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SUMMARY

Energy transfer processes accompany every elementary step of catalytic chemical
processes on material surface including molecular adsorption and dissociation on atoms,
interactions between intermediates, and desorption of reaction products from the catalyst
surface. Therefore, detailed understanding of these processes on the molecular level is of
great fundamental and practical interest in energy-related applications of nanomaterials.
Two main mechanisms of energy transfer from adsorbed particles to a surface are known:
(1) adiabatic via excitation of quantized lattice vibrations (phonons) and (ii) non-adiabatic
via electronic excitations (electron/hole pairs). Electronic excitations play a key role in
nanocatalysis, and it was recently shown that they can be efficiently detected and studied
using Schottky-type catalytic nanostructures in the form of measureable electrical
currents (chemicurrents) in an external electrical circuit. These nanostructures typically
contain an electrically continuous nanocathode layers made of a catalytic metal deposited
on a semiconductor substrate.

The goal of this research is to study the direct observations of hot electron
currents (chemicurrents) in catalytic Schottky structures, using a continuous mesh-like Pt
nanofilm grown onto a mesoporous TiO, substrate. Such devices showed qualitatively
different and more diverse signal properties, compared to the earlier devices using
smooth substrates, which could only be explained on the basis of bifunctionality. In
particular, it was necessary to suggest that different stages of the reaction are occurring
on both phases of the catalytic structure. Analysis of the signal behavior also led to
discovery of a formerly unknown (very slow) mode of the oxyhydrogen reaction on the

Pt/TiO,(por) system occurring at room temperature. This slow mode was producing

X1V



surprisingly large stationary chemicurrents in the range 10-50 pA/cm®. Results of the
chemicurrent measurements for the bifunctional Pt/TiO,(por) transducers were unusual in
many regards. Addition of various H, amounts to the initial 160 Torr O, atmosphere over
the sample led to well repeatable chemicurrents of both transient and steady-state
characters, depending on a specific H, addition procedure.

It is suggested that adsorption of hydrogen on Pt/TiO, structures leads to
dissociation of hydrogen molecules on Pt surface followed by “spillover” of hydrogen
atoms from Pt toward TiO, support. In contrast to oxygen, hydrogen manifests donor
properties by giving electrons to the TiO, conductance band and adsorbing as H" ions.
This effect is well illustrated with the I-V curves, showing highly conductive Ohmic
characteristics of the samples in H, atmosphere. Two versions of the spillover process
leading eventually to H' ion adsorption on TiO, will be considered: H-atom and proton
(pre-ionized H-atom) spillover.

This research work is a pioneering effort to challenge the direct utility of the non-
adiabatic electronic processes in catalytic nanomaterial systems, paving the road toward

novel energy conversion devices, solid-state chemical sensors and signal transducers.
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CHAPTER 1

LITERATURE REVIEW

1.1 Renewable Versus Non-renewable Energy

Although there are many ways to classify energy, it is broadly categorized into
two groups: non-renewable and renewable. Non-Renewable energy sources such as
natural gas, oil, coal, etc supply 80 % of total world energy demands (Abuelnuor et al.
2014). These sources are taken from sources that exist on the earth in limited volumes
and consequently at risk of complete consumption. One of the most significant
disadvantages with the use of non-renewable energy is that it is not environmentally
friendly. When it is burnt, carbon emission is released into the atmosphere that can have
serious effects on human health and global warming. It has been reported that 98% of
carbon emission is due to burning of fossil fuels (Balat et al. 2009). Also, the
concentration of carbon dioxide has been increased from 280 to 370 ppm over the last

decades (H. Lund 2007).

In recent years, renewable energies (also known as alternative sources of energy)
have attracted much attention as alternative sources of energy that can replace fossil fuels
(Brennan and Owende 2010; Balat 2011). Renewable energies can be generated from
many natural sources and can be used over and over without being depleted. These
sources are available in the abundant quantity and produce no pollutants into the
environment; therefore they are considered as clean energies. Many renewable energy
sources can be utilized instead of conventional fossil fuels. Presently, the sources of

renewable energy include sunlight, geothermal, tides, hydropower, wave, wind and



biomass which are mostly used in electricity generation, heating and motor fuels. Tidal
energy is harnessed by generators that utilize the flow of water controlled by tidal
streams. Although this type of energy is not widely used, it is an ideal energy source for
island countries (Charlier 2003). In addition, generation of electricity can be achieved
when the energy of ocean surface waves is captured by a wave energy converter. Wind
power can be converted to electricity or mechanical energy through wind turbines. To
date about 2% of worldwide electricity is provided by the wind turbines (Pazheri et al.
2014). Hydropower is used for generation of hydroelectricity via either the movement of
water through rivers and lakes or the potential energy of falling water. Hydropower
systems are constructed on small and large scales. Due to policies and regulations in
many countries, small-scale hydropower stations are preferred in rural areas whereas
large-scale hydropower is utilized when massive production of electricity is needed
(Koutsoyiannis 2011). Geothermal energy is a reliable way to take advantage of the
thermal gradients between the earth’s surface and core. At a geothermal power plant,
underground reservoirs of hot water or steam are transported to the surface through a well
under high pressure. Due to its cleanness and sustainability, geothermal energy is used in
applications such as geothermal heat pumps, space heating, greenhouse heating,
aquaculture ponds, agricultural crop drying, and snow melting (Lund et al. 2005).
Biomass energy refers to any living or recently living plant and animal materials that can
be used for heat and power generation through thermal, chemical, and biochemical
processes such as combustion, gasification, and pyrolysis (Gebreegziabher et al. 2014). It
has been postulated that biomass has the global potential to become one of the most

powerful and efficient sources of renewable energy in both industrialized and developing



countries during the next century (Fischer and Schrattenholzer 2001; Berndes et al.
2003). Direct combustion of wood, leaves and animal waste for non-commercial uses, i.e.
cooking and space heating, refers to traditional biomass energy whereas conversion of
biomass to biofuels (solid, liquid, or gas fuels) for electricity generation or transportation
is called modern biomass energy (Faaij 2006). The direct conversion of sunlight to
electricity through photovoltaic (PV) cells is being considered as one of the fastest
growing renewable energy technologies (Ginley et al. 2008). Photovoltaic cells are
prepared by forming a junction between n-type and p-type semiconductors, where n-type
denotes semiconductors in which majority carriers in the conduction band are electrons
and p-type represents semiconductors in which majority carriers in the valance band are
holes. A potential energy barrier exists at the interface between the n-type and p-type
semiconductors (p/n junction). There are four different types of energy barriers:
homojunctions, heterojunctions, heteroface structures, and Schottky barriers. In
homojunctions and heterojunctions, p/n junctions are created within the same
semiconductor and between different semiconductor materials, respectively. Heteroface
structures are similar to homojunctions but with larger bandgap semiconductors. A
Schottky barrier is a metal-semiconductor junction. The conversion of sunlight into
electricity in a photovoltaic solar cell is based on four major processes (Dhankhar et al.

2014):

* Absorption of photons from sun light.
* Generation and transport of electron-hole pairs (charge carriers) in a semiconductor.
* Separation of charge carriers by the potential energy barrier.

* Collection of electron-hole pairs at the solar cell contact.



Although 80% of the solar energy is absorbed by solar cells, only a fraction of the
absorbed energy can be converted into electricity. In the past few years, most efforts have
focused on improving the performance of solar cells (Pala et al. 2009; Bhaumik et al.
2014). Depending on the semiconductor materials used in the manufacturing of solar
cells, their theoretical efficiency can reach 86% under high intensity light (Makki et al.
2015). However, commercial solar cells have energy conversion efficiencies between 15

and 25% (Giines and Sariciftci 2008).

To date, three generations of solar cells have been introduced to the market. In
1954, the first generation solar cells, also known as conventional cells, were introduced
(Chapin et al. 1954). They are based on crystalline silicon (i.e. monocrystalline,
polycrystalline, and ribbon). Due to their high efficiency (15-20%), these types of
photovoltaic cells commercially dominate the solar cell technology, accounting for more
than 86% of the solar cell market. However, they require expensive manufacturing
processes (Green et al. 2012). In order to reduce the production costs, the second
generation solar cell technologies were introduced to the market (Shah et al. 2004;
Chopra et al. 2004). They are based on thin film technology, namely amorphous silicon,
cadmium telluride (CdTe), and copper indium gallium selenide (CGIS). Most thin film
solar cells are about 2—3% less efficient compared to silicon wafer-based cells (Shalav et
al. 2007). Improving the efficiency and reducing manufacturing costs of existing solar
cells have been the topics of research in the past few years. These efforts led to the advent
of third generation solar cells (Snaith 2013). Presently, the third generation technologies
include: nanocrystal, photo electrochemical, solid state dye-sensitized, polymer, quantum

dot-sensitized, nanoparticle sensitized semiconductors, and organic-inorganic hybrid



solar cells (Yang et al. 2014). However, relatively low efficiency of these types of solar
cells renders them unable to compete commercially with the current silicon-based cells
and thin film technologies. For example, the power conversion efficiency of quantum-

dot-sensitized solar cells (QDSSCs) is only 6% (Pan et al. 2013).

Among all renewable energy sources mentioned above, solar energy is one of the
most promising energies because it is abundant and inexhaustible (Ludin et al. 2014).
However, high manufacturing and installation costs and complicated technology have
constrained wide-spread implementations of solar cells. As a result, the last decades have
seen a renewed interest in other solid-energy conversion devices such as fuel cells,

thermoelectric, and thermionic generators.

1.1.1 Principle Mechanism and Types of Fuel Cells

Development of fuel cells is being considered as one of the most important
aspects of material science and engineering (Chandan et al. 2013). Fuel cells are used in a
broad range of applications, namely portable power generation, transportation, stationary
power generation, and mobile technologies (laptop computers, cellular phones, etc.)
(Kerres 2005). A fuel cell is an electrochemical conversion device that converts the
chemical energy into electrical work via a chemical reaction between a fuel (hydrogen,
natural gas, or methanol) and an oxidizing agent (oxygen, air, or hydrogen peroxide)
(Winter and Brodd 2004). Most commercial fuel cells operate with hydrogen and oxygen
gases. Since water is the only by—product of this reaction, fuel cells have a significant
contribution in reducing greenhouse carbon dioxide emissions. Also, in contrast to

conventional fossil fuels, no combustion is required for production of electricity in fuel



cells. Similar to batteries, in fuel cells electrical energy is produced through oxidation-
reduction (redox) reactions at the boundary of electrode/electrolyte interface. Fuel cells
are open systems where the reactants are supplied externally. This means that fuel cells
are able to continuously generate electricity as long as hydrogen and oxygen sources are
supplied to the electrodes. However, batteries are closed systems in which chemical
energy is stored inside of batteries. Once this stored chemical energy is consumed,

batteries should be recharged (i.e. lead-acid, lithium ion, nickel cadmium, etc.).

Each fuel cell consists of an electrolyte and two electrodes: an anode (negative
electrode) and a cathode (positive electrode). The electrodes are separated by the
electrolyte and connected via an external circuit. At the anode, hydrogen molecules are
separated into protons and electrons. The electrolyte allows only protons to pass through
it to the cathode. The electrons must move along an external circuit, producing electricity.
At the cathode, the electrons react with protons and oxygen molecules, generating water

and heat. The electrode reactions and overall fuel cell reaction are as the following:

anode: H, —» 2H +2¢ (1-1)
cathode: O, +4H" + 4¢" — 2H,0 (1-2)
overall: 0, + 2H,; — 2H,0 (1-3)

Fuel cells are generally classified by their operating temperature and the chemical
properties of the electrolyte they use (Lucia 2014). Table I shows the most common types

of fuel cells.



Table L. Fuel cells classification (Lucia 2014)

Fuel cell type Operating temperature Electrolyte Electrodes Catalyst | Interconnect Charge
O carrier
40-80
Polymer electrolyte Hydrated polymeric ion Carbon Platinum Carbon or H
membrane exchange membrane metal
Alkaline 65-220 Mobilized or immobilized
potassium hydroxide in Platinum Platinum Metal OH
asbestos matrix
Phosphoric acid 205 Immobilized liquid Carbon Platinum Graphite H
phosphoric acid in SiC
Molten carbonate 650 Immobilized liquid molten Nickel and Electrode Stainless
carbonate in LiAlO, nickel oxide material steel or CO;"
nickel
Solid oxide 600-1000 Perovskites (ceramics) Perovskite and Electrode Nickel,
perovskite/metal | material ceramic or 0)
cermet steel




Alkaline fuel cells (AFCs), polymer electrolyte membrane fuel cells (PEMFCs),
and phosphoric acid fuel cells (PAFCs) are known as low-temperature fuel cells because
they operate at temperatures less than 220°C. The high-temperature fuel cells include
molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) that operate at
temperatures above 650°C. It has been shown that high-temperature fuel cells are
generally more efficient than low-temperature fuel cells (Tomczyk 2006). AFCs use
potassium hydroxide (KOH) as the alkaline electrolyte which enhances the oxygen
reduction compared to acid fuel cells. The concentration of KOH is usually in the range
of 30—45 wt%. The formation of carbonates resulting from the interaction between the
electrolyte and CO; in air can significantly reduce the performance of AFCs (Geeter et al.

1999). This reaction can be shown as the following:

CO, +20H — (CO3)* + H,0 (1-4)

The electrolyte in PEMFCs is an acidic polymer membrane which conducts only
protons. On the other hand, neither electrons nor gasses are allowed to pass through the
electrolyte. Low operating temperature (40—80°C) and high power density (20—250 kW)
are the main advantages of PEMFCs. These features are being utilized for the power
sources in various modes of transportation, including light-weight vehicles, buses, etc.
(Wang et al. 2011). Recently, TiO, composite membrane use has been reported as a new
technology for improving the performance of PEMFCs (Abdullah and Kamarudin 2015).
PEMFCs containing TiO; have higher proton conductivity compared to the conventional
PEMFCs. Also, these modified PEMFCs have higher thermal resistivity and stability and

they can be used at elevated temperatures (up to 250°C) (Gandhi et al. 2012).



PAFCs, which use phosphoric acid as the electrolyte, were the first commercial
fuel cells (Ellis et al. 2001). They are primarily used in stationary power generators with
output in the 5 to 20 MW range (Carrette et al. 2001). The electrical efficiency of PAFCs
is about 37%, but it can be increased up to 70% when they are used in combined heat and

power applications (Sammes et al. 2004).

MCFCs usually use molten LiK or LiNa carbonates as the electrolyte which is
suspended by a ceramic matrix such as LiAlO,. Stationary power plants and heat
cogeneration are their main applications (Buonomano et al. 2015). In contrast to low-
temperature fuel cells that use hydrogen as fuel, other types of fuels such as natural gas,
methane, and biogas can be used in MCFCs. Also, porous nickel as an anode and porous
nickel oxide (NiO) as a cathode are used in MCFCs instead of noble metals (Minh 1988).
It has been reported that doping of nickel with Cr or Cu can improve the stability and
creep resistance of the cathode (Dicks 2004). One of the disadvantages of MCFCs is the
dissolution of nickel oxide in the electrolyte due to operating at high temperatures
(650°C). The use of additives such as MgO, BaCOs, and SrCOs has been suggested to
reduce the solubility of NiO in molten metal carbonates (Scaccia 2005). When MCFCs
are combined with other electric generators, their efficiency can be reached up to 50%

(Carrette et al. 2001).

SOFCs use a solid oxide material as the electrolyte instead of a liquid electrolyte.
This electrolyte conducts oxygen ions (O”) that are reduced at the cathode. Yttria-
stabilized zirconia (YSZ) is the most commonly used ceramic for the electrolyte due to its

high ionic conductivity, mechanical strength, and chemical stability at elevated



temperatures (Ormerod 2003). Unlike low-temperature fuel cells which require separate
fuel processors to produce hydrogen needed for fuel cells, in SOFCs internal reforming of
hydrocarbon fuels (catalytic conversion of a hydrocarbon fuel to H, and CO) can be
directly obtained on the anode. This is due to their elevated operation temperatures of
600—1000°C. H, and CO produced from internal reforming are oxidized to H,O and CO,,
generating electricity and high temperature heat. Furthermore, this heat can be used in a
gas turbine or a combined heat and power system, increasing the overall efficiency of

SOFCs. The basic reactions described above can be shown as the following:

cathode: 0, +4e — 20% (1-5)

anode: H, + 0 — H,0 + 2¢ (1-6)
CO+ 0" - CO, +2¢

overall: H,; + O, + CO — H;0 + CO, + Heat (1-7)

1.1.2 Thermoelectric and Thermionic Generators

Thermoelectric (TE) generators are another type of solid-state device that
converts thermal energy directly into electrical energy by employing temperature
gradients across low bandgap semiconductors. TE generators are composed of p-type and
n-type semiconductors that are connected electrically in series. Figure 1.1 shows the
schematic of a thermoelectric generator. When a temperature difference is applied to the
junctions of n-type and p-type materials, charge carriers (electrons and holes) are driven

from the hot side (Ty) to the cold side (T.) of a TE generator. The diffusion of charge
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carriers produces electricity through an external load. This physical process is widely

known as Seebeck effect.

