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Abstract

In this study, porous sulfated ZrO, (S-ZrO,) powders were prepared as a promising
alternative proton-conducting material for fuel cells. The porous structure, surface acidity and
proton conductivity were examined and their relationships were investigated. The S-ZO,
samples were prepared through templating precipitation and hydrothermal method. The
mesoporous S-ZrO, samples exhibited the proton conductivities of 1.2-2.0x10 S/cm, and
the conductivities were highly dependent on their specific surface areas (78-128 m*/g). The
microporous S-ZrQO, sample templated with octyltrimethylammonium bromide (CsTAB) had
a higher proton conductivity of 2.6 x10 S/cm. Small pore sizes assist protons hopping
between bulk water and surface acidic sites to promote conductive efficiency. Post
impregnation of the mesoporous-S-ZrO, sample. (CisTAB/Zr= 0.5, average pore size= 2.8,
surface area= 128 m’/g) with a 0.9 M H,SO4 solution remarkably improved its proton
conductivity from 2.0 X107 to 9.5 x10* S/cm. _This value is twice higher than that of the
commercial Nafion(5.2x107 S/cm). Both the pore size and surface acidity determine the
water content and control the proton conductivity. Even though the microporous S-ZrO,
samples showed the highest capability for keeping water molecules, their proton conductivity
were not higher than the post sulfation powders. Microporous channels with the pore size
smaller than 0.6 nm block water tightly and retard proton diffusion. Therefore, the optimal

pore size (0.6-2.8nm) and surface acidity can contribute to high proton conductivity.
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Chapter 1.  Introduction

1-1. Motivation

Environment issue is vital to global prosperity. Driving the global ecological system
into a sustainable path is progressively becoming a major concern and policy objective. Fuel
cell is an electrochemical device that generates power with zero emission, quiet and highly
efficient more than fuel burning. Nowadays, it was considered to be one of the clean power
source devices. The classification determines the kind of electrolyte substance take place in
the fuel cell, and other factors. There are several types of fuel cells such as Proton exchange
membrane (PEM), Direct methanol, Alkaline, Phosphoric acid, Molten carbonate, Solid oxide,
Regenerative fuel cells. Especially the proton exchange membrane fuel cell (PEMFC) has
large potential for light duty vehicles-and portable applications.

The properties of the PEM[ 1, 2] such as proton conductivity strongly effect performance
of PEMFC. The function of the PEM in a fuel cell is to effectively separate the anode and
cathode electrodes as well as facilitate the conduction of protons. The first requirement
implies that the membrane must possess chemical, thermal, and morphological stability and
little or no gas permeability over a variety of operating conditions. Nafion[3-5] is a
commercial polymer membrane mostly used as the solid electrolyte for PEMFC. For the
requirement of efficiency working environment, the relative high temperature is needed.
However, Nafion have been shown that the proton conductivity decreases at elevated
temperatures[6, 7]. Numerous efforts have been devoted to synthesize polymers including the
Nafion-based composites[8, 9] and per-fluorinated polymers[10] to improve the disadvantage
of Nafion. Other attentions of research have been focused on the inorganic materials, which
have several properties that may be beneficial for their use as possible solid-state electrolyte
alternatives. The electrochemical performance films of metal oxides have been the subject,

due to the acidity on the surface, such as SiO,[11], TiOy[12], ZrO,[13], binary and ternary



mixtures of TiO, with other oxides[14]. Numerous studies have shown that the surface
acidity of metal oxides has good performance to transport proton. Especially, Sulfated
ZrO;[15], a super solid acid, exhibits Hy (Hammett acid strength) of -16.03 represent that
protons were very easily released from the surface. It shows the lowest value of Hy than the
other metal oxides and also Nafion (Hy= -12). Therefore, it has been demonstrated to exhibit
high proton conductivity. Numerous studies have been shown the structure of sulfated ZrO,
and found out the good ability of transport proton was because of its Bronsted and Lewis acid
sites[16].

Most inorganic materials would be formed like porous structure with large internal
surface area and pore channel[17]. Tt was consider that the more acid site and the texture help
the proton transportation and water content. Nogami et al.[11] found out positive linearly
relation between the surface area-and the reciprocal number of the pore radius with
conductivity, however, the definite range of the pore radius was not to be indicated directly.
In Yamada et al.[18] and Marschall et al.[6] studies, they had mentioned about the narrowed
pore channels (2nm ~5nm) may be helpful for protons transport. Hara et al.[19] reported that
hydrated tin dioxide and hydrated zirconia had many micropores with a pore radius below 1
nm. Both of them had high proton conductivity approximately 10> Scm™ at 150°C under
95% relative humidity.

Upon previous studies, mesoporous or microporous sulfated ZrO, is a material which
combines both benefit of surface acidity and morphology. Although there were many efforts
work had been studies about porous sulfated ZrO, with high proton conductivity[19].
However, there still have a functional relation between surface acidity and morphology, both
of them have relative contribution to proton conductivity. The affection of proton

conductivity should be discussed by these two factors separately.



1-2. Objectives

In this study, we prepared different porous sulfated zirconia, which has a high proton
conductivity using templating precipitation and hydrothermal method. The proton
conductivity further insight into pore structure by exploring the changes in conductivity with
various pore sizes of different preparations, the observed trends have been found to give
insight into the conductivity with respect to various types of porous structure. The form in
which sulfate groups are present at the surface of porous sulfated zirconia in various proton
transfer ability. Various spectroscopic will be used to indicate the possible formation to find
out the relation between the chemical structures on the surface and the proton conductivity.
We will discuss the functional relation between surface acidity and morphology, moreover the

both affection to proton conductivity.



Chapter 2.  Literature Review

2-1. Proton exchange membranes (PEMs)

2-1-1.  Proton exchange membrane fuel cell (PEMFCs)

Fuel cell is a kind of electrochemical cell (Figure 2-1), which consists of three segments:
the anode, the electrolyte, and the cathode. At the anode, a catalyst oxidizes the fuel, usually
hydrogen, turning the fuel into a positively charged ion and a negatively charged electron.
The electrolyte is specifically designed to transport the H' ions from the anode to the cathode.
This concept of fuel cell was discovered by German scientist whose name is Christian
Friedrich Schonbein in 1838. However, the first fuel cell was demonstrated by William
Robert Grove just one month later, in-February of 1839. The fuel cell that he made was just
similar as nowadays phosphoric-acid fuel cell. Today’s fuel cells are classified by different
kinds of electrolyte they employ. The classification is determined by the kind of chemical
reactions that take place in the cell, the kind of catalysts required, the temperature range in
which the cell operates, the fuel required...etc. All of these characteristics affect the
applications of cells strongly. Several types of fuel cells are shown in Table 2-1. Especially
PEMFCs, which operate at very low temperatures of about 80°C. The efficiency of a PEM
unit usually reaches between 40 to 60 per cent and electric power is up to 250 kW. Due to
these characteristics, PEM units tend to be the best candidates for vehicles, buildings and

smaller stationary applications.
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Figure 2-1 A diagram of a fuel cell

PEMFC technology was developed in the early 1960s; the first major breakthrough for
PEM systems came as part of NASA’s space programme. The main objective of this project
was to test the operational durability of fuel cell systems with a view:to replacing batteries
with fuel cells to provide electric power and drinking water to the shuttle. After decades
researching, the stack was finally able to meet the performance targets for transportation
application and to this day PEM technology remains the choice of the automotive industry.
PEMFCs are currently used in many kinds of applications. Figure 2-2 shows the total number

of PEM units installed. These data come from the web site of “fuelcelltoday.com”.



Table 2-1 Different kind of FCs [20]

Type of fuel cell | PEMFC DMFC SOFC MCFC PAFC AFC

Electrolyte Polymer membrane | Polymer membrane 710, (L1, K)>COs H;PO4 KOH

Charge carrier | H' H' 0% COs* H' OH

Anode Pt/C Pt-Ru/C Ni+(Zr, Y)O, Ni+10wt%Cr Pt/C Pt/C

Cathode Pt/C Pt/C (La,Sr)MnO3;, LaCoO;3 | NiO C C

Operation 30~100°C 20~80°C 600~1000°C 600~700°C 150~200°C 50~200°C

temperature

System output 1W~200kW ~0.1W~10W ~100kW ~500kW ~200kW 10kW~100kW

Usable fuels H2 ~ Natural Gas ~ | Methanol Natural Gas -~ Coal ~ | Natural Gas ~ Hydrogen ~ | Natural Gas - Pure hydrogen
Methanol Methanol ~ Petroleum | Carbon monoxide Methanol ~

Naphtha

Advantages *long lifetime *easy to rephenish *high stability *high efficiency *high efficiency | *quick start-up
*quick start-up *small size/weight *can use a variety of | *impure hydrogen as fuel | *can use impure | *high performance
*high power density | *high power density catalysts *suitable for CHP hydrogen as fuel

Disadvantages | *sensitive to fuel *crossover *high temperature *slow start-up *low current and | *require pure
impurities *requires expensive enhances breakdown | *high temperature power hydrogen and
*requires expensive | catalysts of cell components enhances breakdown of | *large oxygen
catalysts *slow start-up cell components size/weight

Application Transportation - 3C products and Stationary Electric utility and large | Transportation Military and Space
small stationary and | consumer electronics | transportation distributed generation

portable power
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Figure 2-2 Total Number of PEM Units Installed Globally by Application [20]

2-1-2.  Function of the PEM

PEM is a membrane serves as the electrolyte and completes the electrical circuit in the
fuel cell. The function of the PEM in a fuel cell is to effectively separate the anode and the
cathode electrodes and to facilitate the conduction of protons. The requirements for the
membrane include chemical, thermal, and morphological stability and no gas permeability
over a variety of operating conditions. In addition, the degree of hydration of the membrane
determines the proton conductivity of PEMs. As the fuel cell is an open system with different
sinks and sources for water, the chemical state and transport properties of both the water and
the protonic charge carriers have to be known and to fall within defined values. These depend
on the actual operating conditions such as temperature, choice of fuel, gas humidification and
gas flow, the properties of the membrane/electrode interfaces, transport within the gas

diffusion electrode, and electrical current drained from the fuel cell.



2-1-3.  Nafion

Nafion[21] are copolymers of tetrafluorethylene (TFE) and perfluorinated vinyl ethers
discovered in the late 1960’s by Walther Grot DuPont. It is also the first synthetic polymers
with ionic properties and is called an ionomer. Nafion’s perfluorovinyl ether groups are
terminated with sulfonate groups onto a tetrafluoroethylene backbone with ionic properties.

The chemical formula is
CF =CF,

|
O-(CF,-CF-0)n-(CF,)m-SO;H

|
CFs.

Although fuel cells have been used since the 1960°s as power supplies for satellites, they
have received much recently attention because they provide clean energy from the reaction
between H, and O,. Nafion (n = 1, m = 2) was found as an effective membrane for PEMFC
by permitting hydrogen ion transport while preventing electron conduction. Small angle
X-ray (SAXS) and neutron scattering (SANS) data are compiled into structural models.
Figure 2-3 shows two such structural models, the inverted spherical micelle model by
Gierke[22] and the more disordered three-region model by Yeager et al. The top one was
Gierke’s suggestion of aqueous inverse spherical micelles connected by water-filled
cylindrical channels. The Bottom was Yeager and Steck’s three-region model of a
water/ionomer mixture without regular structure. The model consists of an equal distribution
of sulfonate ion clusters with a 4 nm diameter held within a continuous fluorocarbon lattice.
Narrow channels about 1 nm in diameter interconnect the clusters, which explain the
transport properties[3].

