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ABSTRACT 

Efficient Electrochemical Energy Conversion of Carbon from 

Coal and Waste 

Direct carbon fuel cell directly converts the chemical energy stored in the fuel 

(carbon) to electricity. It is a high-temperature fuel cell having practical efficiency of 

80%, normally operates at or above 700 
o
C with significantly low CO2 emission 

compared to coal burning power plants which release large amount of notorious gases 

NO2, SO2 and CO2.  

In this PhD research work main objectives are to synthesize combination of 

efficient electrolytes and electrodes materials not only operational compatible with 

carbon fuel, but also are electrochemical stable, having high conductivity and should 

provide excellent performance. Further, this thesis is divided into three parts; 

Electrolytes, Electrodes and theoretical calculation. Therefore, commonly used co-

precipitation technique has been employed to synthesize various electrolytes, calcium 

doped ceria, single carbonate- doped ceria, binary carbonate-doped ceria, and ternary 

carbonate-doped ceria, barium co-doped ceria, calcium co-doped ceria, magnesium 

co-doped ceria and strontium co-doped ceria. However, in addition to electrolytes 

mainly two types of electrodes known as oxides LiNiCuZnO (LNCZO), 

LiNiCuZnFeO (LNCZFO) and perovskite LaSrNiTiO3- (LSNT, LaSrFeTiO3- 

(LSFT, LaSrCoTiO3- (LSCT and LaSrZnTiO3- (LSZT have been prepared using 

sol-gel technique. The prepared materials are characterized using various structural 

techniques; X-ray diffraction (XRD), Scanning electron microscopy, Thermal 

analysis, UV-Visible spectroscopy, Raman spectroscopy, Fourier transforms infrared 

spectroscopy, DC/AC conductivity and electrochemical performance. On the top of 

all characterization the XRD results reveal the prominent cubic structure of all the 

electrolytes and perovskite electrodes, whereas composite structure of LNCZO and 

LNCZFO is confirmed. Moreover, two types of carbon fuel categorized as coal based 

(lignite, bituminous, sub-bituminous) and waste biochar (walnut shells, almond shells) 

have been used to evaluate the overall electrochemical performance of direct carbon 

fuel cell (DCFC).  



xi 

Amongst all the discussed electrolytes (Li,Na)2CO3–doped ceria(LN-SDC) has shown 

the highest ionic conductivity of 0.31 Scm
-1

 with maximum performance of 617 

mWcm
-2

 in combination of LNCZO electrode at 600 
o
C for  hydrogen as fuel and air 

as oxidant. Secondly the combination of co-doped ceria electrolyte calcium co-doped 

ceria (CSDC) and LNCZFO electrode had depicted the performance of 630mWcm
-2

 

at 650 
o
C with hydrogen fuel, where as co-doped ceria electrolyte (CSDC) has shown 

highest ionic conductivity of 0.124 Scm
-1

. 

Nevertheless in comparison above mentioned electrolytes LN-SDC with 

LNCZFO electrodes exhibited a performance of 58mWcm
-2

 for sub-bituminous fuel. 

Instead of obtained power densities of the cell comprised of cathode-electrolyte- 

anode (LSCF|LN-SDC|LSFT) are 78,73,57,29 and 26 mWcm
-2

 at 700 
o
C with fuel as 

sub-bituminous, walnut shells, almond shells, bituminous and lignite respectively. 

The prepared LSFT and LSCT also have been tested as cathode which shows good 

performance with carbon fuel. Further to elaborate, theoretical calculations using 

Density Functional Theory (DFT) technique are performed to co-relate the effect of 

structure, dopant radius, lattice constant of doped system, density of states and band 

gap with the experimental results and at some point both DFT simulation and 

experimental results have shown the best match in terms of increase in lattice constant 

by decreasing band gap.  
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1 Introduction 

Energy is necessary for economic growth and development of a country. As 

the population of the world is increasing, energy demand is also growing and this 

demand is fulfilled by conventional sources of energy. But with the passage of time, 

these resources are getting depleted thus failing to meet the current energy demand. 

