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oxidation at temperatures in a range of 300-500 °C clearly exhibited NEMCA. The maximum rate enhancement ratio
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at 200 °C. Nevertheless, the reproducibility of this cell was poor mainly because of weak adhesion between the
YSZ film and the alumina substrate. This was caused by the low calcination temperature for the YSZ film. A higher
temperature could not be used because the gold counter electrode had been found to diffuse into the alumina
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CHAPTER 1
INTRODUCTION

1.1 Background

Propane (C,H;) known as saturated light hydrocarbon product from natural
processing and the crude oil refining. Usually, propane is found compression and
storage as a liquid. The domestic and industrial applications of propane used in many
ways, such as water heating, cooking, agricultural product drying, and fuel in the
automotive engine [1, 2].

The essential chemical reaction for propane application is catalytic combustion
or catalytic propane deep oxidation. This reaction is a necessary technology for both the
improvement of energy resource and emission pollution control in an economically and
environmentally friendly strategy[3]. Commonly, the catalytic combustion carried out
with precious metal on oxide supports. However, these kinds of catalysts have
limitations. Short catalytic lifetime, incapability of controlling the catalytic performance
during operation are a few examples. Previous works, many researchers tried to improve
catalytic activity by focusing on studies; developed support material[4], optimized active
metal [5]or catalyst structure[6], modified catalyst by addition promoters[7] and
increased amount of active phase dispersion[8].

Recently, a new concept of catalytic promotion named electrochemical
promotion of catalysis (EPOC) or non-Faradaic electrochemical modification of catalytic
activity (NEMCA) that was discovered by C. G. Vayanas and co-workers in 1980s.
NEMCA has been studied widely for more than 70 reaction systems[9]. However, the
catalytic hydrocarbon oxidation reaction is the most interesting alternation for
electrochemical promotion of catalysis [10-15], they are a capability phenomenon that
could bring to a furtherance in developments on catalytic converters. After all this time,

researchers have improved NEMCA promising to its commercialization.



NEMCA effect refers to the process which when electric current or potential were
applied between two electrodes and separated by a solid electrolyte that causes
controlled reversible spillover of ions from the solid electrolyte on the metal surface and
leads to a short time activated state. The NEMCA cell consists of a catalyst (working)
electrode, a reference electrode, a counter electrode, and a solid electrolyte[9].

Yttria-stabilized zirconia (YSZ) is a universal thermal oxygen ion-conducting
electrolyte material. YSZ is used in a wide range of applications: fuel cell[16], gas
sensor[17], gas emission control[18]. However, this material is more expensive than
ordinary supports used in the catalyst, e.g., alumina (Al,O,)[19-21], silica (SiO,)[8, 22].
Traditionally, the NEMCA cells are ionic conducted on a relatively thick piece of YSZ[10,
11, 18, 23]. The economic worthiness is considered and found a way to save cost. The
fabrication of thin-film can reduce the overall cost of YSZ in the solid electrolyte layer,
while a cheaper support material is as a substrate.

Several methods have been employed to make YSZ thin films: radio frequency
(RF) sputtering[24], DC reactive sputtering[25], pulsed laser deposition (PLD)[26],
electrophoretic deposition (EPD)[27], spraying techniques[28, 29], spin coating[30-32],
dip-coat techniques[33-35], chemical vapor deposition (CVD)[36] and atomic layer
deposition (ALD)[37]. All those methods produced YSZ thin film at nanoscale to
microscale or thick films. Nevertheless, dip-coat techniques are an intensive method for
large-scale preparation and simple compared to other methods.

All the reasons mentioned above, leading to this work is focused on the NEMCA
effect for propane oxidation at Pt/YSZ electrode. YSZ thin film was fabricated on the Ol-
alumina substrate by the dip-coat technique in YSZ slurry. NEMCA phenomenon was
observed in a continuous stirred reactor by stoichiometric condition and different
applied cell voltages. Unfortunately, the NEMCA cell can be the observation of the
NEMCA effect, but its repeatability and reproducibility are shallow. Many factors cause
these reasons. For example, low contraction between the YSZ layer and the gold layer
on a dense alumina substrate is considered. Alternatively, the low temperature of

sintering leads to the porous structure of solid electrolyte film, resulting in poor ionic



conductivity. From this problem, the modification of YSZ thin film has occurred.
Densification of YSZ thin film at low sintering temperature as the first goal in
improvement. In this work, copper doped bismuth vanadate compound (BICUVOX.10)
adopted as a sintering aid, which helps to produce dense YSZ thin film at a lower
temperature. Second point, low adhesion between the interface layer was modified by

change of YSZ slurry recipe and fabrication method.

1.2 Research objectives

1.2.1  To cast functioning YSZ thin film on alumina substrate.

1.2.2 To fabricate YSZ thin film at the low-temperature sintering by addition
sintering aid.

1.2.3 To study NEMCA behavior on Pt/YSZ thin film for propane oxidation reaction.

1.24 To observe NEMCA effects of propane oxidation rate at different

temperatures with fabricated electrochemical thin-film cell.

1.3 Research scopes

1.3.1 Effects of cell potential differences on CO, formation rates

1.3.2 Effects of operation temperature in the range of 200-500 °C on CO,
formation rates

1.3.3 Effect of YSZ thin film at the low-temperature sintering on study NEMCA

effect.



CHAPTER 2
THEORY

This chapter presents theories related to this thesis. Firstly, the catalytic propane
oxidation is briefly discussed. In the next part, the fundamental conception of non-
Faradaic electrochemical modification of catalytic activity (NEMCA), i.e., the principle of
this phenomena, the composition of NEMCA cell, solid electrolyte, rules of the
electrochemical promotion, basic experiment set up, type of reactor design are
explained. Finally, it talks about the role of sintering additive in the high-temperature
electrochemical field.

2.1 Propane oxidation with catalytic reaction

Propane is a gaseous product from natural gas and petroleum that its
application is in heating and transportation energy; thus, propane is the kind of
significant hydrocarbon. Furthermore, the catalytic deep oxidation of hydrocarbon has
been widely employed for power generation and controlling emission pollutants from
both stationary and mobile sources. While the precious metals, e.g., palladium (Pd),
platinum (Pt), rhodium (Rh), and iridium (Ir), are recognized as highly reactive catalysts
in this reaction for light alkanes even at low and high reaction temperature[19, 21, 38-
40]. Nevertheless, palladium shows the best performance for only methane; platinum is
the most active for heavier hydrocarbons in the conventional reactor

The overall reaction of propane oxidation may be represented by

A
C,Hgt50, = 3CO,+4H,0 (2.1)

This equation is the empirical model, although the authenic reaction mechanism
related to many free radical chain reactions. The usual pattern of hydrocarbon and CO
catalytic combustion display in Figure 2.1. As the increase of temperature, the
combustion rate started at a temperature that depends on the kind of catalysts and the
class of hydrocarbon (area A). Even more, the rising of temperature in area B brings to

exponential growth rate to the point where heat formed by combustion is much bigger



than heat supplied. In area C, the reaction rates are also determined with mass transfer
limitation until the reactants are completed in area D. From this pattern, a significant
increase in catalyst temperature due to the heat generated from the rapidly complete
conversion of reactants Consequences, the thermal stabilization of catalysts at high
temperatures should be considered [41].

Moreover, one crucial factor that should be considered in catalytic combustion is
“light off.” This factor refers to the temperature in which mass transfer limitation
represents the reaction rate-determining step (area C in Figure 2.1). For the
experiments, the definition of light off is the temperature at hydrocarbon convert to CO,
reaches 50%, and the time it takes to bring up to light off should be reduced for
enhanced efficiency of exhaust emission control[42, 43]. Moreover, the shapes of
catalysts and the porosity of catalyst material have a significant impact on the C region
in the combustion pattern. In previously reported, platinum-based oxygen vacancy
support can reduce the light-off temperature in catalytic propane oxidation better than

conventional a catalyst (PVALO,)[44].

Conversion ?

— -
Temperature

Figure 2. 1 General pattern between conversion and temperature of catalytic

combustion of hydrocarbon[41]



2.2 Fundamental of Non-Faradaic Electrochemical Modification of Catalytic

Activity (NEMCA)

The term non-Faradaic electrochemical modification of catalytic activity
(NEMCA) known as in several synonyms, i.e., electrochemical promotion,
electrochemical promotion of catalysis (EPOC), and in-situ controlled promotion (ICP). In
the early 80s, NEMCA was observed in ethylene epoxidation on the Ag catalyst
electrode by Professor C.G. Vayenas and his group. EPOC as a new electrochemically
induced catalytic effect by applying a small current (1-10 uA/cmz) and potential (£ 2 V)
between working and counter electrode. The electrochemical promotion induced
catalytic activity has been found to increase 400 times higher than the unpromoted

catalytic activity[9, 45].

This phenomenon is connected to control back-spillover ion process or ion
migration over the catalyst surface with an application of a little current or potential on
the catalyst surface and inert metal film (counter electrode) that were separated by a

dense solid electrolyte. The back-spillover ion performs as a “sacrificial promoter,”

which has many types of back-spillover ion such as OS’ from oxide ion conductors or

Na8

“from sodium ion conductors. The rate of a catalytic reaction in an electrochemical
cell enhanced beyond the rate that could be achieved was the reaction purely
electrochemical during the passage of an electric current. Thus, the NEMCA effect on
the catalyst electrode consists of two concurrently processes—a chemical and an
electrochemical part. The major product is produced by the catalytic reaction pathway,
which related the heterogeneous catalysis. control and modification of the electronic
properties on catalyst surface is the essential role of electrochemical terms [9, 46-52].
Generally, this phenomenon is studied in wide range of catalytic reaction systems

including oxidations [10, 12, 13, 15, 23, 53-55], hydrogenation [56, 57],

dehydrogenation[58], isomerization[59], ammonia synthesis[60, 61], dimerization[62]



and many other types of electrolyte (acid or alkali aqueous, inorganic melts) have been

achieved by electrochemical promotion.

A long time ago, the researchers were made inquiries as to the origin of the
NEMCA phenomenon. The in-situ characterizations have provided a clear answer to
this phenomenon. These include: (a) surface science techniques, e.g. Ultra-violet
Photoelectron Spectroscopy (UPS), Photoelectron Emission Microscopy (PEEM), X-ray
Photoelectron Spectroscopy (XPS), Temperature Programmed Desorption (TPD), (b)
work function measurement via Kelvin probe technique (c) electrochemical experiment
via Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and
Potential Programmed Reduction (PPR) and (d) catalytic testing e.g. analysis time of
constants during transient[9, 47, 49-51] effect will help scientist understand it and bring

to new knowledge for further performance improvement.

2.3 Spillover mechanism

From the previous literature reports, the NEMCA effect can be described that
justified by the integration of catalytic science and electrochemistry. In Figure 2.2, the
three possible pathways of the movement of ions during the polarization at three-phase
boundaries (TPB) which is a region of a contract between three different phases

(catalyst/solid electrolyte/gaseous reactant) as follow[9]

(a) Desorption to gaseous phase
(b) Reaction with co-adsorbed reaction

(c) Migration over the entire gas-exposed catalyst electrode surface (spillover)



It is clearly evident in case (a) that there is no effect of desorption on catalytic reaction
whilst the reaction rate change (Ar) will be direct variation on Faraday’s law (I/nF) in
case (b). in last case (case (c)), the new species are generated and pumped onto the
catalyst surface will interact with co-adsorbed reactant and will change catalytic
properties. Consequently, case (a) and (b) will not be affected on NEMCA; nevertheless,
Faraday’s law does not control case (c).