Electrical output

Figure 1.1. Schematic of a thermoelectric generator made of n-type and p-type
semiconductors

The efficiency of a thermoelectric generator is expressed as (Snyder 2008):

_ AT VI+ZT-1 18
nm= Tp, NI+ZT+T./Ty (1-8)

where AT/T, and ZT are the Carnot efficiency and figure of merite of TE materials,

respectively. ZT is a dimensionless parameter that expresses the performance of
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thermoelectric materials. It relies directly on material properties and operation

temperature as the following:

ZT=—T (1-9)

where a is the is the Seebeck coefficient of the material (V-K™), p is the electrical
resistivity of the material (Q-m), « is the thermal conductivity of the material (W-m™"-K™"),
and T is the absolute Temperature (K). Older TE materials such as bismuth telluride
alloys (Bi,Tes) have a ZT of about 1 that can provide the efficiency of only 4—7% (Sofo
and Mahan 1994). The efficiency of thermoelectric generators can be improved by
increasing ZT of TE materials. One method to acquire this result is to increase the
Seebeck coefficient by using nano-structured, nanowires, thin-film superlattice, and
quantum well materials (Snyder and Toberer 2008). Recent advances in the field of
thermoelectric materials have demonstrated that materials with ZT above 2 can increase
the TE generators efficiency up to 15 % (Baranowsk et al. 2014). Due to their low
efficiency, to date thermoelectric generators have not been able to compete commercially
with other solid-state devices in energy conversion applications. Instead, they have been
limited to harvesting high temperature energy through the recovery of industrial waste

heat in small-scale applications (Wang et al. 2014).

Thermionic generators, similar to thermoelectric devices, use a temperature
difference to convert thermal energy into electricity. A thermionic generator consists of
two electrodes: an emitter cathode and a collector anode. When the cathode is heated to a

sufficiently high temperature, it will emit high energy electrons. This process is known as
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thermionic emission. These hot electrons ballistically move over the internal potential
barrier toward the cold anode (Humphrey et al. 2005). The potential barrier between the
hot cathode (with a high work function) and the cold anode (with a low work function) is
used to separate the electric charge. Although both thermionic and thermoelectric
generators utilize a temperature gradient for generation of high energy electrons,
thermionic generators are generally more efficient than thermoelectric devices due to
their different current flow mechanisms. In thermionic generators, the movement of
electrons is ballistic whereas the current flow in thermoelectric generators is diffusive

(Mahan et al. 1998; Xuan and Li 2003).

A great research effort has been devoted to employ internal thermionic emission
into the thermoelectric materials via development of semiconductor superlattice
nanostructures (Whitlow and Hirano 1995; Hyldgaard and Mahan 1997; Zeng et al.
2006). It has been demonstrated that the intrinsic potential barrier of heterogeneous
metal-semiconductor structures can serve as a filter to selectively pass only electrons with
high energy. Consequently, phonons and lower energy electrons are prevented from
going ballistically over the barrier. This internal potential barrier combined with Seebeck
effect can significantly enhance the efficiency of thermionic generators. The thermionic

current per unit area can be calculated using the Richardson equation (Lough et al. 2001):

]=AT2eXp(};TM;) (1-10)
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where A = 120 A/cm?® K? is the effective Richardson constant, T is the temperature, W is
the work function of the metal and kg is the Boltzmann constant. Since all electrons are in
thermal equilibrium, increasing the work function (potential barriers) of the metal will

reduce the thermionic emission current in accordance with the Richardson equation.

1.2 Electronic Excitations Induced by Exothermic Reactions on Catalytic Metal
Surfaces

Energy can be dissipated into electronic levels of a metal surface via exothermic
chemical processes, inducing the following primary electronic excitations (Greber 1997,

Nienhaus 2002):

¢ Phonons emission
e Photons or surface chemiluminescence
e Exoelectrons emission into vacuum

* Electron-hole (e-h) pairs

Phonons energies are much smaller compared to chemical energies. This implies that
phonons should be excited in multiple excitation steps for the direct dissipation of energy.
The direct transfer of the chemical energy into the phonons system of the metal is called
adiabatic process. When the electronic subsystem of a metal is excited through
exothermic reactions, electrons or photons with energies greater than the metal work
function can leave the metal surface. The emission of excited electrons and photons are
referred to as exoelectron emission and surface chemiluminescence, respectively. Also,

exothermic surface reactions may lead to the creation and ballistic traverse of electron-
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hole pairs in metals. These electronic excitations are known as nonadiabatic processes
(Bottcher et al. 1990). Figure 1.2 illustrates the schematic of these elementary excitations

for an exothermic reaction (adsorption process).

Gas molecules

Exoelectrones

Photons ]
Chemiluminescence
( X ) Qj

Exothermic EIectron hole pairs
reaction
A/";.’;;;

Phonons Heat
Metal

Figure 1.2. Schematic of elementary excitations in a metal including exoelectrons,
photons, phonons, and electron-hole pairs (Nienhaus, H 2002)

The direct detection of exoelectron emission and surface chemiluminescence has
been challenging for a long time because they can only be excited in a metal with a work
function less than 3 eV, while most catalytic metals have higher work functions. One
example of exoelectron emission is the reaction of halogen gases with alkali metals
(Bottcher and Niehus 2001). However, the detection of excited electrons or holes by the
use of metal-semiconductor structures (Schottky diodes) has gained much attention in the
past few years (Nienhaus 2002; Park et al. 2007; Karpov et al. 2013). In particular, hot
electrons and hot holes with energies larger than the Schottky barrier can be detected in
n-type and p-type semiconductors, respectively. In the n-type semiconductor, the

Schottky barrier height (®,) is defined as the difference between the interfacial
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conduction band minimum and the Fermi energy. In the p-type semiconductor, the
Schottky barrier height (®,) is the difference between the valance band maximum and the
Fermi level at the interface. The principle of hot charge carriers is schematically depicted
in Figure 1.3. In the following sections, the properties of these hot charge carriers will be

discussed.

(a) (b)

Particle

Metal n-Semiconductor Metal p-Semiconductor

Figure 1.3. Principle of hot charge carriers in the (a) n-type Schottky diode, (b) p-type
Schottky diode (Nienhaus, H et al., 2002)

1.2.1 Mean Free Path of Electrons in Metals

The theoretical mean free path of electrons (A) in metals is defined as (Frese and

Chen 1992):

(1-11)
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where e is the electron charge, n is the volume density, ¢ is the electrical conductivity,
and mevr is the momentum at Fermi level. The mean free path of electrons at 295 K in
some metals is presented in Table II. Exothermic reactions generate hot electrons with
energies of 1-3 eV and very short period of lifetimes in the reorder of tens of
femtosecond (Park et al. 2007). In this range of chemical energy, the mean free path of
electrons in metals is typically 10 nm. Consequently, a catalytic metal with the thickness
of ~ 5-15 nm can be used to collect the hot electrons as they traverse ballistically across

the metal-semiconductor interface.

Table II. Mean free path of electrons at 295 k in some metals (Frese and Chen 1992)

Metal A (nm)
Ag 52.5
Al 14.5
K 30.0
Na 30.0
Au 38.0
Cu 39.0
Ni 10.5
Pd 10.5
Pt 7.8

1.2.2 Chemicurrent Detection with Metal-semiconductor Structures

When an exothermic chemical reaction such as oxidation of hydrogen to water

occurs on the catalytic cathode (e.i palladium), the electrons that carry energies above the
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Fermi level will overcome the potential barriers and move towards the n-type
semiconductor anode (i.e. monocrystalline silicon carbide). The electrons will then be
relaxed and returned to the cathode via the back Ohmic contact of an external circuit. The
current generated through this process is called chemicurrent. Since an in-situ chemical
process can only be initiated on the cathodes with high catalytic activities, this device is
referred to as the catalothermionic power generator (Karpov and Nedrygailov 2009).
Figure 1.4 shows the schematic of this device.

Pd 6H-SiC Ohmic
15nm 7-1YPe pack contact

Pd 6H-SiC
(15 nm) n-type

Figure 1.4. Schematic of a catalothermionic power generator. @, E, E¢, and E, are the
barrier height, conduction band bottom, Fermi level and valence band top, respectively
(Karpov and Nedrygailov 2009)

The in situ exothermic chemical reaction in Schottky nanostructures could not
only provide required temperature gradients but also enhance the excitation of hot
electrons from the metal to semiconductor. The quantum efficiency of catalothermionic
power generators is defined as the number of hot electrons received by an external load to
the number of water molecules produced during the process of hydrogen oxidation. It has
been shown that a quantum efficiency of 0.2 could be achieved for the catalytic oxidation
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of hydrogen on Pd/n-SiC-6H nanostructures at temperature T= 660 K (Karpov and
Nedrygailov 2009). This value is significantly larger than the quantum efficiency of 107
for emission of excited electrons into vacuum (Greber T 1997). The magnitude of
chemicurrent strongly depends on gas molecules participating in surface reactions, the
catalytic activity of metals, operating conditions such as temperature and total pressure,
the metal film thickness, the potential barrier height of semiconductors and etc. It has
been demonstrated that the chemicurrent value for Cu/n-Si(111) Schottky diode upon
exposure to atomic hydrogen was about 2.5 pA (Nienhaus et al. 2002). The chemicurrent
was increased about 10 times after annealing of the diode. The enhancement of current
was contributed to an increased of the mean free path of hot electrons in the annealed
sample. The same researchers investigated the effect of metal film thickness on
chemicurrent measurements for Ag/n-Si(111) Schottky diode during atomic hydrogen
exposure. Their results showed that chemicurrent values of 12 and 100 pA could be
obtained for the Ag thickness of 22 and 7.5 nm, respectively. This implies that the
detection of chemicurrent can be increased if the metal film thickness is in the order of
the mean free path of hot electrons (~ 10 nm). The influence of metal surface temperature
on chemicurrent measurements was studied during oxidation of carbon monoxide with a
mixture of 100 Torr of O, and 40 Torr of CO on Pt/TiO, and Pt/GaN Schottky diodes
(Park et al. 2007). In the case of Pt/TiO, the chemicurrent increased exponentially from
60 to 200 nA in the 473—553K range. However, the chemicurrent for Pt/GaN sample was
found to be 120 nA at 553K. It was suggested that chemicurrent measurements could be

influenced by the interface roughness of metal-semiconductor at high temperatures.
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In this work, it will be demonstrated that the catalytic oxidation of hydrogen on a
continuous 15 nm Pt film deposited on mesoporous TiO, structures results in a
surprisingly high stationary chemicurrent in the range of 10—50 pA at room temperature.
It will be shown that the chemicurrent highly depends on the properties of metal-

semiconductor interface and concentration of hydrogen molecules.

1.3 Catalytic Combustion Processes

Catalytic combustion has become one of the primary routes for the production of
energy and heat due to rising environmental and economic concerns (Groppi et al. 2009).
Catalytic combustion of oxidizing fuels has been extensively investigated both
experimentally and computationally in the past few years. From a practical viewpoint,
catalytic combustion reactions are useful in numerous engineering applications such as
large thermal power plants, micro-reactors for portable power generation, car exhaust
emission control, catalytic afterburners and household burners (Trimm 1983; Schmidt
1990). The main difference between conventional (homogeneous) combustion and
catalytic combustion is that the former can only operate within specific air to fuel ratios
(flammability limits), while the latter is known as a flameless process. High-temperature
stability and low-temperature activity of catalysis should be considered as the main

criteria for developing and improving of combustion processes.

1.3.1 Catalytic Combustion of Methane
Complete combustion of methane, the main component of natural gas, has

advantages over other hydrocarbons regarding environmental concerns such as low
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emission of NOy. Mass and heat transfer are the most important parameters in the kinetics
of catalytic combustion of methane. The principle trend of methane conversion versus
temperature can be described as the following (Lee and Trimm 1995): initiation of
oxidation occurs as temperature is increased. This temperature depends on the
concentration of methane and catalyst materials. By increasing the temperature, the rate
of reaction increases exponentially and is instead controlled by the combustion-generated
heat rather than the heat supplied. After this point, the reaction is controlled by mass

transfer until all reactants will be completely consumed (light off temperature).

Many researchers have studied catalytic oxidation of methane on different metal
oxides such as Co304, Al,O3;, ZnCrO4 and Cr,03, noble and transition metals such as Pt,
Pd, Rh, Fe, Co and Ni (Kul Ryu et al. 1999; Artizzu et al. 1999; Choudhary et al. 2002;
Enger et al. 2008). Superior activity of noble metals compared to transition metal oxides
make them better candidates for low-temperature combustion. These noble metals can be
used either with or without a substrate. Supported catalysts improve the catalytic activity
by increasing dispersion of noble metals in addition to preventing the aggregation of

active metals at elevated temperature during combustion processes.

Platinum and palladium are the most common noble metals which have been used
for the oxidation reaction, due to high volatility of other noble metals (Baldwin and
Burch 1990; Pavlov and Qiao 2012). It was observed that the ratio of O,:CH4 had a
significant impact on the oxidation of methane over Pt and Pd deposited on alumina
substrate (Trimm and Lam 1980; Mouaddib et al. 1992). Carbon dioxide and carbon
monoxide are formed under oxygen-rich and oxygen deficient atmospheres, respectively.

Also, it was reported that presence of CO in the feed had no effect on the methane
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conversion under both rich and lean oxygen conditions (Oh et al. 1992). Increases in size
of Pt or Pd particles and the concentration of particles increase the overall rate of
methane oxidation; this proves the reaction is sensitive to surface morphology.

The behavior of Pt-based catalysts during the oxidation and reduction of Pt has
been shown to be strongly affected by the support material. For example, it has been
reported that Al,Os; enhanced the reoxidation of Pt compared to ZrO, (Ciuparu and
Pfefferle 2001). At low temperatures, Pt/Al,O3 shows the highest activity which is likely
due to the greater surface area to volume ratio than exhibited by other support materials.
At temperatures sufficiently high, however, the surface area of Al,O; decreases due to
sintering and other energy minimization mechanisms; at this point other catalysts gain
more attention. It has been shown that Pt/ZrO, is a very active catalyst for temperatures
between 620 and 800 °“C, while for temperatures above 800 ‘C Pt/LaMnAl,;;Oyy is a better
candidate for combustion of methane (Persson et al. 2006). It is well known that
palladium-supported catalysts show higher activity for methane combustion under lean
conditions compared to platinum-based catalysts. There is a general consensus that
several factors such as Pd loading, metal precursor and pretreatment conditions have
great effect on activity of palladium-supported catalysts (Burch et al. 1996). An excess of
oxygen during the oxidation of palladium reduces the particle size of Pd, further
oxidation of these small crystallites leads to production of palladium oxide (PdO). It has
been shown that PdO is the active form of palladium in methane combustion on Pd
supported catalysts (Yang et al. 2000; Eguchi and Arai 2001). The catalytic behavior of
palladium is affected by the type of the support regarding Pd dispersion and Pd-support

interaction. For this purpose, various types of metal oxides such as SiO,, NiO and CeO;-

22



ZrO; have been extensively studied (Bozo et al. 2000; Yang et al. 2002). Due to high
specific area and low manufacturing costs, Al,O; is the most commonly metal oxide used
in the methane combustion at low and moderate temperatures (Yang et al. 2000;
Kucharczyk et al. 2004). However, at high temperatures alumina is not very stable and
foreign ions such as lanthanum (LA) and barium (Ba) were added to improve the thermal
stability of alumina which increased the catalytic activity of Pd/Al,O; (Thevenin 2003). It
was found that the methane conversion on Pd/Al,O; was significantly affected by
operation temperature depending on PdO activity (Persson et al. 2006). PdO forms
between 300 and 400 °C and is the most active phase of palladium for methane
conversion up to 770 °C, but beyond this temperature PdO transforms to less active

catalytic form of Pd leading to decrease of conversion.

1.3.2 Catalytic Combustion of Hydrogen

Hydrogen, the most abundant element in the world, is known as one of the lightest
and cleanest energy carriers that has been the subject of remarkable interest in many
applications such as fuel cell and micro-combustion technologies (Dunn 2002).
Significant use of hydrogen fuel over other conventional fossil fuels contributes to the
reduction of greenhouse gas emissions such as CO, NOy, SO, non-methane
hydrocarbons (NMHC) and particulates in which outstandingly improves air quality,
human health problems and climate changes (Jacobson et al. 2005). Water vapor is the
only product of catalytic combustion of hydrogen when it is carried out in the mixture
with pure oxygen. In addition to cleanliness and sustainability, other considerable

characteristics of hydrogen combustion, such as wide range of flammability, high
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diffusivity, low ignition energy, and high energy density have been utilized in both small

and large catalytic combustors (Elam et al. 2003).

Due to complicated interactions between homogeneous (gas-phase) and
heterogeneous (gas/catalyst interface) reactions, the two main processes during a
combustion, kinetic mechanisms of many systems are not very well understood. An
exception is the oxidation of hydrogen. A great many investigations have been devoted to
address the role of homogeneous and heterogeneous chemistries in the bifurcation
behavior of hydrogen combustion mechanism (Ikeda et al. 1995; Rinnemo et al. 1997;
Brady et al. 2010; Fernandes et al. 1999). When the surface temperature is very low,
neither gas-phase nor surface reactions occur. At very high surface temperature all of the
hydrogen molecules are depleted due to severe homogenous reactions and no
heterogeneous reaction is possible at the surface. Depending on the surface temperature
of catalyst, ignition and extinction temperatures, surface activity of catalyst,
concentration of H,/O, mixture and flow-rate of reactant stream, several regimes are
distinguished in oxidation of hydrogen as following:

(1) Only the surface reaction takes place.

(2) Only homogeneous reactions occur.

(3) The surface reaction is prevented by gas-phase reactions.

(4) Homogeneous reactions are prevented by the surface reaction.

There is a general agreement that heterogeneous chemistry controls the overall
reaction at low temperatures, whereas homogeneous chemistry dominates at high
temperatures. In particular for fuel-lean mixture, heterogeneous reaction can take place at

the ignition temperature of 400 K and the room temperature extinction, whereas the
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ignition and extinction temperature of homogeneous reactions occur at temperature
around 1000 K (Park et al. 1998). The primary investigations on hydrogen oxidation
chemistry revealed that 20 reactions and 9 species are involved in the homogenous
process (Miller and Bowman 1989). Table III shows these 20 reversible reactions where
M represents third-body species.