Pakistan is producing electricity by renewable and non-renewable resources. 

However, crude oil, coal, natural gas, and uranium are conventional (non-renewable) 

fuels while sunlight, wind, hydropower, geothermal and biomass are considered 

renewable (non-conventional) energy resources and replenished regularly in nature. 

Currently the next generation renewable technologies i.e. as solar cells, fuel cells 

(FCs) and batteries are still under tedious development. These new technologies are 

promise clean, environment friendly than the conventional energy technologies by 

improving the fuel efficiency and reducing the harmful emissions.  

As these new energy technologies have limited commercialization scope due 

to high cost, and lower energy density thus, without major step advancement in the 

new energy technologies; it would be immensely difficult to meet the increased 

energy demands of the world. Having said that FC technology is the utmost capable in 

this regard because of its higher efficiency (>60%) and very low or zero emission of 

harmful gasses [1-2]. Generally speaking a fuel cell is an electrochemical device 

which converts the chemical energy of fuel directly into electrical energy. Further fuel 

cell consists of an electrolyte layer inserted between the cathode and anode. Here fuel 

(usually H2) is oxidized at the anode in the presence of catalyst and splits the fuel 

(hydrogen) into corresponding electrons and proton ions. The electrons transport 

through exterior circuit to produce electricity, while the proton ions transport through 

the electrolyte layer and reduction of oxygen occurs at cathode. The protons transport 

through electrolyte finally combines at the cathode side with oxygen to form water.  

William Grove gave the idea of fuel cell in 1839 and first time demonstrated a room 

temperature fuel cell using a liquid electrolyte [3]. A schematic diagram of hydrogen 

fuel cell assembly is shown in Figure 1.1. 
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Figure  1.1: Design and working principle of hydrogen based fuel cell 

1.1 Different families of fuel cells 

Fuel cells are differentiated from one another on the basis of electrolytes. These 

families are Molten Carbonate Fuel Cell (MCFC), Proton Exchange Membrane Fuel 

Cell (PEMFC), Alkaline Fuel Cell (AFC), Direct Methanol Fuel Cell (DMFC), 

Phosphorus Acid Fuel Cell (PAFC), Direct Carbon Fuel Cell (DCFC), and Solid 

Oxide Fuel Cell (SOFC). The cathodic and anodic reaction mechanisms in FCs along 

with corresponding ions transportation are shown in Figure 1.2. Among all them 

SOFC is promising technology due to some advantages such as; high efficiency, fuel 

flexibility, minimal corrosion risk, but expensive [4-6]. SOFC, MCFC and DCFC are 

operating at higher temperature compared to other FCs and operate above 500 
o
C [7]. 
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Figure  1.2: Schematic overview of FCs along with anodic, cathodic reactions, temperature 

ranges, ions types and direction of motion of ions [7]. 

1.2 Families of solid oxide fuel cells 

On the basis of fuel supplied, SOFC can be divided in to three types. a) FC 

operates on gas fuel (hydrogen, bio-gas and syngas). b) FC works on the liquid fuel 

(methanol, ethanol and glycerol). c) FC utilized the solid carbonaceous as fuel 

(DCFC). 

1.3 Historical context of direct carbon fuel cells 

The concept of direct conversion of carbon into electrical energy in FCs was 

demonstrated by William W. Jacques in 1896 [8]. DCFC could not get popularity at 

that time due to very lower efficiency (8%) and degradation of its components. 

Scientists are improving their efficiency to commercialize this technology [9]. 

Presently DCFCs become an emerging technology that has almost 100% theoretical 

electrical efficiency, experimental electric efficiency (80%), 100% fuel utilization and 

lower greenhouse gases emissions compared to conventional coal-based power plants 

[10-11]. The unique feature of DCFC is that it can convert the energy of fuel to 
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electricity without gasification [12]. The production of electricity from carbon fuel is 

shown in Figure 1.3. 