Water channel model[23] in Nafion is proposed based on small-angle X-ray scattering
data and solid state nuclear magnetic study. In this model (Figure 2-4.), the sulfonic acid

groups are self-organized into hydrophilic water channels of about 2.5 nm which is a small
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ion and can be easily transported. Schematic diagram of the approximately hexagonal packed
several inverted-micelle cylinders. Cross-sections through the cylindrical water channels
(white) and the Nafion crystallites (black) in the non-crystalline Nafion matrix (dark grey) in

different kinds of PEMs

- Snm -

- IR g0

Figure 2-3 These two models were the microphases of swollen Nafion membranes. A, B and
C represented the hydrophobic polymer, the solvent bridges and the hydrophilic regions,

respectively.[5]



H,0 channel Crystallite
Figure 2-4 Klaus’smodel is called Parallel water-channel (inverted-micelle cylinder) of

Nafion[23].

2-2. Proton Conductivity

2-2-1. Proton transfer mechanism in aqueous solution

The importance of proton transport[5] on fuel cell performances have been intensively
not only for understanding the transport. mechanism but also for better in designing altenative
PEMs. The proton exchange membrane (PEM) plays a central role as an electrolyte for
proton conduction in PEM fuel cells. Nafion is the most attractive polymeric electrolyte
developed so far. It shows excellent proton conductivity. However, the high proton

conductivity is only performed when the Nafion is soaked in water.

The study of proton transport[3, 24] in aqueous solution has received much attention for
over a century such as in chemical, biological, and electrochemical systems. Protons in an
aqueous acid exist as hydronium ions, such as Hs0," or HyO4". Eigen and De Maeyer

proposed a “structure diffusion” mechanism to describe proton transport within the
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hydronium ions. The illustrated of the mechanism is shown in Figure 2-5. The proton which
“diffuses” by hydrogen-bond breaking and forming processes. This mechanism is frequently
termed “structure diffusion”. The hydrogen bonds in the region of proton excess charge are
contracted, and the hydrogen-bond breaking and forming processes occur in the outer portion

of the complexes.

| breaking of
| ™, hydrogen bond

formation of " QF
hydrogen bond

I

H502+ — HQO; — HO,*

(Zundel-ion) (Eigen-ion) (Zundel-ion)

Figure 2-5 Showed Proton conduction in water.[2]

The Zundel ion acts as a proton donor through two hydrogen bonds, and each of the
three outer water molecules of the Eigen ion acts as a proton donor in two hydrogen bonds
and as an acceptor for the hydronium ion and an additional water molecule. These
hydrogen-bond patterns through hydrogen-bond breaking and forming processes displaces in
the center space and also the center of the region of excess charge. This mechanism in this
type may be called “structure diffusion”, because the protonic charge propagates
hydrogen-bond arrangement or structure.

The mechanism of “structure diffusion” shows the cooperative phenomenon insight into
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the question as to what extent proton transfer in water. Another mechanism which is called
“Grotthuss mechanism” (Figure 2-6) still funded diagrams showing the concerted transfer of
protons within extended hydrogen-bonded water chains. The Grotthuss Mechanism is an
excess proton diffuses through the hydrogen bond network of water molecules or other
hydrogen-bonded liquids. The transport of protons is determined by the rate at which the
hydrogen bond between a hydronium ion and a water molecule forms rather than by the

slower rate at which hydronium ions may migrate, also called the vehicular mechanism.

oy,
N
B -
—
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Figure 2-6 The hydrodynamic model of Grotthuss diffusion mechanism.[3]

This mechanism explains the unusual high equivalent conductivity of protons in this
environment. The mobility of the proton is abnormally high as compared with other ions of a
size similar to hydronium ion. However, it was pronounced that the mechanism needs to cost
much energy in some references.[3] Because the creation of the corresponding dipolar
moment in an unrelaxed high dielectric constant environment costs for too much energy to be
consistent with a very fast process with low activation energy. The propagation mechanism of
a protonic defect in a low-dimensional water structure surrounded by a low dielectric
environment is obviously between “concerted” and “step-wise”’; however, in bulk water, the

cooperation is restricted to the dynamics of protons in neighboring hydrogen bonds.
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2-2-2.  Proton transfer mechanism in hydrated acidic polymer

Hydrated acidic polymers (the commercial product, Nafion) are the most commonly
used separator materials for low-temperature fuel cells. Their typical nanoseparation (shown
in Figure 2-7) leads to the formation of interpenetrating hydrophobic and hydrophilic
domains; the hydrophobic domain gives the membrane’s morphological stability, and the

hydrated hydrophilic domain facilitates the conduction of protons.
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Figure 2-7 Two-dimensional illustration of some microstructural features of Nafion for an

intermediate water content.[2]

There exists water content in which the middle region of the pore is referred to as “bulk
water”. Because the hydrophilic sulfonic acid groups are covalently bound to the
hydrophobic polymer, they aggregate somewhere in the hydrophobic/hydrophilic transition
region. The water near the pore surface with the array of SOs groups is called as “surface
water” which absorbed by the strong electrostatic attraction of SO3™ groups. Apart from water,

the hydrophilic domain contains only excess protons as mobile species, while the anionic
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counter charge is immobilized. This is an inherent advantage of such materials over

homogeneous electrolytes with mobile anions. Figure 2-8 shows the proton transport

mechanisms in various routes.
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Figure 2-8 Proton transfer in the Nafion in a fully hydrated condition.[3]
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2-2-3. Conductivity measurement

Proton conductivity is usually the first property to evaluate when detecting the potential
of a new PEM material. The main power of PEMFC comes from the ability of the PEM to
transport protons from anode to cathode. There are two common measurements in the
direction of thickness, one is 2-probe[25] and the other is 4-probe methods[26] (Figure 2-9),
however, two-probe method is normally used because of convenience and results are more
suitable. The four-terminal method commonly measures the resistivity of ion conductors with
low resistance, due to the reduced interfacial resistance and polarization, thus the
four-terminal dc method should not be used for material with frequency-dependent behavior,
such as being both an insulator and dielectric, despite the accuracy, the sensitivity, and the
stability of the measurement. However, two-terminal method is restrictively applicable to the
measurement of resistivity in material-of high resistance, as the contribution for resistance of
the lead itself is low enough to be neglected in the total resistance. Flexible polymer
membranes such as Nafion are well established for measuring the proton conductivity by
4-probe methods, however, more and more proposed novel PEM materials are inorganic or
inorganic-organic composites, .usually formed in powder or nanoparticles, for which a
4-porbe measurement is more difficult than-2-porbe measurement. Sample arrangement for
2-porbe measurement was prepared by material sandwiched into electrodes consisting of two
of gold or platinum. For the measurement cell which the properties of mechanically strong,
chemically resistant and electrically insulating is necessary. Gold and platinum are very
suitable to make electrical connections which can avoid ionic poisoning of the proton

conducting sample more useful than stainless steels.
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Figure 2-9 Sample arrangements of (a) 2-probe (b) 4-probe measurement in the

direction of thickness

The impedance[27], which takes the phase difference into account, is a combined
parameter for characterizing an electronic circuit. Its components contained resistors,
inductors, capacitors, and the component materials. The definition of impedance (Z) is the
ratio of the voltage to the current at a given frequency, and it is represented as a complex
quantity that consists.of a real part (resistance, Z') and an imaginary part (reactance, Z'’) with

phase angle 6. The equations is described as follow[25]

Z'=|Z|cos9
7" = |Z|sin9
— -IE
0 = tan (Z")

The impedance can be expressed as Z' + JZ'" (Nyquist plot) or as the logarithm of the absolute
magnitude of total impedance (log |Z |) vs the logarithm of the angular frequency (log0)
(Bode plot).

There are several methods for measuring the impedance in practical electrochemical
experiments. It depends on the intended use, the magnitude of the impedance, and the
measuring conditions. Thus, choosing appropriate method is by considering the frequency

range, the measurement range, the measurement accuracy, and the simplicity of operation.
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The auto balancing bridge method is commonly used for general purpose measurement in all
the ac impedance measurement methods. Its wide frequency range from 5Hz to 40MHz leads
its high accuracy over a wide impedance measurement range. Many research have been
studied proton conductive materials by measured the impedance and using either the four
probe method or the two probe method. Generally, the ionic or electronic conductivity was
measured from the resistance of a sample material in dc, to obtain a proton conductivity ( 0 ).
Assuming a circuit equivalent, a best-fitting curve was overlaid onto the measurements taken
by the 2-probe method which using the two terminals that have the relation between current
(I) and voltage (V) across the sample. Conductivity of a sample can be calculated by the
formula of o= (L)/(R-A), where that sectional area (A).and length (L) of the samples could
be measured. Favorable sample geometry is also important to analysis, the powder material
needed to be confined about their-dimensions, thickness and cross-section surface area,
because these parameters affect the overall accuracy. of the proton conductivity measurement.
The preparation of powder sample commonly uses pressing the material into a freestanding
pellet by a die and a hydraulic press[28]. As testing the ioni¢c conductivity, the materials
needed to be saturated with water to make accurate comparisons with Nafion, also the
pressed pellets with excess water still maintain-their structural integrity without disintegrating.
The proton conductivity can be measured 1nh ac impedance spectroscopy and is expressed as

the following equation

Z =R*+(X -X,)’
X,-X
0=tan' (2L
( R )

where Xc and Xy are the capacitive reactance and the inductive reactance, respectively.
The impedance (Z) is function of frequency. Thus, the Nyquist plot (Figure 2-10) or the
Bode plot are used to show the change in impedance over a reasonable frequency range and

gives information on the electrochemical properties of proton-conductive membranes and the
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interface between the electrodes. Equivalent circuit can be used to describe electrochemical
behavior of proton conductive membrane which consist resistors and capacitors. The
equivalent circuit for the complex impedance of a Nafion membrane and the electrode
structure is shown in Figure 2-11. Each impedance component can be drawn as a hemispheric
Nyquist plot and its equation can be described with the real part (Z') and the imaginary part
(Z'") over different frequencies, as follow

oCR

R
Z=757"=R(X, X, )= —5 25— :
JEERICLXL) 14+0’C’R J1+mzcsz2

where R, and C are the resistance and the capacitance in the parallel circuit, respectively. The
ohmic resistance can be obtained from the first approximation of the impedance obtained

from the Nyquist plot[29], therefore, the ohmic resistance could be used to calculate the

proton conductivity.

7" (ohms)

Ro RotRet (RomRa+Ry)

Z' (ohms)

Figure 2-10 The Nyquist plot
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Figure 2-11 The equivalent circuit for the complex impedance of the Nafion membranes and

the electrode structure.[25]

2-3. Different kind of proton-conducting materials

Well-known commercial Nafion membranes have been discussed for couple years. It
was known that inherently high cost of production, low conductivity at low humidity or high
temperature have limited the usages of Nafion, thus numerous researchers have developed
new materials to enhance the performance in PEMFCs. Typically, we could separate these
membranes for three types, organic, inorganic, organic-inorganic complex. The references
regarding organic, inerganic, and complex membranes were summarized in Table 2-2, Table
2-3, and Table 2-4 respectively. There have some studies about improvement of PEMs
performance by changing the morphological features, for example, they make these organic
materials to be crystal like. In Barique et al. research[30], sulfonated poly (phenylene sulfide)
(SPPS) hydrocarbon polymer  were presented highly erystalline with outstanding
high-temperature stability, good chemical and flame resistances, excellent electrical
insulation,  antiaging, and  precision = moldability. In  Zhang  study[31],
3,4-dimethylbenzaldehyde (DMBA) were used to increase crystallization of Nafion.
Nanocrystallites, acting as physical cross-links, play a crucial role in building blocks for
improving mechanical durability and stopping fuel crossover. These materials enhance the
rate of self-assembly backbones so as to increase the membrane’s crystallinity as well as
proton conductivity. The possible reason is forming the direct passway for proton transport.
In Matsumoto research[32], they mention that proton conducting properties of PEMs

basically rely on IECs, water uptake and also ion transport channels which derived from
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hydrophilic/hydrophobic phase-separated structures. Therefore, they synthesized sulfonated
poly (ether sulfone)s which is expected to produce clear phase-separated structures and can
induce effective proton conduction. Xu et at.[33] described the synthesis of a new series of
aromatic ionomoers with perfluorinated sulfonic acid side chains. It is shown that the
perfluorosulfonic acids greatly enhance the proton conductivity of ionomers under high
temperature and low humidity conditions. The monomers prepared based on various aromatic
ionomers poly(arylene ether) (PAE), poly(ether ether ketone) (PEEK), poly(ether ether
sulfone) (PEES) and poly(p-phenylene) backbones with pendant perfluorosulfonic acids. It
displayed much higher proton conductivity of 0.107 S/em, in accordance with its high water
uptake and IEC. Yao et al[34], prepared a membrane which was fabricated through
incorporating sulfonatd polystyrene (S-PS) electrospun fibers into Nafion. The resultant
hybrid membranes had higher proton conductivities (1.8x10" S/ecm) than Nafion, and the
conductivities were controlled by selectively adjusting the fiber diameters. Most
improvement of organic membranes would like to change the morphology which has
long-range ionic pathways to enhance proton conductivity.