2e 2e

I/F a) I/F

b)

€O, (8)

Three Phase

Three Phase
/Boundarv (tpb)

/Boundary (tpb)

Celeloel w

o 1/20, (g) + 2e- CO + 0%

Do e c)

CO, (g) + 2e"

Three Phase
/Boundary (tpb)

o> [0% -5*] + 2e

Figure 2. 2 Three possible pathways of oxygen-adsorbed species at three-phase
boundary by current or potential application (a) desorption, (b) reaction, (c) back-

spillover [9]

The effect of spillover represents a significant role in heterogeneous catalytic
systems and was interestingly focused on research scopes recently. This effect can be
clarified by the transportability of adsorbed species from one phase on which they easily
adsorb (active phase, e.g., metal or oxide) to another phase where they do not directly
adsorb (support). In this circumstance seems as though the inert material such as
support in the catalyst can obtain catalytic activity. In the early 1990s, C.G. Vayenas has

proposed a mechanism that has widely accepted for EPOC. The particular case of



spillover can call “back-spillover,” which is the main of this mechanism. Figure 2.3
represents back-spillover of metal catalyst electrode on ionic conducting electrolyte, i.e.,
YSZ or B Al,O, during electrochemical polarization conditions, where sacrificed ions

with their counter charges on the metal (OS’—8+, Na&—S—), move over the entire gas
reveal surface after polarization. Thus, the promoting species transported from the
electrolyte to the metal surface is controlled by current or potential. This process leads
to the generation of an effective double layer that its density varies during the different
potential. The effective double layer forms an intense dipole moment on the catalyst
surface, getting into an alteration of bond strength of adsorbed molecules with catalysts
by electronegative adsorbate (repulsive interaction) or electropositive adsorbate
(attractive interaction) with promoting spillover species. These two types of interactions
are believed to impact the activation energy for the step of surface reaction, in which
changes can be detected from the different rates of reaction and selectivity[9, 49-51,

63].

(a) Connecting wire
e——————

Gas reactans ¢

(e.9. O; and CO 73
(,1 Effective double layer
(metal/gas)

N Double layer
Nad¥ (metal/electrolyte)

Three phase boundary (tpb)
¢ (metal/electrolyte/gas)

Na* Na* Na* Na*
i ¢ 2 1 4
Na* Na* Na* Na* Na*
Solid electrolyte (8"-Al,O)

Connecting wire

(b) &

Gas reactans ?

(e.g. O; and CO) .

o Effective double layer
3 O\ N O (metal/gas phase)
0™ —» S %% Double layer
2e™ +[0%" —5%] 05 ------------------------ v (metal/electrolyte)
& 2 = 6 Three phase boundary (tpb)

Solid electrolyte (YSZ)

Figure 2. 3 Schematic description of the formation of the TPB, double layer created at
metal-solid electrolyte interface and effective double layer forming at the metal-gas

interface during polarization in case B”— AlLO, (a) and YSZ (b) [63, 64]
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2.3 Experiment set up
2.3.1 Reactor design for NEMCA

A typical reactor configuration for NEMCA studies show in Figure 2.4 (a) and (b).
There are generally two types for reactor design including the fuel cell design and single
pellet design[9, 49, 65].

1) Fuel-cell design or two-chamber system, feed of auxiliary gases, reactant, and
product, are exposed with catalyst (working, W) electrode while reference (R) electrode
and counter (C) electrode is exposed to reference gases mostly air. These two sections
separated by a solid electrolyte wall of the reactor, as in Figure 2.4 (a).

2) Single pellet design of one chamber system, all electrodes are exposed to a
mixture of co-feeding reactants and products, as shown in Figure 2.4 (b).

Both reactor configurations give similar results in NEMCA studies. The single
pellet is a straightforward scale-up than the fuel-cell type but has the problem of
reference electrode, which can effortlessly measure inaccuracies of potential compared

to the two-chamber system.

a ‘ Catalyst
Reactants Electrode (W)

Products
Solid e — —

Electrolyte </_

G/P

(A) Counter / Reference

Electrode (C) Electrode (R)

b

Catalyst
Reactants Electrode (W)

T e o

-[T Electrolyte
( Counter
Electrode (C)

Reference
Figure 2. 4 Reactor configuration for NEMCA studies; (a) fuel-cell type configuration,

Electrode (R)

(b) single pellet design [9].
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2.3.2 NEMCA cell

An electrochemical cell for NEMCA experiments consists of the catalyst also
execute as the working electrode, which is a subject area for surface reaction. The
second, catalytically inert material is used for the counter electrode and reference
electrode. Furthermore, the middle part of the cell is segregated by the solid electrolyte.
As also shown in Figure 2.5, there are description following[10, 66, 671;

1) A catalyst or working electrode need to enough porosity so that reactant or
product gas-exposed. The porosity and surface area on the electrochemical cell is
control by the sintering temperature and catalyst preparation method. The catalyst films
have been recent reports in several techniques such as screen printing, thin-film coating
by metal paste, thermal evaporation and impregnation, etc.

2) A counter and reference electrode deposited on the opposite side of the solid
electrolyte. Typically, the same material is unpopular used as a catalyst electrode. Both
the two electrodes must be non-polarizable and electrocatalytic property.

3) A quasi-reference electrode is used to call the counter and reference
electrode in a single pellet design. These electrodes are made from inert material
because they exposed to reactive gas (reactant and product). The best choice for the
satisfactory quasi-reference electrode is gold (Au) due to their potential that has been

found to fluctuate little by changing the gaseous composition when fixed p, condition.

Working or catalyst electrode 1
i L
’ OZ'T oz I oz t vsz ’ §

Counter electrode

Figure 2. 5 Schematic diagram of the NEMCA cell in YSZ (oxide conductor) case
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2.4 Solid electrolyte

The first observation about solid electrolyte occurred in 1834 by Michael
Faraday when heated to PbF, at 500 °C becomes electric conductor. The solid
electrolytes have been an enthusiastic area of science and engineering researches of
this century, such as fuel cell, gas sensor, etc. There are classified of category
according to ionic transportation in their structure for as follow[9]:

1) Oxide ion conductors: The ceramics are displacement of divalent or trivalent
metal oxides in quadrivalent metal oxides Calcia- or Yttria-stabilized zirconia (YSZ) as an
example for this type of solid electrolyte which are extensively used in oxygen sensor
and solid oxide fuel cell (SOFC).

2) Protonic conductors: The material class allows for protonic conduction by
changing the charge carrier to the more mobile proton. Of particular applications are
Proton Exchange Membranes (PEM) such as Nafion 117, which demonstrate factual
conductivity at room temperature. The prototypical examples of ceramic include
acceptor-doped barium zirconate or barium ceranate compounds, which are steam
permeable ceramics and recognize that is electrolyte in a fuel cell. Also, proton
conductors are displayed by cesium hydrogen sulfate (CsHSO,) and H-substituted B
ALO,.

3) Sodium ionic conductors: The general sodium ionic electrolytes are B’— and

B”—alumina, which are non-stoichiometric compounds correlating to Na,  Al,,O,,,,, and

1+X

Na,, M Al

T+x 7 T 11-x

O,, respectively, where M is used to describe superseding of a divalent
cation such as Zn”", Mg®" or Ni*". Another type, this material as known NASICON which
is a crystalline structure in the rhombohedral family with genetic formula AMP,O,,.
Recently, the potential application of both types in sodium-ion conductors in battery and
electrochemical fields.

4) Other cationic ceramics conductors: this class includes K, Cs", Rb"™ and TI"
that they replace sodium ion in [3’- and B”-alumina, their application on similar field of

sodium ion conductors.
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Although several solid electrolytes are used to NEMCA studies. Since these solid

ionic conductors have different operating temperatures. They exist in Table 2.1 [9, 63]:

Table 2. 1 Example of solid electrolyte in NEMCA experiment including ionic transport

and operating temperature

Solid electrolyte

Type of conductor

lon transport

Operating temperature (°C)

YSZ Oxide o~ 280-650
B”—alumina N
Sodium Na 180-400
NASICON
CsHSO,
Cazry,In,,0, Proton B 25-150
Nafion
Acid Cation
Aqueous 25-60
Alkali Anion
CaF, Anion F 550-700
Mixed ionic- .
CeO-TiO, O, e ~ 500
electronic
V,0.-K,S,0, Molten salt o= 460
2.5 Yttria-stabilized zirconia (YSZ) [68-70]
o
° Zr4+
o~ o OZ'
7 Oxygen
' vacancy

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Figure 2. 6 Yttria-stabilize zirconia cubic crystalline structure[71]
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Yttria-stabilized zirconia (YSZ) is a useful solid oxide electrolyte. YSZ has the
fluorine crystal structure that this structure is a face center cubic (fcc). Zirconia (ZrO,)
display low ionic transport performance, and only rearrange the cubic fluorite phase
above 2300 °C. Stabilization of the cubic structure at lower temperatures and increase
the concentration of oxygen vacancies. The addition of di or trivalent oxides like calcia
(Ca0), magnesia (MgO), or vttria (Y,0,) assists stabilization of fluorite cubic structure at
high temperature. It avoids the transformation to the monoclinic-tetrahedral structure. It
is well known that adding an 8-9% mole of yttria is enough to stabilize the cubic phase
of zirconia in Figure 2.6. The displacement of zirconium ion (zr*") with yttrium ion *h
causes an oxygen vacancy, which may move through the lattice, thus providing electric
conductivity by the transport of electric charge. In the Kroger and Vink notation, the
equation can explain this incorporation reaction of Y,O, as equation 2.2, which means
two Y°" ions form one vacancy on the anionic sublattice site. This facilitates moderate
conductivity of YSZ for oxide ions high temperature. In practice, 8 mol.% of YSZ has

been regarded as having the highest conductivity in the system.

Y, 0 Zr—oi oY + V. + 30%
2v3 yAy O O (2'2)

If discussing in advantages of YSZ, the first thing to think about is good ionic
conductivity that this strong point is applied in the high-temperature electrochemical
field. YSZ is high thermal stability; thus, it remains solid throughout; the electrolyte does
not vaporize and minimal dry corrosion. From above, YSZ has many benefits; however,
there are some limitations in the used of YSZ. The first, this material needs to operate in
high temperatures, which can be expensive to the overall cost. Another thing, at high-
temperature operation, leads to thermal expansion stress in this material. Due to the

previous, thermal stress causes electrode fracturing too easily.



15

2.6 Copper doped bismuth vanadate compound (BICUVOX)

Abraham firstly discovered the bismuth vanadate compound (Bi,0,-V,0,) in
1988 [72]. This compound exhibits several properties, such as ferroelectricity,
pyroelectricity, ionic conductivity, and active photocatalytic material. Bismuth vanadate
was classified in the Aurivillius crystalline type which consists of alternating layers of
(Bi,0,)."" and vanadate perovskite layers (VO,.,.)."", where O represents oxygen
vacancies in these layers. In the general structure of (Bi,0,) " has a square pyramid
and coordination with four oxygen atoms. The perovskite layers exhibit bonding with
oxygen atoms, which form VO, octahedra. Mobility of oxide ion hopping between
vacancies in vanadate layers bring to ionic conductivity[73, 74]. Bismuth vanadate
exhibit three polymorphs that depend on temperature. The first O-phase arrange
monoclinic crystalline and appear in the range of room temperature to 430 °C. Then the
orthorhombic structure or [3 polymorph is stable temperature range between 430 °C and
570 °C. At high temperature (above 570 °C), the <y phase form tetragonal structure
which is the most ionic mobility at all polymorph[75]. The excellent ionic conductive
performance at high temperature is a limitation of the bismuth vanadate compound. The
solution to this problem is increasing the concentration of anion and disordering of
vacancies within the perovskite layer. The partial substitution of cation which most of
them are transition metal in the vanadium site can be stabilized Y phase at room
temperature. The derivative bismuth vanadate compound is known as BIMEVOX, where
Bl: bismuth, V: vanadium, ME: dopant metal, and OX: oxygen. From previous work,
selection substituted cations, and their molar ratio into the perovskite layer may affect
structure and conductivity, and metal dopant with lower charge than vanadium ion
brings to increasing oxygen vacancies [76].

Copper doped bismuth vanadate is compound in BIMEVOX family that has
received interesting in studies and applications in oxide ion conductor devices such as
solid electrolyte, composite in cathode layer for fuel cell technology or the high-
temperature sensor. The optimum Cu concentration is at x=0.1, which, according to

Bi,V,4Cu, ;05,5 (BICUVOX.10). The ionic conductivity at 300 °C is the magnitude of 10°
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Scm’', which is higher than any oxide ion conductors in this temperature region[77]. The
comparison of ionic conductivity between BICUVOX.10 and another electrolyte was
shown in Figure 2.7.