 

Figure  1.3: Schematic of the process for electricity production from coal using direct carbon fuel 

cell technology 

1.4 Fuels for direct carbon fuel cells 

A variety of solid fuel such as carbon, lignin, bituminous, sub-bituminous, 

graphite, biomass, animal waste, kitchen waste nut shells, newspapers, magazines can 

be used in DCFCs for electricity production [5, 13-14]. However the structure of 

carbon and its quality affects the electrode kinetics, power density and fuel cell 

performance [15]. It has been reported that crystal structure, particle size, surface 

area, impurity and conductivity play vital role to obtained good performance [16]. The 

carbon with more crystallographic disorder shows more reactivity [17].  Carbon is a 

main source of fuel for DCFCs. Carbon has certain advantages over gas and liquid 

fuel such as abundance, easy transportation, storage and has high energy density 

compared to other fuels. 

1.5 Different sources of carbon fuel    

DCFC has the ability to decrease the climate change because it only produces 

pure CO2 using solid carbonaceous fuel. As carbon can be obtained from various 
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other sources but our focus is on coal and biomass (nut shells, almond shells). A brief 

overview of these sources is given below; 

1.6 Coal 

The most abundant fossil fuel on the earth is coal and formed millions of years 

ago. It can be categorized into four main branches: 

 Lignite (brown coal) 1.6.1

It is a soft low ranked, higher heating value, volatile matter and large amount 

of water. Lignite has carbon content less than 40% but used for power generation. 

Lignite fuel has been evaluated in many DCFCs for electricity generation [18]. 

 Sub-bituminous coal (brown coal) 1.6.2

Lignite is converted into sub-bituminous coal after several millions of years 

under the action of pressure and temperature. It has lower sulfur contents. The carbon 

contents lies between 40-90% compared to other coals so widely used in industrial 

processes and power generation system. Ju et al. measured a performance of 60 

mWcm
-2

 at 900 
o
C of the cell made of Ni-YSZ anode, LSM cathode and YSZ 

electrolyte using sub-bituminous fuel in DCFC [19]. 

 Bituminous 1.6.3

Bituminous is hard form of the coal and produce large quantities of smoke on 

combustion. Carbon content in bituminous is from 40-80% and moisture to volatile 

contents are 15-40%. It is widely used for heat and power generation, cement industry 

and prepare coke. Liu et al. achieved a power density of 31.3mWcm
-2

 at 850 
o
C using 

YSZ electrolyte and bituminous coal fuel [20]. 

 Anthracite coal 1.6.4

Anthracite is the highest ranked, smokeless and burns with blue flames. 

Anthracite is considered the best candidate for DCFCs due to higher carbon content 

(>90%) but very low volatile matter, sulfur and nitrogen. Anthracite coal has higher 
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output power than from the bituminous coals [21-22]. Different types of coal along 

with applications are shown in Figure 1.4. 

 

Figure  1.4: Different types of coal along with applications 

1.7 Biomass 

Biomass is renewable source of energy obtained from animals, plants, vegetables 

and nut shells. Biomass can be converted into different forms of fuels e.g. methane 

gas, biochar/black carbon and liquid fuel (ethanol, biodiesel) [23-24].  Biomass is first 

dried at 150 
o
C to remove water then dried biomass is pyrolysed at 370 

o
C to remove 

the methane gas and biochar/carbon is obtained for DCFC. Methane gas is used in 

household for heating and boiling water while output anode gas CO2 is used in 

pyrolysis of biomass. Different research activities have been conducted to improve the 

efficiency of DCFC using biomass fuel [23-25]. A schematic of biochar/carbon fuel 

derived from biomass is shown in Figure 1.5. Biochar/carbon fuel obtained from 

waste and biomass has many salient features; 

 cheaper to produce, easy to transport and store 

 has no sulfur, mercury, very low amount of nitrogen and ash on burning 

 has higher conductivity, large surface area so has high reactivity at 

intermediate temperature [24,26-27]. 
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Figure  1.5: A schematic process of carbon biochar derived from biomass 

1.8 Components of DCFC 

Fuel cells composed of three important components cathode, anode and 

electrolyte [14]. Each component has a special requirement. At the anode side fuel 

oxidation occurs, therefore it has good catalytic activities for oxidation and a good 

electrical conductivity for electron transfer. Cathode must be a mixed conductor with 

porous structure. The requirement of each component for fuel cell is given in Table 

1.1. 

