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ABSTRACT
Synthesis of Nanocomposites Anode Materials for Fuel Flexible

Low Temperature Solid Oxide Fuel Cell

Broad efforts have been made to create multi-fuel-based low temperature solid oxide fuel
cell that will directly utilize hydrocarbons to produce electric power. It is very difficult to
work because of the C-H bond activation and its immensely slow oxidation reduction in
the low temperature range from 300 to 600 °C. The structural and electrochemical
properties of prepared anode materials Bao.15ZNo.60Mno.15-Ago.10, Bao.15ZNo.60Mno.15-
Cuo.10,Bao.15Zno.s0Mno.15-Feo.10, have been investigated within the sight of hydrogen,
natural gas and ethanol at a low temperature of 650 °C. Through sol gel process prepared
anode materials are synthesized. The average crystallite size has been found in the range
of 19-90nm by XRD. Conductivity is measured by four probe method. Maximum
conductivity of 4.8 S/cm, 4.3 S/cm and 4.4 S/cm have been found by using silver, copper,
and iron as a catalyst at a temperature of 600 °C, 550 °C and 580 °C respectively. The
impact of prepared nanocomposite materials on the performance of solid oxide fuel cell is
investigated. The power density of the cell at different fuels has been checked and
measurements demonstrate it varies from 100 to 500 mW/cm? at 650 °C among different
fuels at the anode side. The present examination reveals that proposed anodes are
promising multi-fuel material for low-temperature solid oxide fuel cell, and it doesn't have

to change hydrocarbon fills to completely use the benefit of these cells.
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Chapter 1

Introduction



1.1 Introduction of Energy:

Energy is every country’s backbone. It considers a fundamental for the development of any
country. A constant supply of power is necessary for financial improvement of any
country[1-3]. As the population is increasing the use of power supply is likewise expanding
step by step. Now a day world is meeting most noticeably bad vitality emergency and it
will be increasingly extreme with the progression of time because of remarkable power

request in the nation. It is assessed that the interest will increment half in 2035.

Now renewable products are the fundamental energy supplier of the world, but our
environment is badly affected by these sources. Because of this, a worldwide temperature
conversion is expanding step by step. This is the reason; it is assuming that worlds need to

move their energy products into environmentally friendly products[4-9].

Pakistan is regarded as one of the worlds developing country. It is also presently facing
serious energy crises because of population development and the fundamental needs of the
general population. Round about 70 of Pakistan population is linked with agriculture

directly or indirectly, so we can say that Pakistan is mostly depended on agriculture [1].

As we know that the canal system of Pakistan is the best in the world yet the power
generation for the nation is not enough. Energy is also produced by thermal plants by using
of fossil fuels, but it is exotic to Pakistan, however, it is over the top expensive for the
nation and because of this, the expense per unit is high so it is considered as costly for our
nation [4].

The important energy sources of Pakistan are given in figure 1.1.
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Figure 1.1 Source of energy generation in Pakistan [3]

As Pakistan is the developing country, therefor the needs of energy are expanding quick
but unfortunately, the energy production is not so enough to meet our demands. Generally,

the need for energy for the country is about 17000MW and the normal deficiency is 5000
MW [10-12].

The expansion in vitality request of the nation up to 2030 is anticipated as in figure 1.2.
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Figure 1.2: Prediction of the energy demand of Pakistan up to 2030 [3]

Pakistan is the nation which is honored with numerous vitality assets as sun powered,
hydel, petroleum derivatives and geothermal biomass. The legislature of Pakistan is
looking into a request to investigate sustainable power source assets and have made the

approach to include 5% offer of it in all out a generation of vitality till 2030 [6, 13-15].

So as to deliver the energy at more amount the legislature and few other establishments
and Research and development institutions underscoring on energy component innovation
i.e Fuel Cell. It is demonstrated that the power device (fuel cell) is a vitality generator, will
help significantly and it will diminish the nursery impact. To accomplish green power,
individuals can utilize this spotless vitality creating framework as an energy component,
which will be a suitable potential arrangement towards the vitality emergency. The
fundamental fields of investigates are on the elements for high temperature power device
FC, low temperature power device FC, etc. The Energy assets can be classified in various

classes as appeared in figure 1.3.
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Figure 1.3: Energy resources [3]

Countries like Japan, Sweden, USA, UK, and China have propelled Fuel Cell innovation
effectively. The USA built up a Fuel Cell framework which can be utilized with
hydrocarbon fills like diesel and gas as a result of the operational temperature run is higher
for example 500-800°C. Different types of Fuel Cells can use a variety of fuels like bio
gas, natural gas, hydrogen or air, etc [16]. Power device innovation has an incredible
potential to deliver high vitality at less expensive rates and it is the best elective vitality
source [3, 17-18].

1.2 Fuel Cell:

A fuel cell is an energy change gadget which changes over synthetic energy into electrical
in an effective way without ignition. Power is created by utilizing diverse sorts of outside
measure of fuel at the anode and oxidizing operators at the cathode side. The response
happens in the presence of an electrolyte. Amid response, the reactants go in and the items
stream out of the cell yet the electrolyte rests at a similar spot in the cell. Power modules

keep on working till the important streams are kept up.