1
0.9 1.1 1.3 1.5 1.7 1.9 2.1 1000/T (K ')

BICUVOX.10 (Bi.V, .Cu,,O

logo (S.cm™)
@ ) ER

CGO (Ce, ,Gd,,,0, )
LSGM (La,.Sr,,Ga, ,Mg,.0, )

YSZ (2r02)06.60(Y203)0.10

Figure 2. 7 Comparison of the ionic conductivity of general oxide ion conductors in

Arrhenius plot By kind permission of Dr. R.-N. Vannier. [78]

2.7 Rules of promotional catalysis[9, 49-51, 63]

The chemisorption process is essential in heterogeneous catalysis. This process
is the formation of bonding between adsorbate and adsorbed (metal). The formation of
the chemisorption in ordinary relates either donation of electrons from the adsorbate to
the metal or donation of electrons from the metal to the adsorbate (back donation). In
term of thermodynamics, work function (@) is referred to minimum energy required to
pull out an electron from the surface catalyst that concentration of each adsorption
species on catalyst surface effects to work function change (A®). The measurement of
@ often used to study surface reaction and chemisorption species on the surface of the
catalyst. Therefore, the adsorbates are classified into two types:

1) Electron acceptor adsorbates increase in general the work function of the
substrate. The dipole generated by the chemisorption of oxygen atom has its negative
end pointing to the vacuum; thus, an increase in ®. Atomics oxygen is an example of

this type.
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2) Electron donor adsorbates decrease the work function of the substrate in
general cases. The dipole formed by the adsorbate has its positive end pointing to the
vacuum, thus, decreases ®@. The examples of this type include atomic hydrogen, alkalis,
and olefins.

In terms of the electrochemical promotion of catalysis, the catalyst potential
(U,r), Which is the applied potential between the working and reference electrode. The
different catalyst potentials affect the catalytic rate (r). The significant variation of the
catalytic rate was observed in comparison to the unpromoted rate of reaction (r,) under
open-circuit conditions. The study of effect of adsorbate on U,z showed that
electropositive (electron donor) adsorbates tend to decrease U, and ® thus while
electronegative adsorbates cause an increase in U, and ®

From above, there can be four electrochemical promotion rules in terms of the
chemisorption propensity of the electron acceptor and electron donor reactants (Figure
2.8). Therefore, four global electrochemical rules expressed in the term of global
electrochemical rule, G1-G4 as follows,

G1: Electrophobic or Nucleophilic, referred to as the electron acceptor reactant,
which strongly adsorbed on the catalyst surface. In Figure 2.8, the reaction rate rises
when the application of potential increases.

G2: Electrophilic for the electron donor reactant, which strongly adsorbed on the
catalyst surface than electron acceptor. From this chemisorbed pathway, the reaction
rate tends to be inversely proportional to potential.

G3: Volcano-type, both electron acceptor and electron donor reactant can be
strongly adsorbed on the catalyst surface. As a result, the maximum reaction rate is
observed when there is a variation of potential from cathodic to anodic polarization.

G4: Inverted volcano-type, which both reactants form weakly bond strength.
adsorbed on the catalyst surface. Under the influence of various potential, the minimum

reaction appears.
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2.8 Definitions and key parameters for NEMCA

18

Vayenas and Stoukides proposed the activity of O, adsorbed onto the surface of

a silver metallic could be controlled by the applied potential for the partial oxidation of

ethylene in the 1981s. Later, this activity was called back-spillover. When the reaction is

charge transfer limited, the rate of oxygen supplied on the surface (r,) follows Faraday’s

law[45, 79], shown by equation (2.2):
_
M= /nF
Where | is the applied current (A)
F is Faraday’s constant

n is the charge in promotion ion.

(2.3) .
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Figure 2. 9 Typical transient EPOC curve[80]

Astonishingly, Vayenas et al. found a phenomenon that the rate of a catalytic
reaction in an electrochemical cell is enhanced beyond the rate that could be achieved
was the reaction purely electrochemical during the passage of a potential. The typical
transient EPOC curve has shown in Figure 2.9. The open-circuit, which means that there
is no supply of electric current or potential. The catalytic rate refers to r,.. When the
application of electricity (current or potential) also known as closed-circuit condition. The
total rate of reaction is greater than the sum of r,, and r; in theory. The difference in rate
during polarization is affected by back-spillover species on the catalyst electrode.

The two parameters that are generally used to describe the magnitude of
NEMCA effects are[10, 12-14, 53, 81, 82]:

1) The rate enhancement ratio (D) defined by:
p="/r (2.4)

where ris the electro-promoted catalytic rate

r, is the open-circuit rate, i.e., non-promoted catalytic rate
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2) The apparent Faradaic efﬂmency ) defined by:

A= (o) / (2.5)

where | is the applied current,

n is the charge of the promotion ion

F is Faraday’s constant 96500 s* A /mol

A reaction performed NEMCA phenomenon when |A| >1, while electrocatalysis

is specified that |A| < 1. A reaction shows electrophobic behavior when ~ A > 1,
which explains that the reaction rate increases with catalyst potential and electrophilic
behavior when A < -1, which explains that the rate decreases with catalyst potential.
Faradaic efficiency used to describe the amount of product molecules generation per
oxide ion flow during the polarization. Typical values of A are between 1 and 10°.
Therefore, NEMCA phenomenon demand low currents or potentials for activation of
back-spillover promoter. Moreover, gaseous adsorption or chemical activation cannot

generate sacrificial species such as O or effective double layer [53, 68].



CHAPTER 3
LITERATURE REVIEWS

This chapter presents previous research involves the fabrication of solid
electrolyte thin-film techniques, non-Faradaic electrochemical modification of catalytic
activity (NEMCA) for several reaction types, and different types of electrode. The related
kinds of literature are summarized in this chapter.

3.1 Fabrication of solid electrolyte thin-film techniques

Solid electrolyte thin films grown by several methods have been studied for use
in solid oxide fuel cells (SOFCs) as thin ionic conductor layers, anode, and cathode.
Fuel cells use in oxygen-ion conductors, such as stabilized zirconia or acceptor-doped
ceria have been utilized for electric power generation and developed as future
alternatives for vehicle power supplies.

There are a large number of preparations for solid electrolyte thin-film

techniques that show their advantages and disadvantages according to Table 3.1

Table 3. 1 Comparison between the advantages and disadvantages of solid electrolyte

fabrication techniques [83]

Fabrication Common
Advantages Disadvantages
techniques | applications
Chemical Cathode | - Make a uniform film - Get to corrosive gas
vapor and - Gain a gas-tight - Low deposition rates
deposition electrolyte - Equipment costs are
(CVD) expensive
Sputtering Cathode, | - Can design composition - Easy to crack

anode, and | and morphology of thin film | - Operating costs are

electrolyte | - Acquire thin film at low expensive

temperature
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Table 3.1 Comparison between advantages and disadvantages of solid electrolyte

fabrication techniques (continues)[83]

Fabrication Common
Advantages Disadvantages
techniques applications
Sol-gel Electrolyte | - Can control dense or | - Obtaining thin film at high
porous thin films temperature
Pulsed-laser Cathode | - Obtaining thin film in | - suitable for fabrication in
deposition and nanoscale thickness small area of substrates
(PLD) electrolyte
Spin coating Cathode | - Thin and dense film - repeating several times to
and form a dense and pore-free
electrolyte thin
Tape casting Anode and | - Able to produce - Unsuitable for large cell
electrolyte | multi-layer cell area
- Scale-up easily
Screen printing Cathode, | - Simple method - Low adhesion with
anode, and | - Low cost of Substrate
electrolyte | fabrication -Cracking of some material
- Scale-up easily
Painting Electrode | - Simple method - Difficult to scale-up
and - Poor reproducibility
electrolyte
Dry pressing Anode and | - Simple method - Requiring experiences skill
electrolyte | - Cost-effective - Difficult to scale-up
Dip coating Cathode, |- Simple method - Need to binder
electrolyte, | - Cost-effective
and anode | - Scale-up easily
Spray pyrolyze | Electrolyte | - High deposition rates | - hard to produce a dense

film




23

Electrode and frequently utilize for dense or porous thin film and able to
produce film various thicknesses. The benefits of both techniques are the common
methods, uncomplicated to set-up, and able to produce on a large scale easily. For
these reasons, dip-coating is the best choice for developing commercialization.

In preparation of YSZ film via slurry casting have several parameters that may
significantly affect physical, chemical, and electrochemical properties.

3.1.1 Composition of slurry or paste

First of all, the slurry recipe must have an appropriate composition. The previous
researches have been reported on the effect of composition in solid electrolyte slurry. In
2008, Zhenhua et al. [84] studied the effects of different slurry recipes that were
modified for dip-coating YSZ electrolyte films on an anode substrate for intermediate
temperature solid oxide fuel cells (IT-SOFCs). There are comparison of suitable solvent
pairs, dispersant to powder ratio, solid loading and coating time for optimum condition
in dip-coat YSZ thin film The best YSZ slurry contains methylethylketone/ethanol
(MEK/EtOH) as a solvent, triethanolamine (TEA) as dispersant and 0.364 g/ml for solid
loading, to prepare YSZ thin film by dip-coating. As a result, YSZ thin film, which twice
dip-coat, was shown to be a low ohmic loss and well adhesion with the supported
anode. For electrochemical properties, this film represents open-circuit voltage (OCV) of
1. 01 V and obtains a maximum power density of 262 mWem? under operating
temperature at 800 " C. This research was successful in improvement solid content as
high 30 wt.% while prior researches have low solid content.

Later, Libin et al. [35] prepared various modified slurry recipes for YSZ thin film
on Ni/YSZ anode substrate. A 28 % YSZ loading in ethanol was added 1.9% polyvinyl
butyral as a binder, TEA as dispersant, and polyethylene glycol-dioctyl phthalate as a
plasticizer that enhanced the greatest of maximum power density at 800 "C. For physical
properties, this slurry recipe provided dense film and crack-free between an anode and

thin-film, which demonstrates that adhesion is excellence. The adding more binder
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brings to the higher kinetic viscosity better than YSZ powder. Moreover, the increased
viscosity also affects the film thickness, which is significant findings in this work.

On the other hand, the development of the screen print method is equally
important. The morphology or other properties of ceramic films have influenced by ink
composition. Paul et al. [85] investigated the effect of difference of organic vehicle on
rheology and effect of YSZ loading on screen-printed film properties. His work reported
that increasing of ceramic powder increase ink viscosity. Another thing, thickness, and
roughness of film depends on solid loading while the density of the film is not.
Furthermore, OCV of cell ranges (1.05-1.089 V) of close to theorem Nernst voltage at
1.10 V. In 2013, Somalu et al. [86] studied rheological of nickel/scandium stabilized
zirconia (Ni/ScSZ) ink base on terpineol and texanol solvent with 1 to 3 wt.% of binder
for screen printed anode film. The properties of ink and film were affected significantly
by a binder more than solvent. Increasing of binder in ink has an influence on thickness
and roughness of dried film and improving elastic properties in ink. In terms of
electrochemical, DC electric conductivity also has the same trend as the other
properties due to increasing binding content to improve the particle connectivity and
density of film. The lowest total polarization of screen printed was observed in having
3% wt.% binder which is an optimized binder in this study.

3.1.2 Sintering temperature

Secondly, the sintering temperature is an important parameter that determines
the properties of the ceramic film. In 2008, Wang Z. et al. [34] evaluate the densification
process of the YSZ layer on NiO/YSZ via the dip-coat method in three temperatures. The
sintered film at 1300 and 1400 °C is smaller gain size than film at 1500 °C, and the two
layers between YSZ and anode were observed. While the sintered film at 1500 °C was
found Ni agglomerate formation in substrate on account to the over-sintering
phenomena. In the electrochemical section, the conductivity and resistance of cell
decrease and increase, respectively, when the co-fire sintering temperature increase.

The fuel cell performances, OCV values at all sintered temperatures shown higher than
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Nernst voltages. The best of all is the cell with the YSZ layer at 1300 °C which obtains
maximum power density at 800 °C. Then Hanna T. et al. [87] present the effect of
different temperatures of pre-sintering YSZ electrolyte layer on anode substrate by dip-
coat process. This literature found that the defect of films such as pore and void
appeared on the pre-sintered at high temperature. Besides, the sintering behavior was
studied by the dilatometric method. The densification step of YSZ film began at 1000 °C,
and linear shrinkage decreased when the YSZ film was pretreated at high temperature.
Recently, Hirofumi S. et al. [88] investigated micro defect in screen printed YSZ layer on
supported anode at different sintering temperatures via in-situ X-ray stress measurement
for non-destructive method. As a result, the internal compressive stress in the YSZ layer
decrease with decreasing fire temperature. Although at 1200-1300 °C shown low internal
stress values, the cross-section area appeared micro-crack and pore which bring about
gas and fuel leak. For the sintered film 1400 °C. have a too much internal stress value.
The suitable temperature for manufacturing at 1350 °C and the micropore in thin film
can be reduced the internal stress 50-100 MPa.