Table III. Kinetic mechanisms for homogeneous hydrogen oxidation (Miller and
Bowman 1989)

Reaction No. Reaction

1 H,+ O, 20H

2 OH +H,; & H,O0 +H

3 OH+0O < O,+H

4 OH +H, &+ OH+H

5 H+0,+M < HO,+M
6 HO,+ OH < H,O + O,
7 HO,+H < 20H

8 HO,+ O <> OH + O,

9 20H < H,0+0O

10 2H+M - H,+ M

11 2H+ Mo H, + M

12 2H+M - H,+ M

13 H+OH+M < H,0+M
14 H+O+M - OH+M
15 20+t M0+ M

16 HO,+H < H,+ O,

17 2HO; «& HyO2+ Oy

18 H,0,+M < 20H+M
19 H,O0,+H < HO,; + H,
20 H,0,+ OH< H,O + HO,
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Mass spectrometry and laser-induced florescence (LIF) techniques have been
used to study the kinetics of individual steps of homogeneous and heterogeneous
reactions over Pt surface (Williams et al. 1992). LIF technique provides more quantitative
information about the chemistry and the kinetic of all species such as OH which is
produced at slower rate compared to other radical species in the reaction. Also, LIF can
be used at high surface temperature and any hydrogen-oxygen pressure; whereas other
techniques can be applied only in ultra-high vacuum condition and low surface
temperature. Table IV summarizes the heterogeneous reactions mechanism of hydrogen

oxidation over platinum surface where (s) denotes surface adsorbed species.

Table IV. Kinetic mechanisms for heterogeneous hydrogen oxidation over platinum
surface (Williams et al., 1992)

Reaction No. Reaction

1 H(s) + O(s) <> OH(s) + Pt
2 OH(s) + Pt «> H(s) + O(s)
3 H(s) + OH(s) «>H,O(s) + Pt
4 H,0(s) + Pt <> H(s) + OH(s)
5 20H(s) <> H,O(s) + O(s)
6 H,O(s) + O(s) <> 20H(s)
7 H, + 2Pt 2H(s)
8 2H(s) «> H, + 2Pt
9 Oyt 2Pt 20(s)

10 20(s) «> O, + 2Pt

11 H,0 + Pt H,O(s)

12 H,O(s) «» H,O + Pt

13 OH(s) «>OH + Pt
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It can be seen that the chemistry of heterogeneous hydrogen oxidation follows the
Langmuir-Hinshelwood mechanism. When hydrogen and oxygen molecules adsorb on
the platinum surface, they dissociate to adsorbed species of H(s) and O(s), respectively.
H(s) and O(s) are combined to produce an unstable OH(s). Then, this active radical
species is transformed to H>O(s). Finally, desorption of H,O(s) occurs at low temperature
and H,O is formed in the gas phase.

The role of surface temperature in the coverage of adsorbed species has been
addressed (Vlachos and Bui 1996). Since hydrogen gas has both low molecular weight
and high sticking coefficient, the adsorption rate of H, molecules is significantly higher
compared to O, molecules at low temperatures. Below the ignition temperature, the H(s)
is the dominant species sticking on the surface. As the surface temperature is increased,
the system tends to ignite adsorbed hydrogen. Consequently, excessive O, molecules
above the surface adsorb with a higher rate than that of H, molecules and they dissociate
to O(s). After ignition up to high temperatures, a phase transition occurs and the surface
is covered with O(s). Also, it has been shown that the coverages of surface species
depend on the ratio of H,/O, (Fernandes et al. 1999). In a fuel-rich mixture (H»/O, > 1),
excessive H(s) immediately reacts with OH(s), resulting in very low coverage of OH(s).

The pathway for H>O production is as the following steps:

H(s) + O(s) <> OH(s) + Pt (1-12)
H(s) + OH(s) <> H,O(s) + Pt (1-13)
H,0(s) <> H,0 + Pt (1-14)
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In a fuel-lean mixture (H»/O, < 1), since excessive O(s) is the dominant species
on the surface, OH(s) will be recombined with itself. High coverage of OH(s) leads to a
different pathway which is slower than the surface reaction mechanism of a fuel-lean

mixture. This surface reaction pathway can be expressed as the following:

20H(s) <> H,O(s) + Pt (1-15)

H,O(s) + O(s) <> H,0 + Pt (1-16)

It has been shown that platinum provides a source of OH(s) in a fuel-lean mixture
at high temperatures that assists homogenous combustion on the surface (Park et al.
1998). In contrast, this behavior has not been observed in a fuel-rich mixture.

In this work, the focus of our experiments was mainly on the heterogeneous
reaction of a fuel-lean of hydrogen and oxygen mixture over a catalytic surface at low
temperature. This approach helped us to avoid any possible gas-phase combustion in the

system at elevated temperatures.

1.4 Properties of Titanium Dioxide Materials

Titanium dioxide (TiO,), also known as titania, has been used extensively in
many technological applications such as heterogeneous catalysis, photocatalysis, gas
sensors, solar cells, white pigments, self-cleaning coatings, lithium-based batteries and
memristors (Li et al. 2000; Diebold 2003; Lin et al. 2003). TiO; is found in three
different mineral structures in nature: anatase, rutile and brookite. Anatase type TiO; has
a tetragonal structure and its application is mainly in solar cells and photocatalysis

because of its high electron mobility and low density (Carp et al. 2004). Rutile type TiO,
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also belongs to the tetragonal structure. It has been reported that this type of titania has
very poor photocatalytic activities but it is mainly used in white pigments (Sclafani et al.
1990). Brookite TiO, has an orthorhombic crystal structure. Due to its complicated
structure, it has been reported that brookite structure is not a preferred form of TiO, for
experimental investigations (Thompson and Yates 2006).

Various methods are applied to synthesize titanium dioxide in the configuration of
thin films, powder and crystals (Carp et al. 2004). Thin films can be prepared using
precipitation methods (Poznyak et al. 1998; Pedraza and Vazquez 1999), solvothermal
methods (Aruna et al. 2000), electrochemical synthesis (Matsumoto et al. 2000),
chemical vapor deposition (CVD) and physical vapor deposition (PVD) (Jones and
Chalker 2003). Microemulsion method is used for fabrication of nanoparticles (Chhabra
et al. 1995). Sol-gel methods (Iwasaki et al. 1998), and spray pyrolysis deposition
(Ahonen et al. 1999) are applied for the synthesis of both thin films and powders.
Complicated techniques such as molecular beam epitaxy, ion implantation and dynamic
ion beam mixing are used rarely compared to other methods mentioned above (Ong and

Wang 2001; Herman and Gao 2001; Murakami et al. 2001).

1.4.1 Photocatalytic Properties of TiO;

Titanium dioxide has been known as an ideal photocatalytic material in
wastewater treatment technology, purification of air and water-splitting for hydrogen
production because of its remarkable features, such as high chemical stability, large
negative conduction band, non-toxicity and low cost. Anatase structure has a higher
photocatalytic activity than that of rutile and brookite structure, due to higher Fermi level

and larger hydroxyl groups on the surface (Tanaka et al. 1991). Although some
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researchers have reported that a mixture of anatase (70—75%) and rutile (30—25%) shows
higher activity than pure anatase (Muggli and Ding 2001; Ohno et al. 2001). Beside the
crystal structure, several factors, such as noble metals doping on the surface, mean pore
size, specific surface area, synthesis procedures and porosity can enhance the
photocatalytic activity of TiO, (Harada and Ueda 1984). Among all different types of
commercial TiO, photocatalysts, Degussa P25 is commonly used in photocatalytic

reactions.

TiO, as an n-type semiconductor has a wide energy band gap of 3.2 and 3.02 eV
for the anatase and rutile structures, respectively (Wold 1993). A photon with energy
equal or greater than the band gap is required to excite the electrons in the valance band
into the conduction band of TiO; structure. For electron excitation to the conduction
band, TiO; is only able to absorb photons with wavelengths equal to or less than 384 nm.
This implies visible light is not a suitable light source for photocatalytic activity of TiO»;
hence numerous experiments have been carried out under UV radiation for excitation
processes (Legrini et al. 1993; Hoffmann et al. 1995; Alfano et al. 2000). When TiO,
surface is illuminated by UV radiation, electron-hole pairs are generated due to the
promotion of excited electrons to the conduction band and formation of positive holes in
the valance band. These electron-hole pairs can recombine on the TiO, surface. The
recombination of electrons and holes leads to the generation of heat or photons that
decreases the photocatalytic activity of TiO,. However, the electrons and holes that are
not recombined in the bulk can migrate to the surface and participate in oxidation-
reduction processes. Therefore, the competition between electron-hole recombination and

electron-hole trapping indicates that the latter improves the photocatalytic activity of
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TiO, (Wold 1993). It has been shown that the formation of electron-hole pairs is very
useful in either hydrogen production from water splitting or photocatalytic degradation of
organic or inorganic pollutants (Wold 1993; Ni et al. 2007; Thiruvenkatachari et al.

2008).

The potential of a semiconductor band structure plays a crucial role in
photocatalytic water splitting process. For efficient photocatalytic hydrogen production,
the valence band of a photocatalys should be more positive than the oxidation potential of
water and its conduction band level should be more negative than the potential of
hydrogen evolution. It has been reported that semiconductors such as TiO,, ZrOs,,
CaTiO;, KTaOs3 and Ta,0s can satisfy this thermodynamic condition (Hashimoto et al.
2005). However, TiO, is much more effective compared to other semiconductors because
of its more photocatalytic activity. The mechanism of water splitting for hydrogen
production using TiO; photocatalyst is very similar to electrolysis. Water molecules react
with generated positive holes to produce O, and H'. Consequently, H' ions are reduced
by the exited electrons to form hydrogen molecules. The principle mechanism described

above can be shown as the following steps (Hashimoto et al. 2005):

TiOy +hv —e +h' (1-17)

2H,0 + 4h"—0,+ 4H" (1-18)

2H +2e — H, (1-19)
The overall reaction is

2H,0 + 4hv—0,+ 2H, (1-20)
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Photocatalytic water splitting by TiO, has been used in energy conversion
devices. Compared with the conventional fuel cells, the energy conversion efficiency of
these devices is still low. The main reasons for low efficiency of solar photocatalytic

devices can be listed as (Ni et al. 2007):

¢ Short lifetime and fast recombination of conduction band electrons with valance band
holes
*  Quick backward reaction of hydrogen and oxygen

* Limited utilization of solar radiation energy

In order to enhance the solar photocatalytic activity of TiO,, several techniques
have been developed (Litter 1999; Takeuchi et al. 2000; Subramanian et al. 2001). These
techniques are categorized into two broad groups: modification techniques and chemical
additives (Ni et al. 2007). The photocatalytic modification techniques include noble metal
loading (Liu et al. 2004), transitional metal ion and anion doping (Wilke and Breuer
1999; Chen et al. 2004), dye sensitization (Jana 2000) and metal-ion implantation
(Yamashita et al. 2002). Loading of noble metals, such as Pt, Au, Ni, and Cu on TiO;
surface can increase its photocatalytic activity by preventing of electron-hole pairs
recombination; whereas other techniques mentioned above are applied to promote its
activity by broadening of TiO; response to the visible light range. Addition of chemical
additives, such as electron donors (particularly organic compounds) and carbonate salts
are used to inhibit fast backward reaction of hydrogen and oxygen and electron-hole pairs

recombination, respectively.
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It has been shown that TiO, photocatalysis can be used in the degradation of
organic pollutants in an aqueous solution (Matthews 1988; Tanguay et al. 1989). The
principle mechanism of this process is very similar to the photocatalytic water splitting
reaction. Electron-hole pairs are generated when TiO, surface is illuminated by UV
radiations. When electrons and holes on the surface are separated, adsorbed oxygen
molecules react with the excited electrons, whereas positive holes react with either
organic pollutants or water molecules. If positive holes participate in oxidation of water
molecules, OH" radicals will be produced. Furthermore, OH" radicals decompose the
pollutants. CO, is produced when positive holes oxidize the organic pollutants. The

mechanism scheme can be expressed as (Thiruvenkatachari et al. 2008):

TiO,+hv —e +h" (1-21)
e +0,—0; (1-22)
h"+H,0 - OH° +H' (1-23)
h” + Organic pollutants — CO, (1-24)
OH’+ Organic pollutants — CO, (1-25)

Deposition of gold metals on TiO, surface has been reported to enhance the
photocatalytic activity up to 30% compared with films without gold particles (Albert et
al. 1992). It has been demonstrated that a superior efficiency in photocatalytic
degradation of organic compounds can be achieved if the rate of oxygen reduction is fast

(Gerischer and Heller 1991).
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1.4.2 Memristive Behavior in TiO,

Beside the existing three classical circuit elements (the resistor, capacitor and
inductor), in 1971 the memristor as the fourth fundamental circuit element was
introduced; based on the theory of symmetry (Chua 1971). From the theoretical point of
view, resistors, capacitors and inductors are defined by the well-known relationship of the
current (I) — voltage (V) curve, charge (q) — voltage curve and flux linkage (¢) — charge
curve, respectively. A memristor (a contraction of memory-resistor) is characterized by
the flux linkage-charge curve and works as a nonlinear two-terminal electrical device.
The electrical resistance of a memristor is not constant and depends on the amount of
charge that had previously flowed through it, polarity of the voltage and the time
integrals between the voltage and current (Miller et al. 2010). In contrast to a resistor,
capacitor and inductor, under sinusoidal excitations a memristor exhibits a unique bipolar
switching behavior in the -V plane that is called “pinched-hysteresis loops”. Due to this
I-V characteristic, the resistance of the doped and undoped layers is switched between

the low resistance (Ron) and high resistance (Rogr).

A memristor is defined by (H. Kim et al. 2012):

v(t) = RDi(t) = ‘;—‘f-g‘—;i(t) (1-26)

The relation between the voltage and the current can be expressed as:

v(®) = (Row 52 + Rore (1= %2) ) i() (1-27)

D

34



where D and w represent the thickness of undoped (TiO) and doped layers (TiO,),
respectively. Also, the resistance of a memristor (known as memristance M) is defined

as:

=8 (15 )] (o) 1

RoFF D2
where p, =10 m*s'V"! is the ion mobility coefficient (Hu et al. 2011).
y

The theoretical concept of a memristor device was successfully developed for
many years. However, the memristor did not receive much attention until the existence of
a physical solid-state memristor was claimed by the Stanley Williams group at Hewlett-
Packard (HP) Labs in 2008 (Strukov et al. 2008). It was announced that TiO, in the
nanoscale crossbar architecture performed as a promising memristor, showing remarkable
switching characteristics and an extremely high memory capacity. Since then, memristors
have been widely used in numerous applications, such as nonvolatile memory; also
known as resistance random access memory (RRAM), programmable logic, signal
processing, neural networks and pattern recognition circuits (Yang et al. 2008; Jo et al.
2009; Robinett et al. 2010). Recently, it has been shown that various types of materials
can be used for fabrication of memristors including metal oxides (TiO,, SiO,, CoO,
Fe,0; and VO,) (Yang et al. 2008), perovskite-type oxides (Nian et al. 2007), amorphous
silicon (Jo and Lu 2008), sulfides (Ag,S) (Waser and Aono 2007) and metal/organic
monolayer/oxide (Stewart et al. 2004). However, TiO, has been the most common
material used in memristor applications due to its inexpensive and simple fabrication and

its unique properties as well.

35



The memristive behavior is determined by the electroforming processes that occur
during the TiO, preparation. Since the electrical resistance of TiO; is high (in the order of
GQ), it initially behaves as an insulator. In order to activate its bipolar resistive
switching, the electrical resistance should be degraded by applying a voltage, known as
an electroforming voltage. It has been shown that during the electroforming process
several parameters including the magnitude and time interval of applied voltages, the
compliance voltages and the ambient atmosphere have significant impacts on the
memristive behavior of TiO, (Jeong et al. 2008). The electroforming voltage divides TiO;
into two different layers; one layer with a perfect ratio of oxygen to titanium (2:1) and
one layer with oxygen vacancies (TiO,.). The former works as an insulator and is known
as the undoped region while the latter is termed as the doped region. Low mobility and
diffusivity of oxygen deficiencies make TiO,y to show better ionic conductivity
compared to TiO,. When a positive voltage is applied, oxygen vacancies migrate from
the metallic TiO, region to the TiO, insulator layer. This increases the conductivity of
TiO,« and thus the entire memristor. When a negative voltage is applied, the positive
oxygen deficiencies are drawn out of TiO, layer; causing the whole system works as a
resistor. Once either a positive or negative voltage is turned off, the boundary between
the TiO, and TiO, layers is frozen and oxygen vacancies do not move anymore and stay
in their current state. That is the main reason why a memristor can recall the last applied

voltage (Yang et al. 2008).
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CHAPTER 2

EXPERIMENTAL PROCEDURE

This chapter describes the experimental equipments used during catalytic
oxidation of hydrogen to water for chemicurrent measurements. The methods performed
for the fabrication of metal-semiconductor nanostructures will be discussed. Also, the

characterization techniques are mentioned in the following sections.

2.1 Experimental Setup

The experimental setup used for chemicurrent studies is shown in Figure 2.1. This
system consists of a mass-spectrometer, ultra high vacuum chamber, multichannel
temperature controller, Keithley 2400 source meter, vacuum pumping system, and
absolute pressure transducers. The following sections describe briefly each of these

components.

Figure 2.1. The experimental setup for chemicurrent measurements
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2.1.1 Mass-Spectrometer

The mass-spectrometer is an instrument that analyzes the molecular weight and
type of individual gas molecules by measuring the ratio of mass-to charge (m/z) of gas-
phase ions. There are many different types of mass-spectrometers, but all follow the same
principle operation. The charged particles (positive ions) are formed by bombardment of
gas molecules with high energy electrons. Then, these ions are filtered and quantified by
their m/z ratios. In our experiments, SRS RGA Model 200 is used as the mass-

spectrometer that is shown in Figure 2.2.