Aside from the definition, energy component is the same as that of battery, yet the
fundamental distinction is available in the working of the two gadgets. The fuel in the
power devices is ceaselessly sustained from the source or reactants which can be topped
off once more, though the batteries utilize the synthetic substances store electrical vitality,

which is available in it and can be revived with the assistance of outer vitality sources.

At the point when the battery is charged and released the terminals of the battery respond
and change while the anodes of the power modules are synergist and moderately stable
[19]. Sustainable power source assets are utilized as a fuel in the energy units as these are
richly present in nature. Oxygen and hydrogen are utilized as a fuel in energy components
to create power, warmth and water vapors [20, 21, 22, 23]. Basic diagram of the fuel cell
is given below 1.4”

| Anode |

Electrolyte

| Cathode 5

Source: EEA

Figure 1.4: Schematic diagram of fuel cell

Basically, the cell comprises of dual electrodes which are permeable and are confined by
thick electrolyte or layer. Platinum is utilized as an impetus to accelerate the procedure.

Hydrogen is presented at the anode where oxidation occurs and hydrogen breaks into



electron and proton within the existence of impetus. Oxygen is presented at the cathode
where it responds with the joined protons and electrons to create water and warmth as
results. The expression "energy unit™ is first utilized via Carl Langer and Ludwig Mond in
1889 [24]. Reactions that occur in the power device are express in the following equations
[20, 25].

1.3 Reactions in fuel cell:
At Anode

Oxidation happens and the proton and electrons are created from hydrogen within the sight
of catalyst as
2Ho— 4H™+ 4e

At Cathode:
Water is produced when electron and proton react with oxygen, chemical reaction are given
below

02 + 4H" + 4e'— 2H,0

Net Reaction
2H> + O>— 2H,0

1.4 Types of Fuel Cell:

Fuel cells can be divided into the following category depend upon their working guideline
and electrolyte utilized in them. The use of solid electrolyte has advantages as compared

to the liquid because it can be easily operated and avoid rusting. [26,27].

Alkaline Fuel Cell (AFC)

Direct Methanol Fuel Cell (DMFC)

Phosphoric Acid Fuel Cell (PAFC)

Proton/polymer Exchange Membrane Full Cell (PEMFC)
Molten Carbonate Fuel Cell (MCFC)

a & w0 N e



6. Solid Oxide Fuel Cell (SOFC)

1.4.1 Comparison between different types of Full Cell:

PAFC
It has Ortho
phosphoric
acid
Its temp is
about
180 —-210°C
Hydrogen use
as a fuel

Electrolyte

Operating
Temperature

Fuel

40%
Used in
Stationary
Power etc.
It has
Specialty
markets due
to high cost

Efficiency
Applications

Outlook

PEM
It has Sulfonic acid in

polymer (NAFION)

Its temp is about
80-100°C

Hydrogen use as a fuel
30 — 40 %

Used in Transportation
Stationary Power etc.

It has Getting the most
attention due to its
potential in vehicles,
portable power and
small stationary power
(<200KW).

MCFC
It has Mixture
of carbonates
(Li and K)
Its temp is
about
600 —700°C
Hydrogen/ CO
both are used as
fuel
43 — 44%
Used in
Stationary
Power etc.
Its Product
focused on
commercial,
industrial,
institutional and
specialty power
markets.

SOFC
It has Yttrium
stabilized zirconia

Its temp is about
650-1,000°C

Hydrogen/ Natural
gas/ Synthetic gas
use as a fuel
50 — 60%
Used in Stationary
Power etc.

It has High
efficiency and low

manufacturing cost
per KW.

Table 1.1: Comparison of fuel cell technologies [26,27]

1.5 Solid oxide fuel cell (SOFC):

Solid oxide fuel cell is considered as the most promising kind of cell. Solid-Ceramic
electrolytes are used in Solid Oxide Fuel cells. It works at higher temperature ranges from
600-1000°C. Traditional SOFC consist of basic three parts, which have a permeable anode,
a permeable cathode, and electrolyte. The formal diagram of entire SOFC is demonstrated

in figure 1.5.
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Figure 1.5: Schematic diagram of Solid Oxide Fuel Cell

1.6 Working of SOFC:

The capacity of working with a generally wide scope of fuels such as ethanol, methanol,
natural gas, and hydrogen. A broad ceramic layer of electrolyte is set between permeable
terminals. Air is presented at the cathode where oxygen divides into ions in triple phase
boundary (TPB).

The thick electrolyte doesn't enable the gas particles to pass and vaporous redox responses
of the two terminals are isolated out. Any way the oxygen particles figure out how to
diffuse to the anode through the electrolyte. Oxygen particles delivered in TPB area react
with hydrogen within the sight of impetus and produce water and create ns [28]. These
electrons make electrical energy on moving from anode to the outer circuit. The ideal
power can be accomplished by organizing various cells in such an approach to interconnect
each other [3,20,29, 30, 31].



1.7 Advantages of SOFC:

SOFC have numerous advantages over different kinds, of fuel cell for example,”

e Environmentally supportive

e Fuel adaptable power age

e Efficient creating control more than many super watts high effectiveness
e Low clamor

e Long term security

e Low expenses of support

The demand for fuel cell energy is increased rapidly because of its practicality to create
energy in a better manner. Essentially in Pakistan energy requests are additionally on peak
and energy component innovation has extraordinary potential in the nation. As explained
above sustainable power sources can be utilized as fuel rather than non-renewable energy
sources and does not affect the environment. SOFCs can be utilized as mixture frameworks
with sustainable power sources, for example, SOFC-biomass crossover framework, SOFC-
wind hybrid framework, SOFC-coal half breed framework and SOFC-poly generation-
based frameworks [3].