Table  1.1: Requirement of components for fuel cell [14] 

FC 

components 

Conductivity Density/ 

porosity 

Stability Cost/ Thermal 

expansion 

Electrolytes Good ionic 

conductor  (0.1Scm-

1) but electronic 

insulator 

Fully dense 

structure 

Stable in 

reducing and 

oxidizing 

environment 

Lower cost/ 

compatible to 

electrodes 

Anode 
Mixed ionic 

electronic conductor 

(MIEC ) 

Porous 

structure 

Stable in 

oxidizing 

environment 

Lower cost/ 

compatible to 

electrolytes and 

cathode 

Cathode 
Mixed ionic 

electronic conductor 

(MIEC ) 

Porous 

structure 

Stable in 

reducing  

environment 

Lower cost/ 

compatible to 

anode and 

electrolytes 
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 Electrolyte 1.8.1

The most important and dynamic components of the FC is electrolyte. It must 

be fully dense to prevent the leakage of gas on other sides of the cell. It is electronic 

insulator but excellent ionic conductor. Electrolyte has a dynamic role in the 

functioning of FCs because operating temperature and cell performance is electrolyte 

dependent. Electrolyte should be a dense that conducts oxygen ions, proton ions, and 

carbonate ions. Electrolyte has high ionic conductivity (0.1 Scm
-1

) and electronic 

insulator to prevent losses from leakage currents. At higher operating temperature 

(>800 
o
C), sufficient ions (O

2-
, H

+
, CO3

2-
), mobiles which enhance the cell 

performance [28]. 

By comparison yttria-stabilized zirconia (YSZ) electrolyte is mostly used in 

DCFCs due to excellent ionic conductivity, compatibility with other components and 

chemically stable material. Conversely, it works at higher temperature and its ionic 

conductivity is decreased below 750 
o
C [29]. Thus scandia-stabilized zirconia (ScSZ) 

and La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) are also examined in DCFCs due to higher 

conductivity over YSZ, but the noticeable degradation in these electrolytes occurred 

at1000 
o
C [29].  

 Ironically lower ionic conductivity of stabilized zirconia materials below 750 

°C. Therefore, is key reason to replace it by samarium and gadolinium-doped ceria 

(SDC, GDC), because as they exhibit much higher ionic conductivity at intermediate 

temperatures and can be used as electrolytes in DCFCs [30-33].  Roughly the ionic 

conductivity of doped ceria has been found to be 0.1 Scm
−1

 at around 600 °C [33]. 

To reduce the operating temperature of DCFCs scientists has exposed two 

phase ceria-base composite materials, which not only improved the ionic conductivity 

but also improve the cell performance below 600 °C [34].  In contrast first phase is 

doped ceria, and the second phase is the addition of a small amount of salts, which are 

in an amorphous phase, causing conductivity enhancement [35-36]. These dual phase 

materials exhibited ionic conductivity > 0.1 Scm
−1

 (below 600 
o
C) and are known as 

hybrid (O
2 −

, H
+
) and multi-ionic (O

2 −
, H

+ 
, 

2
3CO ) conductors [37-40]. A 
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description of different used electrolytes in DCFCs along with conductivities and 

temperatures are presented in Table 1.2. 

Table  1.2: Description of different electrolytes for direct carbon fuel cell with conductivity at 

temperatures 

Electrolyte Temperature 
o
C 

Conductivity Scm
-1

 Ref. 