(a)
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|
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Figure 2.2. Schematic of (a) SRS RGA Model 200 (b) probe components (Stanford
Research System, Inc. 1996)

The SRS RGA consists of an Electronics Control Unit (ECU) and a quadrupole probe

which assembles directly on the ultra high vacuum chamber. The ECU regulates the
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function of the RGA and transfers its data for further analysis to the computer. The
quadrupole probe includes three fundamental components:
* The ionizer which converts the gas molecules to positive ions via a heated
filament.
* The ion filter which separates the positive ions based on their m/z ratios.

* The ion detector that measures the separated ions according to their abundance.

In this work, SRS RGA is used to monitor the ignition and extinction of hydrogen
oxidation to water on the catalytic nanofilm surfaces. Also, SRS RGA provides the
partial pressure of gases presented in the oxidation processes such as hydrogen, oxygen

and water molecules.

2.1.2 Multichannel Temperature Controller

The Programmable Temperature Controller (PTC 10) is used to monitor and
control the surface temperatures inside the ultra high vacuum chamber during the
oxidation of hydrogen to water. The resolution of PTC 10 is in the milliKelvin range. The

different sensor types and their temperature ranges are listed in Table V.

Table V. Compatible sensors for PTC 10 (Stanford Research System, Inc. 2010)

Sensor Type Temperature range (K)
Diode 1.0-500
cheRuthenium oxide 0.05-300

Resistance Temperature Detector
(RTD)

Thermistor 193.15-523.15

48.15-1173.15
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Resistance Temperature Detectors (RTDs) are used due to their wide temperature range
and accurate measurements as well. In particular, RTD Omega F2020-100 with a
dimension of 2x2x0.8 mm” is used in our experiments. In this sensor, the resistance of
platinum wires is used to measure the surface temperature. The resistance of RTD is
recorded in a Pico high resolution data logger and converted to the temperature in Celsius

using the following equation:

r=i G @ -3 (-0 e

where: A =3.90833x107 °C"!
B=-5.7753x10"°C"
R = Resistance of RTD recorded in the data logger
Ry = Resistance of RTD at 0 °C which is 100 Q

T = Surface temperature in °C

2.1.3 Source Meter

The current-voltage characteristic (I-V curve) of our samples is measured using a
Keithley 2400 source (Figure 2.3) meter under varying operation conditions. This
instrument works either as a voltage/current/ohm meter or voltage/ current source with

the following source and measurement ranges:

* Source current in the range of 50 pA to 1.05 A.
* Measure current in the range of 10 pA to 1.055 A.

* Source voltage in the range of 5 uV to 210 V.
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* Measure voltage in the range of 1 pV to 211 V.
* Measure resistance in the range of 100 uQ to 211 MQ.

* Maximum source power of 22 W.

KEITHLEY
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Figure 2.3. Keithley 2400 Source Meter

Keithley 2400 source meter can be used in a broad range of devices, including resistors,
diodes, photodetectors, photovoltaic cells, thermistors, connectors, switches and etc. In
the present study, this device is primarily used for the electrical characterization of
Schottky diodes created between the metal (i.e. platinum) and the semiconductor (i.e.
titanium dioxide). Also, the change of Pt/Ti0O, resistance with time during the exposure to
hydrogen and oxygen gases is recorded with the Keithley 2400 source meter in its voltage

source mode (Chapter 5).
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2.1.4 Absolute Pressure Transducer

In order to measure the absolute pressure of gases inside the analytical chamber,
three different types of pressure transducers are used: MKS Types 722A, 722B, and 626.
A pressure transducer consists of two components: a variable capacitance sensor and
signal conditioner. The sensor is composed of a pipe attached to a cell in the transducer.
One side of this cell is made of an elastic diaphragm positioned opposite the pipe. The
gas pressure is measured when it is exposed to the front side of the diaphragm. The back
side of the diaphragm is connected to a ceramic disc containing two electrodes. The back
side is persistently evacuated (107 Torr) and a chemical getter system maintains its
vacuum. Changing pressure causes a deflection in the diaphragm. This deflection results
a variation in the capacitance of the sensor electrode. An oscillator converts this
capacitance variation to a DC voltage. In order to produce an output signal scaled to the
transducer range, an electronic signal conditioner is required to linearize and amplify
resultant signals. Finally, a gauge controller (MKS Type PDR 2000) is used for the

pressure readout.

2.1.5 High Vacuum Pumping System

The chemicurrent studies, electrical characterization of samples and mass-
spectrometry measurements are carried out under ultra high vacuum (UHV) conditions
using a Turbomolecular Pump System (TURBOLAB 80). It consists of two components:

a diaphragm vacuum pump (DIVAC 0.8 T) and a turbomolecular pump (TURBOVAC
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SL 80 H). The diaphragm vacuum pump works as the backing system and turbomolecular

pump is used for reaching UHV levels. TURBOLAB 80 has the following specifications:

»  Pumping speed of the diaphragm pump: 0.7 m*/h
¢ Ultimate pressure of the diaphragm pump: 3 mbar
*  Run-up time of the turbomolecular pump: 1.5 min
e Attainable ultimate pressure: 107 mbar

*  Pumping speed for N: 65 I/s

2.1.6 Ultra High Vacuum Chamber

The central component of our laboratory system is an ultra high vacuum chamber
where the catalytic oxidation of hydrogen to water takes place. This spherical chamber
has a volume of 4.5 L and is made of 304L stainless steel. The chamber is connected to
the turbomolecular pump via a ConFlat (CF) flanged standard gate valve. For
chemicurrent measurements, hydrogen and oxygen gases are admitted to the chamber
through two different Nupro BK gas shut-off valves.

The sample is placed on a sample holder using a copper clamp and mounted
inside the chamber via a 2.75" CF electrical feedthrough flange (Figure 2.4). The
feedthrough flange contains 12 copper pins (2.4 mm diameter) and transfers the
chemicurrent, pressure and temperature data to the Pico data logger across the vacuum

wall.
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Figure 2.4. Sample holder

2.2 Sample Fabrication Procedure

This section describes the synthesis techniques utilized for fabrication of our
samples used in chemicurrent measurements. In the first step, a mesoporous
semiconductor layer is prepared by plasma electrolytic oxidation method (section 2.21).
Next, the Schottky barrier is made by deposition of a catalytic metal (Pt) on top of the

semiconductor layer using the electron beam physical vapor deposition (section 2.2.2).

2.2.1 Plasma Electrolytic Oxidation Process

Plasma electrolytic oxidation (PEO), also known as spark anodizing, anodic spark
oxidation, or micro-arc oxidation (MAO) is an electrochemical process for conversion of
a metal surface to an oxide ceramic layer. This method is commonly applied to produce

an oxide layer on metals such as aluminum, titanium, magnesium, tungsten and
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zirconium in order to improve their mechanical, thermal, dielectric and corrosion
properties (Yerokhin et al. 1999; Ma et al. 2006; Duan et al. 2007). Compared to
conventional anodic oxidation, PEO employs a higher voltage and current. For example,
it has been reported that at least 200 V is required for the plasma electrolytic oxidation of
aluminum (Snizhko et al. 2004). In the PEO process, the metal (anode) is immersed in an
aqueous electrolyte of an electrochemical cell and a high voltage/current is applied
between the electrodes. Due to this high-applied voltage/current, the plasma/discharge
phenomenon occurs on the metal surface resulting in a thick oxide layer (tens of hundreds
of micrometers).

In this study, PEO method is used to produce mesoporous TiO, and films on Ti
substrates. A titanium strip is inserted as an anode into an electrochemical cell containing
an aqueous electrolyte (H,SO4) and a graphite electrode as a cathode. A power supply
(Sorensen XHR 300-3.5 DC) at a constant current mode is applied to pass a high current
through the metal until a specific voltage is reached. In order to maintain temperature
low, the electrochemical cell is placed in a 4.5 L container filled with water. Figure 2.5

shows the schematic of this set up for anodization of titanium in H,SOs.
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Figure 2.5. Schematic of the titanium anodization cell

Several parameters effect on the PEO process: anodizing voltage, anodizing current, time
duration, electrolyte temperature, electrolyte type and concentration. By varying each of
these parameters, samples with different thicknesses and properties would be obtained

that will be discussed in the following chapters.

2.2.2 Electron Beam Physical Vapor Deposition

Physical vapor deposition (PVD) is a vacuum deposition method in which thin
films (in the range of few nanometers to several micrometers) are deposited onto various
surfaces such as semiconductor substrates. There are different types of PVD including:
pulsed laser deposition, sputter deposition, evaporative deposition, cathodic arc

deposition, and electron beam physical vapor deposition.

In the current study, the electron beam physical vapor deposition (EBPVD)
technique is used to deposit the catalytic metal onto a semiconductor, resulting into
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creation of a Schottky contact between the metal and semiconductor interface. In this
technique the target (source) metal is evaporated to the gas phase by bombardment of its
surface with high-energy electrons driven from a tungsten filament. Then, the gas phase
is transported and condensed on a substrate surface. The deposition rate in EBPVD
process can be varied from 1 nm/min to 100 mm/min depending on materials and desired
structures. After preparation of TiO, substrates, 15 nm Pt layer at a rate of 0.02 nm/s is
deposited on these substrates using VARIAN e-beam depositor equipment at the
Nanocore Facility of UIC (Figure 2.6). This deposition is done under high vacuum (107

Torr) and the surface temperature is maintained at 100 °C.

Figure 2.6. VARIAN e-beam depositor equipment used for deposition of 15 nm Pt on
TiO; substrates
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2.3 Characterization Techniques

2.3.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique used to analyze
crystalline compounds and identify the crystallographic structure and atomic composition
of various materials such as metals, thin film coatings, ceramics, and semiconductors. An
x-ray tube, a sample holder, and a detector are the main parts of an x-ray diffractometer.
An x-ray tube contains two basic elements: a metal target and a tungsten filament which
are used as a cathode and an anode, respectively. When a high voltage is applied between
the tungsten filament and metal target (usually Cu), a beam of high-energy electrons will
be emitted from the hot filament and will bombard the metal target. This results in
creation of x-rays that exit the tube via a window which provides a monochromatic x-ray
source. A beryllium window is commonly used for this purpose. As these monochromatic
x-rays interact with the sample surface, they will be diffracted when Bragg’s law is

satisfied:

nA = 2dsinf (2-2)

where,

n = is an integer called the order of reflectance

A = is the wavelength of monochromatic x-rays

0 = is the angle between the incident rays and normal to the crystalline plane

d = is the space between two adjacent atomic planes (lattice spacing) used to identify the

structure and atomic composition of the crystalline material
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Constructive interference occurs when the path difference traveled by the incident rays
reflected off of two crystalline planes is equal to an integer number of the wavelength.
The mean size of crystallites within powder samples can be calculated by the Scherrer

equation:

_ k&
o B-cos @

(2-3)

where L is the mean crystalline size, K is the shape factor typically between 0.9 and 1, A
is the wavelength, and f is the line broadening at half of maximum intensity.

In the current study, a Siemens D5000 XRD Diffraktometer is used to investigate
the crystal structure of the oxide layers formed on titanium substrates. Also, the
relationship between anodization parameters (applied voltage, concentration of the
electrolyte, time duration, etc.) and the thickness of oxide layers will be discussed in the

following chapters.

2.3.2 Scanning Electron Microscope

A scanning electron microscope (SEM) generates magnified images of a surface
sample using a focused beam of electrons produced by an electron gun placed inside a
vacuum chamber, rather than light waves used in conventional light microscopes. The
electron beam moves downward through electromagnetic fields and is focused into a very
fine spot on the surface of the object being investigated. As the beam strikes the sample,
secondary electrons, backscattered electrons, diffracted backscattered electrons, photons,

and visible light are ejected from its surface. Consequently, secondary electron (SEI) and

49



lower secondary electron (LEI) detectors collect the secondary electrons and create final
three-dimensional SEM images. Although SEM is an expensive technique and may
damage the sample due to interactions between the incident electrons and its surface, it
has remarkable advantages including: a large depth of field, a highly resolved and

magnified topographical image, and minimal sample preparation actions.

In this thesis, a Hitachi SEM S-3000N model at the research resource center of
UIC is used to scan the Pt-coated TiO, samples. It will be shown that the Pt metal is

deposited on an uneven and mesoporous TiO; surface.
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CHAPTER 3

CHEMICAL TO ELECTRICAL ENERGY CONVERSION IN MESOPOROUS
Pt/TiO, SYSTEMS

(Figures 3.19, 3.20, 3.21, 3.22 and the related discussion were previously published as
Karpov, E.G., Hashemian, M.A., and Dasari, S.K. “Chemistry-Driven Signal
Transduction in a Mesoporous Pt/TiO, System”. J. Phys. Chem. C, 2013, 117 (30),
15632-15638.)

3.1 Introduction

Direct observations of reaction-induced electric charge flow between the metal
and semiconducting phases of composite nanocatalytic systems are instrumental for
understanding chemical surface dynamics, development of smart chemical sensors, and in
situ monitoring and control of catalytic reactions (Mildner et al. 2006; Krix et al. 2007,
Karpov and Nedrygailov 2009; Hagemann et al. 2010). Hot electron currents
(chemicurrents) in catalytic Schottky structures, using a continuous Pt or Pd nanofilm
grown on a single-crystal semiconductor substrate, were discussed recently as evidence
of nonadiabaticity in surface reactions (Park and Somorjai 2006; Hervier et al. 2009;
Karpov et al. 2013). The possibility of direct conversion of surface released chemical
energy into continuous electrical signals was investigated using the Schottky barrier to
separate the chemically induced electric charges. Such Schottky structures can be viewed
as models of the actual industrial catalysts, and their chemicurrent signals can be
representative of the adsorptive and catalytic processes on the surface. However,

realization of practical transducer applications of the chemicurrents in the continuous
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Schottky structures was mitigated with the low hot electron yield at normal surface
temperatures and also contamination of the signal with thermally driven currents at
elevated temperatures. These limitations could be overcome by significantly increasing
catalytic activity of such transducer devices. In particular, usage of amorphous and
porous semiconducting oxide layers, rather than single-crystal supports, could enhance
surface diffusion of reactants and increase concentration of centers of adsorption and
recombination. In this view, electrochemically grown titania layers can be of interest
because well-defined and stable TiO, thin films can be fabricated using simple and
reproducible procedures (Sedona et al. 2005; Diamanti and Pedeferri 2007; Sikora et al.
2011). Thin films and nanotubes of titania already attracted much attention as passive
chemical sensors (Varghese et al. 2003; Shimizu et al. 2007; Chen et al. 2012). More
recently, studies of anodic TiO, films in the context of reaction-driven currents and active
(self-powered) devices were initiated as well (Schierbaum and Achhab 2011; Stella et al.
2011). A mesoporous TiO, layer grown on Ti foil with a Pt paste contact applied to the
oxide surface was shown to give very strong reaction current responses, and three
possible mechanisms were suggested to contribute to the observed EMF: thermal, hot
electron, and hydrogen concentration effects (Iwahara 2004). A positive potential on the
Pt contact was reported in all instances (Schierbaum and Achhab 2011).

In the present work, we aim to consider chemical transducer properties of a
mesoporous Pt/TiO, system with a well-defined Pt phase that would be both
nanodispersed on the oxide surface and also possess an electrical continuity for a proper
charge collection function. For this purpose, a wide-area Pt mesh or grating layer of

nanometer thickness was deposited onto a mesoporous TiO, layer grown on a solid Ti
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substrate. Here, the entire Pt nanomesh and the Ti substrate serve as two electrical
terminals of the chemical transducer device. The fabricated structure was able of a
continuous oxidation of hydrogen gas to water starting at room temperatures. In contrast
to the earlier studies (Schierbaum and Achhab 2011), a second (slow) mode of the
reaction was clearly seen on the recorded reaction current kinetics in addition to the usual
(fast) oxyhydrogen reaction on the nanodispersed Pt. This slow mode induces a strong
and stationary reaction current at room-temperature conditions; the direction of this
current corresponds to a negative potential on the Pt phase, and therefore its production
cannot be explained with any of three mechanisms mentioned above. A mechanism of
proton spillover from Pt to TiO, phases of the system is suggested in this thesis to explain
the origin of the electromotive force of this current. Furthermore, the overall current
kinetics contains many autonomously formed features, including peaks and alterations of
the charge flow direction, corresponding to various transient and competing processes on
the bifunctional catalytic surface. This behavior represents a potential of the discussed

material system as a chemical transducer for analytical and sensing applications.

3.2 Experimental Procedure

3.2.1 Sample Fabrication

3.2.1.1 TiO; Preparation Using Plasma Electrolytic Oxidation Process

TiO, substrates were prepared by plasma electrolytic oxidation (mentioned in
section 2.2.1) of 36 x 12 x 0.5 mm” strips of standard (ASTM B265) 0.989 pure Ti metal
in 3 M sulfuric acid solution. During the anodization process, different samples were

obtained by varying the cell voltage while the current was maintained at a constant value
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(current-mode control). The anozization parameters are listed in Table VI. For example,
sample 1 was prepared as the following: within the first 3 min of the process the cell
voltage grew to 90 V, when the micro arcs in the electrolyte started to appear. After
12—15 min, the voltage went gradually to 150 V, and during the next 5 min it slowly
approached a nearly constant value of 155 = 2 V. The process was terminated abruptly
after 20 min of total time, disregard of a particular value of the cell potential. The cell
current was maintained at the constant value 1.2 A during the entire process. A 200 mL
glass beaker containing the sample and electrolyte was cooled by placing it in a 4.5 L
cuvette filled with water at room temperature. The same procedure was applied for the

preparation of other samples.

