
products across the country. At the demonstration operation and promotion level, Shanghai's fuel
cell vehicle industry and value chain will eventually radiate across the country, brmging about
future social energy and power transformation. [41]
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1.5.2 Problems that may be faced in promotion

From the perspective of general consumers, the cost of use 1s a very important factor, which wall
directly affect consumers' willingness to buy. Since Japan 1s currently the mam commercialized
country for FCV passenger vehicles, the data on FCV are all from the Japanese market. In addition,
due to the influence of govemment policies and manufacturers’ strategies, the penetration rate of
electric velucles (EV) in Japan 1s still not high, and many problems with the large-scale populanization
of new energy vehicles have not yet emerged. While China 1s vigorously promoting EVs, many new
problems have gradually been discovered. For example, EVs have excellent acceleration, which
enables ordinary drivers to obtain the acceleration expenence that was onginally only available 1n
high-end sports cars. However, for ordinary dnvers who lack driving high-performance vehicles, this
also makes traffic accidents more likely to occur; EV battery packs are mamly hithmm batteries, at
present, lithium batteries are still lacking m safety, which makes EV spontaneous combustion
probabality and it 1s more difficult to put out the fire after a fire than traditional fuel vehicles. Therefore,
in the Chinese market, the msurance cost of electric vehicles has been greatly mncreased compared
with that of fuel vehicles of the same class of the car. Since the market share of FCV 1s very linmted
50 far, 1t 1s difficult to predict whether FCV wall have accident rate and safety problems with 1ts large-
scale populanization in the future. Therefore, in the calculation, FCV calculated the same as the
msurance costs of the fuel velucle and the same msurance costs as EV m the Chinese market.

Considering the price of the Toyota Mirai and the level of huxury created by the intenor, it 1s
inappropriate to use more common low-class vehicles such as Toyota Corolla, Nissan Leaf etc.
Therefore, vehicles of similar levels and similar prices were selected for comparison. The gasoline
vehicle chose Volvo 560 B5 [42], the EV chose the Tesla Model 3 long-range version [43]. and the
FCV chose the Toyota Mirai [44] for companson. The msurance fee 1s converted according to the
exchange rate, about 110,000 yen for fuel velucles, and about 180,000 yen for electric vehicles.

As shown m Figure 1.2, we first compared the usage costs of various types of vehicles when they
travel 10,000 kilometers a year with changes in fuel prices. Here, due to the different maintenance

requirements of different manufacturers, the actual mamtenance costs are not taken mto account; the
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vehicle prices are stmilar, so the price difference can also be 1ignored. Only msurance and fuel are
included in the cost. It can be seen from the figure that with the changes in fuel prices, new energy
vehicles do not always mamtain a cost advantage. When the pnice of gasoline 1s about 180 yen. the
hydrogen price needs to remamn at about 800 yen to have a cost advantage. Under this calculation
condition, 1t 15 difficult to significantly reduce the cost of using new energy vehicles until the safety
problem 1s effectively solved. However, as can be seen from the figure, regardless of whether FCV or
EV, the cost of msurance accounts for a considerable proportion, which means that when the mmleage
increases, the average cost 1s expected to be lower than that of gasoline vehicles.

As shown m Figure 1.3, we used the curmrent average fuel price as a reference, fixed the fuel price and
insurance costs (gasoline price 1s 180 yen, electricity price 1s 30 yen, hydrogen price 1s 1000 ven), and
calculated for one year Changes in cost comresponding to different forms of mileage. As can be seen
from the figure, EV's have a huge advantage at curmrent average fuel prices. However, considening the
charging time and other 1ssues, especially m Japan, due to the low voltage, fast charging on the market
can only provide charging services at 200 V, and the actual charging expenience 1s not ideal. whach 1s
negative for product promotion. In the case of the high msurance costs of FCV, when the mileage
exceeds 13,000 kilometers in one year, FCV begins to have a cost advantage, and the advantage
becomes larger as the mileage increases. When it reaches the annual mmleage of 150,000 kilometers,
the cost is about half of the fuel vehicle. This means that in the case of long-term use, such as taxis,
FCV will have a greater cost advantage, and for general consumers, this will also be a large advantage
for consumers to choose FCV. Longer mileage requires a more durable power unit, it 15 necessary to
improve the durabality of the fuel cell system.
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Fig. 1.2 the total cost of gasoline and electric vehicles, under different fuel consumption/power
consumption and related msurance costs, the anmual cost of 10,000 kilometers of traditional gasoline
and electric vehicles.
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1.6 The motivation of this research

Commercial PEFC devices are mainly catalyzed by platinum-supported carbon (Pt/C) on the cathode
side. Carbon matenals are widely used as support i PEFC due to their high conductivity and surface
area. Unfortunately, carbon 1s unstable m an acidic environment that the standard electrode potential
15 0.207 V vs. reversible hydrogen electrode (RHE) [45. 46]. which means that the support would be
oxidized during the operation of PEFC devices and cause the performance to drop such as m some
cases, after 400 hours durability test, the Pt particles which deposited on the surface of the carbon
support, would have a severe agglutination. [46] The issue of carbon support led to a short lifespan of
PEFC devices and limited business promotion. As a power generation device i a car or small-scale
power generation station/equipment, the lifetime 1s essential; 1t should not have a sigmificantly shorter
overhaul time/lifetime than mternal combustion engmmes, seriously affecting the actual commercial
application. In addition, depending on the roadmap via New Energy and Industrial Technology
Development Orgamzation (NEDO), which was published m 2017, 1t required that m 2040, the
maximum load point voltage would be significantly improved from 0.6 V to 0.85 V. [47] This means
that the operating environment of the PEFC system will be more severe than the existing situation,
and traditional carbon matenals will be oxidized faster under such harsh conditions, making it
challenging to meet the target requirements. New catalyst support materials with high durability need
to be developed.

As the solutions to this problem, first, there have been reported that graphite could improve the stabality
of carbon material [48] Wang et al. reported that multi-walled carbon nanotube (MWNT) had higher
durability than carbon black Vulcan XC-72, which had a 30% lower corrosion current after a 168 h
0.9 V constant voltage accelerated detenoration expeniment 1n 0.5 M H250y at 60 °C with N> purged.
[49] Second, Pt alloy also improved durability. Some Pt alloys, such as PtsN1/C [50], and Pt-Co/C [51]
have been reported to a good stability. Moreover, improving the mteraction of Pt-C was also could
improve the stability. Burguete et al. reported that the less acidic oxygen groups could mmprove the
interaction between deposited metal and carbon support, which could limut the sintening of Pt

nanoparticles. [52] Although many methods to delay the performance decay have been reported, they
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have not findamentally solved the corrosion problem of carbon materials.

As another one of the solution for the problem, carbon-free plattmum/metal oxide support catalysts
have been widely researched and reported. The conductive metal oxide supports have been researched
and reported as an electrode matenal because of their stability, such as titanium oxides. tungsten oxides,
tin oxides, cerium oxides, zinc oxides, nickel oxides, and molybdenum oxides. [53-61] Herein, the
test/operation environment of PEFC 1s an acidic environment, some matenials that dissolve easily in
acidic conditions are not swtable. As durable matenials in acidic media, titanum oxides, tungsten
oxides, cenum oxides, and molybdenum oxides have the potential to be cathodic support in PEFCs.
[53-58, 61] Compared with other oxide materials, titanium oxide and tin oxide-based materials have
been mainly mvestigated due to their high durability. [55-57, 62-66] Herein. T. Arai et al reported that
although both tin oxide and titanmum showed high stability in acid. tin oxide 1s not stable in reducing
conditions above 80 °C, and titanium oxide 1s not stable in oxidizing conditions above 80 °C, which
means that the tin oxide should be used as anodic support and the titanium oxide should be used as
cathodic support. [67] The reported platinum/titanium oxide support catalysts such as Pt/TiOs,
Pt/T1,0-, and Pt/Nb-T10; show high durability, and the contents are mainly the companison of catalyst
durability and the investigation of the cause. In some instances, Toroi et al. reported that the loss of
voltage 1 Pt-T1/'T140; membrane electrode after 10000 cycles durability cycles swap between 1.0 and
1.5 V vs. RHE was tiny, and the membrane electrode still showed a good performance after the
durability test. [63] Moreover, Morales et al. reported that there was a 30% drop 10 mass activity of
TPt/1Ta/’Sn0: catalyst after 6000 cycles ADT from 1.0 to 1.6 V vs. RHE in a half cell with 0.1 M

HC104, which had a more minor of mass activity loss that commercial Pt/C catalyst. [66]

However, it 1s necessary to combine the optimum platinum and titanium oxide support according to
the usage conditions for practical use. Therefore, not only the study of the platioum supporting method
but also the properties of the support are essential information. On the other hand, although
platinum/titanium oxide support catalysts have high durability, they are not completely degraded.
Therefore, to deeply understand and further study the high durability of platimum/titanium oxide
support catalysts, platinmum on oxides The characteristics are also important information. Unfortunately,
as an introductory study of platinum/titanium oxide support catalysts. there are few reports of
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systematically obtaining precursor synthesis conditions and conductivity of titanium oxide supports,
changes in properties due to reduced heat treatment conditions, and platinum on titanium oxide
supports by durability tests. In addition, the performance such as specific surface area and conductivity
was still low, the reported case of mesoporous Magnéh phase titanium oxide had a relatively high
specific surface area (11 m’ g'), and the mesoporous structure could form the electron conduction
pass, however, the specific was stll low. [68] Moreover, although several cases reported that
Pt/titanium oxide-based support catalysts showed good durability and activity, the behavior of Pt,
deposited on the surface of titanium oxide has not been cleared vyet.