In automotive applications, PEMFCs need to be operated under extreme environment
even from subzero to high temperature. Thus; PEMs not only have to be very chemical and
physical stable but also have good performance under that extreme condition. Proton exists as
hydronium ion and migrate (Grotthuss mechanism), therefore water content become a key
point for membranes designing. Organic-inorganic composite membranes are designed for
trapping water molecules at high temperatures. Ghosh et al.[35], prepared a MePEG,SO; acid
mixed with a sol-gel based MePEGn polymer. The proton conductivity reached a maximum
value of 1.38x10” S/cm. They also found that the molar equivalent conductivity of the
MePEG,SOsH acid is correlated with the volume fraction of poly-(ethylene glycol) (PEG)
present in their mixture. They suggested that Grotthus mechanism is dominant for proton

transportation. Due to the result of that conductivity in these solutions of acid and polymer is
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a function of the PEG content strongly. Different inorganic fillers or particles of acid which
were incorporated in organic membranes are not only for compatible with the chemical and
physical limits of the polymer membrane but also for increasing the mobility of proton on its
surface and thus the conductivity. Nafion-a-ZrP is one of the examples for organic-inorganic
composite membranes. Because of a-ZrP is a Bronsted acid with the ability to donate protons,
it traps water molecules and enhances Nafion conductivity at low relative humidity.[36]
Another gyroscopic inorganic nanomaterial, such as grapheme oxide (GO), is considered
attractive for many applications owing to its unique thermal and mechanical properties. The
unique structure and high surface area of the GO may provide more proton transport channels
and hold more water, which could be beneficial for the improvement of the proton
conductivity and mechanical properties of the membranes. In Zarrin’s research[37], a sulfonic
acid functionalized graphene oxide Nafion nanocomposite (F-GO/Nafion) has been presented.
The proton conductivity of 10 wt % F-GO/Nafion was 0.047 S/cm at 120°C and 30% relative
humidity. It is an almost 4-fold improvement for Nafion membrane. Tripathi et al.[38]
reported an organic-inorganic nanostructured composite-that grafting of aromatic ring and
less acidic-COOH groups on chitosan moiety. It was expected to balance its
hydrophilic-hydrophobic nature and to enhance proton conducting properties. It was also
attached with strong acidic group (-SOs;H) functionalized inorganic for expecting to show
high proton conducting properties and stabilities. The proton conductivities was 1.92-5.31 X
10 S/cm at ambient temperature dramatically increased at high temperature. Mistry et al.[39]
prepared four different hybrid systems which were synthetized by using Nafion 117 and a
combination of three silicon and one phosphorus presursors (four different kinds). They
chose phytic acid (one of phosphorus presursors) due to its multifunctional structure, so that
the hydroxyl groups will allow strong bond formation with water molecules to help retain
water at elevated temperature. This hybrid shows conductivities of 0.089 S/cm, similar to that

of Nafion at the same conditions.
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Most hydrocarbon membranes seem to be unstable by Pt catalysts as PEMFCs work at
high-temperature. Because of their oxidation by Pt catalysts and also the tolerance toward CO,
the performance of the entire device decrease. To solve these questions, inorganic
proton-conducting materials have been investigated as the alternatives. These materials
usually are inorganic solid acids which have high proton exchange capability and
hydrophilicity. They also are formed as porous a structure and/or are acid functionalized to
enhance the water adsorption capacity of the membranes. Marschall et al.[40] used
co-condensation synthesis and microwave treatment to prepare the Si-MCM-41, and
functionalized the porous SiO, with sulfonic acid groups (SO;H). Not only because pore
structures were created to form proton transport channel but also more than one SO3H group
was presented per nm”of the inner surface, these materials exhibit a high proton conductivity
of up to 0.2 S/cm at 100% relative-humidity. The higher pore filling in the samples is helpful
for a better guidance of protons through the narrowed pore channels. Moreover, less water is
needed to achieve a similar extent of proton transport because the sulfonic acid groups are
closer together. McKeen et al.[41] chose zeolite-as the proton conducting material to study
the influence of hydroxyl groups on proton conductivity. They found that the incorporation of
phenyl sulfonic acid groups into hydrophilic-nanocrystalline zeolite beta (S-PE-BEA-X)
further had high proton conductivity value about 5 x 10~ S/cm. They suggested that the
presence of hydroxyl groups is pivotal in achieving high proton conductivity. It is possible
due to the formation of a more complete hydrogen bonded water network in the materials
with many dangling -OH, and better water saturation inside the molecular sieves. In
Tominaka’s study[42], they found that sulfated zirconia had a high conductivity (> 10 S/cm)
value which is even better than that of Nafion. Therefore, they synthesized sulfated zirconia
in the form of nanoparticles to be an electrolyte membrane. That modification is considered
to be easier to donate proton. Cubic mesostructured aluminosilica with strong acid moieties

were prepared by Athens et al.[43]. It exhibited high proton conductivities (ca. 9 x 10 S/cm
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at) at elevated temperatures (120°C). Block-copolymer-directed silica mesophases was
formed from strongly acidic solutions, which allow highly ordered cubic mesostructured
silica films to be synthesized. After removing the block-copolymer species by calcination,
hydrophilic aluminosilica surface moieties can be introduced to the interior mesopore
channels under highly alkaline solution conditions, followed by separate covalent grafting of
perfluorinated-sulfonic-acid (PFSA) groups from nonaqueous solvents to introduce
ion-conducting properties. This synthesis overcomes several severe materials limitations to
yield complex materials with robust interconnected channels in films that can sustain
proton-conducting properties above 120°C. Another meterals, heteropolyacids (HPAs), are
known to be superionic conductors in their fully hydrated states. The highest stability and
strongest acidity are the advantages of HPAs. However, the high selubility of HAPs in water
limits its application as proton-exchange membranes in fuel cells. Zeng et al.[44] attempted
to immobilize HPAs onto mesoporous silica which also has high specific surface area, and
nanosized channels. The interconnected internal structure and high structural stability allow
their potential applications as proton-exchange membranes operating at elevated temperatures.

This material showed the best proton conductivity of 0.07 S/em at 25 °C.
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Table 2-2-2. The references regarding organic membranes.

sulfonated polystyrene (S-PS)

electrospun fibers

*The conductivities were controlled by selectively

adjusting the fiber diameters

when the fiber diameter was 0.98

pm.

Material Property Improvement or Proton conductivity | Ref.
Sulfonated poly(phenylene sulfide) | *High-temperature stability 0.1 S/cm at 80 °C [29]
(SPPS) hydrocarbon polymer *Good chemical and flame resistances
*Electrical solation
* Anti-aging, and precision moldability
Sulfonated poly(ether sulfone)s *The large difference in polarity between the Higher than 0.1 S/cm at 80 °C [31]
densely sulfonated hydrophilic units
*The hydrophobic units is expected to produce clear
phase-separated structures
Crystallized Nafion (assisted by * Improving mechanical durability *Big hydrophilic clusters and [30]
3,4-dimethylbenzaldehyde DMBA) | *Stopping fuel crossover hydrophobic domains
*Mechanical properties,
electrochemical performance and
proton conductivity were improved.
Aromatic ionomoers with *A wide humidity 0.107 S/cm at 80 °C [32]
perfluorinated sulfonic acid side *Low gas permeability
chains *Excellent thermal and chemical stability
*Good mechanical properties
Nafion incorporated with *Continuous pathways for facile proton 1.8x10™" S/cm was observed at 80 °C | [33]
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Table 2-3 The references regarding organic-inorganic complex membranes.

fillers in a Nafion

*Provide more proton transport channels

*Hold more water

Material Property Improvement or Proton conductivity Ref.
MePEGn(Tri monomethyl ether, *Provide coordination sites for small cations 1.38x10” S/cm at 55 °C [34]
poly monomethyl ether)SO;H acid | *Rapidly reorganize their polymer segments
and a sol-gel based MePEGn
polymer
Zirconium phosphate-Nafion *Trap water molecules *These particles could help for water | [35]
hybrid membranes *Enhance conductivity retention at elevated temperature by
*Enhance outstanding chemical stability acting as nanotanks dispersed in the
perfluorinated matrix (50-100 nm)
N-p-Carboxy Benzyl *Mechanically and thermally stable inorganic 1.92-5.31 x 10? S/cm (temperature [37]
Chitosan-Silica-PVA Hybrid backbone range from 30 to 70 °C)
Polyelectrolyte *High proton conducting properties and stabilities
Nafion membranes with silica and | *Improve hydrophilicity 0.099 S/cm at 80 °C [39]
phosphosilicates *Thermal stability
*Mechanical strength
*Glass transition temperature
*Water retention
Graphene oxide (F-GO) nanosheets | *Thermal and mechanical properties 0.047 S/cm at 120 °C [36]

25




Table 2-4 The references regarding inorganic membranes.

with phosphotungstic acid

*Nanosized channels or frameworks with an
ordered and interconnected internal structure
*High structural stability

Material Property Improvement or Proton Ref.
conductivity
Si-MCM-41 functionalized with sulfonic acid *Enhance the water adsorption capacity 0.2 S/cm at at140°C [39]
groups *High thermal stability
Sulfonic Acid-Functionalized *High acid strength 5% 10 S/cm at120°C [40]
Zeolite Beta * Adjustable acid group density
*Possibility to block methanol crossover
*Increase water retention at high temperature
whileallowing fast proton transport through
the pore space
Sulfated zirconia nanoparticles *As catalyst in fuel cell prototypes 107 S/cm at 30 °C [41]
* An excellent proton conductor
Cubic mesoporouse silica were prepared from *High surface hydrophilicities 9 x 107 S/cm at120°C [42]
strongly acidic solutions and functionalized *Strong acid functionalities
under highly alkaline conditions, followed by
nonaqueous conditions to introduce
perfluorosulfonic acid surface groups.
Mesoporous silica nanocomposite functionalized | *High specific surface area, 0.07 S/cm at 25 °C [43]
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2-4. Key factors to high proton conductivity
2-4-1.  Water content