1.8 Catalysts:

It is essentially a substance that rise the rate of response yet does not participate in the

response. A little measure of catalyst is abundant to build the rate of response [32]

1.9 Role of catalyst in fuel cell:

Catalysts are utilized to accelerate the response in this way, in fuel cell catalyst are used to
raise the rate of change of fuel into energy. A catalyst is helpful in a fuel cell for two sorts

of responses.
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1- As input, we must catalyze the part of hydrogen into proton and electron.

2- As a product, CO is formed that can affect the electrode performance. In this way,
we must catalyze the joining response of CO and H20 to deliver CO2 and H2.
The fuel cell performance can be enhanced by quickening the responses as

mentioned above [33].

1.10 Fuels used in the cell:

The main advantage of SOFC is fuel flexibility. SOFC’s cell is probably the most fuel
flexible of different fuel cell type, it can work with a large variety of hydrocarbon fuels
such as hydrogen, natural gas, ethanol, methanol, etc. The adaptability of fuel is
particularly very important because it avoids the problem of cost and safety etc. | can use
hydrogen, ethanol, and methane as a fuel for testing the anode. Methane is likely the most
considered elective fuel for SOFCs since it is enough and the primary constituent of both
common and biogas. Ethanol is a fluid fuel that has high energy thickness that can be
effectively put away and transported and has a high potential for hydrogen generation with

high efficiencies and zero net carbon emission [34].

1.11 Statement of the Problem:

The Ni-Yttria-stabilized Zirconia cermet anode in existing SOFC’s are not developed for
hydrocarbon fuel. In direct utilization of hydrocarbon fuel, Ni-ceria or Cu-ceria anodes
have been used, but these anodes have limitations [10]. Like Ni content support coking and
can only use with methane at relatively low temperature and Cu is not good electrolyte as
Ni, also has low melting point metal which is not suitable for high temperature SOFC’s.
These are the problems with the Ni-YSZ SOFC’s, so we want to prepare the anode that
will minimize these problems. We use metallic components in place of electronically
conducting ceramics that will not support coking. In our work, we try to prepare anode that

directly utilizes hydrocarbons with propane and butane as well.

11



1.12 Choice of Materials and their Properties:

Nanocomposite materials can be prepared from a collection of materials for SOFC such as
samarium, cerium, gadolinium, zinc, cadmium, nickel, copper and lanthanum, barium and
so on. The determination of the materials is commonly depending on different factors that
include:

» Stability at high temperature

» Should be electronically directing

» Should be ionically directing and so forth.

In this work nitrite of Zinc (Zn), barium (Ba), manganese (Mn), silver (Ag), Copper (Cu)

and iron (Fe) have been used because these are the meats and are stable at high temperature.

1.12.1 Advantages of Barium:
Barium is used to avoid corrosion during the working of the SOFC.
» Retains water and encourage water emanated carbon expulsion response.

» Gives consumption and substance protection from arranged material.

1.12.2 Advantages of copper:
» Copper opposes coke development during the working of SOFC.
» Electronic conductivity can be increased by adding this.

» Itis good against the deposition of the carbon during the working.

1.12.3 Advantages of Manganese:

12



> It can be used to enhance the sintering ability during working.

> It can also be used to as electron acceptor from zinc.

1.12.4 Advantages of Zinc:
» To minimize the polarization losses and to stabilize the material during
working.

> Also used to enhance electrical conduction.

1.12.5 Advantages of silver:
> Silver gives a decent electrical conductivity in both oxidizing and reducing
condition with insignificant increment in contact resistance up to 800 °C.
» Silver is a good electronical conductor and used as an electrocatalyst.
> Rather than nickel, silver has much little solubility of carbon so it will not
be damage by carbon deposition and can be used as an anode material for

that SOFC which were using hydrocarbons as a fuel.

13



Chapter 2

literature survey
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2.1Literature Survey:

> Yapeng Z.et al. - (2017) investigated the anode materials of GDC and cermet of
silver for SOFC. Hydrogen and dry propane are used as fuel. Their performance
was tested and then compared with the Ni-GDC. SOFC performance of Ni-GDC
and Ag-GDC are the same when testing is done with hydrogen but with propane
performance is quite different. The open circuit voltage (OCV) of a SOFC with Ag-
GDC anode is steady at ~1 V but with Ni-GDC anode consistently drops from the
underlying 1.2V -0.85 V in 140 minutes [35].

» San Ping J.et al. (2009) Investigated the anode materials of Pd impregnated
LSCM/YSZ by direct applying the methane and ethanol as a fuel for SOFC. The
electrocatalytic activity of LSCM/YSZ increases by impregnation of Pd
nanoparticles. When methane and ethanol are used as fuel then power density is
increased by 2 to 8 times at a temperature of 800 ° C. When methane and ethanol
are used as a fuel than no carbon formation are noticed. So, this anode material is
more effective when methane and ethanol are used as fuel [36].