To elucidate the charactenstics of changes in the physical properties of titanium oxide by reduction
heat treatment and the deterioration principle of platinum on the oxide, in this study, Nb-doped
titanium oxide supports were synthesized by hydrothermal method. We evaluated changes in surface
area, mvestigated control factors for conductivity and specific surface area. studied the behavioral
charactenistics of platinum on a macroporous Nb-doped titanmum oxide support with mgh conductivaty,
and mvestigated the cause of high durability.
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Chapter 2

Synthesis of Nb-doped titanium
oxldes with controlled surface
area and conductivity as
cathodic supports 1n polymer
electrolyte fuel cells
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2.1 Introduction

In general, there is a large bandgap in TiO; ((approximately 3.2 €V and 3.0 €V for the Ti0, anatase
phase and TiO: rutile phase, respectively), which leads the TiO: to have a charactenstic of a
semmconductor. Traditionally, two ways are used to mmprove the conductivity m Ti-oxides based
materials. The first one is the formation of Magnéli phases of titantum oxides (TizO1; 4 = n = 10)
[69. 70]. particularly T14O7, which has high durability in acidic media and a lugh conductivity which
reaches the carbon materials. Up to now, it is unable to synthesize the Magnéli—phase Tiy0; directly
by wet chemical method, the reduction heat treatment of Ti10: precursor such as with hydrogen
atmosphere reduction [71], metallothermic reduction [72], or carbon-thermal reduction [73] 1s
necessary. However, the specific surface area would inevitably be decreased because of the
agglutination or sintening under the high treatment temperature, which usually reached approximately
1000 °C.

The other way 1s dopant of foreigner elements. In general, foreigner element doping mntroduces defects
that increase the carrier concentration and thus improve conductivity. For the dopant of Ti0-, there are
lots of cases, such as the transition elements like copper, cobalt, chrommm manganese, mckel,
molybdenum, vanadium, mobium, iron, platnum, gold, silver; and non-metal elements such as boron
nitrogen, phosphorus. iodine, carbon, sulfur, fluonine-doped TiO: have been investigated and reported.
[74-77] In those reports, foreign element doping could decrease the bandgap, which means that dopant
could increase the conductrvity of titanium-based oxides. However, from the practical pomt of view,
it 15 difficult to prepare single-crystal nanoparticle camers. In the case of polycrystalline, the band gap
that can be reduced by Nb doping 1s limited. [78] As a support matenial, electrical conductrvity 1s one

of the most important properties, so i actual preparation, reduction heat treatment 1s still necessary.

Meanwhile, considering the operating environment of PEFC, the dopant elements should be the same
as the metal oxide that has good stability 10 an acidic environment. Herein, as a relatively well-
researched conductive metal oxide. mobium-doped TiO: has been researched for many years as
conductive transition group element metal oxide thin film [79-82] Niobmm dopant could improve
both conductivity and the resistance of phase transform from anatase Ti0» to rutile TiO», which could
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reduce graimn growth at high temperatures, thereby reducing the loss of specific surface area cansed by
heat treatment. Due to the above-mentioned advantages, Nb-doped TiO: has been researched as
cathodic support for ORE_ [83-88] Elezovic et al. reported that the Pt/Nb-Ti0, catalyst had better mass
activity (MA) and specific activity (SA) than the Pt/C catalyst (70 mA mg™ Pt, 0.165 mA cm? Pt, and
73.8 mA mg! Pt, respectively), as a comparison, the electrochemical surface area (ECSA) of Pt/C was
larger than Pt/Nb-TiO: catalyst (96 m” g » and 42.5 m” g, respectively). [83] Meantime, similar
phenomena have also been reported by He et al. The aerogel method synthesized Pt/Nb-TiO2 had
larger MA and SA than Pt/C catalyst, which was 150 mA mg™? . 349 pA cm? i, and 124 mA mg! 5,
149 pA cm™? p, respectively. Also, the Pt/Nb-TiO: showed good durability after 10000 cycles of
accelerated durability test (ADT), which just had a 22% loss of ECSA. Many works have reported the
excellent performance of mobmm-doped titanium oxide as ORR catalyst support, exceptionally high
durability, and good application prospects, but there was little systematic research on changes in the
preparation and physical properties of conductive miobmm-doped titanium oxide. [84] In addition,
Senoo et al. reported that when a large amount of Pt (over 15 wi%s) was deposited onto the surface of
oxide support, the conductivity would have an increase of 2 — 4 orders of magmitude. [85]

This research focused on synthesizing Nb-doped titanium-oxide as the cathodic support for ORR
reaction by the hydrothermal method in the PEFCs. Herein, based on different research purposes. we
synthesized Nb-doped TiO2 and Nb-doped T1sO7 supports. First, we used chenmcally similar metal-
organic compounds to prepare lighly doped mobium-doped titanimum oxides up to 30 at%. Then,
because the prionty of specific surface area and conductivity is not the same with different Pt loading,
and 1t 15 difficult for Nb-doped Ti0: to have both high specific surface area and conductivity until now,
the parameters such as the dopant mobium amount, heat-treatment temperature, and heat-treatment
time were attempted to conduct, and its specific surface area, electrical conductivaty, crystal structure,
and electromic state were evaluated, cleared the effect of surface area, and conductivity of Nb dopant
in Nb-doped titanium oxide support. Meamwhile, the silica colloid template was combined with the
hydrothermal method, with the doping of an appropniate amount of miobmum, high-temperature
reduction heat treatment in a pure hydrogen atmosphere, and subsequent removal of the template, the
macroporous Nb-doped TiyO; with both lngh specific surface area and high conductivity was prepared.
We analyzed the role of miobium and discuss the reasons for its high conductivity. Fmally, using Nb-
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doped T14Or as a support, we prepared Pt/ Nb-doped T1407 model catalysts to study the behavior of Pt
on oxide surfaces during the durability test. The degradation characteristics analysis will be mtroduced
in Chapter 3.

2.2 Experimental

2.2.1 Preparation of nanoparticle Nb-doped TiO= support

The preparation of mobmm-doped titanium oxide with the hydrothermal method is based on Lii et al.
reported synthesis method. [86] Titanmum (IV) butoxide (Ci1sH3sO4Ti, 97%. Sigma-Aldnch) and
mobium (V) ethoxade (CygHasINbOs, 99.95%. Sigma-Aldrich) were used as the sources of titanmum and
mobium, respectively. 18 mmeol of titantum (IV) butoxide, and the given quantity of mobium (V)
ethoxide, that from 0 at% to 30 at%. were stirred and mixed at room temperature. Then, 30mL
deiomized water (DI water) was dnpped slowly mnto the mixture. Third, transferred this solution mto a
100 mL Teflon-lined stainless autoclave for the hydrothermal reaction at 180 °C for 20 h, with a
heating rate as 3 °C min™'. When natural cooling to the room temperature, the precipitation was rinsed
several times with DI water and ethanol to remove the alcohol and vacuum dried at 80 °C for 12 h. In
order to altogether remove orgamics which was unremoved by washing and may remain on the surface
of the precipitation, 0.2 g of mobium doped titanium oxide was heated 1n air at 380 °C for three hours
to obliterate the trace organics. Finally, the precursor was done the heat treatment under a given
temperature and a given time under 200 cm’® mun™! pure hydrogen flow to synthesize the Nb-doped
T10;: support.

2.2.2 Preparation of macroporous Nb-doped T14O7 support

Macroporous Nb-doped TiO: precursor was synthesized based on the reported synthesis method [87].
and the colloidal crystal template was synthesized based on the previous synthesis method. [88] First,
tetraethyl orthosilicate (TEOS. =99.0%, Sigma-Aldnch), Tns(hydroxymethyl)ammmomethane,
(THAM. ACS reagent, >99.8%, Sigma—Aldrich), and DI water with a molar ratio of 45 - 1 : 2780,
were mixed and aged at 80 °C for 24 h. Second, a partial solution was transferred to another THAM
solution and doped TEOS as an above molar ratio. 60 nm silica nanospheres were prepared. and the
size of synthesized silica seed nanospheres could be calculated by the equation:
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Third, to obtain the colloidal crystal template, the solution was evaporated at 50 °C and calcmated 1n
the air at 550 °C for 6 h. Then, 2 mL TiCl, (16-17% as T, Wako), 7 mL DI water, and 20 pL. conc.
HC1 (35.0-37.0%. Wako) was mixed with an ice bath. 5.0 g prepared template doped into 33 mL, 15
mM TiCls diluted solution, which was prepared by diluting the previously prepared mixture with DI
water and aged to 70 °C for 1 h. Finally, the Ti—containing template was collected by suction filtration,
rinsed several times with DI water, and heated in air at 550 °C for half an hour.

0.72 g of the Ti—contaiming template was doped mto a solution that contained 0.8 ml Titanium(TV)
butoxide, 120 puL NbCls (99%, Sigma—Aldrich). 28 mL DI water, and 28 mL conc. HCl. Then
transferred the mixture into a 100 mL Teflon-lined stamless autoclave for a hydrothermal reaction at
150 °C for 12 h. When natural cooling to the room temperature, the precipitation was washed several
times with DI water and ethanol and dried under vacuum at 80 °C for 12 h to obtan the Nb-doped
T10; with the template. Third, Nb-doped Ti0, with the template did the heat treatment under 200 cm?
min™! pure hydrogen flow to synthesize the Nb-doped TisO7 with the template. Finally, in order to
remove the hard template, the product was heated m a 2 M NaOH aqueous solution at 80 °C for 2h.