(ZrO2)0.88(HfO2)0.01(Sc2O3)0.10(CeO2)0.01 850 0.14 41 

(Y2O3)0.08(ZrO2)0.92 800 0.3 42 

(Sc2O3)0.08(ZrO2)0.92 800 0.13 42 

Ce0.8Gd0.2O1.9 800 0.053 42 

Ce0.8Sm0.2O1.9 800 0.095 42 

La0.9Sr0.1Ga0.8Mg0.2O2.85 800 0.1 42 

La0.9Sr0.1Ga0.8Mg0.2O3-δ 800 0.12 43 

(Sc2O3)0.1(CeO2)0.01(ZrO2)0.89 427 0.05 44 

Ce0.9Gd0.1O1.95 427 0.26 44 

La0.8Sr0.2Ga0.83Mg0.17O3-δ 800 0.17 45 

Ce0.9Gd0.1O1.95 700 0.0544 46 

Ce0.9Sm0.1O1.95 700 0.0200 46 

Ce0.887 Y0.113O1.9435 700 0.1015 46 

Ce0.8Gd0.2O1.95 700 0.0470 46 

Gd-doped CeO2-25wt. % (Li,Na)2CO3 550 0.160055 47 

Gd-doped CeO2-25 wt.%Li2CO3 550 0.005055 47 

Gd-doped CeO2-25 wt.%Na2CO3 550 0.054911 47 

(Li,Na,K)2CO3-SDC)(45:55) 600 0.55 48 

(Li,Na)2CO3- Sm0.20Ce0.80O2(1:2) 600 0.31 28 
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SDC-25 wt.%Na2CO3 300 0.1 49 

SDC-25 wt.% K2CO3 700 0.16 50 

 

 Anode 1.8.2

The basic requirements for anode materials are mixed conductor (electronic 

and ionic), high catalytic activity, porosity to allow mass transport, stable, compatible 

with electrolyte and cathode and low cost. The anodes made of platinum and nickel is 

commonly used in DCFCs but carbides anodes such as zirconium carbide (ZrC), 

tungsten carbide (WC), and titanium carbide (TiC) have also been examined [51]. 

Since Ni/NiO-YSZ and Ni/NiO-ScSZ anodes are also used in DCFCs due to high 

stability, high catalytic activity for carbon, compatibility with YSZ and ScSZ. As far 

as fuel cell catalyst is concerned so far nickel having porosity of 20-30 vol. % is good 

oxidation catalyst for variety of carbon fuels [29]. Most commonly used anodes in 

DCFCs are NiO-GDC/SDC [52], La0.6Sr0.4Co0.2Fe0.8O3-δ [53], La0.3Sr0.7TiO3-δ (LST) 

and La0.3Sr0.7Ti0.93Co0.07O3-δ [54] are known prominently for reasonably high power 

density.  

Since titanate based anode possess good tolerance for sulfur and H2S 

impurities, higher stability, and reasonable conductivity but with low catalytic activity 

towards fuel oxidation. Therefore, incorporation of transition metals such as Ni, Fe, 

Co doped at the B site, results high electronic conductivity  and various approaches 

have been employed to increase the overall catalytic performance of fuel cell [55- 60] 

 

 Cathodes 1.8.3

Cathode is a mixed conductor with comparatively high porosity, stable in 

oxidizing environment, thermal expansion matches with electrolyte and anode. So far, 

the most commonly used cathodes are platinum, silver, La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF), La0.6Sr0.4CoO3-δ (LSC) and La0.8Sr0.2MnO3-δ (LSM) for DCFCs [29].  By 

comparison LSC exhibited improved performance than the LSM cathode. A power 
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density of 390 m W cm
-2

 and 680 m W cm
-2

 was measured using LSM cathode and 

LSC cathode at 750 
o
C [29].  The current reported highest cell performance is 878 m 

W cm
-2

 with pyrolysis medium density fiberboard (PMDF) fuel at 750 
o
C [29]. 