Table VI. Anodization parameters and the measured thickness for different TiO, samples
prepared in 3 M H,SO4

Sample | Current (A) Voltage (V) Thickness (um)
1 1.2 150 6
2 0.85 150 6
3 0.85 155 10
4 1.2 162 11

In order to form micro arcs on the surface of titanium samples, the applied cell voltage
must exceed the dielectric breakdown potential of the growing oxide film. After
fabrication of TiO, samples, they were rinsed in DI water to remove the electrolyte from

their surface.
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3.2.1.2 Pt Deposition on top of the TiO, Substrate

In the next step, a wide-angle PVD sputtering of 0.9995 pure Pt was performed in
a 107° Torr vacuum through a 34 x 10 mm” mask on top of the porous TiO, surface at the
rate 0.02 nm/s. The deposited layer thickness was monitored with an Inficon quartz
microbalance, and the source shutter was closed abruptly when the thickness reading
reached 15 nm. This thickness of Pt was considered because its hot electron mean free
path is on the order of tens nanometers (section 1.2.1). Finally, two Ag wires of 0.5 mm
diameter were attached with an SEM grade Ag paste at the two opposite ends of the Pt
nanomesh. The remaining (active) area of the Pt nanomesh not covered with Ag was
about 2.8 cm®. The Pt/TiO, sample is shown in Figure 3.1. In order to make an ohmic
contact between Ti and TiO, substrate, a small portion of the oxide layer from the edges

of the structure was removed prior chemicurrent measurements.

Pt nanofilm

Electrical contacts

Ti0, layer

Figure 3.1. Image of Pt/TiO, /Ti sample
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3.2.2 XRD and SEM of TiO; Layer

In order to understand the relationship between the chemicurrent generated and
morphological properties of Pt/TiO, structure, XRD and SEM techniques were carried
out. Figure 3.2 shows the XRD spectra for samples 1—4. It can be seen that the titanium
oxide layer had higher amounts of rutile phase in samples 3 and 4 in comparison to
samples 1 and 2. This implies that increasing the anodization voltage decreased the
amount of rutile phase in TiO; layer. Also, the presence of the anatase peak at 25° in
samples 3 and 4 indicates the less amounts of rutile phase formed on their surface. From
this it could be inferred that the generation of chemicurrents depends on the TiO,
thickness and amounts of rutile phase, thinner samples containing more rutile phase

generated higher chemicurrents.
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Figure 3.2. XRD spectra for (a): sample 1, (b): sample 2, (c): sample 3, and
(d): sample 4

Figure 3.3 presents the SEM images of sample 1 obtained from 1 and 20 pm
resolutions. SEM scans of the Pt-coated TiO, surface did not reveal any changes in the
surface structure at the resolution of Figure 3.3a, implying that Pt metal was deposited as
a nanometer thickness blanket layer with multiple openings (holes) at the positions of the
TiO, surface pores (Figure 3.3b). We will refer to such a Pt nanophase as a nanomesh

hereafter.
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Figure 3.3. SEM scans of sample 1: (a) mesoporous TiO; phase and (b) the interface
between the Pt-coated and pristine oxide surfaces

Figure 3.4 shows the SEM images of samples 1-4 with 10 um resolution. As seen
from this figure, a mesoporous TiO, layer was obtained for all samples. Once again it can
be said that the deposited Pt nanolayer had an uneven mesh-like topography with
multiple openings corresponding to the location of pores on the oxide surface. In order to
correlate the relationship between the surface morphology and chemicurrent, better

techniques must be used in the future.
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Figure 3.4. SEM imaging (10 um resolution) for (a): sample 1, (b): sample 2, (c): sample
3, and (d): sample 4
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3.2.3 Experimental Setup

The experimental setup used in this work is shown in Figure 3.5. For the reaction
current studies, the Pt/TiO,/Ti sample was mounted inside a spherical 4.5 L
vacuum/environmental chamber using a copper clamp attached to one of the copper pins
(2.4 mm diameter) of a 2.75" CF electrical feedthrough flange. The nanomesh contacts
(the Ag wires) and wires of a Pt resistance temperature detector (RTD) element were
attached to four other pins of the same feedthrough flange. The RTD sensor had a

ceramic body of dimension 2 x 2 x 0.8 mm’ (Omega F2020-100).

Batch Reactor

Temperature sensor

"

P
Vacuum Flange Data logger

1KQ

PC |

Figure 3.5. Schematic of vacuum chamber used for the chemicurrent measurements
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The temperature sensor was brought in contact with the sample in the middle of
the Pt nanomesh area and supported with its own connection wires only, avoiding usage
of adhesive substances. Generally, an in situ temperature method based on the Pt layer
resistance could give more accurate results, unless the oxide support showed such a
dramatic resistance effect in a H-rich environment able to distort the Pt resistance
readings (Karpov et al. 2012).

Electrical signals from the sample were registered on a 1 kOhm load resistor
connected in parallel to a data logger (see Figure 3.5). A residual pressure of 10~ Torr
was reached in the chamber each time prior to addition of the reactive gases. The gases
were admitted to the chamber when the sample surface was at room temperature; i.e., no
external heating was used for reaction initiation purposes, and any observed sample
heating was only due to the reaction process itself. In all experiments, gases were
admitted to the chamber diffusively at a rate of 2—3 Torr/s. The chamber was also
equipped with capacitive pressure transducers and a mass spectroscopy setup to record
the total and partial pressure kinetics. All the reaction current studies were performed in
the batch reactor mode, in which the analytical chamber was entirely cut off from the

environment and the pumping unit prior to the admission of reactive gases.
3.3 Results and Discussion

3.3.1 Catalytic Combustion of O,/H, Mixtures on a Pt/TiO; System

Several preliminary experiments were carried out on sample 1 (anodized at 1.20
A and 150 V) to understand the catalytic activity of this Pt/TiO, system. This was done

by varying the concentrations of hydrogen and oxygen in the chamber which resulted in
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different catalytic combustion regimes. Figure 3.6 shows the experimental data when 16

Torr of hydrogen was added twice to a pure oxygen atmosphere (160 Torr).
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Figure 3.6. 16—16 Torr sequence of H, addition to 160 Torr of O,
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The temperature and total pressure kinetics indicate that after addition of first 16
Torr of H, the temperature increased immediately from 27 to 160 °C and the pressure
dropped from 176 to 169 Torr. In this work, this catalytic initiation is refereed as a fast
reaction regime. Furthermore, when the surface temperature was cooled down to the
room temperature (27 °C), 16 Torr of hydrogen was again added to the existing mixture.
The second addition of H, caused the fast reaction reinitiated and the temperature
increased to about 165 °C. From Figure 3.6 it can be seen that the currents generated due
to the fast reaction are about 50 and 80 pA for the first and second addition of hydrogen,
respectively. This reaction-induced current is reproducible and can be attributed mostly to
the hot electron mechanism. The autonomous features of this current will be discussed
briefly in section 3.3.4.

Figure 3.7 represents the kinetics of the total pressure, surface temperature, and
reaction-induced current of the sample when 10, 10, and 10 Torr of H, were added to 160
Torr of O,. The first two addition of H; resulted in the fast reaction regimes, similar to the
previous experiment. However, for this particular mixture the final values of surface
temperature were smaller (110 and 125 °C) due to less amount of H, (20 compared to 32
Torr). After about 30 min the surface temperature reached to the room temperature and
10 Torr of hydrogen was added to the existing mixture. As seen from Figure 3.7, further
addition of H; did not invoke the fast mode again but produced 10 pA current and lead to
a new reaction mode, called the slow reaction regime. During the slow reaction mode, the
surface temperature did not increase and maintained at room temperature. This is the

main characteristic feature of the chemicurrent generated in the slow reaction regime.
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The results from Figure 3.6 and Figure 3.7 indicate that a minimum of 10 Torr H;
is necessary for initiation of the fast reaction regime. Next, we decreased the amount of
hydrogen and investigated the correlation between the pressure of H, and fast reaction
mode. Figure 3.8 shows the results when 6, 5, 5, 6, and 10 Torr sequence of hydrogen

were added to 160 Torr of oxygen, resulting in three fast and two slow reactions.
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Figure 3.8. 6—5—5—6—10 Torr sequence of H; addition to 160 Torr of O,
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The results from Figure 3.6 and Figure 3.8 show that the fast reaction mode can
occur by adding 16 Torr of hydrogen either in one step or multiple steps. It can be seen
that the fast reaction initiated with adding only 6 Torr of hydrogen. Since this amount of
hydrogen was not enough to react with the all existing oxygen, the fast reaction happened
two more times by adding more hydrogen. After the third fast reaction, the overall
surface reaction switched to the slow reaction mode by the step-like increase of
chemicurrent at times 5136 and 6274 s, yielding 5 and 16 pA for the fourth and fifth

addition of Hy, respectively.

In order to determine the effect of oxygen pressure on the fast and slow reaction
modes, various amount of oxygen was added to 16 Torr of hydrogen existed in the
chamber. Figure 3.9 shows the kinetics of the total pressure, surface temperature, and
reaction current of the sample when 10, 10, 20, and 20 Torr of O, were added to 16 Torr
of H,. It can be seen that the fast reaction did not initiate until the fourth addition of O,
(60 Torr). Also, the surface temperature increased sharply to 275 °C and the usual fast
reaction current generated upon the fourth addition of O,. It should be mentioned that the
surface temperature increased slightly due to the third addition of O, (40 Torr), but it was
not sufficient to initiate the fast reaction mode. These results are in good agreement with
the experimental data that the fast reaction cannot be initiated in a mixture with less than

60 Torr of O3 (it is not shown here).

Figure 3.10 shows the recorded data when 60 Torr of O, was added in one step to
16 Torr of H, resulting in the fast reaction and surface temperature of 200°C. In this
case, 50 min was needed for initiation of the fast reaction whereas it happened

immediately in the condition of 160 Torr O, (see Figure 3.6).
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As seen from Figure 3.10, a large chemicurrent (27 pA) was generated after the fast
reaction regime upon admission of 5 Torr H,. However, this current started to decrees
after 17 min from addition of H, due to the small concentration of O, on the sample

surface.

Figure 3.11 represents the surface temperature versus time when 16 Torr of H;
was added to different pressures of O,. It can be seen that the initiation (ignition) time of
the fast reaction decreased with increasing of oxygen pressure. The fastest and slowest
reactions occurred for 160 and 60 Torr of O, respectively. The surface temperature and

ignition time for each pressure are presented in Table VI.
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Figure 3.11. The surface temperature versus time for various pressures of O, with 16
Torr of Hy
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Table VII. The surface temperature and ignition time obtained for different amount of O,
in 16 Torr of H,

0; (I;f(e)::rs)ure Surface temperature (°C) Igni(trir(iir;;ime
160 250 1
120 240 10
90 225 20
60 200 50

The data from Table VI indicate that the surface temperature had the same order of
magnitude for all pressures of O, and the ignition time was strongly dependent on the

concentration of O, in the mixture.

The preliminary results for chemicurrent measurements represented in Figure 3.6
to 3.11 were obtained from sample 1 and other samples showed the same qualitative

behavior.

3.3.2 Chemicurrent Measurements in the Oxyhydrogen Mixture

The results obtained from the previous section revealed that 160 Torr of O; is the
optimum pressure in the oxyhydrogen (O,+H;) mixture in the chemicurrent studies. This
amount of O initiates the fast reaction in a very short period of time and prevents further
possible fast reactions when more H; is added to the mixture. Therefore, in this section
we discuss about the chemicurrent measurements that were carried out only in 160 Torr
of O, and different amounts of H,. The experimental procedure for all fabricated samples

(shown in Table VI) was similar. First, 160 Torr of O, was added to the pre-vacuumed
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chamber where the sample is mounted. Then, 16 Torr of H, was added to initiate the fast
reaction on the sample, resulted in high surface temperature in the order of 200 °C. After
30 min when the surface temperature cooled down and reached to the room temperature,
5 Torr of H, was added 5 times with an interval of 30 min between each step.

Figure 3.12 shows the kinetics of total pressure, surface temperature, and
chemicurrent obtained from sample 1 (anodized at 1.20 A and 150 V). The data was
recorded by the help of instruments explained in chapter 2. Upon the first (16 Torr)
addition of hydrogen, the fast reaction was initiated immediately and a large current of
110 pA was produced. This value can be attributed to the thermal current since the
oxidation of hydrogen to water is an exothermic reaction. As can be seen from Figure
3.12, the current in the fast reaction regime was generated when the surface temperature
increased sharply due to addition of hydrogen. Then, it approached to zero once the
temperature started to decrease. When the sample surface cooled down to the room
temperature (27°C), 5 Torr addition of hydrogen resulted in generation of 8 pA
chemicurrent (first step) and the it increased from 8 to 30 pA by adding the next 5 Torr of
hydrogen (second step). The third, fourth, and fifth step were formed with the similar
procedure and resulted in 44, 48, and 60 pA, respectively. Although the magnitude of
chemicurrent increased after addition of hydrogen in each step, the slope of stationary
current started to decrease from the third step and reached to the saturation state. This
indicates that sample surface was occupied with the oxyhydrogen gas mixture and adding
more hydrogen could not enhance the slope of generated chemicurrent. Figure 3.13
shows the chemicurrent generated in oxyhydrogen atmosphere from sample 2 which was

anodized at 150 V and 0.85 A in 3 M sulfuric acid electrolyte.
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Figure 3.12. The kinetics of total pressure, surface temperature, and chemicurrent
obtained in 5 steps addition of hydrogen to a pure oxygen atmosphere: sample 1
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It can be seen from Figure 3.13 that the chemicurrent generated from sample 2 is
in the same order of magnitude compared with sample 1 in the fast and slow reaction
regimes. However, the stationary current slope of sample 2 in the third step remained
almost constant during the slow reaction regime, in contrast to the third step of sample 1.
Also, the ultimate value of chemicurrent obtained in the fifth step of sample 2 is slightly

less than the current produced in sample 1 (see Figure 3.12).

Figure 3.14 and 3.15 show the kinetics of total pressure, surface temperature, and
chemicurrent obtained from sample 3 (anodized at 0.85 A and 155 V) and sample 4
(anodized at 1.20 A and 162 V), respectively. The magnitude of currents generated from
the fast reaction for these samples was in the same order with samples 1 and 2 and the
surface temperature reached to 200—210°C in all samples. However, the chemicurrents
generated due to the slow reaction regime from samples 3 and 4 were smaller compared
to samples 1 and 2. The maximum chemicurrents of 13.5 and 8.5 pA were observed for

samples 3 and 4, respectively.

The generation of chemicurrent is related to the thickness of TiO, layer. As seen
from Table VI, the oxide layer thickness of samples 3 and 4 (11 pm) were larger than
samples 1 and 2 (6 um). Although the Pt thickness was the same for all samples (15 nm),
the thinner samples generated larger chemicurrents compared to the thicker ones. This
indicates that the smaller Schottky barrier formed at the thinner TiO2 oxide layer can

enhance the chemicurrent generation in slow reaction mode.
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Figure 3.14. The kinetics of total pressure, surface temperature, and chemicurrent
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steps addition of hydrogen to a pure oxygen atmosphere: sample 3
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The chemicurrents generated after 30 min in each step for all samples are

presented in Table VIIIL.

Table VIII. The chemicurrents produced in each step for samples 1—4

Chemicurrents generated for different steps (LA)
Sample
Step 1 Step 2 Step 3 Step 4 Step 5
(3600 s) | (54005s) | (72005s) (9000 s) (10800 s)
1 8 30 44 48 60
2 10 26 38 44 45
3 4 6 9 11 13.5
4 4 6 8 8.5 8.5

3.3.3 Long-term Kinetics of the Chemicurrent Generated During the Slow Reaction

Regimes

The results obtained from section 3.3.2 revealed that the generation of
chemicurrent depends on the reaction time and the amount of hydrogen added in each
step. In order to investigate the effect of reaction time on the chemicurrent produced in
the slow reaction mode, sample 1 was selected due to its high chemicurrent yield. Figure
3.16 shows the long-term kinetic of chemicurrent generated in the first step addition of
H, Here, 5 Torr of H, was added to the chamber after the fast reaction (at time 1800 s)

and kept for about 150 min, resulting in 8 pA chemicurrent. It can be observed that the
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reaction current continuously increased (reverse polarity) while no more hydrogen was

added to the system.
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Figure 3.16. The long-term kinetic of chemicurrent generated in the first step

Figure 3.17 and 3.18 show the stationary reaction current generated in the third
and fourth step, respectively. In both cases, a large chemicurrent of 38 pA was produced
over long periods of time at room temperature. However, the chemicurrent decreased
faster in the fourth step compared to the third step which can be due to the saturation of
surface from hydrogen gas. These results are in good agreement with the results obtained

from Figure 3.9 and Table VIIIL.
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Perhaps the most interesting results were observed for a step like 16—5—5 Torr
sequence of H, addition to a pure O, (160 Torr) atmosphere, as shown in Figure 3.19.
Here, the temperature and total pressure kinetics indicate that a fast reaction resulting in
180 °C surface temperature occurs upon the first (16 Torr) addition of hydrogen, and this
reaction seems to extinguish by the time 630 s. On the other hand, partial pressure of the
remaining H, gas in the chamber at that time was typically 1 Torr. The fast reaction
somewhat prepares the surface for the slow reaction mode that never occurs for the first
hydrogen admission. The Pt phase may completely be covered with hydrogen adsorbate
species by the 630 s turning point. Once started, the slow reaction occurs in a very robust
manner. Further addition of H, by the 5 Torr portions performed upon cooling of the
sample to room temperature does not invoke the fast mode again but increases the slow
reaction rate as indicated by the step-like increase of the current at times 1850 and 3850.
As can be seen, a large current of 30 pA was obtained over 150 min which is in good

agreement with the results from Figure 3.19.

81



N o]
YE£0) S8 N NS Y105 L S v o0 N .