2.2.3 Evaluation of the number of oxygen vacancies with thermal gravimetric
After hydrogen reduction heat treatment, the samples were calcined at high temperatures in the air to
obtain titanmum dioxide without oxygen vacancies. The number of oxygen vacancies could be
calculated by calculating the weight difference of the samples before and after calcmation. Since the
sample will mmevitably adsorb water in the air, we plotted the relative relation between the specific
surface area and the change of mass caused by evaporation adsorbed water on the surface of titanium
oxide and compensated for the mass error before and after calcination caused by the adsorbed water.
Due to 1t bemng different from buymg or prepanng the Nb-doped Ti0; with different Brunauer—
Emmett—Teller (BET) surface areas, and dopant did not generate NbxT1yO: compounds (described
later), we used commercial Ti0: powders with vanious crystalline phases and BET surface areas. The

information 1s shown in Table 2.1. The plot of specific surface area versus mass change at 1000 °C 1s
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shovn mFig 2 1.

The amount of Ti was calculated by the equation:

Mr;
Nrigz

My =M X {2_2)

Here, mrm 1s the mass of T1 in the sample, m 15 the weight after calcined, nr 1s the standard atonmc
weight of T1, and nTiO» 15 the standard atomic weight of TiO:.

The amount of Ti was calculated by the equation:

My =m' — My (2.3)
Here, mg 1s the mass of O mn the sample, and m” 1s the compensated weight before calcined.
Finally, the molar ratio of Ti and O could be calculated, and the calculated chemical composition and

amount of oxygen vacancy could be estmated.
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Fig. 2.1 Relationship between the BET surface area and the change of weight which was caused by
the desorption of the adsorbed water.
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Table 2.1. List of Ti0; particles with various crystalline structures, BET specific surface areas, and

weight loss
Crystalline structure of BET surface area
Weight loss (wt. %)
sample (m’/g)
Anatase 264 1470
Anatase 86 4.62
Anatase 49 1.89
Anatase 18 0.31
Rutile 27 143
Rutile 14 0.40
Amorphous 259 1439
Rutile 110 527




2.2.4 Physico-chemical characterization of supports

The crystalline phases of the supports were recorded by power X-ray diffraction (XRD; Rigaku Ultima
IV) with Cu Ka radioactive source (A = 0.15406 nm). The measurement of BET specific surface area
was N: adsorption (BELSORP-mum, Microtrac BEL). The number of oxygen vacancies was
calculated by thermal gravimetric (T'G; Thermo plus EVO, Rigaku) analysis as the above method. The
electrical resistance of the support was measured with a DC resistivity analyzer (RM3545, Hioki); the
support was placed in a cylinder holder and gave a vertical pressure that reached 60 MPa. Figure 2.2
15 a schematic diagram of the resistance test. The electrical conductivity (o) 1s calculated according to
the following equation:

o=— (24)

Here, t 1s the sample thickness with a given pressure, 4 1s the bottom area of the DC resistivity analyzer
stamnless steel electrode (0.196 cm?®), and R 1s the value of resistance read from the analyzer. The
surface electromc state of the prepared metal oxide supports was mvestigated by X-ray photoelectron
spectroscopy (XPS; PHI Quantum-2000). Herein, the Cls peak spectrum attributed to free carbon at
2848 €V was used for compensation of surface charge. Observation of surface morphology
characteristics via scanning electron mucroscopy (SEM. SUS000, Hitachn High-Technologies) and

transnussion electron microscopy (TEM, LEM-2100F, JEOL).
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2.2.5 Electrochemical measurements

2 mg prepared support was dispersed into a mixture of 300 pL. hexanol (Wako, Ltd.) and 5 puL of 0.5-
wi Nafion® aqueous solution (Sigma-Aldrich), ultrasonic under an ice bath for 40 nun to prepare the
support k. Then, cast 10 pL ink onto the polished top surface of the glassy carbon (GC; ¢ = 5.2 mm_
Tokai Carbon Co., Ltd.) rod. and dried the rod at 60 °C for 1 h 1n air. As a control companson, mk of
1 mg of carbon support (KB; Ketjenblack EC-300T) was also prepared. and the amount of hexanol and

Nafion® solution were 350 and 5 pl., respectively.

Electrochemmcal tests were covered m a 3-electrode cell, i 300 mL 0.1 M HCIO4 electrolyie via a
potentiostat (PS08, TOHO Technical Research). An accelerated durability test (ADT) with the swap
rate of 0.5 Vs from 1.0 to 1.5 V vs. the RHE at 60 °C by the start/stop accelerated durability cycle
test was recommended via the Fuel Cell Commercialization Conference of Japan (FCCT) [89].

Cyclic voltammetry (CV) was recorded under saturated N at 60 °C with a swap rate of 50 mV-s!

from 0.05 to 1.5 V vs. the RHE. The charge of the electrical double layer was calculated from the
anodic side current at 0.8 - 1.0 Vvs. RHE.

35



2.3 Results and discussion

In order to discuss the effect of mobium dopmg on titanium oxide, first, we compared the changes 1n
the surface morphology of nanoparticle supports with different doping amounts after reduction heat
treatment at 600 °C, 5 h, under a pure hydrogen atmosphere. As shown in Fig. 2.3, Tt can be found that
with the increase in doping amount, the sintering of the samples after reduction heat treatment was
significantly suppressed. The undoped sample (Fig. 2.3 (a)) was sintered mto larger sphencal particles
after reduction heat treatment, while the 30 at% doped sample (Fig. 2.3 (g)) still mamtamed the
morphology of fine particles. Figure 2.3 (f) compared the value of the specific surface area after heat
treatment. With the increase of the doping amount, the sintering resistance was effectively improved,
50 that a relatively higher specific surface area can be obtained afier the reduction heat treatment. The
BET specific surface areas of the samples were 12, 26, 30, 66, and 66 m® g, respectively. As a
comparison, the BET specific surface areas of the Nb-doped T102 precursors with 0, 5, 10, 20, and 30
at% of Ry were 132, 157, 150, 123, and 101 m? g, respectively. In general, the doped impure element
would have a solid solution strengtheming effect. [74] The dislocation propagation will be lundered,
impending plasticity, and increasing yield strength proportionally with solute concentration, which
thus makes the matenial stronger. [69, 97] As conductive oxide support, the surface area was also
important. It could be found that without dopant. the undoped Ti0, particles showed sintenng and
growth obviously, while just a liitle sintermg in 5at% and 10at% Nb-doped Ti02. Moreover, almost
no sintening and growth could be found in 20at% and 30at% Nb-doped TiO2. The effect of solid
solution strengtheming by Nb dopant was observed clearly. Specifically, as shown in Fig. 2 4 (a), when
undoped, the macroporous of the outermost layer almost disappears due to the excessively fast crystal
growth rate. For companson, as shown i Fig. 2 4 (b), when the doping amount 15 2 at%o, it 1s difficult
to connect with each other to form a macroporous structure due to the slow growth rate of grains.
Moreover, it can be speculated that if the doping amount is further increased, the morphological
characteristics may tend to be nanoparticle-like, and the macroporous structure cannot be synthesized.
‘When the doping amount was 1 at%, as shown i Fig. 2.4 (c). the Nb-doped Ti0. with a uniform
macroporous structure can be obtained by the hydrothermal synthesis method and after removing the
template. Thus, 1 at% was the relatively optimal doping amount in this experiment. Since other doping
amounts could not obtain uniform macroporous morphology, only 1 at% doped sample was subyected
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to reduction heat treatment. The SEM of the sample after reduction heat treatment was shown in Figure
2 4 (d). After removing the template, the macroporous structure was still clear and intact. The specific
surface area was as high as 46 m? g! after the reduction heat treatment. indicating that the use of seed
crystal and hydrothermal preparation, and the method of removing the template after the reduction
heat treatment. can successfully prepare a macroporous structure with high specific surface area Nb-
doped Titanium oxide support.
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Fig. 2.3 FE-SEM images of nanoparticle Nb-doped TiO, after heating at 600 °C for 5 h under H,
atmosphere, (a) 0 at% Nb doped. (b) 5 at% Nb doped. (c) 10 at% Nb doped. (d) 20 at% Nb doped.
and (€) 30 at% Nb doped, (f) relationship between Niobium Doping Amount and Specific Surface
Area after Reduction Heat Treatment
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Fig. 2 4 FE-SEM images of macroporous Nb-doped Ti0: and 1 at% Nb doped T10; after heating at
900 °C for 5 h under Hz atmosphere, (a) 0 at% Nb doped, (b) 1 at% Nb doped, (c) 2 at% Nb doped,
(d) macroporous 1 at% Nb doped Ti0» after heat treatment.
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Figure 2.5 shows the XRD diffraction pattems of nanoparticle Nb-doped titanium oxide support and
microporous Nb-doped titanium oxide support after heat treatment at 600 °C. 5 b, under pure hydrogen
atmosphere and 900 °C, 5 h, under a pure hydrogen atmosphere, respectively. The crystal phase of
nanoparticle supports were anatase Ti0:, rutile TiO:, or the mixture, and the macroporous supports
was mainly of TiO7, with some y-T1:05 and anatase T10:. For the nanoparticle Nb-doped Ti0: support,
rutile ratio (R:) was calculated as the followed equation:
| —
R =1—(1+-20 ) 25)

IBII.EI,EEE

Where Fruite and Janarse Were the mtensities of the TiO; rutile phase (1 1 0) and TiO; anatase phase (1 0
1) peaks in the XRD pattems, respectively.