> Bing H.et.al (2016) A titanium-doped CeosSmo201.9 composite is created as an
anode segment of low temperature solid oxide modules working on methane fuel.
Crystallographic parameters of (CeosX Tix) Smo202x(0.00 < x < 0.10) are
researched as for the measure of titanium. The composites demonstrate a cubic state
with the titanium sum being in the range of 0.00-0.07, while the cross-section
parameters decline when the amount of titanium content increases. Cell with Ni-
(Ceo.73Ti0.07) SMo2024 (x=0.07) anode shows a low polarization opposition and
power density (679 mW cm at 600 °C). The cell performance shows that the cell
display low degradation rate with the dry methane [37].

» Manoj R.P.et.al (2008) Investigated that SOFC with SroglaoTiO3s anode-side
backings, Ni- Sm-doped ceria bond layer, NiY20s-settled ZrO» (YSZ) anode layer,
YSZ electrolyte, and Lao.sSro2MnOs (LSM)— YSZ cathode is represented. These

cells are steady when natural gas is used as a fuel at current densities of 0.2 Acm.

15



This shows good strength against coking in petroleum gas, contrasted and
traditional Ni—-YSZ anode of SOFCs which quickly coke, even that when current
densities are higher [38].

Raza.R.et.al (2010) They built up another without nickel anode for a low-
temperature solid oxide cell (LTSOFC) that showed an extraordinary
electrochemical yield of 1000mW cm2 at 550 °C. The nanostructure anode had
great conductivity and was good with cerium oxide-based electrolytes. The
presentation of a single cell was similar as well as superior to those utilizing
standard Ni-YSZ and Ni-SDC terminals (anode). The developed anode may have
application for the hydrocarbon supported fuels which avoid the deposition of
carbon [39].

G.Abbas.et.al(2012) Investigated that composite terminals of
Cuo.16Ni0.27Zn0.37Ce0.16Gdo.0s (CNZGC) oxides have been effectively synthesis by
solid state response technique as anode material for (LTSOFC). These terminals
are characterized by XRD which are sintered at different temperature and times.
Molecule size of enhanced synthesis was determined 40-85 nm and sintered at 800
oC for 4 hours. The conductivity of 4.14 S/cm was achieved by using 4 prob DC
technique at a temperature of 550 °C. Hydrogen was utilized as fuel and air as
oxidant at anode terminal and cathode terminal separately. At a temperature of 550
OC the highest power density was obtained are 570 mW/cm? [40].

Rida B.et.al (2018) Investigated that Bao.15Cuo.1sNio.10ZNn0.60 OXide is used as anode
material and arranged by means of a sol-gel method. The basic examination and
surface morphology are investigated through X-Ray Diffractometry (XRD) and
Scanning Electron Microscopy (SEM), individually. The normal molecule size was
determined to be 231 nm. Then three-layer cell was made for absorbing the fuel
cell performance. The cell was tested by using hydrogen as a fuel at a temperature
range of from 450 °C and 650 °C. Maximum conductivity and power density were
obtained 10.4 Scm™ and 350mWcm, individually. Above mentioned material
showed a reasonably good power density at a low temperature so it will be a good
applicant for LT-SOFC anode [41].

16



» Fida H.et.al (2019) The basic and electrochemical properties of anode material
Nios(Bao3Ceo2Znos)os have been examined within the sight of hydrogen,
flammable gas, ethanol, glucose, and sugar-cane at a low temperature of 600 °C.
The normal crystalline size has been discovered 25-90 nm by both checking
electron microscopy and X ray beam diffraction strategies. The power density of
the cell at different fuels has been watched and analysis shows that it differs from
57 to 315 mWcm at a temperature of 600 °C when using various fuels at the
anode side. The present investigation shows that the above mention anode material
is promising multi-fuel anode material for low-temperature SOFC, and it doesn't
have to change hydrocarbon fills so as to completely use the benefit of these cells
[42].

» Imran, SK.et.al (2011) Investigated the fuel cell working with various metal-oxide
based terminals. The power densities of 584 mW cm™ and 514 mW cm™ at a
temperature of 520 °C and 570 °C individually were found. The impact of terminal
catalyst work, ethanol fixation on the electrical performance was examined at
various temperature starting from 300 °C to 600 °C. The impact of kept carbon on
the anode was examined by X-beam spectroscopy and scanning electron
microscope in the wake of testing the cell with bioethanol [43].

» JLiuet.al (2002) Results are displayed on a SOFC anode material intended for use
with C-containing fuels, a composite of an electronically directing ceramic,
Lao.sSro.2Cro.sMng203- X, an ionically conducting Ceo9Gdo.100.19 GDC and a little
portion Ni. The above mention anode materials show the comparable performance
to that of Ni-GDC when hydrogen and methane are used as a fuel. This anode also
gives good results with propane and butane and, not at all like Ni-GDC, there was
practically zero coking. The 4 wt % Ni content in the anode was important to get
good performance, showing that a little measure of Ni gives a considerable

electrocatalytic impact while not causing coking [44].
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Chapter 3

Experimental Procedure
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3.1 Synthesis of Nanocomposites Materials:

There are several strategies utilized for the planning of the nanocomposite material; the
generally utilized techniques are wet substance strategy, co-precipitation strategy, sol-gel
technique, and solid-state response technique. In my research project, materials were
combined by utilizing sol-gel technique since it has higher efficiency and lower cost and
IS a very easy approach to synthesizes the nanocomposites. After making the composites
materials, the prepared composites materials were squeezed into pellets to measure the

conductivity.