Water content plays an important role in the mechanism of proton transport. Protons not
only migrate with water clusters but also diffuse between water molecules. In Peckham
research[45], the effects of acid concentration and effective proton mobility upon proton
conductivity as well as their relationship to water content was carried out. It has been found
that decreasing water content leads to decreasing levels of proton mobility and hence
conductivity, presumably due to less screening of the tethered sulfonate groups and hence
increasing proton localization. At low RH levels (<70%), it was found that the major factor
contributing to different levels of proton conductivity is proton mobility and may reflect
differences in the effective use of water under these conditions. To clarify the mechanisms of
transport of ions and water molecules in perfluorosulfonated ionomer membranes for fuel
cells, the temperature dependence of their transport behaviors was investigated in Saito et al.
studied[46] By using three different cations in two types of Flemion membrane, the ionic
conductivity, water self-diffusion coefficient (DH,0), and DSC were measured in the fully
hydrated state as a function of temperature. Their result showed that DH,O in the membranes
was found to be influenced by the ratio of freezing and nonfreezing water. DFT calculation of
the interaction energy between the cation species and water molecules suggested that the
water content and the ratio of freezing and nonfreezing water depend strongly on the cation
species penetrated into the membrane. There are some previous works have been examined
that proton conductivity to correlate change of the water content with that of conductivity
upon hydration/dehydration of Nafion membrane. The dynamics of water and its effect on
proton transport kinetics in Nafion membranes at several hydration levels are compared in
Moilanen et al. studied[47] They used ultrafast infrared spectroscopy and dilute HOD in H,O
as a probe. From the fluorescence decay of the HPTS protonated state, they found out, at low

hydration, no proton transfer occurs because there is very little water in the membrane and
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what is present is unable to reorient to solvate the proton. As the hydration level increases
and the orientational mobility of the water molecules increases, the extent of proton transfer
also increases although it never reaches that of HPTS in bulk water. In Kunimatsu[48]
research, conductivity change was interpreted in terms of different stated of water based on
its vibrational spectra of ATR-FTIR. They found out that the conductivity increases or
decreases linearly with the band intensity throughout the hydration/dehydration processes.
That may be the first data to correlate the proton conductivity linearly related to water uptake
in the membrane. Datta and coworkers[49] used the excited state proton transfer process in
the fluorescent probe Coumarin 102 to understand the mobility of cations in the Nafion
membrane in a molecular level. They found out that the proton transfer is hindered
significantly in these less hydrated Nafion, in other word, that correspond to the decrease in
proton conductivity in membranes-of lower hydration levels. The hindrance of proton transfer
is considered to the more efficient attraction of cationic species by the negatively charged
sulfonate groups of Nafion. In the presence of a considerably more amount of water may

helpful the movement of the proton.

2-4-2. Surface acidity

As a primary component of PEM fuel cells (PEMFCs), the PEM is required to perform a
major function that is acting as an electrical insulator and providing an ionic path for proton
transport from anode to cathode. Nafion have achieved the greatest success, because of its
nanostructure and water content. Water near the pore surface with SO5*" groups is referred to
as “surface water” and the water in the middle region of the pore is called “bulk water”,
however, at low water contents (as the working environment is at high temperature), the
interaction among water molecules via hydrogen bonding is low, resulting the primary
conductivity providing by the surface water. The proton mobility through the surface is

considerable that the strong electrostatic attraction of SOs;> groups. As the working
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environment temperature rising, the lower water contents in the PEMs, thus the ability of
attracting with proton and water is more and more important in materials. Furthermore, there
also have many studies pronounced that more acid site on the surface higher conductivity was
obtained[19]. They prepared or functionalized some porous materials with larger surface area
which attract with sulfuric acid or phosphoric acid[11] to enhance the conductivity. Marchall
et al.[6] prepared the Si-MCM-41 functionalized with sulfonic acid which exhibited a high
proton conductivity of up to 0.2 S/cm at 100% relative humidity under continuously rising
temperature environment. Because of the sulfonic acid groups are closer together provide a
better guidance of protons through the narrowed pore channels even at the less water
situation.

Otherwise, the replacement was shown by some materials have less value around -12 of
Hammett acidity function Ho[50] which corresponding to 100% sulfuric acid. These kinds of
materials with the character as “solid superacids™ are very suitable to be a solid electrolyte
also provide good proton conductivity. Mostly, porous ceramic films of metal oxides have
been the subject of growing interest such as pure metal oxides or binary and ternary mixtures
of ZrO,, TiO, or SiO, together or with other oxides[51]. It was suggests that the bond
between metal and oxygen in hydroxyl group has a covalent bond character because the
electronrgativity, thus the O-H bond strength is then weakened and dissociation of H' is
enhanced. Especially sulfated zirconia, the existence of both Brensted and Lewis acid sites
not only enhance the absorption water ability but also releases more and more H' to
surrounding environment. More introductions about sulfated zirconia are shown in next

section.
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2-4-3.  Microstructures

Porous structure inorganic materials have several properties that are popularly used as
possible solid-state electrolyte alternatives. Their beneficial properties for electrochemical
performance include high specific surface area, open channels, and open framework with
interconnected internal structure, and chemicals, physicals, and mechanical. However, these
materials without any functional groups which have strong attraction with water on the
surface, the proton conductivity decrease by the evaporation of water due to the proton
conduction just rely on the physisorbed water in the pore. Therefore, the higher adsorption
energy of small micropores is aspiration because of the capillarity. The relation between the
electrical conductivities and the pore structure were discussed in Nogami et al. research[11]
The result showed that the P,Os-containing glasses exhibit high conductivities (2 x 107
S/cm), even though these glasses have small surface area of pores (1.3 ~ 2.5 nm). Yamada et
al.[52] suggested that narrowed pore channels (4~5 nm) may be helpful for proton transport.
Through investigation of pore size effect on the proton transfer in porous TiO,-P,Os. Hara et
al. Hara et al.[19] examined the property of proton conduct for two different hydrated metal
oxide (SnO; - nH,O and ZrO, - nH,O) with microstructure. They pronounced that even
without the addition of other acids, high proten conductivity still was achieved by the acidity
and micropore structure of the SnO, - nH,O surface due to the combined effect of the
microstructure and the doping of acids. Moreover, perfluorinated polyelectrolytes like Nafion
which consist of a fluorocarbon backbone and sulfonic pendant chain that form a
microphase-separated morphology provide the hydrophilic channels for the transportation of
proton. Recent work by Yameen and co-workers[53] fabricated silicopoly hybrid membranes
and demonstrated that the proton-conducting channels generated from microphase-separated
block copolymers architectures created high proton conductivity values around 1 x 107 S/cm.
Polymer nanocomposites of poly were prepared by Ghosh et al.[33]. This material showed

the crystalline nature of the silicate layers which was affected due the nanocomposite
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formation. They showed that the basal spacings are 1.3 and 2.5 nm and also suggested that
the reason for the higher proton conductivity could be due to the nanostructure of organoclays.
Since the acid molecules are entrapped inside the gallery through the weak intermolecular
interaction with the organoclays, which serve as vehicles for supporting the transportation of

protons through the membrane hence the proton conduction increases.

2-5. Sulfated zirconia
2-5-1.  Properties of sulfated zirconia

Sulfated zirconia is an anion-modified metal oxide which was passed through by sulfate
impregnation by using various sulfating agents; the most commonly used are H,SO, or
(NH4),SO4. Some Scientific experiments attributed the high activity of the catalyst[54] to its
super acidic properties, i.e., S-ZrO>-1s claimed to be a stronger acid (Figure 2-12) than
concentrated sulfuric acid. On the basis of Hammett acidity indicators, suggested that the
acidity of S-ZrO, exhibits a Hammett acid strength Hy of -16.03, whereas Nafion” shows only

about -12; thus, S-ZrQj3 is recognized as the strongest solid acid[50].
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Figure 2-12 Acid strength of various liquid and solid acids.[50]

S-ZrO, has been studied extensively in order to elucidate the nature of active sites. A
number of studies have attempted to determine the nature of acid sites in the catalyst. There
were two sanctifies (Jin et al.[55] and Ward and Ko[50]) suggested similar type of model of
S-ZrO, by using different kinds of instruments. Jin et al. suggested a structure, in which the
sulfate species chelates in to a single Zr atom as presented in Figure 2-13. That the superacid
centers are Lewis sites which are associated with the metal cation. The acid strength of this
site is enhanced by an electronic induction effect of S=O in the sulfur complex. But for Ward
and Ko, in this case a hydroxyl group is bonded to a Zr atom adjacent to the Zr chelated with

a sulfate species. Other scientific research suggests that after S-ZrO, adsorbed water both
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Lewis and Brensted sites generated are responsible for the proton conducting material. The
Brensted sites are easily interred converted into Lewis sites by evacuation at a temperature
above 150 °C. By using diffuse reflectance IR spectroscopy, Kustov et al found that [56]
enhanced the strength of both Breonsted and Lewis acid sites.

The presence of protons in the reaction environment is important for the helping
transport protons in PEMs. The strong acidity of sulfated zirconia is due to a combination of
Lewis and Brensted acid sites. Along that vein, it was proposed that the highest proton

conductivity of S-ZrO; is reached.
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Figure 2-13 Sulfated Zirconia Structure Proposed by (a) Jin et al. and (b) Ward and Ko.[50]

2-6.  Porous structure material
2-6-1. Templates

Porous inorganic solids[57, 58] have found great utility as catalysts and sorption
media[59] because of their large internal surface area. As this potential application, highly
ordered mesoporous inorganic oxides were investigated by the researchers at Mobil Research
and Development Corporation in 1992.[17] These materials were prepared by using
quaternary ammonium surfactants as a template with negatively charged aluminate silicate;
belong to the novel family of so-called M41S aluminosilicate molecular sieves.[17] The
scheme is shown in Figure 2-14. The well-defined pores were up to about 3 nm in diameter

and also constrained extremely high surface areas (1000 m?/g). The preparation of the M41S
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phases represent a new approach in organic-template-assisted synthesis which is called
self-assembled molecular aggregates or supramolecular assemblies are employed as the
structure-directing agents. The general self-assembly pathway for mesostructured metal

oxides is illustrated in Figure 2-15.

Figure 2-14 Different kinds of members of the M41S family.[60]

Surfactant Micellar Hexagonal Hybrid array Mesoporous
micelle rod surfactant array metal oxide
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1 T
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Figure 2-15 Illustration of the synthesis procedure of mesoporous metal oxides possessing a

2D hexagonal pore structure by self-assembly method. [61]

Many different kinds of inorganic mesostructured materials (silica, aluminosilicate, or
transition-metal oxides) are obtained by this coprecipitation in an organic liquid crystal
mesophase. However, there are so many popular mechanisms established for silica but
zirconia, very few studies have been focused on zirconia mesostructured materials. Ciesla
et al.[62] and Testaard et al. have proposed a by analogy with silica MCM-41 and have

shown the synthesis route respectively. The bridging mechanism was mentioned because of
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the strong affinity between sulfated and zirconium leads to form polynuclear complexes. The
cooperative process between the CTAB hexagonal phase and the polymerization of the
inorganic part was proposed in the precipitation of the mesostructured sulfated zirconia phase.
Two-step mechanism was proposed: a random nucleation/ growing process and a first —order
reorganization form locally ordered cylinders. The schematic drawing of the two-step

mechanism is shown in Figure 2-16.
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Figure 2-16 The two-step mechanism of the formation of the zirconia/CTAB mesophase.[63]
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Chapter 3.  Materials and Methods

3-1. Chemicals

Zirconium sulfate tetrahydrate (Zr(SO4)2-4H,O, Alfa, 98%), hexadecyltrimethyl
ammonium bromide (C;sTAB, Sigma Aldrich, > 98% ) and trimethyl-1-octylammunium
bromide (CsTAB, Alfa, 97%) were used as the precursor and the templates respectively, to
prepare porous ZrQ,. Sulfuric acid (H,SO4, Showa, 98%) was used for post sulpnation.
Ethanol (C,HsOH, Echo, 99.5%) and ammonium nitrate (NH4NOs, Riedel-de Haén, 98%)
were used as an extraction solution to remove the template from the ZrO, in terms of ion

exchange.