3.1.3 Thickness of film

The thickness of film is one factor for considering electric or ionic conductivity.
The electrochemical performances of fuel cells also depend on the thickness of the
electrolyte layer. As an example of previous research, Sun-Dong K. et al. [89] varied the
thickness of YSZ layers that produced in the dip-coat method on the anode functional
layer. This research records the relationship between thickness and maximum power
density. The reducing of the thickness of the YSZ layer from 10.5 to 6.5 um can increase
maximum power density at 700 and 800 (¢ up to 89.7% % and 51.4% respectively due

to the decreasing of film resistance (Figure 3.1).
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Figure 3. 1 Maximum power density of single cells for YSZ electrolyte thickness[89].

From the previous literature review can be summarized that several factors have
affected microstructures and their properties like physical and electrochemical
properties. The list of these factors includes the composition of slurries, step to sintering,
sintering temperature, the thickness of thin-film, etc. The researchers are still studied

and developed the dip-coat process to more efficient utilization.

3.2 NEMCA for light hydrocarbon oxidation reaction

The best known NEMCA was observed unexpectedly by Vayenas and
Stoukides. The phenomenon based on the concept described earlier in sections 2.1,
2.2, and 2.6. NEMCA is a promising application mixed with many scientific and
engineering fields, e.g., heterogeneous catalysis, fuel cell, electrolysis, and battery. It
becomes crucial to be the exhaust gas treatment researches. The NEMCA is classified
into four types following global electrochemical rules (Figure 3.2): purely electrophobic,
purely electrophilic, volcano, and inverted-volcano, as maintained by changes in
reaction rates concerning changes in catalyst potential. Commonly, reactions are
seemingly able to show more than one type of the four behaviors base on reaction
conditions and kind of catalysts. The NEMCA effect depends on several parameters

follow:
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Figure 3. 2 Examples of the four types of NEMCA behaviors. 1/r0 represents the ratio of
the rate when a potential difference AUWR between the working electrode and the
reference electrode work function ¢ change (vs | = 0), and dimensionless catalyst

potential II=F A U, /RT on the rate of reaction[50].

The type of gas or gas ingredient has been reported to affect NEMCA behavior.
Jiménez-Borja, C. et al.[14], has been reported the electrochemically promoted
combustion of natural gas mainly comprised of methane, ethane, and propane at
temperature 340 to 420 °C in a lean condition. The result in methane oxidation over this
electrode exhibits electrophobic behavior that increases in alkane consumption rate
under anodic polarization while ethane and propane have invert-volcano behavior. Then
Peng-ont S. et al.[12], in this work, studies the NEMCA effect in methane and propane
oxidation over sputtered-thin film of Pd supported YSZ disk under excess oxygen gas
condition at temperatures from 320 to 450 °C. From this investigation, both methane and
propane oxidation reaction over Pd film exhibit electrophobic type. Also, the XRD results
point is clear evidence for the phase transformation of Pd to PdO after methane
oxidation. This phase transformation stabilizes to activate the catalyst electrode for
methane oxidation reaction. At last, Matei F. el al.[90], this work was successfully Pd thin
film on porous-dense YSZ electrode for use in electrochemical promotion of methane
combustion. These reactions were investigated at temperature range 350 to 430 °C

under reducing, stoichiometric and oxidizing conditions. As a result, the porous
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electrode is a quite increase in the rate of CO, generation with a higher NEMCA effect
than the dense electrode. For porous electrode cases, reducing condition, at the lowest
temperature (350 °C), exhibits electroprobic type while other temperatures appear
invert-volcano behavior. Because in high temperatures under rich conditions, the
methane oxidation is determined by competitive adsorption of methane and oxygen,
leading to low coverage of both acceptor (O,,,) and donor (CH,) on the catalyst surface.
Weak adsorption of both reactant species on the surface causes an increased methane
oxidation rate under both anod,ic and cathodic polarization. In parts of stoichiometric

and oxidizing temperature perform electroprobic behavior.

3.3 NEMCA in propane oxidation reaction

3.3.1 Mechanism
In this section, there present the previous literature review for NEMCA in propane
oxidation which focus on the evolution of this reaction, development of electrochemical
cell and include the significant finding in their work.

Vernoux, P. et al.[91] investigated the mechanism of NEMCA in propane
oxidation over Pt/YSZ electrode by isotopically labeling studies under open circuit and
anodic polarization condition. This study shows three equation for open circuit (3.1), he)
in reaction atmosphere react with propane on the platinum surface become 01802.
During electrochemical polarization, carbon dioxides are generated from three-way that

shows in equation (3.1), (3.2), and (3.3).

C,Hg (ads)+10"%0% (ads) — 3c™0,+4H,°0 (3.1)
C,Hg (ads)+ 10'°0* (vsz) — 3C'°0,+4H}°0 +20e (3.2)

CyHg (ads)+ 5'°0% (vsz)+ 507 (ads) = 3¢'®0 “o+4aH!0 0 (3.3)

In (3.1), CmO2 formed the catalytic reaction. Adsorbed oxygen react with the
carbon from propane adsorption. Then, the reaction of the electrochemical pathway

produces CWGOZ. For this pathway, thermally supplied back-spillover species migrate on
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the catalyst surface with propane (eq (3.2)). Finally, C"0"™0 due to the controverting
between the two oxygen species present on the catalyst surface according to the
equation (3.3), which confirms anionic defect such as oxygen vacancies in YSZ, favor
oxygen exchange reaction. Another thing that provides clear evidence of values of
ArCmO2 lay on around the line of A:1, confirming that the 01602 production generated
from the electrochemical oxidation of propane (Figure 3.3 a) and b)). However,
important production of c"0"0 was displayed due to oxygen exchange reaction on Pt

surface at three-phase boundaries, which shows to form sacrificial oxygen species.
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Figure 3. 3 a) Transient response on the catalytic activity of propane deep oxidation

and the catalyst potential (dashed line) during C,H, oxidation on Pt/YSZ electrode.
(bottom) Comparison between the elecirochemical rate of o supplied onto the Pt

surface and the rate increase of (?7602 production. b) Effect of Oz’sup,o/y on the CO,

formation rate increase. Dashed lines correspond to A [91].

3.3.2 Effect of catalyst electrode

This topic focuses on specialized NEMCA cells, which are different from the
traditional system. To begin with, Vernoux P. et al.[11], prepared P/YSZ composite
electrodes by wet impregnation in two different Pt contents between 1 and 5 wt%,
1000 °C. These electrodes are observed

followed by isostatic pressing at
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electrochemical properties by using AC impedance spectroscopy at temperatures from
350 to 600 °C under He, O,/He, and C;H, /O,//He atmosphere and NEMCA experiment
for propane oxidation have been investigated in the same condition. Results indicate
that Pt particles act as blocking of the ionic conductivity, and grain boundary was
ascribed to the formation of PtOx layer of chemisorbed oxygen on Pt particles. The
catalytic activity of porous PY/YSZ composites electrodes for propane deep oxidation
was higher than conventional Pt films deposited on a dense YSZ pellet. Unfortunately,
NEMCA effects cannot detect in their operating conditions. The next, Lizarraga L. et al.
[81] compare two preparation of Pt layer between DC magnetron sputtering and
conventional paste painting on YSZ pellet. The sputtered Pt is a higher dispersion and
OCV rate of reaction than Pt paste due to the nanometric structure of sputtered Pt. and
Both type cells shown electrophobic behavior according to prior report. Then, Kabolis
A. et al. successful prepared low Pt loading and highly dispersion in porous GDC/LSCF
on dense GDC disc. The NEMCA effect was detected at low temperatures (267-338 °C)
under positive polarization. Another thing, Peng-ont S. et al.[53], in this work, studies the
NEMCA effect in propane oxidation over sputtered-thin film of Pd, Ir, and Ru supported
YSZ disk under excess oxygen gas condition at temperatures from 320 to 450 °C. Under
open-circuit conditions, the catalytic activity of fresh electrode was found to decrease in
the series of Ru, Pd, and Ir; respectively however, for used electrode, the activity
decreasing of series was Pd, Ru, and Ir. Respectively. In polarization, all three

electrodes exhibit electrophobic type.
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3.3.3 Effect of operating temperature
Table 3. 2 Comparison of faradaic efficiency, rate enhancement ratio and rule of

promotion of propane oxidation reported in different previous research

Preparation
ethod Electrode | Temperature Result Promotional types

Sputtering[81] Pt-YSZ 400 °C A= 1x10° Elecrophobic

Sputtering [92] Pt-YSZ 350 °C A =330 Elecrophobic
P=56

Pt Paste [93] Pt-YSZ 420-520 °C | A = 2330 Invert-volcano
P = 1350

Pt Paste [10] Pt-YSZ 350-500 °C | p= 1400 Invert-volcano

Sputter-deposited | Pd-YSZ 320-450 °C | A= 250 Elecrophobic

Pd film on YSZ [12, p=3

53]

Previous literature reviews in Table 3.2 are summarized that electrophobic
behavior display at low to medium temperatures, the propane oxidation generally
exhibits while at higher temperatures, usually higher than 450 °C, inverted-volcano
behavior is detected for both anodic and cathodic region bring to an increase in
catalytic activity. Also, isotopically labeling in the reaction was proposed oxygen

exchange reaction generated in Pt/YSZ system.

3.4 Other the NEMCA configuration cell

Wring connection between the working electrode and the counter-electrode of a
cell is common in the complication of NEMCA systems. A rare work focuses on to relieve
this constraint by introducing alternative cell layouts. Marwood and Vayenas [94]
achieve an isolated Pt electrode positioned between two Au electrodes between which

potential differences were imposed (Figure 3.4). This cell configuration is called the
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wireless of bipolar [95]. When potential or current were applied between two gold
electrodes that one side electrode exhibits a positive charge while the opposite side
electrode exhibits a negative charge. This phenomenon leads to effective double layer

forming and induce to NEMCA phenomenon [9, 15].

Figure 3. 4 The bipolar configuration cell[94]

Besides, the effect of platinum size on the bipolar cell was reported by
Bumroongsakulsawat P. et al. [15] that studies NEMCA of propane oxidation on Pt
disperses, which prepared by wet impregnation (WI) and strong electrostatic adsorption
(SEA) on YSZ disks. The NEMCA cells which are wireless configuration was studied and
compared in stoichiometric conditions. As a result, the Pt film that was prepared by SEA
showed the enhancement ratio and faradaic yield higher than WI method. Since SEA
method can be effective, Pt dispersion more than WI method leading to smaller Pt
particles. The small Pt particle can be induced to the favorable condition of oxide

migration on Pt surface better than larger particles (Figure 3.5).
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Figure 3. 5 The migration of O” cover Pt in wireless configuration: favorable condition

(a) and unfavorable condition (b) [15]

3.5 sintering additive for YSZ

Dense YSZ membrane was produced approximately 1400 °C for excellent
stability and perfectly ionic conductivity, but at a temperature above 1250 °C, YSZ can
be reacted with the interface between YSZ and cathode and may lead to deactivation of
activity in the electrochemical cell. Therefore, the solution to this problem is reducing
sintering temperature. The densification of YSZ can be improved at lower temperature in
two ways. First, the membrane made from nanoscale powder. However, the nano YSZ is
lower thermal stability than micro YSZ, and high cost for preparation was considered.
Second, the addition of metal or oxide into YSZ that this chemical increase grain
connectivity and their chemical are called “sintering aid or sintering additive.” One more
advantage of reducing the densification temperature is production cost saving.