3.2 Preparation of sample:

In this part, the sample preparation method has been discussed.

3.2.1 Synthesis of materials:

Different techniques have been used for preparing the nanocomposites materials but here
| utilized sol-gel strategy because it has a number of advantages. In my thesis, | can use a
catalyst with some metal precursors. The effect of catalyst can be checked on the properties

of the sample.

3.2.2 Advantages of Sol-Gel method:

» Improved homogeneity because of the blending at the atomic dimension.

» Lower energy utilization because the structure can be gotten at
moderately low temperatures.

> No requirement for unique or costly apparatus.

> It permits the manufacture of any oxide composition, yet in addition
some non-oxides, just as the generation of new hybrid organic and

inorganic materials.
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3.2.3 Sol-Gel Method:
Sample Preparation Methodology:

First, metal precursors are taken, then dissolve these in di-ionized water and place it in the

hot magnetic stirrer plate for stirring. Then take the chelating agent and dissolve in another

beaker. After that dissolve the chelating agent in the metal precursors beaker drop by drop

to form the gel. To get the dry powder placed the gel solution in the oven for some time.

To obtain the homogeneity of the powder placed this in the furnace at a specific

temperature. After sintered to get the homogenous particles the material is grind in mortar

and pestle. Further, the material is used for characterization.

Sample 1:

>

The metal precursors used for preparing the anode materials are zinc nitrate,
manganese nitrate, barium nitrate respectively.

Silver nitrate is used as a catalyst in this sample.

Take the compositions of (zinc nitrate, manganese nitrate, barium nitrate and silver
nitrate) to make a proposed Bao.15Zno.60Mno.15-Ago.10.

All these nitrate materials were dissolved in 100ml denoised water.

Citric acid was used as a chelating agent and then mixed with the solution at a
temperature of 80 °C for 7 hours at a magnetic stirrer plate to form a gel.

To get the dry powder, the gel was put in the oven at a temperature of 250 °C for 3
hours.

After that to obtain the homogeneity and structure development put the sample in
the furnace at a temperature of 700 °C for 6 hours.

After sintering, the material grind in mortar and pestle for homogeneous particle.

The flow chart of prepared anode for samples 1 was shown in figure 3.1.
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Figure 3.1: Flow chart of the sol-gel method of sample 1.

Fuel Cell testing

Sample 2:

» For sample 2 similar metal precursors are taken.

» Copper nitrate is used as a catalyst in this sample.

» The proposed material in this sample is Bao.15Zno.60Mno.15-Cuo.10.
> For further above mention, steps are taken.

The flow chart of prepared anode for samples 2 was shown in figure 3.2.
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Figure 3.2: Flow chart of the sol-gel method of sample 2

Fuel Cell testing

Sample 3:
» For sample 3 similar metal precursors are taken.
> lron nitrate is used as a catalyst in this sample.
» The proposed material in this sample is Bao.15Zno.60Mno.15-Feo.10.

> For further above mention, steps are taken.

The flow chart of prepared anode for samples 3 was shown in figure 3.3

22



Bag 570y g Mny y-Feg g

' Grinding and
obtained
Denoised water

Formed pallets

Conductivity

Dry powder

]
=) —

Figure 3.3: Flow Chart of the sol-gel method of sample 3

Fuel Cell testing

3.3 Cell Fabrication:

After making the materials, the prepared materials were squeezed by a hydraulic press to
make the pallets which were sintered at 700 °C for 1 hour. The prepared pallets are used
for measuring the conductivity. For fuel cell performance a complete cell is made in which

the electrolyte is in the center, Anode and cathode is on the other sides.

Figure 3.4: Pallets of prepared samples
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3.4 Characterization Techniques:

After making the sample, then different techniques were used to find out the morphology
of the material, the arrangement, and electrical and other properties. The precise
knowledge about the structure of the material can be found from the X-Ray diffraction
technique. DC conductivity can be found through four probe method. Fuel cell testing is
done in approach to a solid oxide fuel cell to decide cell execution. In this part, we will
shortly explain every one of these techniques. We have utilized the below mention

characterization tools to know about the material.

» X-ray diffraction

» Scanning electron microscopy

» Conductivity measurements

> Fuel cell testing

3.4.1 X-Ray Diffraction:

X-beam diffraction is considered as one of the characterization methods of the material
which is utilized to locate the crystalline structure, crystallite size, and material's substance
composition. X-beams are created when the electrons of a few keV energy are quickened
at a metal target which emits out the center electrons from the metal target by stimulated

electrons.

At the point when the electrons compare to higher shell fall into the lower shell then x-
beams are produced. Most basic metal targets are the copper source. These radiated x-
beams are called characteristic x-beams as they have well-characterized wavelengths
which compare to energy contrast between the upper and lower shells in the metal target
[45]. The x-ray beams are fall on the material which dissipates the x-beams (figure 3.5).
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Figure 3.5: X-Ray Diffraction pattern

X-ray beams wavelength (1-100 A) are comparative in size to the between atomic spacing
(dhkl) of material, this reason the diffraction and dissipating of the waves, gathering data
about material's individual particles and their course of action. Bragg's law tells at which
wavelengths and edge approaching x-ray beam will cause the constructive interference of

dispersed waves:

A= 20SIN0 1veeneeeeeeeeeeeeeeeeseeeeseeeeseeeeseeeseneesenneeesaeen 3.1)

Where,
n = Integer
L = X-Ray wavelength
d = Atomic spacing

0 = Angle between incident x-ray and atomic layer

Full width half maximum (FWHM) can be calculated by the XRD that is utilized to

determine the crystalline nature of the material. If the value of FWHM is large than Bragg’s
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peak which is broad and expansive indicates that the size of crystallite is small, and

crystallinity is not good [46].