3-2. Preparation of porous sulfated zirconium

Except for S-ZrO, sample, which was obtained from calcination of Zr(SO4),'4H,0 at
750 °C for 5 hours. Besides, the other samples will be discussed in section 3-2-1 and 3-2-2.
3-2-1. Precipitation process

The surfactant (CisTAB, 1.47g) was dissolved in water (50ml), and Zr(SO4),-4H,0
(2.68g) was dissolved in water (14.7 ml) was added. This led to a white precipitate. The
molar ratio of the individual components of CTAB to Zr was 0.50. The mixture was stirred
for 2h at room temperature and then heated at 100 °C for 1 day in a closed beaker with Teflon
covering. After filtration, the precipitate was calcined at 500 °C for 5 hours. This product
was called C;6S-ZrO,. A serious molar ratio (0.25, 0.38, and 0.63) by changing the mass of
surfactant was prepared also.

The sample C;6S-ZrO, which molar ratio is 0.5 (0.5g) was added to different
concentration sulfuric acid solutions (0.3, 0.6, 0.9 and 1.2 M) for further coating. The mixture
was stirred at room temperature for 2 hours. After pumping, the powders were calcined at

500 °C for 5 hours once again.
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3-2-2.  Hydrothermal process

The surfactant (CsTAB, 1.9g) was dissolved in water (35ml), and Zr(SO4),-4H,0 (2.68g)
was dissolved in water (14.7 ml) was added. The molar ratio of the individual components of
CsTAB to Zr was 0.50. The mixture was stirred for 2h at room temperature and then under
hydrothermal processing at 150°C for 36 hours. This process led to a white precipitate. To
remove the surfactant efficiently, the precipitant was filtered and extracted with 150 ml
alcoholic solutions (99%) and this product was called CgS-ZrO, (EtOH). Another one which
was filtered and extracted with alcoholic solutions with ammonium nitrate (150 ml of ethanol
containing 1.6 g of NH4NO;) was called Cg S-ZrO, (IEE). Both of them were under stirred
condition at 60°C for 15 mins for three times. The amount of NH4sNO; corresponded to
NH,;/CTAB" molar ratio is 2. The extracted sample after filtration was calcinated at 500°C

for 5 hours.

3-3. Characterization
3-3-1. Nitrogen adsorption and desorption-isothermal

The specific surface area, Sgrr, and pore sizes were determined from Brunaner, Emmett
and Teller model (BET) and Barrett, Joyner and Halenda formula (BJH), respectively. This is
based on the N;adsorption and desorption isothermal at 77K by Micromeritics, Tristar 3000.
Prior to the adsorption/desorption, the samples were degassed at 150°C under vacuum for 12

hours.

3-3-2. Fourier Transform Infrared Spectrometer (FTIR)

The S-ZrO, samples were identified using Fourier transform infrared spectrometer
(FTIR, Thermo Scientific Nicolet iS10) scan from 400 to 4000 cm™ with the resolution of 4
cm” for 100 cycles. The samples were mixed with KBr (Merck) and then pressed as a flake

for the FTIR measurement.
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3-3-3. X-ray photoelectron Spectroscopy (XPS)

The surface chemical compositions and chemical states of the S-ZrO, samples were
characterized using X-ray photoelectron spectroscopy (XPS, ESCA PHI 1600) using an Al
Ko X-ray source (1486.6 eV). The photoelectron was collected into the analyzer with pass
energy of 23.5 eV. In the collection step, size in wide range scan and high-resolution analysis
were 0.1 eV. All analytical process was controlled under ultrahigh vacuum conditions at
pressure less than 1.4 x 10” Torr. The chemical shift in binding energy of XPS spectra was
reference to the Zr (3d) line at 182.4 eV. In order to quantify and qualify each element, curve
fitting of the XPS spectra was. performed. After subtraction of the ‘“Shirley-shaped”
background, the original spectra were fitted using a nonlinear least-square fitting program
and combination of Gaussian-Lorentzian peak shapes were adapted for all peaks. The
parameters used for the curve fitting of the Zr 3d, S 2p, O 1s, C 1s, including the binding
energies, doublet separation, and full-width at half maximum. The integrated peak areas were
normalized atomic sensitive factors to calculate atomic ratios.

The equation for atomic ratio calculation is shown below,

1'11/112 = (II/ASFI)/( Iz/ASFz) ] (AI/ASFl)/(Az/ASFz) (3-1)

where as,

n: atomic number

I: intensity of XPS spectra
ASF: atomic sensitivity factor

A: peak area of XPS spectra
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3-3-4. Thermo Gravimetric Analysis (TGA)
The organic volume and energy flow of the samples were measured using thermo
gravimetric analysis (TGA, TA5100). The samples were heated from room temperature to

900°C at a heating rate of 10°C/min under an air flow with a flow rate of 50 ml/min.

3-3-5.  Water content measurement

Water contents were measured using thermal gravimetric analysis (Perkin Elmer SII,
pyris diamond TG/DTA analyzer). The sulfated ZrO, powders (0.08g) were pressed into
pellets with 1.2 cm in diameter and 25 mm in thickness at 1960 kPa. A 0.05 ml of water
droplets was added to the pellet to wet the samples. Samples were pat-dried with tissue
paper to remove the surface water. Samples were heated from room temperature to 400 °C
at 10 °C min™ under N, flow with 10 ml min"'. The weight of dry membranes was
determined from the point at which degradation of sulfonic acid begins (400 °C). Water
content was calculated according to the follow equation

Water content =

weight of' wet pellet - weight of dry pellet 100%

weight of wet pellet

3-3-6. Proton conductivity measurement

For 2-probe measurements in the direction of thickness, specimens were prepared by
specimen sandwiched into electrodes consisting of two pieces of gold sheets situated opposite
each other. A specimen fixed to a measuring cell was placed inside a temperature and
humidity chamber under constant temperature and humidity (Room temperature, 100%RH).
AC impedance (PGSTAT 30) measurements were taken using a computer-controlled Autolab
model, and Cole-Cole (Z’-Z”) plots were obtained. The frequency limits of the sinusoidal
signals were typically set between 100Hz and 10000Hz, with an oscillation of 100 mA. A

best-fitting curve was overlaid onto the measurements taken by the 2-probe method. The
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sulfated ZrO, powders were pressed into pellets with 1.2 ¢cm in diameter and 25 mm in
thickness at 1960 kPa. In contrast to Nafionl17, the membrane was cut with 1.2cm in
diameter and 20 mm in thickness. A 0.05 ml of water droplets was added to the pellet and
Nafionl17 to wet the samples. The pellet was sandwiched into electrodes consisting of two
pieces of gold sheets situated opposite each other. A specimen fixed to a measuring cell was
placed inside a temperature and humidity chamber under constant temperature and humidity
(Room temperature, 100% RH). The frequency limits of the sinusoidal signals were typically
set between 100Hz and 10000Hz, with an oscillation of 100 mA. Conductivity was calculated

from the obtained membrane resistance, Ryyk, by using the following formula.

o=L/(R-A) (3-2)

Where

o is conductivity (Scm™),

L is membrane thickness (cm),
A is an electrode area (cm’) and

R is resistance (€2).

3-3-7. Temperature programmed desorption (TPD)

The TPD (Auto Chem II 2920) experiments were used to measure the acidity by using
probe of ammonia. The samples (0.10-0.15 g) were pretreated in He for 1 h at 200°C and then
cooled to 100°C. At this temperature, NH; was pulsed over the samples and adsorbed for 1hr.
The physically adsorbed NH; was desorbed in He at a rate of 25ml min™” for 30 min.
Desorption was programmed form 100 to 600°C at a heating rate of 10°C min™'. A thermal

conductivity detector (TCD) was used to monitor the desorption volume of NHj.
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3-3-8. High Resolution Transmission Electron Microscope (TEM)

The particle size and shape of nanocrystals were examined by a high resolution
transmission electronic microscopy (HR-TEM, JEOL JEM-2010) at an accelerating voltage
of 200 KV. The specimen was prepared by dispersing of powders into acetone with ultrasonic
vibration. The colloid was dropped on a holey carbon film supported on a Cu grid (Ted Pella,

Inc., 200 meshes).

3-3-9. Inductively Coupled Plasma- Mass Spectrometry (ICP-MS)
ICP-MS (Perkin Elmer, SCIEX ELAM 5000) was used to analyze bulk chemical
compositions including S/Zr ratio of samples. All solid samples were digested with acid

solution coupled with microwave.
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Chapter 4.  Result and Discussion

4-1. Thermal Analysis

To understand the thermal behaviors of samples obtained from different preparation
methods and the molecular fragments released during the calcination process,
thermogravimetric analysis (TGA) curves were examined. Figure 4-1 shows the TGA
curves of Zr(SOy), - 4H,0 and the as-prepared C;4S-ZrO,, CsS-ZrO,, and the CgS-ZrO, (IEE).
The Zr(SO4), - 4H,O exhibited three weight-loss stages, in which the weight losses in the
temperature ranges of 25-120 °C and 120-200 °C are associated with the removal of adsorbed
and bound water, respectively. A significant weight loss of 36 % in the range of 525-695 °C is
due to the decomposition of sulfated species. In addition to the elimination of adsorbed water
below 200 °C, the as-prepared C;65-ZrO, sample had a weight loss of 31 % between 200 and
500 °C, corresponding to the oxidation of the surfactant. A small weight loss of 7 %, resulting
from the decomposition of sulfated residues, took place in the range of 500-560 °C.  Similar
phenomenon was observed in the as-prepared CgS-ZrO, sample. Moreover, ion exchange
treatment with NH4NO3s/C>HsOH solution greatly removed the organic template from the
CsS-ZrO; sample. Remaining water and the template only contributed 2 and 4 %, respectively,
to the total mass of the sample. It is noted that the temperature for the elimination of
sulfated species (3 % weight loss) occurred at 700-760 °C. The temperature was higher
than those of the similar process in the other samples, inferring that different sulfated species

resulted from the ion-exchange-treatment.

{Zr(OH), .50}, CTAB'} —=={Zr(OH), 50}, NH,} ——{ Zr0,, 50]}
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Figure 4-1 The TGA curve of Zr(SOy4), * 4H,0, and as-prepared C;sS-ZrO,, C;6S-ZrO,,

CsS-Z10,, CsS-ZrO5 (EtOH) and CsS-ZrO; (IEE).