A variety of cathode, anode, and electrolyte materials along with fuel, 

temperature and power density has been reviewed in Table 1.3. The performance of 

different carbon based fuel cells has been shown ranging from  

46μ Wcm
-2

 - 385mWcm
-2

. It has been also observed that the solid carbon based fuel 

cell reported by Xu et al. shows the best performance [61]. 

Table  1.3: Electrolytes, anode, cathode, and power density with different carbon fuels at various 

temperature of direct carbon fuel cell 

Electrolyte Anode Cathode Fuel 
Temp. 

o
C 

Pmax 

mWcm
-2

 
Ref 

GDC-

(Li,Na)2CO3 

NiO-GDC 

ceramic 

SmSrCo 

(SSC) 
Carbon 600 325 62 

ScCeHfZr 

GDC)-Ag 

(50:50) 

Wt % 

GDC-Ag 

(50:50) W 

% 

activated 

charcoal-iron 

oxide (95:5) 

wt % 

850 83 63 

YSZ 
Alumina 

ceramic 

alumina 

ceramic 
semi-coke 850 18 61 

YSZ-SDC Ni-YSZ LSCF solid carbon 850 385.2 61 

YSZ GDC-Ag GDC-Ag 
Ca-activated 

carbon 
850 373 64 

YSZ 
NiO-YSZ-

Carbon 
LSM/LSCF 

activated 

carbon-K2CO3 

(5 wt %) 

750 44.7 65 

YSZ NiO-YSZ 
LSM/YSZ/

GDC 
carbon black 850 76.31 66 
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YSZ Ni-YSZ LSM 
biochar rice 

husk 
750 44.6μ 67 

YSZ 

GDC 

double 

layer 

LSCF carbon black 800 118 68 

(Li,Na)2OH-

(Li,K)2CO3 
Ag Ag 

Graphite, 

Sub-

bituminous 

650 
15.3 

22.1 
69 

Electrolyte Anode Cathode Fuel 
Temp. 

o
C 

Pmax 

mWcm
-2

 
Ref 

YSZ Ni-YSZ 
LSM/YSZ,

LSCF/YSZ 

activate 

carbon 
750 100 70 

SDC 
CuO-ZnO-

SDC 
(LNO 

carbon black-

(LNK)CO3 
700 130 71 

YSZ GDC-Ag LSM-YSZ 
activated 

carbon 
800 320 72 

Molten 

hydroxide 
N, Ni-Cr Ni mesh bituminous 500 50.6 73 

YSZ 

Ni-

YSZ|Ni-

GDC 

LSM-

GDC|LSM 
lignite char 850 144 74 

YSZ NiO/YSZ LSCF 
activated 

carbon 
800 53 75 

YSZ 

Ni-YSZ, 

Ni-Cu-

YSZ 

LSM| 

GDC|LSM 
carbon 850 

96, 

118 
76 

YSZ Ni-YSZ LSM Ni-Sn-carbon 900 105 77 
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GDC-

YSZ,GDC 
NiO-GDC LSM-GDC Lignite 700 190 78 

YSZ Ni-YSZ LSM carbon 800 50 79 

(Li,K)2CO3-

Al2O3 

pre-

soaked 

needle 

coke 

lithiated 

NiO 
solid carbon 650 187 9 

1.9 Catalytic effect on carbon oxidation 

Sometimes catalyst is added to increase the reactivity of the fuel and widely reported 

anode catalysts are Ca, Fe, Mg, Ni and Ag. Dudek et al. found the enhanced cell 

performance by adding Fe powder to the anode. The power density was increased 

from 55-80 mW cm
-2

 at 700 
o
C [80]. Rady.et al. also observed the effect of catalyst 

doping in the anode using carbon fuel and found that Ca enhance the power density 

than Fe and Mg catalyst and shown in Figure 1.6 [81]. In another study the catalyst 

effect of Ni and Ag was observed and Ag was found the better catalyst than Ni [82]. 