The crystallite size can be calculated by the Scherrer’s formula:

Where,
D = Diameter of the grain
B = full width at half of the maximum value of the diffraction peak (FWHM)
A = X-ray wavelength (for Cu-Ka ,A=1.54060 A)
0 = diffraction angle
K = Scherer’s constant (K = 0.94)

3.4.2 Conductivity Measurement:

Conductivity is the capacity of a metal or a gas - in short, all materials - to pass an electric
flow. In solutions, the current is conveyed by cations and anions though in metals it is
conveyed by electrons. Electricity conduction of the solution depends on many factors;

» Concentration
* Mobility of particles
* Valence of particles

* Temperature

To decide the proton as well as electron conduction in a material conductivity estimation
is significant. Conductivity is estimated in S/cm?. Two contact techniques are utilized to

measure the DC conductivity of the pellets of the sample.
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» 2-point probe method

» 4-point probe method

In a 2-point test, known current or is connected to the pellets. Utilization of voltage or
current and estimation of the other yield the resistance of pellet, that measured resistance
can be utilized to find out the resistivity (or conductivity) of the pellet. Figure 3.6 (A)
represents the apparatus of the 2-point probe. Current is kept running along the length of
the sample, |, and current and voltages are estimated with similar terminals at the two ends.
Figure 3.6 (B) represents the apparatus of a 4-point probe. experiment [47]. In a 4-point
test strategy, 4 terminals were utilized rather than two terminals to measure current and
voltage. Voltage is measured from the internal 2 terminals and a consistent current is
connected to other external 2 terminals.

XTI

L

(a

Figure 3.6: Schematic diagram of 2 probes and 4 probes
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We use the 4-probe method to measure the conductivity of our prepared samples at
different temperatures for each sample. The conductivity was measured by using the
formula:

We can use 4 probe method to measure the conductivity of anode material. First of all,
pellets were made of three samples by the hydraulic press under a pressure of 4000Pa. The
diameter of the pallets is 13mm and 2mm is thickness. Prepared pallets were sintered at
700 °C for 1 hour. Silver paste is coated on both sides of the pallets for good conduction
of the current. The electrical conductivities of the prepared pellets were calculated between
the temperature of 350 °C to 650 °C.

Conductivity can be finding out by using the following equation.

L= Thickness of the pellet
R= Resistance
A= Active area of the pallets

For our sample, the active area of the pallet is 0.64 cm?.

The electrical band gap is calculated from conductivity measurements by using the

Arrhenius equation:
K= AeXP (-BEa/RT)ucieiniiiieiniiiiinieininieecesnisesasssscnsanes @3.5)

Where K is the rate constant, A is a pre-exponential factor, Ea is activation energy, R is

general gas constant, and T is the temperature in degree Kelvin.

Taking the logarithm of two sides of equation 3.5, hence we can get a straight-line equation.

It is given as follows:

In(k) = In(A)-Ea/R (1/T)

28



Slope = -Ea/R

The electrical bandgap for sometimes is approximately double the activation energy [38-
39].

Eeg =2 Ea

Where,
Eeg = Electrical band gap

The electrical bandgap is sometimes larger than optical bandgap due to coulombs repulsion

energy.

3.4.3 Fuel Cell Testing:

Fuel cell testing technique comprises of two u- shaped like terminals. The prepared cell
was fixed in the device, two terminals at the center were used for the transfer of air to the
cathode. The fuel is applied in the cathode side. To finding the performance, the dye was
placed in the furnace and start heating to the temperature at which we want to take readings.
When the temperature reached to the limit than values of the voltage and current was
measured. Then from the reading draw the curves of current density and power density.

The figure for fuel cell testing is shown below.

29



Cathode

/ Electrolye

Current collector S ﬂ. Anode

P §

———e

Lignin

Figure 3.7: fuel cell diagram of the testing

» Three layers of the electrode were prepared for making the cell for fuel cell
performance.

» We can take 0.4g of anode material and take 0.3g of already prepared samarium
doped ceria (SDC) of electrolyte material from the lab. Similarly, we can take 0.3g
of (LNCZ) of cathode material from the lab.

» Then we can make the pallet of 1g by the hydraulic press and sinter for 1 hour at a
temperature of 700 °C

» Then the cell was placed in the furnace and activated temperature for the cell was
measured.

» We can use three different fuels such as hydrogen, natural gas, and ethanol for

testing the cell.
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» At that point, the temperature was well ordered expanded and execution was
examined by computing the Open Circuit Voltage (OCV), at that point load was
given to measure the current gradually load is expanded and current determined.

» Then current density will be calculated by the formula Iq = I/A where A is the active
area of the pallet and | am the current.