In this study, the surfactant molecules in the C;sS-ZrO; and €sS-ZrO, samples were
removed thorough calcination at 500 °C for 5 hr. In addition, the S-ZrO, sample was
obtained from calcination of Zr(SQx), - 4H,0O-at- 750 °C for 5 hr. To determine the quantity
of the sulfated species remaining in the C;6S-ZrO,, CsS-ZrO,, and S-ZrO, samples, their
TGA curves were recorded and shown in Figure 4-2. The S-ZrO, sample exhibited little mass
loss in the range of 25-900 °C, indicating that the calcination at 750 °C effectively eliminated
sulfated species from the Zr(SO4), - 4H,O. This finding is in agreement with the TGA result
of the Zr(SOy4), - 4H,0 sample that sulfated species was completely removed above 750 °C.
The Ci6S-ZrO, and CgS-ZrO, samples started to undergo 4 and 8 % weight loss at 590 and
690 °C, respectively. The weight losses represent the amounts of the sulfated species
remained in these two samples because the calcination temperature (500 °C) was lower than

the temperatures (570-620 °C) required for entirely removing the sulfated species from the
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samples. In fact, S elements were also identified in the samples from XPS and ICP-MS.
These results indicate that sulfated zirconia powders were successfully obtained through the
preparation processes in this study. The C;¢S-ZrO, sample contained about 4 % mass from
adsorbed water. In contrast, only few amounts of water were present in the CgS-ZrO,
sample. The difference in the water contain in these two porous samples is attributed to

their different pore sizes.
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Figure 4-2 The TGA curves of Ci¢S-ZrO,, C16SS-ZrO,, CgS-ZrO,(IEE), CsS-ZrO,(EtOH),

and S-ZrO, samples.
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4-2. Surface functional group

Figure 4-3 shows the FTIR spectra of S-ZrO,, C16S-ZrO,, C16SS-Zr0O,, CsS-ZrO; (IEE),
and CsS-ZrO,(EtOH) samples. Intensive Zr-O absorptions in the region of 400-800 cm™
indicate that calcination turned all the samples into ZrO, forms[54]. In addition, almost
hydrocarbons were burned out from the templated C;sS-ZrO,, C;6SS-ZrO,, CsS-ZrO; (IEE),
and CgS-ZrO,(EtOH) samples after the thermal treatment at 500 °C because the C-H
absorptions were absence in their IR spectra. Except for the S-ZrO, sample, all the
templated ZrO, powders showed the significant S-O and S=O stretching absorptions in the
region of 850-1450 cm'l.[64] The C;6S-ZrO,, C;SS-ZrO,, and CsS-ZrO,(EtOH) samples
contained the S=O symmetric stretching absorption at 1270 .cm™. In addition, the S-O
asymmetric stretching bands at 12201140, 1070, 991 cm’' were observed, revealing that SO,
species bidentately complexes to the ZrO; matrix.[54] = The CsS-ZrO; (IEE) sample showed
a different sulfated absorption feature. The S-O absorption at 1140 cm™ became the most
intensive in the SO4 absorption set. In addition, the S=O stretching mode blue shifted to

1345 cm'.[64] These phenomena suggest a polysulfated species.
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Figure 4-3 FTIR spectra of the S-ZrO,, C;¢S- S-ZrO,, C6SS- S-ZrO,, CsS- S-ZrO; (IEE), and

CsS-ZrO, (EtOH) samples. (a) the original spectra, and (b) the zoom-in spectra in the

700-2200 cm-1.
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4-3. Chemical compositions

The quantities and bonding of the sulfated species on the surface of the ZrO, samples
determine proton-transfer efficiency. To understand the surface properties of the sulfated
ZrO, powders, all the samples were characterized by using XPS and ICP-MS. Figure 4-4
shows the S (2p) XP spectra of the S-ZrO,, Ci¢S-ZrO,, Ci6SS-ZrO,, CsS-ZrO, (IEE), and
CsS-ZrO,(EtOH) samples. Theoretically, the S (2p) photoelectron line appears in the
binding energy of 168.5-171.3 eV.[65] However, the S (2p) peak in the ZrO, matrix in this
study was significantly interfered with other photoelectron lines. After deconvolution, there
were four peaks contained in the broad signal ranging from 166 to 177 eV. Similar
phenomenon was observed in Marcus’s[65] and Milburn’s[66] research. To ascertain the S
(2p) peak from the interferences, three samples including pure ZrO,, sulfuric-acid soaked
ZrO; and TiO, powders were additionally prepared. The pure ZrO, powders showed the
broad peak in the range of 168-177 eV (see Appendix A-1). After soaking with sulfuric acid,
the ZrO, sample exhibited an additional peak centered at 168.64 eV. . Moreover, the soaked
TiO, sample showed the single peak at 169.0 eV. - These results clearly evidence that the
deconvoluted peaks centered at.168.64-169.0 eV belong to S (2p) photoelectron line, and the
other peaks at higher binding energies arise from ZrO,; matrix effect. All the sulfated
samples exhibited one S (2p) photoelectron peak except for the CsS-ZrO, (IEE) sample. In
addition to the S (2p) peak at 168.2 eV, the CsS-ZrO, (IEE) sample had another S (2p) peak at

169.4 eV, which is attributed to poly-sulfated species.
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Figure 4-4 The S (2p) XPS of the S-Zr0O,, CsS-Zr0,, C1sSS-ZrO,, CsS-ZrO, (EtOH), and

CsS-ZrO; (IEE) samples.

The surface and total S/Zr atomic ratios of the sulfated ZrO, samples are summarized in
Table 4-1. Calcination of Zr(SO4),*4H,0 at 750 °C removed most of sulfated ions from the
S-ZrO, sample. However, the XPS results showed 0.1 of S/Zr ratio on its surface, indicating
that the remaining sulfated species is primarily incorporated in the surface layer. The
Ci6S-ZrO, and C;6SS-ZrO, samples had similar bulk and surface S/Zr ratios of
1.9x102-2.1x10 and 0.15-0.18, respectively. Addition of sulfuric acid in the precipitation
process only assists the formation of regular pore sizes, but has little effect on the surface

composition. The CgS-ZrO, (EtOH) powders had the bulk and the surface S/Zr ratios of
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20.3x107 and 0.38, respectively. These values are larger than the S/Zr ratios of the
mesoporous samples. Because the CsS-ZrO, (EtOH) sample had microporous structure, the
micropore confinement presumably inhibits S-O-Zr bond vibrations and breaking. The Cs.
S-ZrO, (IEE) sample exhibited the highest S/Zr ratios both in the bulk (94.8x 10%) and at the
surface (1.02). Replacement of octylammonium ions with NH, though ion exchange
treatment enhanced the stability of sulfated species against thermal treatment. This result is
in agreement with its TGA curve which shows the higher temperature for removal of the
sulfated species. We further compared the surface and the bulk S/Zr ratios and found that the
surface ratios were 10, 7, and 2 times higher than the bulk ratios in the C;¢S-ZrO,,
C16SS-ZrO,, CsS-ZrO, (EtOH) samples, respectively. Like the S-ZrO, sample, this finding
indicates that the sulfated species was mainly incorporated on the surface. The CgS-ZrO;

(IEE) sample showed similar surface and bulk S/Zr ratios, revealing the bulk doping.

Table 4-1 Sulfur-to-zirconium atomic ratios in the different sulfated ZrO, samples.

S/Zr atomic ratio

Samples ICP-MS XPS
S-ZrO, = 0.10
C16S-Z10O, 1.9x107 0.18
C16SS-Zr0, 2.1x107 0.15
CsS-ZrO, (EtOH) 50 3x102 0.38
CsS-ZrO, (IEE) 94 8x10? 1.02

a- represents unavailable.
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Figure 4-5 shows the O (1s) XP spectra of the sulfated ZrO, samples. The O (1s) peak
in all the sulfated samples can be fitted into O-Zr (BE= 530.0 eV), O-S (BE=531.6 e¢V) and
O-H (532.6 V) states.[67] To derive the sulfated species and surface chemical structure of
the sulfated samples, the O-S/S, O-Zr/Zr, and O-H/Zr atomic ratios were calculated and listed
in Table 4-2. The S-ZrO, sample had the O-S/S ratio of 3.89, suggesting 4-coordinated S
elements. The three templated samples, including Ci¢S-ZrO,, Ci6SS-ZrO,, and CgS-ZrO,
(EtOH), showed the S-O/S ratios in the range of 3.54-3.66, revealing a pyrosulfate species
(S207%).  Alow S-O/S ratio of 3.10 was found in the CgS-ZrO, (IEE) sample. Polysulfated
species was considered to be formed at the ZrO, sample.[68] In addition, bulk doping
resulted the CsS-ZrO, (IEE) sample in a non-stochiometric Zr-O/Zr ratio of 1.44 and a high
O-H/Zr ratio of 0.29. « These features imply its higher surface Lewis and Bronsted acidity

over the other samples.

Table 4-2 The surface O-S/S, O-Zr/Zr, and O-H/Zr atomic ratios

Samples O-S/S (O-Zr)/Zr O-H/Zr
S-ZrO, 3.89 1.77 0.18
C168-Z10; 3.54 2.39 0.20
C1658-Z10; 3.66 2.01 0.14
CsS-Z10, (EtOH) 3.60 1.95 0.20
CsS-ZrO; (IEE) 3.10 1.44 0.29
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Figure 4-5 The O (1s) XPS of the S-Zr0O,, CicS-ZrO,, CicSS-Z1rO,, CsS-Zr0O; (EtOH), and

CsS-ZrO; (IEE) samples.

According to the XPS and FTIR results, we propose the different chemical structures of
sulfated species on the ZrO, surface. The sulfated group (SO4) monodentately or bidentately
bonds to the Zr*" ions on the surface of the S-ZrO, sample. Its oxygen deficient property
(O-Zr/Zr= 1.77) infers to the Lewis acidity. Templating methods lead pyrosulfated groups
bidentately binding to the ZrO, surface. Poly-sulfated moieties are introduced into the ZrO,

surface lattice after the ion exchange treatment.
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Figure 4-6 The chemical structures of the sulfated groups on the different ZrO, samples. (a)
the S-ZrO, powder, (b) the CiS-ZrO,, C;6SS-ZrO,, and CsS-ZrQ, (EtOH) samples, (c) the

CsS-ZrO; (IEE) sample.

Through extraction of MCM-41 materials with an ethanolic ammonium nitrate solution,
Lang and Tuel[69] efficiently remove the organic template from the templated samples. The
exchange of the organic cations with the NHy ions preserved the porous structure and led to
the porous structure similar to those obtained after calcination. In this study, we used the
similar procedure to remove the CsTAB from the ZrO, sample before calcination to prevent
incomplete oxidation during the thermal treatment. However, the microporous structure was
destroyed by the ion exchange treatment. This result is attributed to the dehydration of the
sample induced by the high ionic strength of the salt solution. The dehydration shrinks the
micropores, thus causing the disappearance of the pores in the following calcination. The
sulfated species on the pore wall surface was incorporated into the ZrO, matrix through the

elemental rearrangement, and some of them were segregated from the lattice to the particle
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surface due to the limitation of solubility. A high concentration of the surface sulfated species

formed polysulfated moiety.
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Figure 4-7 Formation of C8S-ZrO2 (IEE).
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4-4. NH; adsorption and desorption

To examine the surface acidity of the sulfated samples, their TPD measurements were
carried out, and the results are shown in Figure 4-8. The S-ZrO, sample showed a
desorption peak at 235 °C, which is devoted to the adsorption at the Lewis acid sites with
medium strength. Substantial amounts of medium Lewis acid and strong Bronsted acid sites
were found in the CgS-ZrO; (IEE) sample at 290 and 510 °C, respectively. Its low O-Zr/Zr
and high O-H/Zr ratios support the TPD result. The C;¢S-ZrO,, C16SS-ZrO,, and CgS-ZrO,
(EtOH) had intensive desorption peaks at 176-188 °C, which is ascribed to the NH; adsorbed

on weak Lewis acid sites.[70]
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Figure 4-8 NH3 TPD patterns of the S-ZrO,, Ci6S-ZrO,, C16SS-Zr0O,, CsS-ZrO, (EtOH), and

Cs-S-ZrO, (IEE) samples.
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4-5, Textures and proton conductivities of the sulfated zirconia