From the XRD pattern that for nanopartocle Nb-doped Ti0; support, the amount of mobium doping
will affect the phase transfer after heat treatment. When the doping amount 1s higher than 20 at%, the
niobium doping will mhibit the phase transfer, the reason for which will be discussed in detail later.
For macroporous Nb-doped TisO7 support, y-T130s may be caused by the excessive reduction of the
oxide surface due to the long-term high-temperature reduction heat treatment. As opposite, because of
the large size of Nb-doped T1sO7 support, there might be msufficiently reduced parts at the mside the
crystal, which was preserved as anatase Ti0,.
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Fig. 2.5 XRD pattemns of nanoparticle Nb-doped Ti0, powders which was done the reduction heat
treatment at 600 °C for 5 h under pure H: with various amounts of Nb dopant, and macroporous Nb-
doped T1y0; which was done the reduction heat treatment at 900 °C for 5 h under pure H;_
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Herein, to confirm the above description, the amount of oxygen vacancies in the samples was
quantified usmg TG-DTA. Figure 2.6 shows the relationship between the number of oxygen vacancies
in the Nb-added T10; heat-treated at 600 °C for 5 h under H; and the ratio of doped Nb. As predicted,
the oxygen vacancies decreased with an increase in Ry from 0 to 5 at%. This was responsible for the
Nb** incorporation mnto TiO2 with electroneutrality. The oxygen vacancies increased almost hinearly
with an increase in Ry at above 5 at%. Therefore, the phase transformation was promoted as R
increased above 5 at%. In fact, the phase transition completely proceeded for 10 at% Nb-added Ti02.
From the viewpoint of the amount of oxygen vacancies, the phase transformation accelerated at above
10 at%. However, as described above, the segregated miobium oxide imhibited the transition for 20 and
30 at%. The previous experimental results on the effect of Nb dopant on crystal phase transitions are
summarized. [91-97] Dopant of Nb** -substituted for Ti* in the crystal cell, which reduced oxygen
vacancies because of electroneutrality. [93, 97] in generational, oxygen vacancies would lead to a
phase transfer via the increase of lattice relaxation [80, 91, 92, 95] Arbiol et al. reported when the
dopant amount was low (~ 4 at%s), the decrease of oxygen vacancies would inhibat the phase transfer.
[67] Moreover, the Wb ionic radius is larger than Ti**, and the shight stress m the titanium oxide
lattice would also inhibit the phase transformation. [80, 91, 92, 96, 97] Further, when lots of Nb-doped
in Ti02, the NbO; would be segregated at the surface of TiO2 nanoparticles and form the strong Nb-
O-Ti bands, which would also restrain the phase transformation. [80, 92, 93] Regarding the
inhomogeneity of the macroporous Nb-doped T1407 crystal phase, it could be considered that due to
the high temperature and reduced atmosphere, Parts of the surface were over-reduced, and phase
transfer to y-T130s, on the other hand, due to the large size of the oxide, the average size of the
narrowest part between two adjacent pores was about 14 nm_ resulting m an nsufficiently reduced
part nside, which was still retained mn the crystalline phase of anatase TiOx.
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Fig. 2.6 Relationship between oxygen vacancies in Nb-doped TiO: after the reduction heat treatment
at 600 °C for 5 h under Ha atmosphere. and the Nb ratio, Rum.
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In order to discuss the influence of heat treatment time and temperature on the specific surface area
and electrical conductivity of the support, we compared the difference of the support under vanious
conditions. As shown in Fig. 2.7, the effect of different heat treatment time and different dopng
amounts on the specific surface area for nanoparticle supports at 600 °C. The honizontal axis of the
graph 1s the heat treatment time. and the vertical axis 1s the ratio of the remaining specific surface area
after heat treatment compared with the untreated sample. It can be seen from the figure that after heat
treatment, the specific surface area of all samples decreased to varying degrees. Among the undoped
samples, only about 10% of the specific surface area was retained after 5 hours of heat treatment. As
the SEM image in Figure 2.3 (a), the particles were severely sintered. With the increase in the doping
amount, the anti-sintering ability had also been significantly improved. When the doping amount was
30 at%, about 53% of the mitial specific surface area remains after 15 h heat treatment. It showed that
with the increase in doping amount, the anti-stering ability of support would be significantly
improved.

Figure 2.8. compared the conductivity of all Nb-doped titanmum oxide supports after the heat
treatments, mcluding nanoparticle and macroporous structural supports. In the figure, the honizontal
axis 1s the heat treatment time_ and the vertical axis 1s the electrical conductivity. The sample doping
amount and heat treatment temperature are distingmished by different markang shapes and colors. As
Fig. 2.8 shows that, macroporous Nb-doped Ti4O7 has the highest conductivity, reaching 0.1 S cm™.
For nanoparticle Nb-doped Ti0: support, the change of conductivity was discontinuous. The
conductivity did not change significantly under the same heat treatment temperature with the same
doping amount, but with the change of heat treatment temperature, the conductivity changes
significantly. For Nb-doped TiO: supports with the same doping amount, the effect of reducing heat
treatment temperature on electrical conductivity 1s greater than that of heat treatment time on electnical
conductivity.
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To further explore the reasons for the high conductivity of Nb-doped TisO7, we analyzed the samples
using TEM. Figure 2 9 (a) was the TEM image of nanoparticle 10at% Nb-doped TiO2 support which
was treated at 600 °C for 5 hours under a pure hydrogen atmosphere and Figure 2.9 (b) was the
macroporous Nb-doped Ti4O7 support which treated at 900 °C for 5 hours under a pure hydrogen
atmosphere. The mntegnty of the macroporous Nb-doped Ti1407 support structure after heat treatment
was further confirmed by TEM. In the electron diffraction pattemns, It can be found that the crystal
structures of the two were sigmificantly different. The diffraction pattemn of nanoparticle 10at% Nb-
doped T10; support showed a circular nng, which means 1t was polycrystalline. The ED pattern result
1s shown in table 2 2. In contrast, the diffraction pattern of macroporous Nb-doped Ti407 support was
a few dots and did not form a ning. On the other hand, unlike the traditional single crystal diffraction
pattern, the number of points here was large, indicating that 1t was not a large and uniform single
crystal structure. Therefore, 1t can be inferred that the crystalline structure of macroporous Nb-doped
Ti407 support was a large single crystal with several different erystal planes. Such a structure can
effectively reduce the interface between crystals, thereby reducing contact resistance. Further, from
the perspective of macroporous structure, the mterconnection between oxide particles greatly reduced
the contact surface, thereby reducing the contact resistance and forming an effective conductive path.

Figure 2.10 shows the BET specific surface area and conductivity of both two methods of prepared
support. It could be found that the support prepared by the hydrothermal method exhibited a gradient
distribution which 1s related to the doping amount. When the dopant amount was low, the specific
surface area exhibited a wide vanation range, and the conductivity was generally at a low value; as
the doping amount increases, the vanation range of the specific surface area 1s gradually nammowed,
and the conductivity 1s gradually improved. This means that the amount of doping will affect the final
properties of the support. The gradually narrowing specific surface area vanation range also again
showed that Nb doping can improve the anti-sintening ability. Combined with the expenmental results
of Senoo et al.. considenng that the overall conductivity of the catalyst will be greatly improved after
a large amount of Pt 1s loaded, we think that in general, when the conductivity is above 10* S cm™, 1t
1s a usable range. [85] As Hussain et al reported that, platinum sputtered on Nb-doped Ti0: films
prepared by ALD exhibited excellent activity and durability. At 0.9 V vs. RHE, the mass activity
reached a level similar to that of Pt/C. 55 and 53 A g'!. respectively. In terms of durability, after 10,000
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durability cycles, E12 only increased by 4 mV, showing excellent durability. [98] Therefore, without
considering the difficulty of Pt deposition, the effect of specific surface area on ORR activity 1s less
than that of electrical conductivity. The support synthesized by the template method with a
macroporous showed the agh specific surface area and conductivity in a particular case. Unfortunately,
such a structure 1s not suitable for use in sngle-cell testing, and the macroporous structure 1s easily
damaged due to processes such as hot pressing dunng the process of making the membrane electrode,
which reduces its performance. However, the characteristics of ligh specific surface area, high
electrical conductivity, and low contact resistance help to charactenze the intnnsic properties of the
supported catalyst metals by expelling some of the factors mherent in oxide particles under half-cell
test conditions. Therefore, the support was used to make model catalysts and study the catalysts'
degradation characteristics. The related content will be introduced in the third chapter.
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Fig. 2.9 TEM images and ED patterns of (a) nanoparticle 10 at% Nb doped T10» after heating at
600 °C for 5 h under H; atmosphere and (b) macroporous Nb doped Tiy0; after heating at 900 °C for
5 h under H> atmosphere.
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Fig. 2.10 Relationship between the BET surface area and the conductivity of all samples heat-treated
under H,.
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Table 2.2 ED pattern

10 at% Nb-doped TiO:
Spot# d-Spacing (nm)
1 0.3229 rutile
2 0.2521 TizOs
3 0.2325 anatase or Ti;0s
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Considering that in the conductrvity test, even if high pressure has been applied, there were inevitable
pores i the test sample, and the contact resistance between the sample and the sample was also very
large, resulting in the measured conductivity value and theoretical conductivity. Here, we corrected
the experimental data and calculate the theoretical conductivity of each sample. In this calculation, the
theoretical density was calculated from this formula:

Piec=ZM/NV (2.5)
Here, Z 1s the number of atoms in each unit cell. M 15 the molar mass, Nis Avogadro's constant, and V
1s the unit cell volume.
Then calculated the conductivity at full compaction based on the theoretical density, where the change
in conductivity at igh pressure was assumed to be linear. The Calculation 1s according to the following
formula:

T thoo=0  Pthgo (2.6)
Here, g was the measured conductivity, & mee Was theoretical conductivity.