180 _7AddH2 777 — 3 3 Vacgum Onﬁ

Total Pressure (Torr)
ress
3
(e}
N @

L ; 797 |
160 jrr?ﬁrpurejrozwrrrw”71;’9”177797-767 I;IIIU(D) 77777777 3 777777
of 40 emo o | ]
n T T T T T
G 200[ 0 2000 4000 6000 . 8000 10000 12000
e |
2 150[ ey T
6 r '
= [
E’ (L B Tt SIS 1 g I N S
§ [ Time (s)
5 50 6000 8000
(D | '
0= e 1
F 0 2000 4000 6000 8000 10000 12000
SN | S S S S
i W Pt: 15nm
= TiO,: 10um
2 A=28cm’
B 20 bl
S |
() !
P :
© !
T
0 2000 4000 6000 8000 10000 12000

Time (s)

Figure 3.19. Result of a sequential (three-step) addition of H, to a pure O, environment.
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3.3.4 Fast Reaction Mode

The total pressure kinetics shown in Figure 3.19 indicate that the fast water
production reaction occurs on the sample surface upon admission of the first (16 Torr)
portion of hydrogen at rates up to 7 x 10" molecules per second. No other external
actions were performed over the system; while the resultant kinetics of the reaction-
induced current showed a number of interesting autonomously formed features (see
Figure 3.20). These include the initial negative peak (1) of 47 pA magnitude followed by
a wider positive peak (2) of 9.5 pA value. After this peak, the current decreases, reverses
its direction, and returns to the negative zone again without a delay or flexure at the zero
level (3). Flexure points exist at other times between the positive peak (2) and the second
negative peak (4). The reaction current then decreases to reach the turning point (5),
where temperature drops below 60 °C, the fast reaction ends, and the current takes the
stationary character (6). All these features of the current kinetics seen in Figure 3.20
must represent various elements and stages of the surface reaction process. For example,
the initial peak (1) at 100 s could reflect an Eley—Rideal-type interaction of the adsorbate
oxygen species and gas-phase hydrogen (Nienhaus 2002; Karpov et al. 2012) or/and a
charge displacement effect as the device changes from a resistor to a diode. The wide
positive peak (2) at 190 s is attributable to a combined effect of the thermoelectric and
hot electron mechanisms discussed in the literature (Park and Somorjai 2006; Karpov and
Nedrygailov 2009). These mechanisms correspond to a positive potential at the Pt
terminal, should the structure be (naturally) heated at the Pt side only and have an n-type
diode-like electrical characteristic in oxyhydrogen atmosphere. The current reversal

points (3) and the second negative peak (4) at 580 s represent a competition of different
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charge transfer processes between Pt and TiO, phases of the catalyst. Once the surface
temperature drops below 60 °C, the turning point (5) occurs, after which the reaction
current first acquires the stationary character (6). This stationary negative current
recorded at room temperature at times beyond 630 s is the most unusual observation, and

1t is discussed in more detail in Sections 3.3.5—3.3.8.

- - - Temperature | o

< 2 —— Chemicurrent| = 7| 160 72’
- ‘ ‘ | | ‘ 2
= o
S 0 120 &
5 S
O ﬁ
E 2 80 8
o £
o}

%)

40

0 400 800 1200 1600 2000
Time (s)

Figure 3.20. Autonomous features of the reaction-induced current formed between the
first and second H, additions (50—1850 s): (1) initial negative peak due to adsorption and
fast reaction initiation driven by the Pt phase, (2) positive peak by thermionic emission
and hot electron currents at higher surface temperatures, (3) current reversals due to
competing charge transfer processes on Pt and TiO, phases, (4) secondary negative peak—
a quenching reaction effect, (5) fast reaction termination point (630 s), and (6) TiO,-
driven slow-rate process.
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3.3.5 Slow Reaction Mode

The stationary negative current manifests a slow rate surface process
accompanied by transfer of the negative charge from the n-type TiO, toward the Pt metal
phase of the compound catalyst. Such a charge transfer corresponds to the forward bias
current flow, and it is opposite in direction to the known hot electron chemicurrent (Krix
et al. 2007; Karpov and Nedrygailov 2009). Admission of the further (5 Torr) portions of
hydrogen gives the small transient peaks and step-like increase of this stationary current.

The maximum rate of this slow reaction was estimated in terms of hydrogen

molecule consumption per unit time, ky,, using the pressure and temperature trends of

Figure 3.19 insets and the ideal gas equation as the following:

kn

] (P - f)ﬂ (3-1)

T) kg'T

This estimate presumes a thermal equilibrium at temperature T between the
sample surface and the gas phase of volume V and pressure p, which is a legitimate
assumption for the slow reaction mode. This calculation gives ky,= 5.5 x 10" 57!, which
is 1200 times lower than the maximal rate of the fast reaction discussed in Section 3.3.4.
Due to the very low rate at which the slow reaction occurs, the nearly constant (room)
temperature and pressure kinetics of Figure 3.19 alone might have been interpreted so
that the entire reaction stops. However, observation of the large negative current clearly
proves that the surface reaction is only switched between two different modes at the time

630 s. This second mode becomes better visible on the kinetics upon the subsequent
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hydrogen addition at times 1850 and 3850 s. Thus, existence of the slow mode is realized
here with the in situ observation of the reaction-induced current. Utility of the standard
spectroscopic techniques for the same purposes would be complicated by the high
pressure conditions in the gas phase. As a result, the observed slow mode of H, oxidation

on micro-nanostructured Pt/TiO; surfaces might have been overlooked in the past.

3.3.6 Characterization of Electrical Properties

Room-temperature (RT) resistance of a freshly sputtered nanomesh measured
between the Ag wires was about 560 Ohm, nearly independent of the source current and
gas-phase conditions. A gradual decrease of the RT resistance was observed upon cyclic
heating of the sample to 130 °C, and a stable value of about 340 Ohm was obtained.
Resistance of the annealed nanomesh varied with temperature in a linear platinum-like
manner. These observations proved the in-plane electrical continuity of the Pt nanomesh
because resistance of the sample in vacuum measured across the oxide layer thickness
was several orders of magnitude higher than the nanomesh resistance. For the discussion
to follow, we note that the mesoporous sample morphology provides a very long interface
of the two surface phases, Pt and TiO,, and the reactive gas phase.

Electrical properties across the oxide layer thickness were significantly more
complex, depending strongly on the gas phase conditions and the surface reaction flow.
The I-V curve in vacuum or pure O, was about linear, low conductance, and symmetric
for the positive (+V at Pt) and negative biases (see Figure 3.21 (curve A)). Also, a
capacitance of 0.14 pF was measured separately with a Fluke 289 DMM for the sample
in vacuum. In a pure H, atmosphere, an increase of conductance up to 6 orders of
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magnitude depending on H, pressure was observed, while the overall I-V shape

remained linear and symmetric (see Figure 3.21 (curves B, C, and D)).
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Figure 3.21. Current—voltage characteristics of the Pt/TiOx(por)/Ti structure (+V at Pt) in
pure O; (A), pure H, (B, C, and D), and reacting oxyhydrogen mixtures (E, F, and G). Isc
is the short-circuit current, and Voc is open-circuit voltage (electromotive force) of the
device in reactive mixtures.
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This observation can be a result of dissociation of H, molecules on Pt and
subsequent spillover of H-atoms from Pt onto the TiO, support (Conner and Falconer
1995; Roland et al. 1997; Knotek 1980). Chemisorption of the spilt H-atoms on the
mesoporous TiO; surface leads to accumulation of electrons in the conductance band of
the semiconductor. This process enhances conductivity of the TiO, phase to a nearly
metallic behavior and therefore removes the potential barrier at the Pt/ TiO, interface.

As it was mentioned earlier, the present structure supports two types of catalytic
oxyhydrogen reactions referred to as the fast and slow modes. The second of these yields
a long-term effect of stationary reaction current production at room-temperature
conditions (see Figure 3.19 data after the time 3600 s). This effect allowed taking slow
I-V scans under the condition of oxyhydrogen reaction on the sample surface. Such scans
are the curves E, F, and G in the Figure 3.21 plot, representing three different
concentrations of Hj gas in its mixtures with 160 Torr O, gas. Interestingly, these curves
take the asymmetric diode-like shape (n-type Schottky) in contrast to the I-V curves
taken in vacuum (A) and pure H, atmosphere (B, C, and D). Each of these “oxyhydrogen
reaction” curves intersects the I-axis at the nonzero point —Isc representing the short-
circuit current parameter. It also intersects the V-axis at the point Voc being the open-
circuit voltage or chemical electromotive force induced in the device. As can be seen
from Figure 3.21, the values —Isc and Voc and the overall shape of the curves E-G
depend on the H, fraction in the oxyhydrogen mixture. The diode-like shapes E—G are
reversible back to the symmetric low conductance shape A in vacuum or pure O,. This
behavior contrasts with the properties of the hot electron current devices based on single-

crystal supports, which preserve asymmetry in any atmosphere. Since the [-V curve in
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oxyhydrogen is not a mere average of the H, and O, curves, obviously the entire Pt/TiO,
interface is experiencing reversible qualitative changes of the energy band structure under
the influence of the catalytic surface reaction. Apparently, the surface reactants convert
the TiO, phase from an intrinsic to a higher conductance n-type semiconductor by
enriching it temporarily with donor species and therefore create a Schottky-type barrier at
the Pt/Ti0, interface. Meanwhile, a dedicated effort is required for a better understanding
of this property transformation. The resultant barrier height and diode ideality factor were
in the ranges 0.84—0.95 eV and 1.9-3.1 units, respectively, for mixtures of 1—11 Torr H;
with 160 Torr O,.

All the I-V curves were taken with a Keithley 2400 sourcemeter using linear
voltage sweeps in the range —0.7 to 0.7 V and reverse at the scan speed 1.17 mV/s; no
significant differences were observed for the forward and reverse scans for the voltage

range of Figure 3.21 data.

3.3.7 Properties of the Stationary Current

We further looked into properties of the stationary negative current (after 630 s in
Figures 3.19 and 3.20) in an attempt to unveil its physical origin and understand basic
mechanisms of the slow reaction process. The most important property is the following:
the slow reaction occurring at a rate 1200 lower than the fast reaction yields a current of
the same order of magnitude as the latter (see Figure 3.19). This property holds promise

for a high yield of electrons into the external circuit
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Ne = oo (3-2)

e-kHz

and a notable chemical-to-electrical energy conversion efficiency

Here, Isc is a short-circuit current; e is electron charge; U and P are voltage and power at
the external load Ry; and eQ = 2.52 eV is the energy effect of H,® + 1/20,® — H,0®
per Hy molecule (Williams et al. 1992). The reaction rate estimate, ky,= 5.5 X 10" 57,
was obtained in the previous section, and the Figure 3.21 data give the short-circuit
current, Isc = 35 pA, for the curve G. This corresponds to the electron yield n. = 0.04.
The voltage and power output was found for a wide range of load resistances varied in a
step-like logarithmic manner, as given in Figure 3.22 plots. These data give the energy
conversion efficiency n = 0.03% for the maximal 0.63 uW power of the output signal
observed at the 4.1 kOhm load. The value 4.1 kOhm is the apparent internal resistance
(Ro) of the transducer device. As can be seen from Figure 3.22 data, this parameter shifts

to higher values for lower partial pressures of H, in the oxyhydrogen mixture.
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Figure 3.22. Dependence of the output signal’s voltage and electrical power on
load resistance. Position of the power curve maximum, R, represents internal
resistance of the transducer, shifting to higher values at lower H, partial pressures.
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Another property of interest for smart chemical sensor and transducer applications
comes from the finding that the external load resistance Ry had no influence on the
reaction rate ky_; i.e., the slow reaction is not maintained by electron flow through the
external circuit, as in electrochemical batteries and fuel cells. In other words, the reaction
determines the current, rather than vise versa. Also, this current cannot be related to the
hydrogen concentration effect because the latter provides a positive potential on the Pt
electrode by accepting protons (Schierbaum and Achhab 2011), rather than spilling them

over.

3.3.8 Proton Spillover Mechanism

The high electron yield of the stationary (slow) reaction indicates that the electromotive
force is produced in a surface-driven process of Langmuir—Hinshelwood or
Harris—Kasemo (Nienhaus 2002) type involving transfer of the negative charge from
TiO, and toward the Pt phase on the surface. The nanodispersed Pt phase can support
various hydrogen species that may further migrate from Pt to TiO; via the well-known
hydrogen spillover process (Knotek 1980; Conner and Falconer 1995). The split species
can be protons, as was reported for various Pt/ metal oxide systems (Levy 1974; Roland
1997). Therefore, we suggest that the electromotive force of the slow mode current is a

result of proton spillover from Pt to TiO; (see Figure 3.23).
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Figure 3.23. Proton spillover mechanism of chemi-EMF in Pt/TiO,
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Here, the high electronegativity of Pt could be the cause of ionization of energetic
hydrogen precursors hopping (Barth et al. 1997; Wintterlin et al. 1997) on the surface

across the Pt—TiO, boundary

2H®PY - 2H+(PY 4 2e- (3-4a)

2H*®Y - 2H*(Ti02) (Spillover) (3-4b)

Next, the protons chemisorbed at the TiO, surface can participate in a typical cathode

reaction

2H* + %oz + 2e” > H,0 (3-5)

Here, electrons arrive to the TiO, conductance band from the Pt electrode via an external
electrical circuit. This process is finalized by water desorption from the TiO, surface,
which is possibly the key limiting step of the overall H, + 1/20, — H,O slow mode
reaction. Thus, the Pt and TiO, phases of the composite catalyst serve as the anode and
cathode of the electrical generator, separated only by a Schottky-type potential barrier for
electrons and where the proton spillover creates the electromotive force.

It is worth recalling that oxidation of hydrogen on the Pt surface from the gas
phase releases 76% of its energy as the heat of H, and O, dissociative adsorption
(Williams 1992). The reaction mechanism of eqs 3-4 and 3-5 needs to utilize a significant

portion of this energy to ionize the spilling hydrogen atoms. The independence of the
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reaction rate on the load resistance Ry mentioned in the previous section is also
compatible with such a reaction mechanism. Here, the spilling protons could be replaced
with neutral H-atoms at higher Ry due to a buildup of charge in the structure, without
affecting notably the overall reaction flow. In spite of the overall compliance of the data
with the proton spillover mechanism, the latter should be viewed as one possibility only;
further supportive evidence and other legitimate scenarios should be sought after.

Among the two distinct regimes of H, oxidation on Pt/TiO,(por), only the slow
mode can be relevant to the proton spillover process. Indeed, electron yield of the fast
reaction is not higher than 5 x 10, and therefore it is likely to occur on the Pt phase
alone. On the contrary, the slow mode should involve reaction steps on both Pt and TiO,
surfaces, as in eqs 3-4 and 3-5, to support the efficient charge transfer between the two
phases elucidated from the reaction current kinetics. Conclusions of this kind would be
difficult to substantiate with the use of standard methods of surface analysis, and they
illustrate research potential of the chemical-electrical signal transduction studies.
Reaction current based analysis of surface processes can be particularly useful at high
pressure conditions typical for industrial catalysis, where application of the standard
(vacuum-based) techniques, such as LEED, electron energy loss, Auger ion-scattering
spectroscopy, and others, is complicated. Finally, the irregular mesoporous Pt/TiO;
system discussed here is a closer model of actual industrial catalysts than the single-

crystal-type Schottky structures.
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3.4 Conclusions

In this study, an electrically continuous Pt mesh or grating layer of 15 nm
thickness was deposited on top of a mesoporous TiO, layer grown on a solid Ti substrate
by the plasma electrolytic oxidation method. Voltage-current characteristic of the
resultant Pt/TiO»/Ti micro-nanostructure was symmetric low conductance in vacuum or
pure O, symmetric high conductance in pure H,, and asymmetric diode-like in
oxyhydrogen mixtures. The Pt/TiO,/Ti structure supported a continuous oxidation of
hydrogen to water, starting at room temperature in 160 Torr O,, and it also worked as a
chemical— electrical transducer. The reaction current signal recorded between the Pt and
Ti terminals clearly showed the presence of a secondary, 1200 times slower mode of the
reaction in addition to the usual (fast) oxidation of hydrogen over the nanodispersed Pt.
Gas admission procedures to achieve the slow mode are described. The slow reaction
leads to surprisingly high currents in the forward bias direction of the diode,
disproportional to the reaction rate, when the latter is compared to the rate of the fast
reaction. This phenomenon is explained by involvement of both Pt and TiO, surfaces in
the slow reaction process accompanied by efficient charge transfer between the two
phases. A proton spillover mechanism is proposed as a possible source of the observed
electromotive force. In any case, basic properties of the slow mode current are
incompatible with the known thermal and hot electron mechanisms of the reaction-driven
currents. This stationary current is characterized with 0.04 electron yield, —0.32 V
electromotive force (open circuit voltage), and 12 pA/cm” short-circuit current density,
which is >100 times higher than the typical hot electron current density at room

temperature. The electrical signal of such a magnitude can be reliably used for various
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analytical purposes, including reaction paths and rate studies, in situ catalyst
thermometry, and electrometry. Furthermore, the overall reaction current kinetics
contains many autonomously formed features in the form of peaks and alterations of the
charge flow direction to manifest transitions between various surface reaction regimes.
This provides interesting possibilities for analysis and applications to smart chemical
sensors enabling automatic release of regulatory chemicals. The observed
chemical—electrical energy conversion efficiency of up to 0.03% on impedance-matched

loads might also inspire novel micro-power applications.
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CHAPTER 4

EFFECT OF TEMPERATURE ON THE PROPERTIES OF THE REACTION
CURRENT INDUCED IN THE MESOPOROUS Pt/TiO,

(Figures 4.1, 4.2, 4.3, 4.4, 4.6 and the related discussion were previously published as
Hashemian, M.A., Palacios, E., Nedrygailov, LI., Diesing, D., and Karpov, E.G.
“Thermal Properties of the Stationary Current in Mesoporous Pt/TiO, Structures in an

Oxyhydrogen Atmosphere”. Appl. Mater. Interfaces, 2013, 5, 12375—12379)

4.1 Introduction

Investigation of the mechanisms of generation and transport of the electrical
charge in nanomaterial-based catalysts (for example, nanodispersed Pt supported on a
porous TiO, substrate) is a key to mastering heterogeneous catalysis, control of the
surface chemical reactions flow, artificial photosynthesis, and the design of advanced
chemical sensors and transducers. Tuning the activity and selectivity of the catalysts
through charge transfer by electrons, holes, or ions induced by external means (such as
light or electric field) is a well-known and intensively studied phenomenon (Zhang and
Yates 2012; Gross and Somorjai 2013; Kim et al. 2013).