In the previous literature, sintering aids were reported as follows: to begin with,
copper oxide (CuQ) [96] was reported to reduce sintering temperature of YSZ at 1130
°C because of the generation of CuO(Cu,0)-Y,0,-ZrO, eutectic liquid phase. However,
the addition of CuO also decreases bulk and grain boundary conductivity [97]. Zinc
oxide was studied in the role of sintering additive. Yang F. et al. [98] varied the amount
of ZnO between 1-3% mole in the YSZ pellet. As a result, 2% mole of ZnO obtain dense
YSZ at 1200 °C and increase total conductivity at 800 °C. Cobalt oxide was also

interested in grain growth additive. The small amount of Co,O, can reduce sintering
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temperature approximately 1195 °C and still have electrochemical properties like pure
YSZ, which sintering at higher temperatures [99]. Although these additives can improve
the sinter-ability of YSZ, their performances are limited to 100-300 °C. Interestingly, Kim
H. can produce dense YSZ at 900 °C in addition to bismuth oxide (Bi,O,) [100]. In
reducing or vacuum, segregation of bismuth droplet on the surface in which the
electrolyte becomes poor conductivity due to the reduction of bismuth oxide to metallic
bismuth [101] Recently, Masahiro N. et al. [102] successive prepared YSZ pellet at
800 °C for sintering temperature by addition copper doped bismuth vanadate
(BICUVOX.10). Their conductivity was slightly lower than pure YSZ which sintered at

1300 °C and under low oxygen partial pressure not affected to conductivity.



CHAPTER 4
METHODOLOGY

This chapter is divided into three-part. Firstly, the processes of preparation,
characterization, and NEMCA observation of Pt/YSZ/Au thin film in which the YSZ layer
was fabricated via dip-coating was described. The second part, general details for the
synthesis method and characterization of BICUVOX.10 were explained. The last section
will provide an experiment procedure about screen printed YSZ thin film in which
BICUVOX.10 was added.

PART 1: The study of NEMCA behavior of Pt/YSZ/Au thin film on dense A,O,
substrate
4.1 Electrode and electrolyte preparation

4.1.1 Preparation of YSZ slurries

YSZ slurries were prepared with 78 wt% xylene (Sigma-Aldrich) and 22 wt%
butyraldehyde (Sigma-Aldrich) as a solvent and polyvinyl pyrrolidone (PVP, Sigma-
Aldrich) as a dispersant. The amount of YSZ powder (TZ8Y, Tosoh Co.) was kept at 20
wt%. Poly-vinyl-butyral (PVB, Butvar B98, Santa Cruz Biotechnology) was selected as a
binder, and polyethylene glycol (PEG-400, Merck) was used as a plasticizer.

The colloidal technique was used for the preparation of the coating slurry. In the
first stage, the solvent dispersant and binder were mixed with YSZ powder under
continuous stirring. Then the plasticizer was added into the mixture and stirred until a
homogeneous mixture was obtained.

4.1.2 Fabrication of YSZ thin films by dip-coat technique and electrode
preparation

The substrates were dense alumina discs of 20 mm in diameter and 1.2 mm in
thickness (sliced from alumina rods, Coorstek Inc) by precision cutting machine
(IsoMet® 1000, precision sectioning saw, BUEHLER). The gold counter-electrodes were
sputtered on the alumina disks by sputtering (JOEL: JFC-1100E lon sputtering). Then,

the dip-coating process was carried out in slurries. YSZ layer was dried at room
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temperature overnight before sintering at 800 °C for four h to obtain YSZ thin films.
Finally, YSZ/Au on alumina discs were coated with Pt by sputtering. The NEMCA cell

configuration as shown in Figure 4.1.

Sputtered Au layer

Sputtered Pt layer

e |

== |

Dense Al,O, substrate YSZ layer

Figure 4. 1 Top view and side view of NEMCA thin-film cell

4.2 Catalytic activity measurements

NEMCA experiment of propane oxidation was studied in a continuous flow
quartz reactor in which all two-electrode exposed the same reactive gas under a
stoichiometric ratio of propane to oxygen. Mixtures of 3% C,H, in He balance (Linde),
10% O, in He balance (Linde), and He (Linde, 99.995 % purity) as the vector gas were
used under atmospheric pressure (C,H,: O,: He ratio 16.67 cm’ 25 cm”58.33 cm’).
Mass flow controllers controlled the gas compositions and fixed constant total gas flow
rate of 100 cm’ min™'. For electric connection, sputtered gold joined with the gold wire as
counter and reference electrode as well as the Pt layer on the opposite side but, Pt act
as the catalyst electrode. The catalytic performance was investigated between 200 and
500 °C. The reaction temperature was monitored through a K-type thermocouple and

controlled by SHINKO 100 FCD 100 series temperature controller.
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The reaction products (CO,) were analyzed by an online IR spectrometer
(YOKOGAWA, |IR200-JNGHFGHKNN-4TU). A potentiostat-galvanostat  (Autolab,
PGSTATE101) was used to apply, measure, and record both potentials and currents.
Faradaic yields and rate enhancement ratios were calculated results by equation 2.4
and 2.5, respectively. The diagram of the experimental apparatuses are shown in Figure

4.2.
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Figure 4. 2 Schematic diagram of the experimental apparatuses

4.3 Characterization of electrode

Firstly, the thermal decomposition behavior of organic additive in YSZ dip-coated
film was studied by thermal gravimetric and differential thermal gravimetric method
(TGA/DTG, Diamond thermogravimetry, and Differential Analyzer, TA Instrument SDT
Q600). The thermal analysis is record at room temperature to 800 °C (film sintering
temperature), heating ramp 5 °C/min under 100 ml/min of airflow. All electrode samples
(fresh and used) were analyzed by scanning electron microscope (SEM, JEOL model
JSM-5800LVand Link Isis Series 300 program) and energy-dispersive x-ray
spectroscopy (EDX, EDAX APEX™ EDS Analysis Software) for the morphology and

determination of elemental distribution. The crystalline phases of the platinum and its
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YSZ support were examined by X-ray powder diffraction (XRD) performed in a Bruker

D8 Advance powder X-ray diffractometer with CuKQL source.

PART2: SYNTHESIS AND CHARACTERIZATION OF COPPER DOPED
BISMUTH VANADATE COMPOUND (Bi,V,,Cu, O, BICUVOX.10) AS
SINTERING ADDITIVE OF YSZ THIN FILM

4.4 Synthesis BICUVOX.10 via two steps solid-state reaction (SSR)

This process of synthesized powder has been according to previous literature
by Masahiro et al. and modified detail in some steps [102]. The starting material used in
the SSR method were bismuth oxide (Bi,O,, sigma Aldrich, 10um, 99.9%), vanadium
oxide (V, O, sigma Aldrich, >98%) and copper () oxide (CuO, sigma Aldrich, >99.0%).
Additionally, Bi,O, powder was pretreated at 600 °C for 4 hours. This step is the
decarbonization process, which is removed carbonate on the Bi,O, surface. The
stoichiometric ratio of each oxide was stabilized in ethanol and homogenized for 24
hours by using a plenary ball mill at 400 rpm with the ball to powder ratio (BPR) 10:1.
After that, mixed oxide slurry was evaporated solvent at 120 °C until completely dry
powder. Then mixed oxide powder was calcined in ambient air at 800 °C for 2 hours.
Calcined powder was milled and fire again; However, the speed of milling was
shortened to 200 rpm, and the reaction time in the furnace was elongated to 10 hours.

The final product was reduced particle-sized by plenary ball mill at 200 rpm.

4.2 Characterization of BICUVOX.10 powder

The structure of powder was analyzed by X-ray powder diffraction (XRD)
performed in a Bruker D8 Advance powder X-ray diffractometer with CuKQU source. The
diffractogram was recorded over 20 range of 10-80°. The surface morphology and
elemental dispersion was obtained by SEM (Jeol) and EDX (EDAX APEX™ EDS Analysis
Software). The elements and chemical composition of synthesized oxide were
determined through the standard calibration method by using inductively coupled

plasma (ICP-OES spectrometer ICP-OES optima 2100 DV from Perkin Elmer). Chemical
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state on the surface of synthesized powder was observed by X-ray photo photoelectron
spectroscopy (XPS, AMICUS/ESCA-3400 XPS instrument, KRATOS ANALYTICAL,
SHIMADZU COMPANY) which binding energy from analyzed samples represent
oxidation state or molecule bond of element. Finally, thermal analysis confirms the
highest ionic conductivity phase which is tetragonal y phase by differential scanning
calorimetry (DSC, Diamond thermogravimetry, and Differential Analyzer, TA Instrument

SDT Q600).

PART3: FRABICATION OF YSZ-BICUVOX.10 THIN FILM VIA SCREEN

PRINTING METHOD AND NEMCA OBSERVATION ON THIN FILM CELL
4.4 Preparation of YSZ-BICUVOX.10 powder and their paste
YSZ-BICUVOX.10 powder was prepared by the physical mixing method. The

precise amount of BICUVOX.10 range 1.5-4.5 mole% was added in YSZ powder and
blended in ethanol media for 24 hours. This slurry was dried at 120 °C overnight. For
YSZ-BICUVOX.10 paste, the organic vehicle was made by dissolving 5 wt.% of PVB into
92 wt.% a-terpineol (Sigma-Aldrich). Besides, 3 wt. % of PEG 400 was added for
improving plastic property of composite film Then the blended ceramics powder was
mixed in the organic vehicle and continuously stirred until the ceramic paste is viscous
and homogeneous. Moreover, TGA and DTG was investigated thermal decomposition of
organic phase in ceramic paste during YSZ film was sintered in atmosphere condition
by Diamond thermogravimetry and Differential Analyzer, TA Instrument SDT Q600
equipment. Finally, the observation of phase transition and solid-state reaction was
investigated by XRD analysis (X-ray powder diffraction performed in a Bruker D8
Advance powder X-ray diffractometer with CuKal source). The composite powder was
analyzed over 20 range of 10-80°. The morphology of composite powder was
determined by scanning electron microscope (SEM, JEOL model JSM-5800LVand Link

Isis Series 300 program)
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4.5 Cell configuration and catalytic measurement

The cell configuration and NEMCA experiments were, according to 4.1.2 and
4.2, respectively. Nevertheless, a different electrolyte coating layer, YSZ film was grown
on sputtered Pt/ dense Al,O, disc using the screen print method. The composite paste
was pressed through a woodblock screen with 120 mesh by rubber squeegee (70
durometer) until the ceramics paste ensures complete coverage. This film was slowly
dried at room temperature for two days. After that, the dried film was sintered at 800 °C
for 4 hours. The surface morphology and structure of composite films were investigated
via scanning electron microscopy (scanning electron microscope (SEM, JEOL model
JSM-5800LVand Link Isis Series 300 program) and X-ray diffraction analysis (X-ray
powder diffraction performed in a Bruker D8 Advance powder X-ray diffractometer with

CuKasource).



CHAPTER 5
RESULTS AND DISCUSSION

This chapter represents the electrochemical promotion of catalysis experiment in
Pt/ YSZ thin electrode on the corundum substrate for propane combustion. To begin
with, Pt/dip-coated YSZ/Au system was studied NEMCA effect including problems and
limitation for this electrode was discussed to possible solution in this section. Secondly,
BICUVOX.10, as sintering aid, was reported about characteristic properties. Finally, Pt/
YSZ thin electrode via screen printed YSZ was investigated and observed NEMCA

behavior.