Generally, the mgher the specific surface area. the easier 1t 1s to create a large number of uncompacted
gaps. As shown 1n Fig. 2.11 (a), we calculated the relationship between density and specific surface
area. The honzontal axis in the figure 1s the ratio of the measured density to the theoretical density,
and the vertical axis is the specific surface area. There was no obvious comrelation between density
and specific surface area. The measured density of the supports prepared by the two methods was
about half of the theoretical density, mdicating that under this test condition, the difference caused by
the specific surface area of the sample can be 1gnored. Figure 2.11 (b) 1s the relationship between the
comrected theoretical conductivity and specific surface area. and the conductivity data of bulk and
single crystal films are added for companson [99-101] The distnbution of electrical conductivaty has
not changed. and the highest was still the macroporous structure Nb-doped Ti407. However, compared
with the bulk matenal, the conductivity still has several orders of magnitude difference, which was
mainly since the actual synthesized support was not a uniform Ti407 single phase, which contains part
of v-T1305 and anatase Ti0,. Furthermore, we found that when the prepared carnier reaches the level
of single crystallinity, its conductivity is expected to be further increased. If a uniform Ti4O7 single
crystal macroporous structure carmier can be prepared, its electrical conductivity can theoretically reach
a very hagh level.
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conductivity of all samples heat-treated under Hs.
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It was necessary to find a suitable parameter that has broad applicability to govern the conductivity.
Figure 212 shows the typical XPS of (a) Nb3d spectrum of the 30 at% Nb-doped T102 which has been
done the heat treatment at 700 °C for 15 nun under a pure H; atmosphere. The valence states of
niobium can be obtained by peak sphitting. The proportions of different valences and the ratio of Nb*
(Rw"") were calculated from the results obtained by peak separation. Since it is hard to interpret the
dependence of the entire conductivity range, we focused on a relatively high conductivity above 107
S cmr?. Figure 2.12 (b) plotted the conductivity and Raw**. A strong correlation can be found between
the two parameters. In fact, several factors can affect the conductivity of the support, such as surface
state, contact resistance, etc. In the high conductivity range. the contact resistance can be neglected
here because the conductivity test was carmied out at a pressure of up to 60 MPa, and the specific
surface area of the sample was significantly reduced at high temperatures. As we know, Nb-doped
Ti0; 15 an n-type semiconductor characterized by the carner density and flat-band potential. For Nb-
doped Th0: bulk, the semiconductor properties control the ECSA because of the depletion layer
formation. [102] Here, A new method based on the physical chemistry of nanoscale metal oxide
particles to mvestigate the electrical conductivity of such small-scale of metal oxides 1s needed.
Furthermore, the mfluence of semiconductor properties, such as the depletion layer formation, 1s
negligible since Pt nanoparticles deposited onto the metal oxide support cathodic catalyst applications.
[103, 104]

54



CPS x10°

@

16 =
MbET3ds Mhb 3d
()
12 [
i\ [
8 Y
4 [ NoFady, )
".._,,.,.-’( Nhf" i
“av: |
G 1 1 1
215 210 205 200

Binding energy / eV

107, ®

102 .

: 3_
5 100

10°

e
a Ry, 8%
" = 10
.+ 30
3 6 9 121518

4+ B+ 4+ 0
R[Nb /(ND™ +Nb )] » %

Fig. 2.12 XPS of (a) Nb3d peak of nanoparticle 30 at%: Nb-doped Ti0z, which was heated at 700 °C
for 15 min under Ha. (b) Relationship between the ratio of Nb* and the conductivity above 10° S

cm! in nanoparticle Nb-doped TiO: support.

55



Meantime, we propose the reference conditions for the preparation of conductive nanoparticle Nb-
doped Ti0:. As Fig. 2.13 showed that, within the range of BET surface area and conductivity shown
in the figure, according to the actual situation such as catalyst loading, etc_, high BET specific surface
arealow conductivity or low BET specific surface area’high conductivity can be selected. Then,
according to the selected specific surface area, the doping amount, heat treatment mplementation
temperature, and heat treatment implementation time required for preparation can be confirmed in Fig.
2.10 This process 1s helpful in preparing supports which have controllable BET surface area and
conductivity.
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A durability test was done as the FCCJ test method. [89] Figure 214 (a) 10at% Nb-doped Ti0-, treated
at 500 °C for 2 hours under pure H> atmosphere, with high specific surface area: 128m” g! and low
conductivity: 5.57%107 5 cmr!; (b) 30at% Nb-doped TiO,. treated at 700 °C for 0.5 hours under pure
H: atmosphere. with low specific surface area: 39 m® g! and high conductivity: 2.15%10* S cm™; (c)
Ketjenblack EC-300J, produced by Lion Specialty Chenmcals Co., Ltd, which was often utilized as a
cathode catalyst support matenal in PEFC. It could be seen that due to carbon support was oxidized
as follows formulation [45]:
CHIH,0—CO;+4H™+4es E=0207V vs. NHE (2.7)

The CV sharp was changed to the glassy carbon rod’s CV. Besides, the apparent oxidation current
appeared at high potential, which was a disadvantage for PEFC cathode catalyst support. Opposite
this, the CV shamp of both conductive oxide support showed not only no noticeable changes happened,
but just a little oxidation current at lngh potential. which meant the titanium conductivity oxide support
was harder to be oxidized than the carbon support. Moreover, m Fig. 2.14 (d). the capacitance of oxade
support which was calculated in the range of 0.8 - 1.0V vs. RHE. was almost no changed. The surface
state of oxide support had fewer changes than carbon support. 10at% Nb-doped Ti0: had a higher
surface area than 30at% Nb-doped TiO; after heat treatment, and the capacitance of 10at% Nb-doped
Ti0; after heat treatment was higher.
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for 2 hours under pure H> atmosphere, 30 at% Nb-doped TiO-, treated at 700°C for 0.5 hours under

pure H; atmosphere, and KB in the given cycle numbers of ADT.



2.4 Conclusion

In this expeniment, nanoparticle Nb-doped TiO; support and macroporous Nb doped T140; support
were successfully synthesized using the hydrothermal method. For nanoparticle Nb-doped TiO:
support, Conductivity was more affected by heat treatment temperature than heat treatment time when
the temperature at 500-700 degrees Celsms; nobium doping can effectively improve the anti-sintering
ability during heat treatment, when heat treatment at 600 degrees Celsius, the specific surface area of
the undoped sample was higher than that of the undoped sample. The drop was as high as about 90%

when the support was undoped, and the 30 at% doped sample only dropped by about 30%. When the
dopant amount was 20 at% or above and the temperature was 600 °C or above, Nb-doped TiO- support

with 10* S cm™! or above conductivity could be prepared. For macroporous Nb doped Ti407 support,
due to the effect of crystallization speed. the template method can prepare umform macroporous Nb-
doped Ti407 support, and the upper limit of dopant of this method was 1 at% m this method; this
support had both high specific surface area and conductivity, high conductivity benefitted from the
crystal structure and low contact resistance, and this support could be used mn low Pt-loading catalyst.
The degradation mechanism and Pt behavior on the surface of titantum oxide will be discussed in
Chapter 3.



Chapter 3

High durability Pt/Nb-doped

T1407 carbon-free catalyst in
polymer electrolyte fuel cells
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3.1 Introduction

In Chapter 2, we have previously reported the synthesis of Nb-doped Ti0; nanoparticles for use as
PEFC cathode supports by the hydrothermal method. In the second chapter, we optimzed the
preparation method of macroporous structure, adjusted the reduction heat treatment temperature, and
successfully prepared macroporous Nb-doped TisO7. This support will be used in this chapter.

From the viewpoint of stability and ORR activity, titanium oxide-based supports are looked forward
to enhancing both the mass activity (MA) and specific activity (SA) of Pt, by the strong metal-support
interaction (SMSI). Mukenee et al. suggested metal-metal and metal-oxygen mteractions to propose

metal and metal oxide interactions. [106] Lots of studies have reported the interaction between metallic

Pt and titanium oxide supports could enhance the MA and durabiality of Pt. [97-114] In previous

research of macroporous TisOn supports, Pt was deposited with the arc plasma deposttion (APD)

method. [92] Due to the high charge energy of APD, APD-deposited Pt nanoparticles have some

unique attributes like controllable particle size [115, 116], high activity [105, 117], and high stability.

[105, 118] In the previous research, 1t exhibited a relatively high SA which reached 6.01 Am? at 0.9

Vvs. RHE. [69] Although the high durability of Pt/titanium oxide catalysts has been widely researched,
the explanation for the high performance 1s not enough Thus. the detenioration principle of the

Pt/metal oxide catalyst has not been widely discussed yet.

To clear the physical properties and degradation charactenistics of platium metal m Pt/'Ti oxide-based
catalysts, we used macroporous Nb-doped T1407 [69. 105], which had a low contact resistance as a
support, deposited different mass percentages of Pt by APD method to make model catalysts, its
degradation characteristics were studied in an acidic environment with a half cell.
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3.2 Experimental

3.2.1 Preparation of Pt/INb-doped T1407 electrodes

Pt nanoparticles were deposited onto the surface by arc plasma deposition (APD) method as follows.
4 mg Nb-doped Ti407, which was introduced in Chapter 2, were suspended m 400 pl 1-hexanol (97%,
Wako) by ultrasonic for 20 min to prepare the Nb-doped Ti4O7 support powder ink Next, 10 pL
powder ik was cast onto the GC working electrode, with 5.2 mm diameter, and dnied at 60 °C for 1h
in air. For Pt deposition, APD (APD-P, ADVANCE RIKO, Inc.). with 100 V discharge voltage, 1080
uF capacitor capacity, 3 Hz frequency, and 6.7 x 107 Pa (O:) chamber pressure. Pt amount was
adjusted by shot number. Pt/Nb-doped T1s0; catalyst with the Pt loading amount of 2 wi%e, 5 wi%o.
and 10wt% (ICP-AES) was used for the electrochemical studies.