» Similarly, the performance of the three cells is obtained by using different fuels.
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Chapter 4

Results and Discussion
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4.1 Characterization of Nanocomposites Material:

This part is consisting of the outcomes which will be obtained by utilizing distinctive
characterization procedures e.g., XRD, Conductivity and Fuel cell testing to think about

the crystalline structure, conductivity, and fuel cell performance and so on.

4.2 X-Ray diffraction analysis:

In this part analysis of the three samples has been discussing. The effect of a catalyst on

anode materials is also explained.

4.2.1 Analysis of BaZnMn-Ag:

Figure 4.1 represents the pattern of XRD of sample BaZnMn-Ag, which was examined by
Match and Diamond software, which was sintered at 700 °C for 4 hours. XRD pattern
demonstrates that the got composite material is crystalline and has two phases structure

one is hexagonal and other is tetragonal.

Diffraction peaks of the XRD arrangement of AgMnO with (COD card no. 96-810-3497)
are recorded to be a tetragonal structure, where as peaks correspond to BaZnO shows the
hexagonal structure since all the diffraction peaks are good matching with that of ZnO
crystalline structure with ( COD Card No. 96-101-1259). A few noises have been finding
which might be because of instrument adjustment issues or water vapors. Double phase
determined for nanocomposite prepared material in which one phase attributed to the
catalytic phase and second phase provide the channel for electron execution from anode
side to cade side during cell performance. The average crystallite size was calculated to be
19 nm. Which gives evidence the material have a large surface area. In energy
nanocomposite materials large surface area enhance the conduction of electron as well as
ions of oxide and hydrogen. Miller indices values associated with each peak given the

information of plan present in determined structured.
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Figure 4.1: XRD result of BaZnMn-Ag

4.2.2 Alnalysis of BaZnMn-Cu:

The nanostructure and crystallographic investigation of BaZnMn-Cu anode were shown in
Fig. 4.2. The consequences of XRD results represent that the prepared BaZnMn-Cu anode
has good crystalline nanostructure. XRD pattern demonstrates in this sample that the
prepared BaZnMn-Cu anode material has two phases structure one is hexagonal and other

is cubic.

Diffraction peaks of the XRD arrangement of CuMnZnO with (COD card no. 96-152-
4535) are recorded to be a cubic structure, which is the catalystic part. Where as the peaks
correspond to BaZnO shows the hexagonal structure since all the diffraction peaks are good
matching with that of ZnO crystalline structure with ( COD Card No. 96-900-4179). The
average crystallite size was calculated is 21 nm. In this sample, the increase in the
crystallite size is due to a decrease in the FWHM. There are 12 diffraction peaks in this
sample of which (100), (002), (101), (012), (110), (013), (200), (112), (201) corresponds
to BaZno where (100), (101), (211) represent the CuMnZnO, and out of all these peaks

the most prominent intensity peaks oare (101) peak for hexagonal phase.
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Experimental pattern: (phy-19-0623.asc)
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Figure 4.2: XRD result of BaZnMn-Cu

4.2.3 Analysis of BaZnMn-Fe:

Diffraction pattern of BaZnMn-Fe anode material is given in figure 4.3. The outcomes
display that the sample, which was sintered at 700 °C for four hours execute crystalline
Nanostructure. From the figure we can see that there is two phase structure one is hexagonal
shown by BaZnO with (COD card no. 96-101-1259) and second is tetragonal shown by a
catalytic part of FeMnO with (COD card no. 96-810-3497).

The crystallite size of the BaZnMn-Fe anode material was determined from the XRD data
by applying Scherer's formula and observed to be 64 nm. It has been analyzed from the
XRD study that materials which are sintered at a temperature of 700°C are good to make
nanostructure crystalline structure. In this sample, we can see from the figure that most of
the detective peaks are sharp, so the crystallite size is large as compared to the other two

samples.
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Figure 4.3: XRD result of BaZnMn-Fe

4.3 Conductivity analysis:

Convenient electrical conductivity is the main parameter to get better execution
performance of the anode materials. Four-probe DC estimation technique was used to get
results of electrical conductivity of prepared samples BaZnMn-Ag, BaZznMn-Cu and
BaZnMn-Fe of nanocomposites materials between the temperature range of 300 °C to 650
OC at the air environment independently. The results of these prepared samples are shown
in the figure of 4.4. From the graph, we can see that the electrical conductivity of each
sample increases with the rise in temperature. Nonetheless, the most electrical conductivity
was attaining at temperature 600 °C of the sample with a silver catalyst. From the three
prepared samples, the maximum conductivity was found to be 4.8 S/cm at a temperature
of 600 °C with a silver catalyst. Silver at a lower temperature is thermally active so it gives
maximum conductivity at a temperature of 600 °C as compared to the other sample. Also,

silver is the good conductor because its electrons are free to move as compared to that of
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other elements. The second curve (black) represents the sample of the copper catalyst
which gives the lower conductivity as compared to the silver. The conductivity of copper
increase linearly with the increase in temperature. So, we can say that copper is less
conductive than silver. So, it gives a maximum conductivity of 4 S/cm at a temperature of
550 °C. After 550 °C the conductivity starts to decrease because it will be unstable at that
temperature, we can say that the effect of degradation happens. Third cure represents the
effect of iron catalyst, from the curve we see that iron at low temperature is not thermally
active, so it needs a high temperature for activation as compared to that of other samples.
So, its maximum conductivity was found to be 4 S/cm. So, we can conclude that Ag
behavior shows good conductivity because most of the SOFC works in this range of
temperature. The genuinely great conductivity at even lower temperature makes it a

possibly a great possibility for low temperature SOFC.