PART 1: The study NEMCA behavior of Pt/YSZ/Au thin film on dense A,O,
substrate
5.1 Investigation of thermal decomposition of organic ingredient in dip-coated YSZ thin
film

In general sintering process of YSZ pellet or film was operated at high
temperature. However, this work use sputtered Au thin film as a counter electrode. The
melting point of gold approximate 1064 °C that is a limitation for the densification
process of YSZ. Preparation of YSZ thin film at low temperature was taken into
consideration. The thermal analysis was used to investigate the decomposition of the
organic compounds in the slurry. The TGA and DTG curves display in Figure 5.1. The
weight loss in the temperature range from 0 to 150 °C was purported to the moisture
dehydration, which absorbed on the surface of the thin film. Then the temperature
between 150 to 200 °C attribute production of butanoic acid, butanol and butyraldehyde
from cyclic butyral [103]. The third peak of the DTG curve appears above 250 to 360 °c,
which indicates the degradation of the side chain of PVP and PVB [103, 104]. Another
thing, PEG can decompose in the temperature range of 300 to 450 °C[105]. This result
confirms the entirely thermal degradation of the organic component from dip-coated

YSZ thin film before 800 °C which is sintering temperature.
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Figure 5. 1 TGA and DTG curve for thermal analysis of dip-coated YSZ thin film

5.2 Morphology of Pt/'YSZ/Au on a-Al,O, disc

SEM observed the surface morphology of the substrate and each layer in Figure
18a-e. In Figure 5.2a show top view surface of OL-Al,O, that present dense and
roughness substrate. When Gold was sputtered on the substrate in Figure 5.2b, which
perfectly covers and disperse on the alumina surface. For dip-coated YSZ before and
after sintering at 800 °c represent in Figure 5.2c-d respectively. Both figures do not see
a significant difference after sintering. The dip-coated YSZ performed a porous film
similar to a sponge. The ion migration in the YSZ layer will not be suitable due to the
poor connecting of the solid electrolyte. Lastly, the high dispersion of Pt was produced
via ion-sputtering and displayed in Figure 5.2e. Pt particles thoroughly cover on the YSZ
layer which was confirmed by EDS in Figure 5.2f-g. EDS mapping of Pt show 76.28% wt.

of Pt on the working electrode.
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Figure 5. 2 Surface micrograph of Ql-Al,O, disc (a), sputtered Au on OL-AL,O, disc (b)
YSZ layer before (c), and, after (d) sintering, sputtered Pt (e) on YSZ and corresponding

quantitative EDX maps: analyzed Pt layer (f), Pt (g).
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The diffractogram of each layer was displayed in Figure 5.3. YSZ layer was
observed in the reflection peaks for 30.0°, 34.9°, 50.2°, 59.6° and 62.5° that perform
(111), (200), (220, (311) and (222) planes. These peaks were characteristic peak of
cubic crystalline[106, 107]. In terms of sputtered Pt on the YSZ layer, show the reflection
20 peaks at 38.6° and 46.6°, which correspond to (111) and (220) planes. The previous
literature reported that peaks represent metallic Pt [108]. Also, the characteristic peak
position of alumina substrate shifts due to the effect of YSZ layer coating on the

substrate. Bragg's angle of alumina might be obscured; therefore, the angle

measurements have been shifted.

® YSZ
m Pt

PUYSZ/Au/a-AlyO3

L“L U’L’ IJ L AL

YS7/Au/0-Al04

Intensity (a.u.)

-
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Figure 5. 3 XRD pattern of Al,O, substrate, YSZ/Au/Al,O, and Pt/ YSZ/Au/AlQ,.

5.3 Catalytic reaction test under open and closed-circuit condition

The catalytic propane oxidation on Pt/YSZ thin film was investigated under no
applied external electric potential or current between 200-500 °C. The combustion curve
of propane exhibits in Figure 5.4. The CO, formation rate increase as high temperature.

This performance has behavior, according to Arrhenius’ s equation[44, 81].



45
4.0x10°

3.5x10°%

&>,

o

=

=

=
@
]

[

2]

i

—

(=
®
1

==

24

”

e

(=]
®
|

rate of reaction (mol/s)
[ ]
>
B
<
x
1

T T T T T T T T T T T T T
200 250 300 350 400 450 500
Temperature (OC)

Figure 5. 4 Propane combustion curve versus temperature under open circuit condition.

The electrochemical promotion of propane oxidation on PY/YSZ electrode was
studied in the variation of applied potential cell and operating temperature. The reaction
rate of propane combustion was shown in Figure 5.5. The combustion rate increase
when the positive potential was applied between the quasi-reference gold electrode.
Although the continuous increasing of CO, was detected in 300-500 °C, at 200 °C was
hardly change. The rate enhancement ratio is compared between close to open circuit
rate that indicated the sum of electrochemical reaction and electrochemical promotion
effects. The p of propane oxidation shown in Figure 5.6 that increasing cell potential
improves CO, production during polarization conditions. The NEMCA behavior exhibits
electrophobic type according to previous reports[10, 12-14, 53, 93, 109]. The
elecctrophobic was used to describe the migration of oxide ion from the solid electrolyte
to TPB and the promotion of propane adsorption due to the generation of the effective
double layer on a platinum surface. The maximum of P in this study observed at 400 °C
and 1.0 V for applied potential. This value close to 3 and three times that of the

unpromoted rate.
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Figure 5. 5 Effect of cell potential and temperature on CO, formation rate
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Figure 5. 6 Rate enhancement ratio, p, as function of cell potential and temperature.

Effect of applied potential and reaction temperature on the current of NEMCA

thin film show in Figure 5.7.

In 300-500 °C region, the current of cell vary on applied

potential, but at 200°C can hardly difference of current when increase potential. From

Ohmic law, when increasing potential cause reducing the resistance and electron can



47

be mobile better than lower potential. At higher temperatures, oxide ion can transfer
better than lower temperatures. Another thing, the resistance of solid electrolyte
decreases at high temperature because O” was induced to oxide ion migration and
caused the flow of ion in the YSZ layer[110]. For this reason, the current cell fluctuates

with applied potential and temperature.
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Figure 5. 7 Current of the cell as a function of applied potential and temperature.

The important parameter for considering the NEMCA effect is faradaic efficiency
or A that indicates the effect of electrocatalytic reaction or electrochemical promotion.
About Faradaic’s law in terms of A demonstrate the rate of oxide ion that supplied to or

migrate from catalyst surface[111]. Hence, A evinces ratio of CO, generation to oxygen
ion flow on catalyst surface during anodic or cathodic polarization. For Pt/dip-coat YSZ

electrode, the effect of anodic polarization and temperature was reported in Figure 5.8.
A values in 300-500 °C are more significant than one that indicates clearly NEMCA

phenomena. At 300 °C, h maximum A approximate 10,000 and was observed at

applied potential of 0.2 V. Although at lower temperature and applied potential make

more magnitude of A than higher temperature, the observation of NEMCA effect on
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200°C show A values less than 1 which back spillover ion s are not migration in this
condition. These results were consistent with previous researches by Tsiplakides, D. et
al. [112] and Palermo, A. et al. [113]. In theory, the NEMCA effect needs small potential

or current for generating the effective double layer on the working electrode.
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Figure 5. 8 A as a function of temperature and applied cell potential

The NEMCA effect on propane oxidation over Pt/dip-coated YSZ thin film can
be detected in the temperature range from 300 to 500°C. Both p and A perform more
one time that of open circuit rate. On the contrary, NEMCA cell at 200°C disappear the
NEMCA effect due to the absence of oxide ion migration. A less than 1 was good

evidence.
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5.4 Comparison between fresh and used electrode
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Figure 5. 9 XRD pattern of Pt/YSZ/Au on alumina disk, fresh electrode and

used electrode (operating temperature at 500 °C)

After the NEMCA experiment, the thin film electrode was analyzed and
compared with the fresh electrode. Firstly. The XRD pattern of both electrodes display in
Figure 5.9. The metallic Pt corresponds to 38.6° and 46.6° in the used electrode, which
clearly observed to higher than the fresh electrode. The increased intensity of metallic Pt
characteristic peak implied that Pt crystalline sizes are larger than Pt on fresh electrode.
Secondly, the morphology of the catalyst electrode was studied by SEM. The
microstructure of fresh and used Pt supported YSZ thin film at different magnifying
power represents in Figure 5.10. For Figure 5.10 a) and b) can clearly distinguish
between grain of Pt particle but, Figure 5.10 ¢) and d) show dissolved Pt grain and Pt
particle agglomerate until larger than fresh sputtered Pt (in red circle). Lastly, Pt
dispersion on YSZ thin film was determined by EDS mapping. As a result, the amount of
Pt after propane oxidation reaction at 500 °C increased while the amounts of Zr and Y
reduced. The possible way to explain that is the thermal sintering of Pt thin film. The
thermal sintering might lead to deactivation of activity and catalytic performance of thin-

film cells.
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Figure 5. 10 Surface morphology of sputtered Pt/YSZ/Au on alumina substrate fresh

electrode (a, b) and used electrode (c, d) at difference magpnification

5.5 Problem and development for NEMCA thin film

In the application of Pt/dip-coated YSZ thin film has found difficult repeatability
and reproductivity. In most cases, the NEMCA cell has poor conductivity; therefore,
observation of NEMCA behavior cannot measure. The next factor, defective adhesion
between dip-coated YSZ and their substrates, brings to uniform connectivity of counter
electrode-solid electrolyte. Another, porous YSZ layer should be considered that porous
structure has a lacking ionic conductivity. To solve this problem, the improvement of the
dense layer of the YSZ layer is the first choice. In prior research reported that
BICUVOX.10 is sintering aid for the YSZ system at low temperatures [102]. Second, the
fabrication method for YSZ thin film was modified from dip coating to screen printing.
For YSZ recipe was added with more amount of binder to increase the adhesion of the

YSZ layer and connectivity of YSZ particle which was previously reported[114].
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PART2: SYNTHESIS AND CHARACTERIZATION OF COPPER DOPED
BISMUTH VANADATE COMPOUND (Bi,V,,Cu,Oss, BICUVOX.10) AS

SINTERING ADDITIVE OF YSZ THIN FILM
5.6 Particles morphology of BICUVOX.10
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Figure 5. 11 SEM images of mixing starting material powder (a), and completely

<R
.

S340011810kV 6.2mm x15.0k SE

synthesized BICUVOX.10 powder (b).
Particle micrographs of raw material mixture powder and complete BICUVOX.10
synthesized powder shown in Figure 5.11. The particle sizes of mixing raw material were

approximately 0.1-3.0 um, which reduce from the initial size before ball mill at 10 pm

(Figure 5.11a)). The small particles of starting material is believed to ensure a high Y’
phase purity[115]. For complete synthesized BICUVOX.10 display in Figure 5.11b) that
have a dense flake shape as well as previous reports[75, 116]. SEM determined particle
size of BICUVOX.10 after attrition at 200 rpm for 24 hours. Particle distributions are the

size in the range of 0.1-1.5 um.

5.7 Chemical state and elemental composition of BICUVOX.10 powder

The chemical state of each element on synthesized powder was investigated by
XPS analysis. XPS spectra are shown in Figure 5.12a) that record binding energy of Bi
4f, V 2p, O 1s, and Cu 2p. The characteristic binding energy of Bi 4f display in Figure
5.12b). The two symmetric peaks appear at 159.8 and 164.9 eV associated with Bi 4f,,

and Bi 4f,, terms, respectively, and according to the trivalent oxidation state of Bi ion
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[117, 118]. For vanadium, V 2p,, and V 2p,,was detected at 523.9 eV and 516.7 eV
referred to vanadium pentavalent species (Figure 5.12¢))[117, 119]. While XPS spectra
of O 1s in BICUVOX.10 sample exhibit in Figure 5.12d). The obvious asymmetric peak of
O 1s was segregated into two elements. The two types of oxygen bonding state were
determined, at a binding energy of 529.7, and 532 eV were assigned to lattice oxygen
(O, and adsorbed oxygen (O,,) bonding states respectively[117-119]. Astounding,
binding energy Cu disappear on the BICUVOX.10 sample surface that shows in Figure
5.12e). There are two possibilities: first Cu atom embedded into BICUVOX.10 clusters
[120], and Cu concentration have a lower than XPS detection limit. As a result, binding
energy in the Cu region is fragile [121]. Cu content in the BICUVOX.10 sample might
have to use other elemental analyses for confirmation that there is copper in this
structure.

EDS analysis was used to specify the elements that are a composition on the
surface of the sample. In this analysis, there was a response to the question of the
presence of Cu in synthetic powder. Figure 5.13a)-e) presents the EDS mapping of Bi,
V, O, and Cu. As a result, there is clear evidence of Cu dispersion on the surface of the
powder. The elements distribution is homogeneous and absence of elemental
agglomeration or some area separation — however, EDS inaccurate method for analysis
concentration of the chemical in the BICUVOX.10 sample. The amount of Cu from the
EDS result performed an exaggerated high value.

ICP-OES is alternating technique that was accuracy analyze chemical
component of synthesized powder. ICP-OES cannot analyze all elements, therefore
some elements like oxygen derived from calculation Table 5.1 reported the
concentration of the chemical composition of BICUVOX and compared the result among
theory, ICP-OES, and EDS. Both of ICP-OES and EDS analysis show element
concentration (except Cu) closed to theorem value that will indicate bulk properties

different to surface properties.
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Figure 5. 12 XPS survey spectra a), and high-resolution scan of the binding energy of

Bi 4f, b), V 2p, c), O 1s, d) and Cu 2p, e) orbitals respectively.