Smce the Pt/Nb-doped T14O7 catalysts cannot be umformly dispersed by somication, Nafion® was not
considered to cover their surfaces. In addition, so as to reduce interference on the Pt surface, Nafion®
was not used i the preparation of Pt/Nb-doped T1s07/GC working electrodes. As a contrast, the
commercial Pt/C (TEC10ES0E, Tanaka Kikinzoku Kogyo) catalyst was used as a control group. The
amount of Nafion® doped was halved according to the FCCJ standard method. [89]

3.2.2 Physical characterization

The morphology of supports and catalysts were observed via Scanming Transmission Electron
Microscope (STEM, Cs-comected STEM HD-2700. Accelerating voltage: 200 kV, HITACHI). The
evaluation of the catalysts” electnic structure before and after ADT was mvestigated by X-ray
photoelectron spectroscopy (XPS. Quantum-2000, PHI). The C—C bond peak attributed to free carbon
at 284 8 €V 1n the C 1s spectrum was used to compensate for the surface charging. The peak areas of
the Pt 4f 7/2 and Pt 4f 5/2 components were fixed at 4:3, and a theoretical spht of 3.33 €V was used.

[119-125]

3.2.3 Electrochemical characterization
Electrochemmcal was conducted by a 3-electrode cell mn 300 mL, 0.1 M HCIO, electrolyte with a
potentiostat (PS08, TOHO Technical Research). Counter electrode and reference electrode were
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served by a GC plate and an RHE, respectively.

An accelerated durability test (ADT) was conducted at a potential scan rate of 0.5 V 51 within the
potential range at 1.0 - 1.5V vs. RHE at 60 ®C, according to the start/stop durability test for a given
mumber of cycles, that recommended by the FCCJ. [89]

CVs were carried out in 300mL., 0.1 M HCIOy solution with saturant nitrogen bubbling at 60 °C, with
a swap rate of 0.5 V 57! The ECSA was calculated by measuning the integration of the electnical charge
on the hydrogen desorption (Jg) from 0.05 V to 0.4 V i the CVs. The conversion factor (gz= 021
mC cm™”) was used to measure the comresponding surface areas. The ECSA was calculated as the

following equation:

_ _9u
ECSA= (3.1)

mxXqy

Here, Qg 1s the electnical charge, m 15 the weight of Pt, and g 1s the conversion factor for monolayer
theoretical adsorption value of Hx on the Pt surface.

The ORR slow-scan voltammetry (SSV) measurements were performed in 0.1 M HClOs under
saturant oxygen bubbling during the ADT with a 5 mV s scan rate and 0.2 — 1.2 V scan range. In
order to remove as much mterference as possible for getting stable curves, 4 cycles of 55V were
carned out, and the fourth cycle was used for calculation generally.



3.3 Results and discussion

3.3.1 Physical characterization of Pt/Nb-doped T1,07 catalysts

Figure 3.1 (al), (bl), and (c1) showed the annular dark-field STEM (ADF-STEM) images of the
Pt/Nb-doped Ti4O7 catalysts with the Pt loading as 2, 5, and 10 wt% which were before the
electrochemcal test. For each catalyst, from the STEM photos, 1t can be found that Pt was deposited
on the Nb-doped Ti4O7 support surface. Due to the fixed relative positions of the Pt target and the
electrode. it was difficult for Pt to be umiformly distnbuted on the support surface. The morphology,
size, and density of platinum are affected by the number of APD depositions. Specifically, for the 2
wi Pt loading catalyst, due to the high charge energy applied m APD[126], Pt may mteract strongly
with the oxide support, and form the disordered hemispherical particles, which were shown in Fig_ 3.1
(al) and Fig. 3.2 (a and b), and as the image in Fig. 3.1 (a3), the bottom surface average diameter of
the contact area’hemmsphere was 1.4 nm When the deposttion amount reached to 5 wit%o, the
morphology was changed from hemispherical to 1sland-like (Fig. 3.1 (b1) and 3.3 (a and b)). Further,
‘When the Pt loading amount was added to 10 wit%, it tent to be film-like (Fig. 3.1 (c1) and 3.4 (a and
b)). It can be found that as the amount of Pt deposition increases, the morphology of Pt tent to be flatter.
Here, 1t was not adequate to use the average particle size to represent the size of 1sland-like and thin-
film Pt deposits; therefore, the average thickness 15 used in this study, and the average thicknesses of
the catalysts are 2.4 and 3.3 nm, respectively (Fig. 3.1(b3) and (c3)). For APD-deposited Pt, the
morphological charactenistics of Pt are mainly extended in the honzontal direction with the increase
of the deposition amount, and the mcrease in the vertical direction was minimal The difference
between the 5 and 10 wit%_ Pt/Nb-doped TisO7 catalysts 1s their ratio of the edge—to—plane mn Pt
deposits.

Figure 3.1(a2, b2, c2) are the ADF-STEM mmages of the Pt/Nb-doped TiO; catalyst after
electrochemical testing. As shown m Fig. 3.1(a2), (a3), and 3.2(c, d). the Pt nanoparticles at 2
wi%s Pt/Nb-doped Tiy0; were agglomerated. and the average bottom diameter increased to 3.5 nm.
For 5 wt%_Pt/Nb-doped Ti407, some Pt deposits connected and formed the chamn bead-like and the
mean. thickness increases from 2 4 nm to 4.0 nm_ whach are shown 1 Fig. 3.1(b2), (b3), and 3.3(c and
d). For 10 wt%_Pt/Nb-doped T1:07, as shown m Fig. 3.1(c2), (c3), and 3 4(c and d). the morphology
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was still film-like after electrochemical testing, and the thickness 1s slightly mncreased to 4 nm.

Figure 3.5 reveals the companson of the average size before and after the electrochemucal test.
Although the thickness increased shghtly. it did not agglomerate into large particles, and the APD
deposited Pt deposits did not thicken over 4 nm_ indicating that 4 nm may be the APD deposition stable
thickness. The 1sland-like Pt was not connected to form film-like Pt with large planes, which may be
considered that ascribed to the strong interaction between Pt and Nb- Ti4O7 produced by APD. This
distinctive morphological change may be owing to the surface energy of the crystal planes, which
leads to the difference in Pt affimty. [126, 127]
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Fig. 3.1. ADF-STEM images of Pt/Nb-doped Ti:Ox. (al) 2 wt%_Pt/Nb-doped Ti+O7 images before
the electrochemical test, (a2) 2 wt%_ Pt/Nb-doped Ti4Or images after the electrochemical test, (b1) 5
wi%_Pt/Nb-doped TisO7 images before the electrochemical test, (b2) 5 wt%_Pt/Nb-doped TisOr
images after electrochemical test, (c1) 10 wt%_Pt/Nb-doped TisO; images before the
electrochemical test, (c2) 10 wt%_Pt/Nb-doped TisO7 images after electrochemical test, (a3, b3, c3)
bottom diameter distribution or thickness distribution of Pt deposits before and after the
electrochemical test.
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Fig. 3.2. STEM mmages of 2 wt%_Pt/Nb-doped T1407: (al. bl) SEM images before electrochemical
test, (a2, b2) ADF-STEM images before electrochemical test, (a3, b3) BF-STEM images before
electrochemical test, (c1, d1) SEM images after electrochemical test. (2. d2) ADF-STEM images
after electrochemical test, (c3, d3) BF-STEM images after electrochemical test.
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Fig. 3.3. STEM mmages of 5 wt%_Pt/Nb-doped T1407: (al. bl) SEM mmages before electrochemical
test, (a2, b2) ADF-STEM images before electrochemical test, (a3, b3) BF-STEM images before
electrochemical test, (c1, d1) SEM images after electrochemical test. (2. d2) ADF-STEM images
after electrochemical test, (c3, d3) BF-STEM images after electrochemical test.



Fig 3.4. STEM mmages of 10 wt%_Pt/Nb-doped T1s07: (al, bl) SEM mmages before electrochenucal
test, (a2, b2) ADF-STEM images before electrochemical test, (a3. b3) BF-STEM images before
electrochemical test, (c1, d1) SEM images after electrochemucal test, (c2, d2) ADF-STEM images
after electrochemical test. (c3, d3) BF-STEM images after electrochemical test.
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Fig. 3.5. The diameter and thickness of Pt deposits of Pt/Nb-doped T1407 before and after the
electrochenmcal test.
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Figures 3.6 (a-d) are the CV changes of the catalysts duning ADT. The pnime CVs of all the catalysts
exhibited representative Pt characteristic curves. About the strong hydrogen adsorption peak,
especially m 2 wi% Pt/Nb-doped Ti40+. it was suggested that some adsorbed hydrogen would transfer
onto the support by spillover. [128-130] As the repori, Pt-TiO: has a factor for measurement of
spillover range from 1.7 to 2.0, and the expenmental value with a smaller particle size showed a higher
factor for measurement of spillover mtensity. [129, 130] Miyazaki et al. suggest that GC rod which
irradiated by Pt 1ons was damaged to depths up to 17 nm from the top of the GC rod surface. [131] It
could be considered that some of the Pt nanoparticles penetrated the Nb-doped T140; support and
formed the flat Pt deposits. Thus, hydrogen spillover was occured i 2 wit% Pt/Nb-doped TusO7. In
addition, about the anomalous peak at 0.6 — 0.65 V vs. RHE, A. Sleightholme et al. have suggested
possible explanations that the origin of this peak would be the oxide species were formed on the Pt
surface. The strength of this peak had a tendency to be greater at a higher temperature. [132] As shown
in Fig. 3.6 (c), 10 wi% _Pt/Nb-doped TisO7 shows a redox peak around 0.31 V in 0.1 M HCIO4. Since
the Pt morphology tent to be film-like as the deposition amount increases, the Pt (1 0 0) face would be
extended, which explained the appearance of the redox peak around 031V mn 0.1 M HCIO4 [133]
Meanwhile, in the CV of 5 wit% Pt/Nb-doped T140-, there 1s a hydrogen adsorption-desorption peak
around 0.1 V. which 1s caused by Pt(1 1 0) n 0.1 M HCIO4. [133] In conclusion. the ratio of Pt(1 1 0)
to Pt(1 0 0) in 5 wt% _Pt/Nb-doped Ti40; was higher than 10 wt%. The change i shapes of CVs of all
Pt/Nb- T1407 catalysts was smaller than Pt/C, reflecting higher durability. Further, V. Komamcky et al.
reported that structural changes on the surface of Pt single crystals with low Miller indices occur duning
potential cychng in acidic media, and Pt(1 1 0) 1s hardly dissolved in potential range at 0.65 V- 1.15
Vvs. RHE. It explaned this smaller change i morphology of catalysts with a mgh deposition amount.
[134]