To explore the effect of porous structures on the proton conductive capability, the
textures of the sulfated samples were characterized in terms of N physisorption at 77 K. The
S-ZrO, sample (Appendix B-1) showed a Type IV adsorption isotherm[71] and a H3
hysteresis loop.[72] The mesoporous feature resulted from its interparticle voids. Without
templating effect, the sample had a small surface area of 64 m?/g and relatively large pore
size of 16.4 nm. In addition to the C;¢S-ZrO, sample that was prepared with the CTAB/Zr
molar ratio of 0.5, the samples with the CTAB/Zr ratios of 0.25, 0.38, and 0.63 were also
prepared. Figure 4-9 and Figure 4-10 show the N, adsorption/desorption isotherms and pore
size distributions of the C;¢S-ZrO, samples prepared with different CTAB/Zr molar ratios.
Typical Type IV adsorption isotherms were observed in the C;¢S-ZrO, samples when the
CTAB/Zr ratio was higher than-0.50, indicating mesoporous structures. In addition, the
hysteresis loop (H2 or H3) was observed in the relative pressure range from 0.4 to 0.8. The
inflection was not sharp, indicated that the pores are not a uniform size and has broad
distribution. The gentle inflection reveals wide pore-size distributions.  All these
Ci6TAB-templated samples exhibited continuous increase in the pore volume when the pore
size was smaller than 4.4 nm. Moreover, higher amounts of the template resulted in larger
numbers of the meso/micro pores. The samples with the CTAB/Zr ratios higher than 0.5

showed a typical pore size of 3.9 nm, which is resulted from self-assembled micelles.
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Table 4-3 summarizes the surface areas, pore volumes, average pore diameters, and
proton conductivities of the sulfated ZrO, samples templated with C;(TAB. The sulfated
ZrO, sample had the smallest surface area of 78 m?/g at the C,¢TAB/Zr= 0.25. Its large pore
volume (0.16 cm’/g) and mean pore size (8.2 nm) were mainly from inter-particle pores.
Increased numbers of templated pores raised the surface area to 114 m*/g and reduced the
mean pore size to 2.4 nm when the C;¢TAB/Zr= 0.38. Further increase in the C;sTAB/Zr
ratio to 0.50-0.63 increased the surface area to 122-128 m*/g.  The appearance of the typical
pores at 3.9 nm also resulted in larger mean pore size of 2.8-3.0 nm. The sample prepared
with the C;¢TAB/Zr ratio= 0.50 performed the highest proton conductivity of 20 mS/cm,
whereas the CsTAB/Zr= 0.25 led the sample exhibiting the lowest proton conductivity of 12
mS/cm. This phenomenon suggests that large surface arca and small pore diameter are
beneficial to the proton transportation. The texture effect is supported by the low proton
conductivity of the S-ZrO, sample (9 mS/cm, shown in Table 4-4). The samples with the
Ci6TAB/Zr= 0.38 and 0.63 showed the similar proton conductivities of 16-17 mS/cm because

of the compromising effects of their pore sizes and surface areas.

Table 4-3 Summaries of the BET properties-and the proton conductivities of the C,¢S-ZrO;

synthesized with different CTAB/Zr molar ratios.

CTAB/Zr Sger (M /g) V pore (cm’/g) D pore (nm) PC
molar ratio (mS/cm)
0.25 78 0.16 8.2 12
0.38 114 0.07 2.4 16
0.50 128 0.08 2.8 20
0.63 122 0.09 3.0 17
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Addition of sulfuric acid into the precipitation system assisted the formation of the
porous structure with a narrow pore size distribution. Figure 4-11 shows the N;
adsorption/desorption isotherms and the BJH pore size distribution of the C;6SS-ZrO, sample.
Mesoporous feature was found in its Type IV adsorption isotherm and H3 hysteresis loop.
In contrast to the C;sTAB samples, the C;,SS-ZrO, powder had a narrow pore distribution
which centered at 3.9 nm. Templating pathway has been demonstrated through electrostatic
interaction between the templates and the hydrated oxide colloids. The Zr-OH'-SO,*-C ¢ TA"
bonding is believed to direct the aggregation of the ZrO, colloids along with the
self-assembly of C;sTAB to form their mesoporous structures. Addition of sulfuric acids
improved the interaction between the template and the ZrO, colloids and contributed to the
narrow pore size distribution. Table 4-4 lists the textural results and proton conductivities of
the S-ZrO, (See Appendix B-1), C16SS-ZrO,, CsS-ZrO, (EtOH), and CsS-ZrO; (IEE) samples.
The C,6¢SS-ZrO, powder had a surface area of 128 mz/g, a mean pore size of 5.5 nm, and a

pore volume of 0.23 cm’/g.

58



160

L 0.008 .
:@ 140 - E 0.006+ C,SS-Zr0,
E 120 b "g 0.004 ~ /
2 [ S 0.002 oL
S 100} 32 \
— -
% 0.000+ | | | |
< 80 [ 0 2 4 6 8 10
o~ | Pore diameter (nm) _
% 60 /I/I/./././././. :
e I » . /l/l/l/.'./././
= I .‘V/lf';'/./.
o 40 + gut "
> I . -
20
I 3 I ; I ; I , I . I
0.0 0.2 0.4 0.6 0.8 1.0
P/P

Figure 4-11 N, adsorption and desorption isotherm and BJH pore size distribution of the

C16SS-ZrO; sample.

To prepare micorporous ZrO, samples, the surfactant CsTAB, was used as the template.
Figure 4-12 shows the N, adsorption/desorption isotherms and pore size distributions of the
CsS-ZrO, samples treated with different solvent removal processes before calcination. The
CsS-ZrO; (IEE) sample exhibited Type II adsorption isotherm and a hysteresis loop ending at
P/Py= 0.8. The pore distribution ranged between 2 and 50 nm and centered at 20 nm. Ion
exchange induces the pore close during the post thermal treatment, consequently leading to
the small surface area of 7 m®g and the small pore volume of 0.04 cm’/g. Type I
adsorption[19] indicates that the micropore was preserved in the CsS-ZrO, (EtOH) sample
(Figure 4-13). The pore distribution centered at 0.5 nm, while the mean pore diameter was
0.6 nm. Small pore size resulted in the small pore volume of 0.06 cm®/g but the high surface

area of 114 m*/g.
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Figure 4-12 N, adsorption and desorption isotherm and BJH pore size distribution of

CsS-ZrO, (IEE)
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Figure 4-13 N, adsorption and desorption isotherm and BJH pore size distribution of

CsS-ZrO, (EOH) samples.
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Table 4-4 The textural results and proton conductivities of S-ZrO,, C;6SS-ZrO,, CsS-ZrO,

(IEE) and CgS-ZrO, (EtOH) samples.

Samples Sger (M /g) V pore (cm’/ 2) D pore (nm) PC
(mS/cm)
S-ZrO, 64 0.31 16.4 9
C165S-ZrO, 128 0.23 5.5 15
CsS-ZrO, (IEE) 7 0.04 22.3 20
CsS-ZrO, (EtOH) 114 0.06 0.6 26

The proton conductivities of the CsSS-ZrOy, CsS-ZrO, (IEE) and CsS-ZrO, (EtOH)
samples were 15, 20, and 26 mS/em, respectively. Since the Ci6S-ZrO, and C;6SS-ZrO,,
powers had similar surface sulfated-ion loading, chemical structures, and acidity, the
difference in their proton conductivity reflects the effect of pore sizes. The higher proton
conductivity of the Ci¢S-ZrO, sample (20 mS/cm) indicates that the proton transport in the
ZrO; matrix was improved when the mean pore size decreased from 5.5 to 2.8 nm. The
CsS-ZrO; (IEE) sample performed the same proton conductivity as that of the C,¢S-ZrO;
sample. However, this mesoporous sample exhibited the large pore size (22.3 nm) and the
low surface area (7 m?/g). This phenomenon reveals that high surface acidity is another vital
parameter dominating high proton conductivity. The highest proton conductivity (26 mS/cm)
was found in the microporous CgS-ZrO, (EtOH) sample. The high conducting ability could
be due to its small pore size (0.6 nm) or high surface loading of pyrosulfate species (S/Zr=
0.38). To understand the effect of surface sulfate density on the proton transport efficiency,
we further examine the proton conductivity of the C;6S-ZrO, sample post-treated with

sulfuric acid at different concentrations.
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4-6. Post sulfation

The surface compositions and chemical states of the sulfated ZrO, samples post treated
with sulfuric acid were characterized using XPS (see Appendix A-2). Table 4-5 lists the
surface and total S/Zr ratios of the Ci¢S-ZrO, samples impreganated with sulfuric acid at
different concentrations. The surface S/Zr ratio increased from 0.19 to 0.27 when the
concentration of sulfuric acid increased from 0.3 to 1.2 M. However, the total S/Zr ratio was
maintained at 2.0-2.1x 107 over the different concentrations, except for 0.9 M which
remarkably increased the ratio to 18.5x 10%. The O-S/S, O-Zr/Zr, and O-H/Zr ratios of these
post sulfation samples are summarized in Table 4-6. The O-S/S ratios were in the range of
3.41-3.53, indicating pyrosulfate (S,0;) species. Post sulfation slightly decreased the
O-Z/Zr ratio from 1.89 to 2.28, but greatly decreasing the O-H/Zr ratio from 0.20 to 0.12 at
0.9-1.2 M. These findings reveal that the sulfate ions diffuse into the mesopores and are
adsorbed on the ZrO, surface, where are free from the bonded sulfate species, at low
concentrations (< 0.9 M). Over concentrated sulfate acid exhibited high surface tension, thus
inhibiting their diffusion into the mesoporous -channels. Calcination drove the adsorbed

sulfate ions forming pyrosulfate species through dehydration.
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Table 4-5 The total and surface S/Zr ratios of the C,¢S-ZrO, sample post treated with sulfuric

acid at different concentrations.

S-to-Zr atomic ratio

Samples Total Surface
C16S-Z10,-0.3 M 2.0x107 0.19
C16S-Zr0,-0.6 M 2.1x107 0.20
C16S-Zr0-09M  18.5x107 0.25
C16S-Z105-1.2 M 201107 0.27

Table 4-6 The O-S/S, O-Zt/Zr, and O-H/Zr ratios of the C16S-ZrO2 sample impregnated with

sulfuric acid at different concentrations.

Samples O-S/S (O-Zr)/Zrx O-H/Zr
C16S-Zr0,-0.3 M 3.53 1.89 0.23
C16S-Zr05-0.6 M 3.45 2.28 0.29
C16S-Zr0,-0.9 M 3.43 1.93 0.12
C16S-Zr0-1.2 M 3.41 1.95 0.12
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Figure 4-14 shows the NH3-TPD curves of the post sulfation samples. Increase in the
desorption intensity at 290 °C was found after impregnation of the sulfated ZrO, powders
with sulfuric acid. This result indicates that high density of pyrosulfate species raises the

surface acidity.
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Figure 4-14 NH; TPD patterns for C;6S-ZrO, (CTAB/Zr= 0.5) and which impregnated with

different concentrations of H,SOj.