Figure 5. 13 Corresponding quantitative EDX area: analyzed BICUVOX.10 a), Bi, b), V,

c), O, d) and Cu, e)
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Table 5. 1 Comparison concentration of elements in BICUVOX.10 in different method

for determination

Theory ICP-OES EDX mapping
Element BiV-CU Bi:V:Cu Bi:V:Cu
Y%mole . %mole %mole
ratio ratio ratio
O 64.07 =~63.31* 71.00
Bi 23.95 24.75 17.51
20:9: 1 23.46:10.32:1 6.81:3.47:1

V 10.78 10.89 8.92
Cu 1.2 1.06 2.57

*derived from the calculation (differential between the amount of metal from ICP data)

5.8 Determination of structural and phase transition of BICUVOX.10

XRD investigated BICUVOX.10 structure formation. The diffractogram of each
step of synthesis by solid-state reaction was displayed in Figure 5.14. First of all, starting
material mixing by ball milling no signify BICUVOX.10 structure from the XRD pattern
and also found a characteristic peak of Bi,O, and V,0; which is an oxide precursor[122,
123]. The next, diffractogram of first calcine confirm solid-state reaction among Bi,O,,
V,0, and CuO and born Y’ phase of BICUVOX.10 structure as well previous work [73,
76]. Later, the second calcined process improves y-BICUVOX.10 phase which can see
a sharp and higher peak in diffractogram. Finally, reducing the sizes of BICUVOX.10

does not make a difference in XRD pattern but, decreasing of intensity and broaden
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peaks in diffractogram was obtain that indicated the crystalline size of BICUVOX.10

reduced.
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Figure 5. 14 XRD pattern of each synthesis step of BICUVOX.10 solid-state reaction:

raw material milling, 1%calcine, 2"calcine (before ball mill), and complete process.

Phase transition of BICUVOX.10 powder was evaluated by the DSC method. In
this study, in an inert gas (N,) and oxidizing gas (air) compare phase transition and
stability of synthetic BICUVOX.10 powder. DSC curve of BICUVOX.10 in different gas
atmosphere exhibit in Figure 5.15. Both DSC curves in N, and air show an endothermic
peak at 459 and 466 °C, respectively, that refer to ¥’ to ¥ phase. Previous literature
reports the range of phase transition temperature between 454-544°C. Phase transition
of BICUVOX relates to the disorder of oxygen vacancies in the vanadate perovskite layer
that arranges tetragonal structure when heating [124, 125]. The synthesized powder
appears phase transition in this region. In both conditions, synthetic oxide powder is

stable during thermal analysis at 600 °C [126].
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Figure 5. 15 The DSC curves of BICUVOX.10 powder in N, and air atmospheres

during analysis.

PART3: FRABICATION OF YSZ-BICUVOX.10 THIN FILM VIA SCREEN
PRINTING METHOD AND NEMCA OBSERVATION ON THIN FILM CELL
5.9 Morphology and structure of YSZ-BICUVOX.10 composite powders

In this work, addition BICUVOX.10 into YSZ powder was used as the physical
mixing method. The microstructure of pure and blended BICUVOX.10/YSZ was shown in
Figure 5.16. Pure YSZ is a size distribution in submicron and spherical shape (Figure
5.16a)). When increasing the amount of BICUVOX.10, the blended BICUVOX.10/YSZ
composites are a perfectly homogeneous mixture due to ball milling that is mixing
process while reducing the size of powders at the same time (Figure 5.16 b-e).
BICUVOX.10 particles have been reduced sized near to YSZ particles.

In terms of phase and structure, change was evaluated by XRD. The
diffractogram of pure cannot observe this structure in their composite. Pure
BICUVOX.10 and their composite show in Figure 5.17. The XRD pattern of composites

compare with pure YSZ that significant change characteristic peak of YSZ. The
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composites were found a characteristic peak at 28.5°, which is evidence for the

presence of BICUVOX.10 in ceramic powder.

$3400:15.0kV 6. 4mm x15.& SE s [| $3400 15.0kV. 6. 4mm x15.0k SE

%
)

$3400 15.0kV 6.5mm x15.0k SE 3.00um |S3400 15.0kV46.4mmx15.0k SE

Figure 5. 16 Microstructure of pure YSZ, a), 1.5 % mole BICUVOX.10/YSZ, b), 2.5 %
mole BICUVOX.10/YSZ, c), 3.5 % mole BICUVOX.10/YSZ, d), 4.5 % mole
BICUVOX.10/YSZ, e), and pure BICUVOX.10, f).
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Figure 5. 17 XRD pattern of pure YSZ, 1.5 % mole BICUVOX.10/YSZ, 2.5 % mole
BICUVOX.10/YSZ, 3.5 % mole BICUVOX.10/YSZ, 4.5 % mole BICUVOX.10/YSZ and

Pure BICUVOX.10.

5.10 Characterization of BICUVOX.10/YSZ thin film

Microstructure of YSZ, BICUVOX.10/YSZ composite and BICUVOX.10 on top
view display in fig.33. YSZ thin film performs porous structure and clearly void between
YSZ particles that show in Figure 5.18a). For BICUVOX.10/YSZ composite thin film,
increasing of BICUVOX.10 contents clearly agglomerate YSZ particle, which shows in
Figure 5.18b-e, especially at 4.5% mole BICUVOX.10/YSZ the composite thin film can
be observed evidently dissolving grain and agglomeration of large particles. Moreover,
pure BICUVOX.10 obtain dense thin film on an alumina substrate, but BICUVOX.10 has
a hole on film that is defect due to shrinkage of BICUVOX.10 much more than the
substrate. Investigation of the amount of BICUVOX.10 in composite thin film surface by
EDS that found BICUVOX.10 closed to starting composite powders (base on Bi content
that is shown in Appendix D) For the top view of SEM images cannot proof the
densification of YSZ by addition BICUVOX.10 compound. The cross-section area was
examined. As a result, Figure 5.19 a)-b) shows the cross-section area of YSZ that still

illustrates porous film. The next, 1.5% mole BICUVOX.10/YSZ thin-film was shown, in



60

Figure 5.19c)-d) that particles uniform agglomerate greater than pure YSZ. Later, 2.5%
mole 3.5% mole BICUVOX.10/YSZ thin film display in Figure 5.19e)-f) and g)-h)
respectively. The grain clearly dissolved, and particle connected. For 4.5% mole
BICUVOX.10/YSZ thin film was shown, in Figure 5.18i)-j) that indicated fully grain
diffusion. Hence, increasing the amount of BICUVOX.10 can improve the densification of
YSZ thin film. Role of BICUVOX.10 acts as a grain connector that follows by a liquid
phase mechanism [127-129]. At close to the melting point (approximately 887 °C),
BICUVOX.10 can diffuse to void and cover it. The densification structure can be
obtained in SEM images. Finally, BICUVOX.10 thin film formed dense film that can be

seen in Figure 5.19k)-1).
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Figure 5. 18 Microstructure of thin-film (top view): pure YSZ, a), 1.5 % mole
BICUVOX.10/YSZ, b), 2.5 % mole BICUVOX.10/YSZ, c), 3.5 % mole BICUVOX.10/YSZ,
d), 4.5 % mole BICUVOX.10/YSZ, e) and pure BICUVOX.10, f).
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Figure 5. 19 Microstructure of thin film (cross-section view): pure YSZ, a)-b), 1.5 % mole
BICUVOX.10/YSZ, c)-d), 2.5 % mole BICUVOX.10/YSZ, e)-f), 3.5 % mole BICUVOX.10/
YSZ, g)-h), 4.5 % mole BICUVOX.10/YSZ, i)-j), and pure BICUVOX.10, k)-I).

Observation of structural YSZ, BICUVOX.10/YSZ composite and BICUVOX.10
thin film on alumina substrate evaluate via XRD analysis. Diffractogram of
BICUVOX.10/YSZ composite for all sintering aid concentration without an ambiguous
reflection peak that indicates no formation of new species of a chemical compound from
YSZ and BICUVOX.10 (Figure 5.20). Another thing, their composite thin films appear
only characteristic peaks of YSZ as solid solution and alumina substrate as substrate.
BICUVOX.10 in the composite film act as the only matrix that is low concentration. This is
why the absence of characteristic peaks of BICUVOX.10 in all components, which

accord to previous reports [98, 130, 131].
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Figure 5. 20 XRD pattern of pure YSZ, 1.5 % mole BICUVOX.10/YSZ, 2.5 % mole

BICUVOX.10/YSZ, 3.5 % mole BICUVOX.10/YSZ, 4.5 % mole BICUVOX.10/YSZ, and

pure BICUVOX.10.

5.11 Catalytic propane oxidation under open and close circuit and observation of

NEMCA behavior

1.1x10°®

1.0x10°®

N ® e
® o @°
w # #
o [N -
e e e
2 ° -
!

6.0x107 —

Rate of reaction (mol/s)

5.0x10”

4.0x107 —

= —Hl— Effect of BICUVOX.10 loading
-
\\
LN
\\
-\
|
T T T T T
0 1 2 3 4 5

BICUVOX.10 loading (mole %)

Figure 5. 21 Effect of BICUVOX.10 loading on rate of reaction at 400°C
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In the open-circuit condition, the effect of BICUVOX.10 concentrations were
studied. Figure 5.21 displays the relation between the amount of sintering aid and the
catalytic reaction rate. Increasing of BICUVOX.10 concentrations lead to reduce of
reaction rate. For this reason, BICUVOX.10 increases the densified solid electrolyte layer
and affects to decrease reaction area. SEM confirmed these results. In other words,
lower Pt dispersion on YSZ thin film (YSZ act as support at the same time), decreasing

of catalytic rate occurred.

3.0x103 B 1.5%BICUVOX/YSZ
—8— 2.5%BICUVOX/YSZ
i 3.5%BICUVOX/YSZ
2 leo-s = —v— 4.5%BICUVOX/YSZ
Q
=
E 2.0x10*
=
£
el
(]
S 1.5x10°8
S
[
(=}
£ 1.0x10°8
m UX
5.0x10”
0.0 T T T y T g T X T

Applied potential(V)

Figure 5. 22 Effect of applied potential and BICUVOX.10 loading on the rate of reaction
at 400 °C.

The effect of applied potential was studied that varied potential range of -2.0 V to
2.0 V. Figure 5.22 was shown the reaction rate decease when applied negative
potential. On the other hand, the reaction rate enhances beyond open-circuit conditions
during anodic polarization. These results correspond to previous literature [12, 14, 53,
81, 82]. In positive applied potential, oxide ions migrate to fresh sputtered Pt and form
an effective double layer on the catalyst surface. Because of this, induce adsorption of

electron donor reactant (propane molecule) and bring to electrochemical promotion of
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catalysis. Effect of sintering aid loading, increasing of loading improves the promotional
reaction rate, but at 4.5% mole BICUVOX.10/YSZ depreciate the electrochemical

promotional rate.

107 5 v
@
:‘-, //
J“—;» -®
v
Yo u
’ z° =
107 5 . —
] .
~
< ﬂ -
N -
) .
St
=]
© 105
—m— 1.5%BICUVOX/YSZ
—8—2.5%BICUVOX/YSZ
10~6_ *—3.5%BICUVOX/YSZ
] —w—4.5%BICUVOX/YSZ

T % T J T ¥ T % T
-2 -1 0 1 2
Applied potential (V)

Figure 5.23 Effect of applied potential and BICUVOX.10 loading on cell current at 400
°C.

Effect of applied potential and on current of BICUVOX.10 loading on NEMCA
thin film show Tafel curves in Figure 5.23. In anodic and cathodic polarization,
increasing of applied potential improve current flow through thin-film cell From Ohmic
law, when increasing of potential lead to decrease the resistance and electron can
mobile better than lower potential. At high concentrations of BICUVOX.10 can produce
dense YSZ layers more than lower content. This is why oxide ion can transfer in a dense
structure better than a porous structure. Likewise, reaction rate result, Cell current
dropdown with at 4.5% mole BICUVOX.10/YSZ thin-film cell. In this case, oxygen cannot
diffuse to counter electrode enough (low oxygen reduction rate). Thus, cell current may
be decreased. For this reason, the current of cells fluctuates with applied potential and
structure of solid electrolytes. In prior research about NEMCA found that current is

function with applied potential [12, 53, 64] as well as this work.
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Figure 5. 24 Effect of applied potential and BICUVOX.10 loading on p at 400 °C.