Figures 3.6 (e—h) show the decrease of ECSAs dunng the ADT. The mitial ECSAs of Pt/Nb- Ti,0;
and PY/C catalysts with deposition amounts of 2, 5, and 10 wt% were 45, 29, 28_ and 91 m? g\,
respectively. The ECSA of 5 and 10 wt%a_Pt/Nb- T140; were small due to the 1sland-like and film-lke
Pt. The ECSA of 2 wt%_Nb- TisO7 decreased rapidly m the first 1000 ADT cycles and then stabilized,
which was caused by the slight agglomeration of Pt in 2 wt%_Nb- T1i405 in the early ADT. 5 and 10
wt%_Pt/Nb- T14O7 catalysts exhibited a high ECSA durability. In total, Pt deposited by APD would
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slightly agglomerate in ADT Unlike Pt/C catalysts, Pt did not agglomerate into large-diameter
spherical particles but tent to connect honzontally, and conformty films.

Figures 3.6 (1) are the position of oxide reduction peak potential (Epo Reduction) during the ADTs. Ep
O Reduction Teveals the adsorption energy for oxygenated species, which 1s related to blocking active sites
of ORE. activity. [135, 136] As the images mn Figs. 3.6 (m—p). before the ADTs, Pt/Nb-doped T1sO7
catalysts had higher Epo Reduction than Pt/C. The shuft to the high potential side means a adsorption
energy decline for the oxygenated species. With Pt deposits size mcreased. the Ep o peducrion Would
shift to the higher potential, but the potential shift extents were more petite than Pt/C. This also shows
that Pt/Nb- Ti;0; has good durability. Figure 3.7 plotted the relationship between ECSAs and the Ep,
O Reduction. 1he plots with the green nght—hand and blue upper are the data of the before and after ADT,
respectively. Comparable to previously reported results. a smaller Pt size leads to larger ECSA and
more vital oxygen adsorption capacity, which would form stronger Pt—O bonds. [106]
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Fig 3.6. CVs of (a) 2 wt%_Pt/Nb-doped TuO7. (b) 5 wt%_Pt/Nb-doped Tw1O7, (c) 10 wt%_Pt/Nb-
doped TisO5, and (d) Pt/C during ADT; decrease in ECSAs (g) 2 wt%_Pt/Nb-doped TisO. (f) 5
wt%_Pt/Nb-doped Ti:O, (g) 10 wt%_Pt/Nb-doped TisO7, and (h) Pt/C as a function of ADT cycles
(napr); Pt-O reduction peak shifts of (i) 2 wt%_Pt/Nb-doped TisO5. (j) 5 wt%_Pt/Nb-doped TisO,
(k) 10 wt%_Pt/Nb-doped TisOr, and () Pt/C during ADTs and the shifts in Pt-O reduction peaks of

(m) 2 wt%_Pt/Nb-doped TisO7, (n) 5 wt%_ Pt/Nb-doped TisO. (0) 10 wi%_Pt/Nb-doped TisO7, and

(p) Pt/C as a function of ADT cycles (napt).
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Figures 3 8 (a—d) show the Tafel plots of the MAs during ADTs, and the decreases of the MA and SA
at 0.9 V vs. RHE with ADT are shown in Figs. 3.8 (e-h) and (1-1). the initial MAs for the ORR. of 2,
5.10,and P/C at 0.9 Vare 117 A gl 72 A g1 36 A g1 and47 A g1, respectively. Due to the fine Pt
deposits size of Pt/C catalyst, 1ts SA was relatively low. For 2 and 5 wi% Pt/Nb- T14Or, although the
ECSA was smaller than Pt/C, the MA was high due to the lngh SA. SMSI between Pt and oxide
supports of 2 wt% Pt/Nb-doped TisO7 enhanced ORR activity. [107] The SA of 10 wt%_Pt/Nb-doped
Ti407 was about half as much as the 2 wt% catalysts, becanse the former had a larger Pt(1 0 0) plane
area and a relatively lower SA for ORR. From the CV shape, it can be qualitatively analyzed that the
ratio of Pi(1 1 0) to Pt(1 0 0) in 5 wt% Pt/Nb- TisOr is higher than the 10 wt% sample. In addition,
SA in 0.1 M HCIO; increased in the order of Pt (1 1 0) =Pt (1 1 1) = Pt (1 0 0). [133] This made 5
wt%_Pt/Nb-doped Ti4O7 have high SA_As Fig. 3.8 (e) showed, the MA of the 2 wt% _Pt/Nb-doped
T1s0; catalyst decreased in the first 1000 cycles and stabilized after that. In Fig_ 3 8(1), i spite of the
SA of 2 wt%_Pt/Nb- Ti4O7 has a linuted decrease, its MA decreased sigmficantly, which was due to
the decrease of both ECSA and SA_ In contrast, although the ECSA of Pt/C had fallen sharply, its MA
has continued to decline. The SA increasing of Pt/C caused this with the increase of Pt deposits size.
When 2 wt%s Pt/Nb- T1y0; was smaller than 2 nm_ there was an SMSI between Pt and Nb- TiyO5. As
Pt agglomerates, the interaction became weak, decreasing SA by degrees. After 1000 ADT cycles, both
ECSA and SA were almost stabilizing, and SA dropped to be the same as that of the 5 wt% sample.
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As mentioned above, the different point 1n agglomeration between the Pt/Nb- T1407 catalysts may be
aroused by the difference in affimty. Sheng et al. have reported the relationship of surface energy of
Ptthat {111} < {100} < {110} facet. [126, 137] Herein, the order of surface energies can be considered
as 5 wt% = 10 wt% > 2 wi%_Nb-doped T1407. Further, high surface energy results i support retention
by bonds, which leads to the support being easily wetted. [138]

Meanwhile, Nie et al. reported the spatial heterogeneity of electron transfer on a metallic nanoplate
prism. [139] When the mnterfacial electric field 1s vaned according to the microdynamics model, the
dipole moment and polanzability of the intermediate species can be modified, leading to locally
enhanced electron transfer at its corners and edges. Due to 5 wit%_ Nb-doped TiyO; having a ligher
ratio of edge to plane than 10 wt%_Nb-doped T1:O7, and from the morphology, chain-like Pt m 5
wt%_Nb-doped T140; had more comers, which would lead to higher ORR current.

Figure 3.9 exhibits the relationship between the ECSA and SA of the catalysts. The plots with the
green right-hand and blue upper are the data of the mitial and after ADT, respectively. Here, the curve
was drawn according to the mmtial SA X actual ECSA = 47, which could be fitted with the data of
Pt/C catalysts for companison. [83, 140] The plots on the high ECSA side of the curve indicate that the
initial Pt/C MA was more sigmficant, and the trajectories of each catalyst showed 1ts electrochemmcal
durability. The trajectory of Pt/C moved away from the curve, which means that the MA of Pt/C
piecemeal decreases from its initial value The trajectories of 2 and 5 wt%_Pt/Nb-doped Ti4O7 were
always on the night side of the curve, mndicating that their MA 1s still igher than the imtial MA of Pt/C
after ADT. Table 3.1 summarnized the catalysts' onginal electrochemical performance and durability
and compared them with the reported results.
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Table 3.1. Comparison with other Pt'metal oxides catalysts

Before ADT After ADT
Support Pt ECSA MA SA ECSA MA SA ADT
wie m'g! Ag! Am? m’g! Ag! Am?
@ 09Vws @ 09Vvs
RHE RHE
This study(@  Nb-doped TiO; 2 45 117 259 36 79 219 1015V
60 °C 500 mV s
(5k cyc)
5 29 72 251 27 60 T
Ketjen black 10 28 36 129 29 36
46.43 97 47 049 68 41
Ref (140) Nb-doped TiO:Fibers 40 ALD 14.74 21 16 0610V
cycles 100 mV 5!
(30k cyc)
Ref (114) @ TiO: 20 1417 1.83 0.129 1.02 0610V
25°C 25 mV 5!
(5k cyc)
TiO—HT 1022 1.01 0.099 3.69
HT=heat treatment
TiO—HFT 1519 423 0276
HFT=heat reatment and
hypdmftuoric acid treatmant
TiO~—FT 1567 2.07 0132
FT=diractly hydrofluoric acid
treatment
TiNbO: 13 065
TiNbO—HFT 24 13
Ref (109) @ Ti0y 1793 137 049 0.47 0610V
25eC 25 mV 51
(5k cyc)
18.03 097 035
Ref(113)@  Nb-doped TiO» 20 425 70 165
25°C
Ref (83) TisOr 3928 39.28 9.73
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3.3.2 Electronic states of Pt/Nb-doped Ti4O7