Recent studies of the exothermic chemical reactions at the surface of nanofilm
multilayer structures clearly showed that the generation and transport of the electrical
charge can also occur independently of the external physical stimuli (Schierbaum and
Achhab 2011; Karpov et al. 2013; Schindler et al. 2013). For example, the current of
chemically induced energetic electrons and holes (with >0.5 eV of excess energy), known

as chemicurrent, in Ag/Si and Cu/Si nanostructures during adsorption of atomic gas
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species was reported (Gergen et al. 2001; Nienhaus et al. 2002). Further experiments with
different gases and various thicknesses of the top electrode have shown that the
magnitude of the chemicurrent is proportional to the gas flux as well as the number of
empty sites on the surface, available for gas adsorption. The lifetime of chemically
induced energetic electrons was shown to be on the order of tens of femtoseconds. These
observations point out on an essentially nonequilibrium character of the chemicurrent
generation, which, in turn, unveils an opportunity for ultrafast chemical to electrical
signal transducers. Steady-state currents induced by catalytic oxidation of CO and H,
species on TiO,, SiC, and GaN Schottky structures with a continuous Pd, Pt, or Au top
film were also reported (Park et al. 2007; Karpov and Nedrygailov 2009). Metal-
insulator-metal structures based on metal oxide layers with thicknesses of only a few
nanometers have also been used in this context (Mildner et al. 2006; Schindler, et al.
2013).

Recently, a different type of structure for detection of the electric current induced
by a surface chemical reaction was reported (Karpov et al. 2013). As mentioned in
chapter 3, these structures are based on mesoporous TiO, films grown on a Ti substrate,
where an electrically continuous array of Pt nanoparticles is deposited on the TiO,
surface. It was shown that the mesoporous Pt/TiO, structures allow detection of the
unusually strong stationary current at room temperature when the chemical reaction rate
is very slow. The origin of this current is not fully understood. Such a current induced in
the mesoporous Pt/TiO; structure by surface chemical reactions is called the reaction
current. As shown in chapter 3, the quantum yield, the number of charge carriers detected

per one H, molecule oxidized at the detector surface, for the mesoporous Pt/TiO,
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structures may reach 0.04 at room temperature, which is much higher than the values
reported previously for the chemicurrents (Nienhaus et al. 1999; Hervier et al. 2009;
Karpov et al. 2013). In addition to the reaction current, a significant electromotive force
(open circuit voltage) of about —0.32 V was also detected during the surface chemical
reaction. Large reaction currents of the reverse direction in a system with a Pt paste
contact applied to the TiO; surface were also reported (Schierbaum and Achhab 2011). In
order to explain such a strong effect in the mesoporous Pt/TiO, structure, several
mechanisms have been proposed for the underlying electromotive force (chemi-EMF). In
previous chapter we considered processes of proton formation at the Pt surface and their
spillover into the mesoporous TiO, phase, where they can react with the adsorbed oxygen

species to form water. The following surface reaction mechanism was suggested:

anode (Pt): 2H®PY - 2H+(PY | 2e- 4-1)
spillover: 2HT(PY 5 pH+(TiO2) (4-2)
cathode (TiO») 2H* +-0, + 2¢™ - H,0 (4-3)

Here, electrons arrive at the TiO, conductance band from the Pt electrode via an external
electrical circuit. The observed chemi-EMF was also attributed to electrochemical
processes similar to those observed in galvanostatic solid electrolyte hydrogen sensors
(Schierbaum and Achhab 2011). However, the amount of experimental data available
presently is insufficient either to confirm or to refute these hypotheses. This chapter
unveils an effect of temperature on the properties of the reaction current induced in the

mesoporous Pt/TiO; structure by oxyhydrogen reaction on its surface. We report on a
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complex multiregime dependence of the reaction current magnitude on the sample
surface temperature, suggesting an interplay of several distinct mechanisms involved in
the process of the current generation. The effects discussed in this chapter can be
instrumental in understanding the physical origin of the reaction current and the

associated chemi-EMF.

4.2 Experimental Procedure

A mesoporous Pt/TiO, sample was fabricated in a two-step procedure, identical
with the one described in section 3.2.1. First, a 10-um-thick oxide layer was obtained on
a 0.989 pure Ti metal substrate of 36 x 12 x 0.5 mm’ dimensions using plasma
electrolytic oxidation (Sul et al. 2002; Diamanti and Pedeferri 2007; Park 2008) in the 3
M sulfuric acid electrolyte. During the anodization process, the cell voltage gradually
increased upon reaching 155 V, while the current was maintained constant at 0.85 A. We
note that fabrication of mesoporous titania using plasma electrolytic oxidation is an
established technique. The resultant porous structure is usually explained by a rapid
motion of micro discharges along the Ti anode surface during the oxidation process (Park
2008).

Next, a 15 nm equivalent Pt layer was deposited through a 34 x 10 mm® mask on
one side of the anodized sample at a rate 0.02 nm/s in a 10 ® Torr vacuum. Subsequent
field-emission scanning electron microscopy (FESEM) scans of the Pt-coated TiO;
surface did not reveal any changes in the surface structure, implying that Pt metal was
deposited as a nanometer thickness blanket layer with multiple openings (holes) at the

positions of the TiO, surface pores. We will refer to such a Pt nanophase as a
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“nanomesh” hereafter. The sample was then annealed at 400 K for 10-20 min, leading to
a stable nanomesh resistance of 340—350 Q measured under ambient conditions between
the two Ag conductive paste terminals applied to the opposite ends of the Pt nanomesh.
The sample was mounted inside a 4.5 L vacuum/environmental chamber with a base
pressure of <10~’ Torr. A small resistive temperature sensor (Omega F2020-100) was
placed in the middle of the Pt-coated area of the sample. Finally, two parallel-connected
halogen bulbs were mounted at a distance of 18 mm to the Pt-coated side of the sample to
perform as a radiative heater (Figure 4.1). The heater was operated at a power of less than
1.6 W per one bulb, and therefore the radiant temperatures were low enough to generate

no detectable photocurrent in all experiments reported in this chapter.
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Figure 4.1. Overall sample structure, reaction current measurement circuit, and heating
setup
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4.3 Results and Discussion

As it was discussed in chapter 3, a procedure was developed that allows us a well-
reproducible detection of the reaction current in the mesoporous Pt/TiO, structures at
room temperature. First, we initiate the ignition of hydrogen on the Pt/TiO, surface by
adding 16 Torr H; to an isolated chamber with the sample assembly in a 160 Torr pure O,
atmosphere. As can be seen from Figure 4.2 data, this leads to sharp reaction current and
temperature peaks, which are discussed in greater detail in pervious chapter. We will call
this process an “activation” hereafter. Presently, it is not clear what exactly happens with
the surface of a mesoporous Pt/TiO, structure during the activation. However, we can
assume that, during the activation process, the fast catalytic reaction between hydrogen
and oxygen can clean the Pt/TiO, surface from the adsorbed residual gas particles. A
similar effect led to a significant increase of the catalytic activity of the Pt wire after
ignition of the hydrogen and oxygen mixture occurred on its surface (Keck et al. 1983).
Upon completion of the transient processes by the time 900 s (Figure 4.2), a small
amount of H, about 1 Torr still remains in the chamber, the surface temperature returns to
a room temperature value, and the reaction current acquires a stationary value of about
0.4 pA. This current is associated with a very slow hydrogen consumption rate, not
higher than 5 x 10" H, molecules per second. Interestingly, the further addition of H, gas
to the chamber only increases the magnitude of the stationary reaction current, while the
surface temperature remains unchanged. For example, admission of 5 Torr H, to the
chamber at the time 1860 s increases the reaction current value from 0.4 to 5-9 pA

during the next 2.5 h (see Figure 4.2). The initial resistance of the Pt nanomesh (340-350
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Q) did not change significantly in the end of such an experiment, proving the long-term

stability of this Pt phase.
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Figure 4.2. Long-term kinetics of the reaction current and the corresponding surface
temperature reading with no external heating during the entire experiment

Figure 4.3 shows the [-V curves taken between the Ti and one of the Pt terminals,
with a Keithley 2400 sourcemeter at room temperature conditions. Linear voltage sweeps
programmed from —0.7 to 0.7 V and in the reverse direction at the rate 70 mV/min were
used. Such a slow rate was selected to avoid capacitive charging currents in the catalytic
structure. The I-V curves measured during the slow surface reaction of hydrogen and

oxygen starting at the time 8000 s (see Figure 4.2a) differ significantly from that
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measured in vacuum. As seen in Figure 4.3, such [-V curves have an asymmetric diode-
like shape and intersect the I axis at the short-circuit reaction current value, Isc. They also
intersect the V axis at the point Voc, representing the open-circuit voltage or chemical
electromotive force of this structure. The values Isc and Voc and the overall shape of the

I-V curves depend on a specific composition of the oxyhydrogen mixture.

| v I v
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Figure 4.3. -V curves of the mesoporous Pt/TiO,/Ti structure measured between the Ti
substrate and Pt layer (positive bias at Pt) in a vacuum (curve A), 1:0.04 oxyhydrogen
mixture (curve B), and 1:0.07 oxyhydrogen mixture (curve C). The O, base pressure is
153 Torr in both mixtures. Voc and Isc are clearly defined
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In order to study the effect of temperature on the stationary reaction current, the
halogen bulb heater assembly was turned on at the time 3600 s, and a constant heater

power was maintained during the time interval 3600—10800 s (Figure 4.4a-c).
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Figure 4.4. Long-term kinetics of the reaction current (in 153 Torr O, + 6 Torr Hy) and
the corresponding surface temperature reading (a) 1.2 W, (b) 2.3 W, and (c) 3.1 W during

the time interval 3600—10800 s
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In additional experiments, which were made in vacuum and pure oxygen, it was
found that such a method of heating does not lead to generation of a measurable
photocurrent. As can be seen in Figure 4.4a and 4.4b, heating of the sample in the O, +
0.04 H, gas mixture with a low power leads only to a smooth increase of the reaction
current. The current then reaches a new stationary or slowly changing value. However,
when the sample is heated with a higher power (Figure 4.4c data), the reaction current
passes through the several maxima at temperatures 314 and 321 K and then starts to
decrease. Further heating initiates the ignition of hydrogen on the Pt/TiO, surface at a
temperature of about 325 K, similar to the activation process described above. Figure 4.5
shows the effect of temperature on the reaction current during the second addition of
hydrogen (153 Torr O+ 11 Torr Hy). Figure 4.5a shows the long term kinetics of the
reaction current with no external heating. After the second addition of H,, the heater was
turned on and a constant power was maintained for 2 hours (Figure 4.5b-d). It can be seen
that a lower power is needed to initiate the ignition of hydrogen in the O, + 0.07H, gas
mixture compared to O, + 0.04H; (see Figure 4.4c and 4.5d). This can be explained as a

result of larger hydrogen fraction in the mixture.
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Figure 4.5. Long-term kinetics of the reaction current (in 153 Torr O, + 11 Torr Hy) and
the corresponding surface temperature reading (a) 0.0, (b) 0.7, (¢) 1.2, and (d) 1.9 W
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The whole temperature dependence of the reaction current recorded in the O, +
0.04 H, gas mixture for the temperature of the mesoporous Pt/TiO; structure in the range
of 300—325 K is shown in Figure 4.6. The same figure also gives data for the O, + 0.07
H, gas mixture consisting of 11 Torr H, in 153 Torr O,. As can be seen, in both cases the
temperature dependence of the reaction current has a “W” shape with the two maxima.
However, for the gas mixture with a larger hydrogen fraction, the entire temperature
dependence of the reaction current shifts to higher values, while the current maxima

correspond to lower temperatures.
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Figure 4.6. Temperature dependence of the stationary reaction current for the O, +
0.04H, and O, + 0.07H, mixtures at the base pressure of oxygen Po, = 153 Torr:
experimental data, eq 4-4 analytical fit, and the constituent Gaussian peaks
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In order to determine the exact position of the maxima, the curves of the reaction
current as a function of the temperature, shown in Figure 4.6, have been decomposed

using multiple Gaussian functions:

(4-4)

i 2
T_Tr(riztx
gj

1
=YY%, A; exp [_E<

The resulting fitting curves, as well as individual Gaussian components, are also
shown in Figure 4.6 using thin black solid and dashed lines, respectively. Table IX gives
the parameters obtained for the Gaussian components, where Tm. is the Kelvin
temperature at the peak maximum, o; is the width of the peak at half-height and A; is the
peak amplitude. As can be seen, Gaussian decomposition of the reaction current as a
function of temperature yields two components with the parameters dependent on the
hydrogen concentration.

Table IX. Decomposition parameters of the temperature dependence of an induced
reaction current using multiple Gaussian functions

O, + 0.04H, O, +0.07H,
peak 1 peak 2 peak 1 peak 2
A (uA) -16.6 -5.74 -27.3 -12.5
Trnax (K) 314.5 321.6 310.2 314.9
G (K) 8.16 1.77 5.68 1.34
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Such a complex temperature dependence of the reaction current in the
mesoporous Pt/TiO, structure can be explained as a result of the competition of several
chemical and electrical processes. On the one hand, the reaction current depends on the
rate of charge carrier generation in the course of a surface chemical reaction. Therefore,
the temperature rise should lead to an increase in the chemical reaction rate and,
consequently, stronger current. It should also be noted that the maximum of the reaction
current as a function of the temperature, reported in this article, is in the same
temperature range as the peak of molecular water desorption from the TiO, surface,
which was found to be in the range of 300-350 K for disordered (powder) TiO, surfaces
(Henderson 1994). This process, in principle, could also increase the current because it
leads to the cleaning of the surface from the reaction products. It could explain the first
(wider) peak in the reaction temperature dependence (Figure 4.6), while the second peak
is possibly related to the spillover process or cathode reaction activation. On the other
hand, the reaction current value also depends on the properties of the charge carriers,
such as lifetime and mobility, as well as the electrical properties of the Pt/Ti0O, interface.
These parameters also depend on the temperature because of electron-phonon scattering
processes and, as a rule, lead to a decrease in the efficiency of detection of the excited
charge carriers in the diode-like structures at elevated temperatures. All of these
competing factors could play a role in both Gaussian components of the reaction current.

It is interesting to note that both Gaussian components have similar behavior
when the hydrogen concentration is varied: they narrow and shift toward lower
temperatures with a higher amount of hydrogen in the gas mixture. Also, the last point on

each of the two experimental curves of Figure 4.6 corresponds to a heater power already
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sufficient to reinvoke the fast reaction process, i.e., such a mode switching occurs easier
for a hydrogen-richer environment: at 315 K for the O, + 0.07 H, oxyhydrogen versus
321 K for the O, + 0.04 H, mixture. This behavior gives a hint that the system can be in a
dynamic metastable state during the room temperature reaction. According to transition
state theory (Wigner 1937; Vineyard 1957; Voter and Doll 1985), a greater collision
frequency factor related to the higher H, gas pressure can lead to relaxation of the

metastability at a lower temperature.
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4.4 Conclusions

We conclude that the entire temperature dependence of the slow reaction current
induced by an oxyhydrogen reaction on the mesoporous Pt/TiO; system has a “W” shape
with two peaks. This behavior cannot be interpreted on the basis of a single mechanism
of the chemi-EMF, such as hot electron transport, proton spillover, or thermoelectricity
(Schierbaum and Achhab 2011; Karpov 2013). Two or more distinct processes contribute
to this chemi-EMF, although further studies are required for their more detailed
understanding. More generally, this reaction current represents an interplay of several
chemical and electrical processes. Most notably this is evidenced (1) by the metastability
of the room temperature process, which may switch to the fast mode by raising the
surface temperature to only 10-20 K depending on the hydrogen fraction in the gas phase
and (2) by the matching of the reaction current peak 1, Table IX, and the water desorption

peak for the titania surface (Henderson 1994).
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CHAPTER 5

EFFICIENT HYDROGEN SENSING PERFORMANCE OF THE MESOPOROUS
Pt/TiO, SYSTEM AT ROOM TEMPERATURE

(Previously published as Hashemian, M.A., Karpov, E.G. “Hydrogen Sensing Behavior
of Pt-coated Mesoporous Anodic Titania”. Materials Chemistry and Physics, 2014, 148,
579-584)

5.1 Introduction

Due to volatility and flammability of hydrogen gas, a small leakage of hydrogen-
containing gases could lead to disastrous consequences. In the recent years, many groups
have reported hydrogen sensors with different mechanisms and structures (Maffei and
Kuriakose 2004; Zalvidea et al. 2006; Nedrygailov and Karpov 2010; Hiibert et al. 2011;
Indacochea et al. 2008). The electrical and optical changes of thin palladium layer (40
nm) have been reported during the hydrogen adsorption (Fedtke et al. 2004). This sensor
showed a good behavior up to 4% hydrogen in nitrogen. Many groups have reported that
metal-semiconductor (MS) Schottky diodes work well as hydrogen sensors (Song et al.
2005; Huang et al. 2007; Zdansky and Yatskiv 2012). Platinum or palladium Schottky
diodes based on n-type GaN semiconductor revealed significant changes in the electrical
characteristic of the sensor upon exposure of hydrogen in Ar or air mixture at room (Yam
and Hassan 2007) and elevated temperature (Luther et al. 1999). Metal-insulator—
semiconductor (MIS) Schottky diodes, Pt/SiO0,/GaN, has been studied over a wide range
of temperatures in the normal air atmosphere which demonstrated high sensitivity and a

fast response time (Tsai 2008).
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TiO, nanotubes and nanoporous structures have also been studied as hydrogen
sensors, showing reversible responses in both air and N, atmospheres (Varghese et al.
2003; A. A. Haidry et al. 2012; Moon et al. 2012; Rahbarpour and Hosseini-Golgoo
2013). It has been shown that the hydrogen sensing performance of anodically oxidized
TiO, sensors can be affected by several parameters such as film morphology, oxidation
temperature, and electrode materials (Shimizu et al. 2007) . The influence of nanotube
diameters on the resistance variation of the TiO, has been tested and a three order of
magnitude resistance variation was observed with exposure of 100 ppm hydrogen to N,
ambient (Sennik et al. 2010). For higher concentration of hydrogen (500 ppm), a four
order of magnitude change has been reported. In the previous work, the sensitivity of
TiO, sensor has been studied at various operating temperatures, ranging from 250°C to

450 °C (Haidry et al. 2011).