Type IV adsorptions and characteristic hysteresis loops were sill observed in the post
sulfation samples. (see Appendix B-2) Similar pore distribution was also found when the pore
size was smaller than 3.0 nm. However, two typical pore sizes at 3.5 and 4.1 nm were
resulted after the post treatment. Relative to the single peak at 3.9 nm in the C;¢S-ZrO;
powders, the larger pores resulted from the thermal induced pore collapse, while the

deposition of sulfate ions on the inner pore wall surface reduced the pore sizes.
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Table 4-7 summarizes the textural data of post sulfated C;S-ZrO, samples and their
corresponding proton conductivities. Post sulfation slightly reduced the specific surface area
from 128 to 113 m*/g. Loading sulfate ions in the pore channels decreased the mean pore size
from 3.0 to 2.8 nm when the concentration of sulfuric acid decreased from 0.3 to 0.9 M.
Larger mean pore size of 3.1 nm was obtained at 1.2 M because of inefficient diffusion of the
sulfate ions into the mesopores. This result was in agreement with its low total S/Zr ratio but
high surface sulfur density. Post sulfation effectively increased the proton conductivity of the
mesoporous sulfated ZrO, sample. The conductivity was remarkably improved by 1.5, 3.5,
and 4.8 fold to be 31, 69, and 95 mS/cm, respectively, at 0.3, 0.6, and 0.9 M. The pronton
conductivity of the C;¢S-Zr0,-0.6M and C;¢S-ZrO,-0.6M samples even were 1.3 and 1.8
times higher than that of Nafion (52 mS/cm). These results clearly evidence the highly
potential of the inorganic solid acids-to be the alternatives for the electrolyte. Moreover, the
high loading of pyrosulfate species and strong surface acidity are responsible for the high
proton conducting ability. The proton conductivity decreased to 42 mS/cm at 1.2 M because
of fewer amounts of pyrosulfate in the inner pore wall. Compared to the post sulfation
samples, the CsS-ZrO, (EtOH) sample had the highest surface S/Zr ratio of 0.38. Its low
proton conductivity (26 mS/cm) reveals that the micropores (mean pore size of 0.6 nm) limit
proton transport. Therefore, the optimal pore size for the high proton conductivity is in the

range of 0.6-2.8 nm.
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Table 4-7 The textural properties and the proton conductivities of the C;sS-ZrO, powders

after post sulfation.

Concentration of Sger (m? /) V pore (cm’ /) D pore (nm) PC
H,SO4 (mS/cm)
C16S-Zr0,-0.3 M 121 0.09 3.0 31
Ci6S-Zr0,-0.6 M 128 0.10 2.9 69
C16S-Zr0,-0.9 M 119 0.09 2.8 95
Ci6S-ZrO-1.2 M 113 0.09 3.1 42
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4-7  Water content

Water plays an important role in conveying proton through the solid electrolytes, and it
has been demonstrated that the water content and the interaction between the water molecules
and surface acid sites control the proton conductivity of the solid electrolytes. Numerous
researchers designed their materials as porous structures or functionalized the porous
materials with some acid groups to increase the water content at high temperature. In this
study, we measure the weight loss of the sulfated ZrO, samples at elevated temperatures to
understand their ability for maintaining water molecules and the dependence of the proton
conductivity upon their textures and surface acidity. Table 4-8 lists the water content, proton
conductivity and pore diameter of all sulfated ZrO, samples. The total water content (W Ciotar)
in the samples was determined by the weight loss from room temperature (RT) to 400°C. The
weight losses from 100°C to 400°C(WC,gp400) represent the water attracted in the small
meso- or micro-pore channels. We used the WCioo.400/ WCiorar ratio to indicate the capability
of the samples for keeping water molecules at high temperatures. The S-ZrO, had the lowest
WC00400/ WCotal ratio of 4.1 and the largest pore size of 16.4 nm, moreover the lowest
proton conductivity of 9'mS.cm™'. It means that this size of pore had the weakest adsorption
energy for water and the weakest proton transportation ability. Templating method allows the
Ci6S-ZrO, and the C;6SS-ZrO, sample exhibiting small pore size of 2.8-5.5 nm.
Correspondingly, the higher WCjgo.400/ WCiotal ratios ranged between 12-18.6 were obtained.
The proton conductivity of these two samples (C;6S-ZrO, and C;¢SS-ZrO;) is almost two
times higher than S-ZrO, samples. A similar phenomenon was reported by Sayler et al.[73].
The correlation between electrical conductivity, relative humidity, and pore connectivity in
Mesoporous Silica Monoliths was discussed. They found that Monoliths (20-30 nm) without
surfactant templated mesopores exhibit no electrical conductivity until the humidity is high
enough for the textural mesopores to begin to fill. For C;sTAB templated silica (4-5 nm), the

mesopores form extensive networks, which fill at low relative humidity to provide a
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continuous path for electrical conductivity over macroscopic distances. It is found that the
CsS-ZrO; (EtOH) sample had the smallest pore diameter of 0.6 nm and showed the largest
WCi00-400/ WCioa ratio of 23. The intermolecular interaction between the surface acid
molecules and the water increase as the pore size gets smaller. A similar phenomenon was
reported by Hara [19] and Ghosh [34]. In their study, water molecules were tightly adsorbed
in microprous structures because of high adsorption energy. In contrast to the C;6S-ZrO, and
the C;6SS-ZrO, sample, the CsS-ZrO, (EtOH) sample showed the lower proton conductivity
of 20 mS/cm. Since the size of water molecular is about 3 A, and it is only 2 water molecules
available to be filled in the micropore channels of the CgS-ZrO, (EtOH) sample. According to
the Grotthuss mechanisms, the proton exists as hydronium ion (H502+ or H904+) and migrates
in the central of channels. In this study, the water molecules are too tightly bound on the
surface acid sites to diffuse across-the-microporous channels. The highest WCigo.400/ WCiotal
ratio (26.4) also was found in CgS-ZrO, (IEE) sample which showed the largest pore size of
22.3 nm. The strong water adsorption is due to its high surface acidity. However, its proton
conductivity (20 mS/em) was lower than the CsS-ZrO, (EtOH) sample (26 mS/cm). This
phenomenon is in agreement with the low proton conductivity of the S-ZrO, sample.
Therefore, it exists optimal pore-size ranging from 0.6 to 2.8 nm for high proton conductivity.

Post sulfation greatly decreased the WCgo.400/ WCiotar ratio of the Ci6S-ZrO, sample
from 18.6 to 9.8-12.9 even though it increased the surface acidity. In contrast to the
C16S-ZrO; sample, the conductivity of the post sulfated sample was remarkably increased
from 20 to 31-95 mS/cm. These results reveal that appropriate surface acidity which exhibit
adequate adsorption energy for water is required for efficient proton transport. Datta et al. [48]
found that the hindrance of proton transfer is most likely due to the attraction of proton by the
negatively charged sulfonate groups of Nafion when it is dried. In the presence of less
amount of water, the shielding of the oppositely charged ions from each other is significantly

reduced, so that retarding the movement of the proton. In summary, both the pore sizes and
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surface acidity determine the adsorption capability for water molecules. An optimal

combination of these two features can contribute to high proton conductivity.

Table 4-8 The water content, proton conductivity and pore size of all sulfated ZrO, samples.

Proton Pore
WCiotal WCig0-200  WCi100-200/W Crotal . )
Sample 5 Conductivity diameter
(RT-400°C) (100-400°C) (x10™)

(mS/cm) (nm)
S-Z1rO, 31.5%*? 1.3% 4.1 9 16.4
C16S-Z1rO, 27.4% 5.1% 18.6 20 2.8
C16SS-ZrO, 25.8% 3.1% 12.0 15 5.5
C16S-Zr0,-0.3M 26.7% 2.7% 10.1 31 3.0
C165-Z1r0,-0.6M 21.7% 2.8% 12.9 69 2.9
C16S-Z1r0,-0.9M 23.6% 3.0% 2% 95 2.8
C16S-ZrO,-1.2M 29.6% 2.9% 9.8 42 3.1
CsS-ZrO,(IEE) 50.4% 13.3% 26.4 20 22.3
CsS-ZrO,(EtOH) 17.2% 4.1% 23.8 26 0.6

a- weight loss %
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Chapter 5. Summary

5-1. Conclusions

The dependence of proton conductivities upon the pore sizes and surface properties of sulfated
ZrO, powders are compared and discussed. The proton conductivity increases with increasing
surface areas. In contrast, it increases as pore sizes decrease. Reduction in the pore size enhances
the conductivity till 2.8 nm. Post sulfation of the mesoporous ZrO, samples with a 0.9 M
H,SOy4 solution increases their bulk content of sulfated species by 9 times and effectively
promotes the conductivity from 2.0 t0'9.5 <10 S/em. This value is twice higher than that of
the commercial Nafion (5.2x107 S/cm). Polysulfated species, which is produced after
calcination of the S-doped ZrO, samples, introduces strong surface acid sites and
contributes to the high proton conductivity. Both high surface acidity and microporous
structure improve the capability of the samples for keeping water molecules at high
temperatures. However, the highest proton conductivity: was not given by these samples
with the highest surface acidity or microporous texture. Appropriate surface acidity and pore
size which exhibit adequate adsorption energy for water is required for efficient proton
transport. In summary, an optimal combination of both the pore size (0.6-2.8 nm) and

surface acidity can contribute to high proton conductivity.
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Appendix A. XPS patterns of S-ZrO,

C,S-ZrO,-sputter]
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Tio,-S
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Appendix A-1 XPS patterns of pure ZrO,
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Intensity (A.U.)

178 176 174 172 170 168 166
Binding Energy (eV)

Appendix A-2 The S (2p) XPS spectra of the C;6S-ZrO; impregnated with sulfuric acid at different

concentrations.
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Appendix A-3 The O (1s) XPS spectra of the C16S-ZrO; impregnated with sulfuric acid at different

concentrations.
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Appendix B. N, adsorption and desorption isotherm and BJH

pore size distribution of S-ZrO.,.
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Appendix B-1 N, adsorption and desorption isotherm and BJH pore size distribution of
S-ZrO,.
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Appendix B-2 (a) Nitrogen adsorption-desorption isotherms and (b) the corresponding pore
size distributions of the C;¢S-ZrO, sample impregnated with sulfuric acid at different

concentrations.
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Appendix C. SEM images of sulfatd ZrO,

A . ~ 1

15.0kV  X1,000 10pm WD 9.2mm SE ¥1,000 10um WD 9.1mm

Appendix C-1 SEM images for the C16S-Z1O; synthesized with different CTAB/Zr molar

ratios. (a) 0.25 (b) 0.38 (c) 0.50 (d) 0.63
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Appendix C-2 SEM images for (a) €1¢SS-Zr0; (b) S-ZrO; (c) CsS-Z1O, (EtOH) (d)

CsS-ZrO, (IEE).
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Appendix C-3 SEM irﬁégeé for the Clgs-ZrOz impregnated with éulﬁiric acid at different

concentrations. (a) C16S-Zr0; = 0.3M.(b) C16S-ZrO; - 0.6M (¢) C16S-ZrO, - 0.9M (d) C16S-ZrO; -
1.2M. (] 1 L\
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Appendix D. Water content of C1S-ZrO, series samples

Appendix D-1. The water content, proton conductivity and pore size of the C;¢,S-ZrO, series

samples
Proton Pore
CTAB/Zr WCrotal WCi00400  WCi00-400/WCotal . .
_ 5 Conductivity diameter
molar ratio (RT-400°C) (100-400°C) (x107)
(mS/cm) (nm)
0.25 21.5%° 3.3% 15.3 12 8.2
0.38 23.8% 4.2% 17.6 16 2.4
0.50 27.4% 5.1% 18.6 20 2.8
0.63 18.9% 3.2% 16.9 17 3.0

a- . weight loss%
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Appendix E. NH; TPD samples weight and patterns

Appendix E-1. The weight of the sulfated ZrO, sample

Sample Weight (g)
S-ZrO, 0.1260
C16S-ZrO; 0.1235
C16SS-ZrO, 0.1224
C165-Zr0,-0.3M 0.1256
C163-Z1rO-0.6M 0.1256
C165-2r0,-0.9M 0.1263
Ci65-ZrOz-1.2M 0.1248
C3S-ZrO-(IEE) 0.1230
C5S-ZrO,(EtOH) 0.1225

TCD Intensity (A.U.)

100 200 300 400 500 600
Temperature ("C)

Appendix E-2. The NH;3 TPD patterns for the C,¢S-ZrO, series samples
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Appendix F. TEM images of sulfated ZrO,
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Appendix F-1 TEM images for (a) C;6S-ZrO; (b) C16SS

CsS-Z10, (IEE).
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2 TEM images for the C;6S-ZrO, impregnated with sulfuric acid at different
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