—&— Cu-BaZnMn|
—@— Ag-BaZnMn
—— Fe-BaZnMn |

Conductivity [S/cm]

L] LJ L] L] L] LJ
350 400 450 500 550 600

Temperature [°C]

Figure 4.4: Conductivity result of prepared samples
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4.4 Fuel cell Performance analysis:
In this part, fuel cell performance can be calculated. For this, we analyze three samples

with different catalyst.

4.4.1 Analysis of sample BaZnMn-Ag:

This graph represents the fuel cell performance of above mention anode sample with silver
as a catalyst. Cell performance can be measured by using three different fuels such as
hydrogen, natural gas, and ethanol at a temperature of 650 °C. Within the sight of these
fuels, testing was done in order to check the open circuit voltage and its relating current at
different resistances. First, the cell was prepared by using NSDC and LNCZ as an
electrolyte and cathode respectively. We can find good results of performance when we
used hydrogen as a fuel. We find the maximum power density of 500 mW/cm? with
hydrogen. From the graph, we see that the power density of the sample is low when we
used natural gas and methanol as a fuel. The measured power density with these fuels is
400 mW/cm ?and 150 mW/cm? respectively. The open circuit voltage measured with these
fuels is 0.9V, 0.85V and 0.78V respectively. And the maximum current density was found
to be a 1300 mA/cm 2,
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Figure4.5: Performance result of BaZnMn-Ag with different fuels

4.4.2 Analysis of sample BaZnMn-Cu:

This graph represents the fuel cell performance of sample BaZnMn-Cu in which copper is
used as a catalyst. Similarly, here we used the same fuels and performance was measured.
Here also maximum power density was recorded by the hydrogen fuel as compared to
natural and ethanol. The measured power densities are 400 mW/cm 2, 300 mW/cm 2 and
150 mW/cm 2 respectively. The open circuit voltage for hydrogen and natural gas are
almost the same in this sample 0.8 V. But for ethanol, the open circuit voltage is 0.7 V.
The maximum current density found for this sample is 1200 mA/cm 2. As we see from the
graph when the open circuit voltage is started to decrease than the current density will start
to increase.
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Figure4.6: Performance result of BaZnMn-Cu with different fuels

4.4.3 Analysis of sample BaZnMn-Fe:

Fuel cell performance of BaZnMn-Fe shown in figure [4.7] which demonstrates the current
density decreases as compared to other samples. Same as open circuit voltage is also
decreased by increasing temperature but deliver maximum value on 650 which have
consistency to the law of thermodynamic. OCV is the inverse of Gibbs free energy. Power
density determined by I-V data that have a maximum value of 400 mW/cm 2. That’s shows
electrons are executed through prepared BaZnMn-Fe. But iron posses less catalytic activity
as compared to copper and silver due to strong iron oxide bonding. Manganese with iron
oxide phase provides a pathway to the migration of ions from splitting area of gasses into

ions to the Nano core triple phase boundary at inter phase of electrolyte.
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Figure4.7: Performance result of BaZnMn-Fe with different fuels

From the above graphs of fuel cell performance, we conclude that the best performance
among these three samples BaZnMn-Ag, BaZnMn-Cu, BaZnMn-Fe is given by the sample
of BaZnMn-Ag. The reason is that silver behaves like a good catalyst as compared to that
of copper and iron. Silver as a catalyst is good against the deposition of the carbon layer
on the fuel cell. Since the Ag-C bond is too powerless to even consider breaking the C-O
or C-H bond, as per the bond request preservation hypothesis. We also conclude that

performance is best through hydrogen fuel as compared to natural gas and ethanol.
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Conclusion:

In this research work, the nanocomposite materials BaZnMn-Ag, BaZnMn-Cu, BaZnMn-
Fe based on the mixed conductivity were synthesized for the fuel cell. After that, these
nanocomposite materials were described with the assistance of various characterization
procedures to research and study its different properties Following ends was drawn from
this exploration work.

» Synthesis by sol gel method

» Effect of different is analyzed.

» X- Ray diffraction shows the crystalline structure. The crystallite size of the three
samples anode material was determined from the XRD data by applying Scherer's
formula.

» For sample 1 and 3 two phases structure were observed one is hexagonal and other
is tetragonal. For sample, 2 phase structure is hexagonal and cubic.

» The average particle size calculates in the range of 19nm to 90nm.

» From the three prepared samples, the maximum conductivity was found to be 4.8
S/cm at a temperature of 600 °C with a silver catalyst. Silver at a lower temperature
is thermally active so it gives maximum conductivity at a temperature of 600 °C as
compared to the other sample.

» From the graphs of fuel cell performance, we conclude that the best performance
among three prepared samples is given by the sample BaZnMn-Ag. The reason is
that silver behaves like a good catalyst as compared to that of copper and iron.

» The maximum OCV of about 0.9V, 0.8V and 0.7V and maximum power density of
about 500 mW/cm 2, 400 mW/cm ? and 400 mW/cm 2 are observed by hydrogen

fuel.
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