Comparison between closed and opened circuit rates that represent in terms of
the rate enhancement ratio. p is the sum of electrochemical reaction part and
electrochemical promotion part. The p of propane oxidation shown in Figure 5.24 that
anodic applied potential improve CO, formation while inhibition of CO, production
during cathodic polarization. The NEMCA behavior exhibit electrophobic promotional
type consistent with previous reports [10, 12-14, 53, 93, 109]. The elecctrophobic was
used to descript the oxide pumping flow from the solid electrolyte to TPB and
enhancement of propane adsorption due to an effective double layer from satisfied ion
turn to platinum surface. The maximum of p close to 5 at 400 °C and 2.0 V for applied
potential. This value assigns five times that of the open-circuit rate. For the effect of
BICUVOX.10, loadings have the same tendency with the rate of reaction and cell

current.
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Figure 5. 25 Effect of applied potential and BICUVOX.10 loading on A at 400 °C

The key factor for considering the magnitude of the NEMCA effect is A that
indicates the effect of electrocatalytic reaction or electrochemical promotion. In this
study, Pt/screen printing YSZ electrode, the effect of both positive and negative
polarization, and sintering aid loading were reported in fig.5.25. A values in both anodic
and cathodic regions are greater than one that indicates clearly the NEMCA
phenomena. Nevertheless, A values in the cathodic polarization is less than in anodic
polarization. Pt was used to quasi-reference, and the counter electrode replaced the
gold electrode, which affects NEMCA observation. In cathodic polarization, oxide ion
transfer from Pt electrode on the top layer to Pt electrode in the bottom layer leads to an
effective double layer between the interface of Pt counter electrode and YSZ thin film.
Retardation of decreasing reaction rate pathway has occurred that represent in Figure
5.26. Secondly, the Pt working electrode displays metallic Pt owning to oxide migration
to the quasi-reference electrode in the application of cathodic potential [14]. Pt metallic

is an active site for propane oxidation: thus, the reaction rate might slightly decrease
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under the cathodic region. Maximum of A values closed to 90 was found that the

addition 2.5% mole BICUVOX.10 and applied potential 1 V.

In this section, a problem encountered is low faradaic efficiency value due to the
high value of cell current. Falgairette, C et al. [132] purpose oxygen storage in Pt/YSZ
electrode. The four types were classified: first of all, the oxygen store at Pt/YSZ interface
under polarization. Second, back-spillover species located between the catalyst surface
gas-exposed interface. Third type cause of solid diffusion and related to the first
species. Lastly, oxygen leaves from the solid electrolyte and form oxygen gas. In a
possible pathway to explain is the oxide migrated from YSZ thin film classified two types:
the first type generates the effective double layer lead to the induction of NEMCA
phenomena. Latter type, oxide ion transfer to TPB, and desorb to oxygen gas at the

catalyst surface.

Figure 5. 26 Scheme of the possible pathway to the effective double-layer formation on

the interface between Pt counter electrode and YSZ thin film under cathodic polarization



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes this work on the non-Faradaic electrochemical of
catalytic activity (NEMCA) of propane oxidation over Pt/YSZ thin filim electrode. The

recommendations for toward studied are also elucidated in this chapter.

6.1 Conclusion
The catalytic propane oxidation over Pt/dip-coated YSZ thin film on alumina
substrate was investigated under opened and closed circuit conditions. The NEMCA

effect was clearly observed in the temperature range of 300-500 °C but, at 200 °C

disappear NEMCA effect was confirmed by A value. Unfortunately, Pt/dip-coated YSZ
thin film is difficult for repeatability and reproductivity due to low adhesion between the
YSZ layer and the counter electrode. From previous kinds of literature, addition sintering
aid into YSZ was reduced sintering temperature. In this work, copper doped bismuth
vanadate (BICUVOX.10) was chosen because this compound can densify YSZ at target
temperature (800°C). BICUVOX.10 was prepared by a solid-state reaction. The
structural, chemical, and thermal properties were evaluated. As a result, their properties
accorded with prior research. Next step, BICUVOX.10/YSZ composites were fabricated
by screen printing method. Increasing the amount of BICUVOX.10 concentration
enhances the densification of YSZ thin film. Another thing, addition of BICUVOX.10 no
significant effect on the structure of YSZ. Catalytic measurement of Pt/ BICUVOX.10/YSZ

composites thin-film under open circuit was found that decrease reaction rate when

sintering aid increases concentration. Under polarization condition reaction rate and P

exhibit electrophobic promotional type. Cell current increases when both cathodic and
anodic polarization increase order. Lastly, Ais greater than 1 that indicates the NEMCA

phenomena. However, A values are lower than previous reports. The migration of oxide
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ion between YSZ and BICUVOX.10 might cause desorption of oxide ion to oxygen gas.

For this reason, /A of PYBICUVOX.10-YSZ/Pt have a small magnitude.

6.2 Recommendation

In order to development of future work of NEMCA effect, some recommend, and

suggestion derived from reading literature review or problem in this work:

1.

The substrate might use a porous structure to solve in a blind spot; this is the
area of the counter electrode.

Fabrication of YSZ layer by tape casting, then assemble with counter
electrode by using organic binder and sinter at low temperature to improve
adhesion between interface.

From 1., the counter electrode might use gold paste for improving heat
resistance and protecting gold diffusion, which leads to the poor conductivity
of the counter electrode.

Fabrication of bilayers of the solid electrolyte, the bottom layer produces a
dense film to ion migration and top layer make a porous structure for the high
dispersion of the metal catalyst electrode.

The other type of solid electrolyte might be used to replace YSZ; such as

Gadolinium doped cerium oxide (GDC), Ba(Zr,,Ce,,Y,,)O, & or BZCY etc.


https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.200601366
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APPENDIX A
CALCULATION FOR THE RATE ENHANCEMENT RATIO AND
FARADAIC EFFICIENCY

In this work, total reaction consists catalytic and electrochemical part:

Propane oxidation: C,Hy + 50, — 3CO, + 4H,0
Electrochemical propane oxidation: C,H, + 100° —> 20e- + 3CO, + 4H,0

Follow equation 2.4 and 2.5 in chapter 2

The rate enhancement ratio, p

Where r = the electrochemically promoted catalytic rate (close circuit)

r,= the catalytic rate at unpromoted condition (open circuit)

The faradaic efficiency, A
o Ar

0N

where | is the applied current
n is the charge of the sacrificed ions (in YSZ case, n = 2)

F is Faraday’s constants (96485 C/mol)



For example, NEMCA of propane oxidation on Pt/dip-coated YSZ thin-film cell was
observed at 400 °C and applied potential between Pt and Au electrode at 0.2 V.
Feed inlet gas C,H, 16.67 cm’/min, O, 25 cm’/min and He 58.33 cm’/min
No catalyst (thermal, support and counter effect) can obtain CO,
concentration = 0.043 %vol.
At open circuit condition can obtain CO, concentration = 0.150 %vol.
At close circuit condition (applied potential = 0.2 V) can obtain CO,
concentration = 0.161 %vol., and record cell current = 6.15x10” A

(6.15x10" C/s)

0.150 cm® min s
—x(16.67+25+58.33)—x—x10°Pa
100 min

60 -8
fo = 75 SN = 1.06216x10" mole/s
8314000——x(400+273.15)K

cl
K mol

0.161 om® Amin &
Ex(16.67+25+58.33)—‘x§x10 Pa .
min -
e =1.17135x10" mole/s
x(400+273.15)K

r =

cmSPa

8314000

K'mol

Therefore, the rate enhancement ratio, p

g Mol
1017135x10 T
P = mol =~ 1.102804

1.06216x107 -

and the faradaic efficiency, A atcell current = 6.15x107 C/s

0 ((1 17135x107)-(1 .06216x10'7)) mo
Ae 3 >~ 1142

C
6.15x107" —
s

C
96485 —
mol

87



88

APPENDIX B
CACULATION FOR METAL CONCENTRATION IN SYTHESIZED
BICUVOX.10 POWDER

ICP-OES analyzed metal concentration and calculated by standard calibration
method. This experiment generates three metals standard calibration curves including

bismuth (Bi), vanadium (V), and copper (Cu). The standard calibration curves of each

metal display in Figure B.1-3.
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Figure B. 1 Standard calibration curve of Bi°" from ICP-OES analysis.
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Figure B. 2 Standard calibration curve of V°" from ICP-OES analysis.
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Figure B. 3 Standard calibration curve of Cu”" from ICP-OES analysis.

For example, 0.01109 g. of BICUVOX.10 powder was dissolved and made up
the volume by 5%v/v of HNO, solution in a 100 ml volumetric flask.
From ICP-OES result, Bi** obtain intensity = 411926,
V> obtain intensity = 1906302.9
And Cu”obtain intensity = 186735.6

Calculate the concentration of each metal follows the linear equation in fig. 43-45

.3
For Bi’' case,

mg
[B8i*"]=0.0002(411926)+0.7594=83.1446 —
|

Therefore, 0.01109 g. of BICUVOX.10 powder have Bi®":

(83.1446 ?) x (100 mi)

Bi= (1000 mg) (1000mI) =0.00832 g of Bi
X
19 11

0.00832 g of Bi

%Bi= x100=74.97% of Bi
0.01109 g of BICUVOX.10




In the case of V',

57 6 ] _ M9
[v ]_((5x1o )x1906302.9) 0.2313=9.300

Therefore, 0.01109 g. of BICUVOX.10 powder have Vo

(9.300 @) x(100 m1)

|
(1000 mg) (1000m|)
1g U 10

0.000930 g of V
%V = x100 = 8.39% of V
0.01109 g of BICUVOX.10

V= =0.000930 g of V

In the case of Cu”",

247 6 _ m9
[cu ]_((6x1o )x186735.6)—0.0821—1.0383 |

Therefore, 0.01109 g. of BICUVOX.10 powder have cu®";

(1 0383 ?) x(100 m1)

Cu = = 0.00010383 g of Cu

(1000mg) (1000mI)
19 )7\ 1]

0.00010383 g of Cu

%Cu = x100 = 1.0383% of Cu

0.01109 g of BICUVOX.10
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Table B. 1 Elemental analysis data from ICP-OES and EDS mapping

Theory ICP-OES EDS mapping
Element
% mass % mass % mass
0] 15.401 N/A 20.992+2.321
Bi 75.206 73.590+2.392 67.595+2.055
V 8.249 8.490+0.339 8.394+0.597
Cu 1.143 0.953+£0.0336 3.018+0.626
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APPENDIX C
TGA-DTG of screen printing YSZ thin film
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Figure C. 1 TGA and DTG curve for thermal analysis of screen printing YSZ thin film

TGA analyzes the thermal degradation of screen printing film that shows in
Figure C.1. The organic ingredients decomposed below the sintering temperature that
confirms that the YSZ and their composites thin-film without the organic compound in

structure similar to the discussion in topic 5.1.
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APPENDIX D
EDS mapping of YSZ/BICUVOX.10

EDS mapping used for the analysis of element dispersion on YSZ/BICUVOX.10
screen printing thin-film. The results are shown in Table D.1-4 that is higher of Bi, V, and

Cu dispersion concentration to the additional amount of BICUVOX.10 increase.

Table D. 1 Element dispersion on 1.5% mole BICUVOX.10/YSZ

Element | Wt% At%

OK 17.03 53.82
YL 12.42 07.07
ZrL 67.68 37.53
BiM 01.40 00.34
VK 00.39 00.39
CuK 01.08 00.86

Matrix Correction | ZAF

Table D. 2 Element dispersion on 2.5% mole BICUVOX.10/YSZ

Element | Wt% At%

OK 19.76 58.53
YL 12.00 06.39
ZrL 64.51 33.51
BiM 02.52 00.57
VK 00.45 00.42
CuK 00.76 00.57

Matrix Correction | ZAF




Table D. 3 Element dispersion on 3.5% mole BICUVOX.10/YSZ

Element | Wt% At%

OK 16.07 52.36
YL 11.96 07.01
ZrL 66.02 37.73
BiM 03.72 00.93
VK 00.68 00.70
CuK 01.55 01.27

Matrix Correction | ZAF

Table D. 4 Element dispersion on 4.5% mole BICUVOX.10/YSZ

Element | Wt% At%

OK 18.24 56.29
YL 10.86 06.03
ZrL 64.33 34.82
BiM 04.44 01.05
VK 00.77 00.75
CuK 01.37 01.06

Matrix Correction | ZAF
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