At first, we determined the stability of the carmier before and after durability by XPS. Since the amount
of Nb doping was very small and there was Pt deposition on the surface, the signal mtensity of Nb in
XPS was very low, so only the valence changes of T1 before and after the durability test were compared.
As Fig. 3.10 shows that, T1 2p XPS spectra were detected. The peaks can be separated mto Ti* and
Ti™ according to the symmetrical peak shape. Since the support used in this experiment was mamly
composed of TyyO,, whether the titanium oxide 1s gradually oxidized during the durability test becomes
the focus. If TiO7 1s oxidized to titamum dioxide, the electrical conductivity will be greatly reduced,
which wall lead to a decrease of catalyst performance. Comparing the proportion of Tt before and
after ADT, they were 11.16% and 10.65%, respectively. It means that the calculated valence was
3.8884 and 3.8935, respectively. It could be found that the calculated valence 1s higher than T1,0;
theoretical calculated value, which 1s 3.5. It was considered that the synthetic support was not T1sOr
pure phase. Compared before and after the durability test, the proportion of Ti** did not decrease
seriously, indicating that the titanium oxide carier has good durability.

In order to mspect the differences in the electronic states of the Pt deposits 1 those catalysts before
and after the electrochemcal tests, as shown m Figs. 3.11 (a-h). Pt 4f XPS spectra were detected. The
valence state ratios of Pt are shown m Figs. 3.12 (a and b). Pt was separated according to Pt0, Pt2+,
and Pt*". From Figs. 3.11 (a—f), it can be observed that the peaks of 2, 5, and 10 wit% _ Pt/Nb-doped
Ti407 shifted to the lower binding energy direction by about 0.6 €V, [117] which was caused by the
increase i electron density on Pt atoms caused by SMSL [117] Thas is the same as other reports of
Pt/Ti0x. demonstrating the existence of SMSI in Pt and Nb-doped Ti4O7. Fig. 3.12 (a) shows the
proportion of Pt with different valences before electrochemncal testing. The proportion of metallic Pt
m 5 and 10 wt%_Pt/Nb-doped Ti0; was higher than that in 2 wit% _ Pt/Nb-doped Ti40; and Pt/C,
which was due to the electron donation of the Nb-doped TisO7 support to the deposited Pt. Meanwhile,
fine Pt particle size (<2 nm) resulted m higher adsorption energies for oxygen-contamning species.
Therefore, the Pt nanoparticles (average: 1.4 nm) of 2 wt% Pt/Nb-doped Ti407 were partially oxidized,
resulting i a smaller proportion of metallic Pt. Figure 3.12 (b) shows the proportion of Pt with
different valences after electrochemical testing. As the Pt size of 2 wit% Pt/Nb-doped TisO- increases,
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the shape changes to an island-like shape which causes the adsorption energy decreases. The Pt
valence state composition i all Pt/Nb-doped T14O7 catalysts reached a similar number, demonstrating
that the Pt valence state composition prepared by the APD method Pt/Nb-doped TiyO; has a lugher
ratio of metallic Pt, and the SMSI between Pt and Nb-doped Ti4O7 still exists after ADT.

Although fine Pt nanoparticles are beneficial to ECSA from an ECSA point of view, 1t decreases
durability. From a stability point of view, Pt deposits with a thickness of about 4 nm are relatively
stable, and 1sland-like Pt deposits with a thickness of about 4 nm and abundant edges/comers enhance

the ORR activity.
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Fig. 3.10. Ti 2p XPS spectra of 5 wt% Pt/Nb-doped T1407 before electrochemical test: (a) before
ADT. (b) after ADT.
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3.4 Conclusion

As model Pt/titantum oxide catalysts, 2, 5, and 10 wt% Pt were deposited on macroporous Nb-doped
T1407 support by the APD method. The morphologies of 2, 5, and 10 wt% Pt/Nb-doped Ti4O7 were
hemspherical, 1sland-like, and film-like. The mitial mean. sizes were approxmmately 1.4 nm. 2 4 nm,
and 3.3 nm_ respectively. After ADT, the shapes transformed to island-like, cham bead-like, and film-
like, respectively. Due to its high affinity, when ADT of Pt/Nb-doped T14O7 catalyst was performed,
platinum aggregated in the honizontal direction, but the increase i the vertical direction was small,
which leaded to a small decrease in ECSA. It was considered that this 1s because the affimity between
platinum and the titamum oxide was high. Moreover. 4 nm was considered as a stable thickness in

APD prepared Pt/Nb-doped TisO catalyst.
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Chapter 4

Summary
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Fuel cells need to further improve the durability of catalysts as a next-generation clean energy
technology. In this study, we mvestigated the physicochemmcal factors goverming the surface area and
conductivity of Nb-doped titanium oxide and the behavior of platinum on a Pt-supported Nb-doped
Ti407 catalyst. In this work, the factors affecting the conductivity and specific surface area of Nb-
doped titanium oxides support were discussed and the degradation charactenistics of Pt/Nb—T1407 were
analysed.

In Nb-doped titanmum oxide support, the nanoparticle Nb-doped Ti0: and macroporous Nb-doped
T14O7 support were synthesized by hydrothermal method. In this support, Nb dopant could improve
the sintering resistance ability and conductivity with the dopant amount improved. On the other hand,
hydrothermal synthesis with silica colloidal template, and done the heat treatment at high temperature
could prepare the Nb-doped Tiy0; with both high conductivity and specific surface area.

In Pt/ Nb-doped TiO; catalyst. 4 nm was considered as a stable thickness. With the Pt amount
mncreased the shape of Pt was also changed from hemisphere to film-like 2 and 5 wt% Pt/Nb-T1s07
showed high durability and activity in ADT. It was considered that a high-performance carbon-free
catalyst can be synthesized by depositing island-shaped platioum uvmformly on titanmum oxide at an
appropriate density.

At last, 1t was considered that high durability Pt/titanmum oxide based catalyst has positive significance

for the populanzation of PEFC devices such as FCV and I wish this research provided the primary
data for mgh durable carbon-free Pt catalyst m PEFC.

88



Chapter 5

Outlook for social
1mplementation
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PEFC 1is an ideal power generation technology with zero-emission charactenistics. Carbon-free
catalysts can improve the durability of PEFCs and are helpful not only for hydrogen vehicles but also
for distributed power generation. A low-cost, high-conductivity, high-specific surface area titanium
oxide support manufacturing method that can be manufactured on a large scale and a method for
supporting a highly active platinum-based catalyst could accelerate the spread of PEFC devices with
high durability and high performance.

In the short term, with the adjustment of Honda's strategy for fuel cell vehicles, 1t was considered
problematic to use hydrogen directly as a final consumer product to expand the market by relying on
passenger cars gradually. In the new national development plan domimated by Japan, hydrogen is more
inchined to link upstream renewable energy power generation and downstream markets as a fuel and a
chemical feedstock. At present, almost all hydrogen production comes from primary energy, and green
hydrogen production methods such as water electrolysis have a vast potential market.

As a medium-term goal, in the future, 1t could be imaged and expected that some extensive o1l refining
and chemical production enterprises will gradually strengthen hydrogen production to reduce the cost
of hydrogen, and some countries and regions such as Japan will strengthen pipeline construction, hike
Europe, to further reduce the transportation cost of hydrogen through pipeline transportation
Meantime, as a new energy carner, the hydrogen market trading system will also mature, which 1s not
only simple manufacturing and sales but also includes technical trading, ocean transportation, futures
trading, etc. with the spread of PEFC, carbon emissions from automobiles, and environmental
pollution are expected to mmprove. With the large-scale use of hydrogen, we can expect the
development of a new green energy business centered on the production, transportation, and sales of
hydrogen. By realizing a hydrogen-implemented society, we will take a step toward a sustainable,
environment-friendly society.

Here, we can boldly look forward to the future social vehicles will be dominated by electric vehicles
and hydrogen fuel vehicles, of which passenger vehicles may be manly electnc velucles, while
commercial vehicles that require higher power, such as tucks, vans, mining vehicles, and forklifts, as
well as trains on non-electnfied lines will be dominated by hydrogen fuel. Cars will say goodbye to
emussions and engme noise_ All kinds of PEFC power generation equipment will also be populanzed
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with the popularization of mtelligent gnids, not only in Japan but all over the world. Pnmary energy
such as oil and coal 1s no longer used as energy but continues to play its role in human production and
life as an important chemical raw matenial. In the future, 1t 1s concervable that, with the contimuous
development of science and technology, the city of the future may be sinmlar to that 1 “Cyberpunk
2077". It completely replaces manual droving, and the car and the car, the car and the signal hight, the
car and the surrounding buildings can all interact with each other, thereby significantly reducing the
accident rate. Civil aviation aircraft using PEFC as a power system will become the leading force in
the future aviation industry. They would be fast and quiet, and passengers no longer have to put up
with the engine's roar. The space shuttle that directly uses hydrogen as fuel will frequently travel
between the earth and the moon and even between the earth and Mars. The footprint of humankind
will be extended to more distant places with new energy methods. But unlike “Cyberpunk 2077, in
the future, with the populanization of various zero-enmssion velicles, the world will not be a wasteland
but a mghly modemmzed, sustamable, and environmentally fnendly garden city.
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