In this chapter, we discuss hydrogen sensing properties and mechanisms of a
Pt/Ti0; type device based on anodically grown mesoporous titania. The device is simple
to fabricate and it demonstrates extreme changes in its electrical resistance due to
hydrogen exposure at room temperature. Here, the Pt catalyst was finely dispersed as an
electrically continuous nanometer thickness mesh supported by the TiO, layer, and the
anodized Ti metal substrate served as a base support and back contact. Dependence of
response characteristics on the source voltage is discussed. In order to understand basic
mechanisms of the observed sensing performance, the experiments have been carried out
in vacuum, oxygen and nitrogen gases at 160 Torr, and at bias reversal conditions.
Hydrogen sensing behavior of this system is demonstrated, showing remarkable

responses down to 0.003 Torr of H; partial pressure (20 ppm).
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5.2 Experimental Procedure

The procedure of sample fabrication can be found in chapters 3 and 4. Prior to the
hydrogen sensing measurements, the sample surface was activated by oxyhydrogen
reactions. The activation procedure has been described in chapter 3. Upon completion of
the activation process, a repeatable baseline for resistance reading was obtained by
exposing the sample to 160 Torr atmosphere of pure O, during 65 h, while a constant
source voltage was kept applied to the sample. The resistance data recording started after
41 h of the exposure. Such a long pre-exposure with the source voltage in the background
atmosphere was employed to eliminate a slow memristor effect (Wu and McCreery 2009;
Miller et al. 2010), due to oxygen vacancy diffusion in the TiO; layer, which the system
showed in hydrogen-free atmospheres. In the beginning of each cycle of the hydrogen
sensing studies, a particular amount of H, gas was admitted to the chamber and retained
in it during 6 h resulting in a sharp decrease of the sample resistance. During the next
30 min, the chamber was evacuated to a 10 Torr vacuum, followed by admission of 160
Torr oxygen retained in the chamber for 16 h to recover resistance of the sensor. All the
measurements were performed at room temperature (26-28°C). Sensor resistance was
recorded continuously at a rate of 5 readings per minute with a Keithley 2400

sourcemeter in the voltage source mode.

In order to understand the effect of recovery gas on the sensor performance,
oxygen gas was also replaced by nitrogen, which will be discussed below. The sensor
tests were conducted at different hydrogen pressures and applied voltages in the range of

0.003—3 Torr and 0.5-2.0 V, respectively.
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5.3 Results and Discussion

5.3.1 Sensitivity and Response Properties

The variation of the Pt/TiO,/Ti structure resistance with time in different
concentration of hydrogen in the presence of oxygen at room temperature were studied
by applying different voltages at the Pt layer relative to the Ti substrate terminal (Figure

5.1).

gas exposure

Pt v b b Ag

Figure 5.1. Sample wiring and the setup for resistance (R) measurements; Vg is a fixed
source voltage

Response of the sensor to different partial pressures of H, gas under 0.5 V is shown in
Figure 5.2(a). Upon admission of 3 Torr of hydrogen, the initial resistance of 4.5x10
Ohm jumped abruptly down within less than one minute, and then went more gradually
down to the final value 7.5x10° Ohm within 6 hours. By removing H, from the chamber
during the next 30 min and adding pure O, gas at 160 Torr, the sensor resistance rapidly
increased to form an inverted peak; this recovery was completed by reaching into the
high resistance close to the initial value within the following 16 h. It should be noticed
that the somewhat smaller resistance in pure O, compared to the initial value is due to a

shorter exposure of the sensor to the background atmosphere in between two successive
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additions of hydrogen gas. According to Figure 5.2 (a), qualitative behavior of the sensor
resistance is the same for three other partial pressures of hydrogen, 0.3, 0.03 and 0.003 T,

although the lower peak value is different for each specific concentration.

Resistance (Ohm)

0 1x10° 2x10°  3x10°  4x10°  5x10°
Time (s)
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Figure 5.2. Response transients of the mesoporous Pt/TiO, hydrogen sensor in the
background atmospheres of 160 Torr oxygen at various source voltages: (a) 0.5V, (b) 1.4
V,and (c)2V
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In addition, the sensor response was also measured under 1, 1.4 and 2 V for
different concentration of H, by the same procedure as it is explained above for 0.5V,
see Figure 5.2. Increasing the applied voltage decreased the initial resistance of the sensor
in pure oxygen. Otherwise, the sensor showed similar behaviors during the alternating
exposure to hydrogen and oxygen gases. A four order of magnitude change in the
resistance is typically seen due to exposure to 3 Torr of hydrogen. Also, the sensor
resistance was notably decreased when it was exposed to only 0.003 Torr Hy,
corresponding to a concentration of H, molecules of only 3.9 ppm in a normal
atmosphere, or 20 ppm in the 160 Torr atmospheres used here. A solid-state sensor
reacting to such small amounts of molecular hydrogen has not been reported earlier in

literatures.

A formal sensitivity measure of the type

S = 02 Hp (5-1)

was investigated. Here, Ro; is the resistance of the sensor in the background (reference)
atmosphere of pure O, at 160 Torr, and Ry is the resistance in the end of the hydrogen
exposure, represented by magnitudes of the inverted peaks in Figure 5.2 plots.
Dependences of the value S on source voltage and H» partial pressure are shown in Figure

5.3.
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For a specific voltage, the sensitivity increases with the H, concentration. It also
increases slightly with the source voltage, except for the lowest studied hydrogen
pressure (0.003 Torr), for which better results were observed at smaller voltages. The
highest values S were obtained for 3 Torr of H,, varying from 550 at 0.5 V to 11670 at
2V. In Figure 5.3(a) it can be also noticed that the sensitivity saturates for the voltages
above 1.4 V. A sharp sensitivity drop, not shown in the figure, was observed at all
hydrogen concentrations for voltages higher than 2 V. A prolonged exposure of the

sensor to such voltages may lead to an irreversible decrease of the sensitivity.

Peak resistance values on each of the Figure 5.2 curves can be fitted within a 20%

or better accuracy with a power function of H, partial pressure, p,

R(p)=a-p® (5-2)

where the parameter b varies from —0.73 to —1.18, depending on the source voltage, see

Table X.

Table X. Value of the power function parameter b in Eq. (5-2) for different source

voltages
Bias (V) 0.5 1.0 1.4 2.0
b-value -0.73 -0.96 -1.12 -1.18
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Thus, electrical conductance of the sample can be a /inear response function of H,
partial pressure for a properly selected source voltage in the range 1.0—1.4 V. This
provides opportunities for practical utility of the present solid-state system in hydrogen-

selective pressure gauges and transducers.

5.3.2 Response Time

In order to compare response time of the sensor under different voltages, the
parameters f, tso and foo were defined to represent, respectively, periods of time during
which the sensor resistance drops 20%, 50%, and 90% from its initial value, see
Figure 5.2. These parameters are listed in Table XI for 3 Torr H, exposure at different
source voltages. It can be mentioned that the response time has a notable dependence on
the source voltage. Upon exposure to 3 Torr of hydrogen under 1.4 V, the sensor
resistance dropped to 90% of initial value within about 4 minutes. Thus, in the view of
both sensitivity (Figure 5.3) and response time (Table XI) data, a source voltage around

1.4V is optimal for this device in hydrogen sensing applications.

Table XI. Response time for 3 Torr H, exposure at different source voltages

Voltage (V) tr0 (S) 150 (S) foo (8)

0.5 12 38 546
1.4 19 47 223
2.0 31 49 385
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The operating conditions (temperature, hydrogen concentration, and background

atmosphere), sensitivity, and response time of this and typical earlier sensors based on

TiO, are shown in Table XII. As can be seen, the present sensor device can be

advantageous to the nanotube and sol-gel based sensors for its lower operating

temperatures (26-28°C) and a lower sensitivity threshold (20 ppm). It also provides

response times better than in the nanotube sensors, and sensitivity comparable with the

sol-gel type sensors.

Table XII. Comparison of operating conditions, sensitivity, and response time of current
sensor and previous sensors

Temperature .
Sensor type -0 H, (ppm) / background gas| Sensitivity f90 (S)
0.35-11528
Mesoporous anodic TiO; 26-28 20-20000 / Oy, N2 223-546
(1.4V)
TiO, prepared by sol-gel ‘
100-350 300-10000 / air 10-10000 45-130
method (Haidry et al. 2012)
Highly ordered TiO»
nanotubes (Sennik et al. 20-150 100-5000 / Oy, N 10-35 1800-3900

2010)
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5.3.3 Sensing Mechanism

The mechanisms of hydrogen sensing in semiconducting catalytic systems
remained unclear for a long time and different mechanisms have been introduced (Bates
et al. 1979; Roy et al. 2003; Kim et al. 2006; Wang et al. 2010) . Some studies reveled
that the presence of oxygen species on the surface is necessary for the sensitivity of TiO;
based devices to hydrogen gas (Bates et al. 1979). It has been suggested that trapping of
electrons from the conduction band of a metal oxide semiconductor by adsorbed oxygen
molecules and return of these electrons to the conduction band by a reducing gas (H;) are
responsible for the hydrogen sensitivity (Wang et al. 2010). In a quest for information
about the correct sensing mechanism, the effect of background atmosphere type and
source voltage polarity on the performance of present hydrogen sensor was investigated.
The response of the sensor to different concentrations of Hyunder 1 V in 160 Torr O, and
N3 backgrounds is shown in Figure 5.4. In contrast to the redox mechanism (Bates et al.
1979; Wang et al. 2010), by comparing the O, and N, curves shown in Figure 5.4, it can
be concluded that the presence of oxygen molecules was not an essential factor for the
hydrogen sensing measurements. On the contrary, the initial resistance, recovery values
and flatness of the curves (at 0.3 and 3 Torr H,) were higher for the O, atmosphere. This
fact could be explained by partial blockage of the active sensor surface with products of a
slow oxyhydrogen reaction (water and OH radicals). In chapters 3 and 4, we showed that
the oxyhydrogen reaction can be initiated on a similar catalytic surface at 16 Torr H;
even at room temperature. On the other hand, the order of magnitude variation in the
sensor resistance in Figure 5.4 data was similar for the two background gases at all H,

partial pressures.
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Figure 5.4. Comparative behavior of the sensor in the background atmospheres of 160
Torr oxygen and nitrogen under source voltage 1 V

Figure 5.5 shows variation of the sensor resistance versus time for a high vacuum
background (107 Torr) under the voltage 1 V. It can be seen that the sensor responded to
and recovered from all the different concentrations of H, approximately at the same order
of magnitude variation. This result provides further evidence toward the slow
oxyhydrogen reaction hypothesis of the previous paragraph, because in this experiment
the sensor surface remains free of any compound molecules of radicals at all times. Thus,
the background gas (O, or N;) only diminishes the sensor response, especially at the

lower H, concentrations. Furthermore, independence of the response on the gas type,
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Figure 5.4, suggests that molecules of the background gas participate only in

physisorption processes on the sensor surface.
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Figure 5.5. Sensor resistance variations in 107 Torr vacuum background for different
concentrations of H, under source voltage 1 V

Recent studies show different mechanisms in which the hydrogen molecules
dissociate and form atomic hydrogen on the metal surface. These hydrogen atoms will
then diffuse through the metal and precipitate at the metal/semiconductor interface,
decreasing the metal work function, and therefore reducing the Schottky barrier height

(Roy et al. 2003; Shimizu et al. 2007). Figure 5.6 shows the sensor responses when it was
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exposed to 3 Torr of hydrogen in high vacuum (107 Torr) under +1.4 and -1.4 V at room

temperature.
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Figure 5.6. The variation of sensor resistance versus time in high vacuum (107 Torr) for
3 Torr of H, under source voltages +1.4 and —1.4 V

It can be seen that the order of magnitude variation in the sensor resistance under
the positive source voltage is noticeably greater compared to the response at the negative
voltage. This result indicates that the barrier reduction mechanisms based on electronic

conductance is not fully applicable to the present sensor type. We suggest that ionic
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transport in TiO, serving as a solid electrolyte, also plays an important role in the sensing
performance reported here. In particular, hydrogen ions (H') generated on the Pt
nanomesh under positive bias in the presence of hydrogen adsorbate species are drifting
toward the back Ti contact of the sensor to recombine there with electrons arriving from
the external circuit. A negatively biased catalytic electrode, on the contrary, cannot
produce a significant amount of hydrogen ions, and therefore the sensor response was
minute at the negative source voltage. It is also possible that the mechanism of oxygen
vacancy (Vo) drift in TiO,., areas under electrical potential (Wu and McCreery 2009;

Miller et al. 2010) is intertwined with the H' diffusion process in the present sensor type.
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5.4 Conclusions

The transient response of a Pt/TiO,/Ti sensor based on anodically grown
mesoporous titania was studied at room temperature for different hydrogen
concentrations and applied source voltages, and in three different background (reference)
atmospheres: 160 Torr O,, 160 Torr N», and 107 Torr vacuum. Comparable results were
obtained in these atmospheres to reveal that the response of the sensor is not influenced
by adsorbed O™ species (Bates et al. 1979), and the background gas molecules are likely
to participate only in physisorption processes on the sensor surface. The applied source
voltage in the range of 0.5-2 V had a great effect on the sensor sensitivity with the
highest sensitivity observed at 1.4 V. For the 0.03—3 Torr H, exposures, the sensitivity
increased with the source voltage until 1.4 V and then saturated at about 2 V. Irreversible
changes of the sensor behavior occurred for voltages higher than 2V, at which the
sensitivity decreased significantly. For a source voltage in the range 1.0—1.4 V, electrical
conductance of the sensor can be a linear response function of the H, partial pressure.
The obtained data suggests that ionic conductance and vacancy diffusion processes in the
mesoporous titania contributes to the resistive response of the sensor during hydrogen

exposure.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Overall Conclusions

This study revealed two distinct modes of catalytic oxidation of hydrogen to water
on a mesoporous Pt/TiO; structure with an electrically continuous 15 nm mesh-like Pt
layer. The structure supported a continuous oxidation of hydrogen to water starting at
room temperature in 160 Torr O, and also performed as a chemical-electrical transducer.
Along with the usual fast reaction over the nanodispersed Pt, a 1200 times slower mode
of the reaction is revealed by studying the reaction-induced currents. This slow mode
leads to a surprisingly strong stationary chemicurrent at electron yield 0.04, electromotive
force —0.32 V, and short-circuit current density 12pA/cm” at room temperature. This
phenomenon is explained by involvement of both Pt and TiO; phases in the slow reaction
flow, where a proton spillover mechanism of the observed electromotive force is
suggested. The overall reaction current kinetics contains many autonomously formed
features including peaks and alterations of the charge flow direction to manifest
competition between various surface reaction regimes. These studies provide interesting
opportunities for smart chemical sensors, transducers, and novel analytical tools.

The effect of temperature on the electric current induced in the mesoporous
Pt/TiO; structure was investigated by the room temperature surface chemical reaction of
hydrogen and oxygen. This helped to unveil the physical origin of this current and the
related electromotive force (chemi-EMF). It was observed that the temperature

dependence of this reaction current has a clear multipeak structure, suggesting that at
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least two distinct processes contribute to the current generation. The output current
represents the interplay of both chemical and electrical processes, evidenced by the
metastability of the room temperature reaction and by matching of the current peaks with

the water desorption peak for TiO,.

In order to study the hydrogen sensing properties of a Pt/TiO,/Ti system, the
resistive sensor response between the Pt and Ti terminals of the structure was
investigated at room temperature for different partial pressures of H, gas (0.003—3
Torr) and different source voltages (0.5-2.0 V). A maximum resistance effect,
reaching four orders of the magnitude for 3 Torr H, in 160 Torr O, is obtained at the
bias voltage 1.4 V, and a strong effect is detected for only 0.003 Torr, or 20 ppm H,
concentration. For voltages in the range 1.0—1.4V, electrical conductance of the
sample is about a linear function of the H, partial pressure in the gas phase. Influence
of the background atmosphere (O,, N, and vacuum) and the effect of bias reversal
were investigated also, leading to a conclusion that the sensing mechanism can be

related to ionic transport in the TiO; layer.

6.2 Future work

In the present study, chemicurrent measurements were investigated on
mesoporous TiO; systems while other types of TiO, such as nanotubes can also be
considered to reveal the effect of porosity on the chemicurrent magnitudes. A proton
spillover mechanism was introduced as a possible reason for the activity of Pt/TiO,

system during the slow reaction mode. In order to validate this hypothesis, other
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metal oxide nanostructures such as ZrO,, NiO, WO3 and other similar systems will be
investigated in the future studies. All of these oxide layers can be grown by oxidizing
their native metals to provide a base electrical contact and a mechanical support.
Also, the chemicurrent measurements can be used to compare the catalytic activities
of different metal-metal oxide nanostructures such as Pt/TiO,, Pt/ZrO,, Rh/TiO,,
Rh/ZrO,, etc. In this research, the chemicurrent studies were carried out in the
oxyhydrogen atmosphere. For the future studies, other fundamental industrial

processes such as oxidation of CO and CHj4 can also be considered.
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