 

Figure  1.6: Effect of catalyst impregnated in carbon and observed power density [81] 

1.10 Families of DCFCs  

DCFCs have three families on the basis of electrolyte used in the cell [25, 83-85]; 

1) Molten hydroxide electrolyte DCFC (NaOH, KOH) 

2) DCFC with molten carbonate electrolyte (Li ,Na, K) 
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3) Solid oxide electrolyte DC-SOFC (doped ceria or zirconia) 

The first attempt to use the solid ion conducting electrolyte in direct carbon fuel cell 

was demonstrated by Ishida in 1988 [86]. The oxidation of carbon at anode produces 

CO2 which can easily sequestrate. Reaction mechanisms in these three electrolytes in 

DCFCs are shown in Table 1.4. [10,83]. 

Table  1.4: Reaction mechanism of DCFC based on electrolyte [10, 83] 

Type of 

the Fuel 
Reaction at anode Electrolyte Reaction at cathode 

Carbon       
                 

   
    

  
                

    

Carbon                        
    
  

                   

Carbon                 
 

    
                

 

 Molten hydroxide electrolyte DCFC (NaOH, KOH) 1.10.1

The first prototype fuel cell based on hydroxide electrolyte was discovered in 

1896 [87]. A metallic container acts as cathode filled with molten hydroxide (NaOH 

or KOH) electrolyte. Carbon rod obtained from coal or graphite is immersed in the 

electrolyte and which acts as anode as well as fuel. This type of FC has some 

advantages like high ionic conductivity, low melting point so low cost materials can 

be used which works well at lower temperature [25]. The oxidation of carbon is taken 

place at anode and anode reaction mechanism in hydroxide electrolyte is: 

)1.1(42224  eCOOH -OHC
 

Reaction at cathode: 

)2.1(44222
-OH-eOHO   
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This technology could not attain much attention due to the creation of carbonates and 

the occurrence of carbon impurities which decrease the overall efficiency of the fuel 

cell. It was proposed that the carbonate ions formed by chemical or electrochemical 

process via reactions: 

)3.1(2
2

3
22 OHCOOHCO 




)4.1(423
2

3
6 


 eOHCOOHC

 

A schematic design of successful DCFC based on hydroxide electrolyte has been 

prepared by Scientific Applications and Research Associates (SARA) and shown in 

Figure 1.7 [88]. 

  

Figure  1.7: SARA design of direct carbon fuel cell [88] 

 Molten carbonate electrolyte DCFC (K+, Li+, Na+) 1.10.2

Solid carbon fuel is used in MCFC, with 100% fuel utilization and 80% 

electric efficiency [89]. Molten carbonate has higher conductivity, reasonable 

operating temperature range, and shows good stability in CO2 atmosphere. Single, 

binary or ternary carbonates are used as electrolyte materials, but binary and ternary 

carbonates are best compared to single carbonates because it lowers the operational 

temperature. A mixture of binary carbonates Li2CO3-K2CO3 (62:38, 32:68) is 

commonly used electrolyte for molten carbonate DCFCs, because it has melting point 

below 550 
o
C [17,90]. A mixture of ternary carbonates Li2CO3-K2CO3-Na2CO3 (43.4: 
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25.4: 31.2 mol %) along with 20% Cs2CO3 shows good performance at 700 
o
C [91]. A 

cell with ternary carbonates Li2CO3-K2CO3-Na2CO3 (32.1-34.5-33.4) electrolyte using 

coal as a fuel operate at 500 
o
C [92].  The working principle of molten carbonate 

DCFC is shown in Figure 1.8. The reaction mechanism at anode is shown as: 

)5.1(423
2

3
2 


 eCOCOC

 

The production of CO expressed as: 

)6.1(22
2

3



 eCOCOCOC

 

)7.1(23
2

3
2 


 eCOCOC

 

The reaction at cathode produces carbonate ions: 

)8.1(
2

3
24222


 COeCOO

 

 

Figure  1.8: Working principle of molten carbonate electrolyte direct carbon fuel cell [83] 

Power density of 187 mWcm
-2

 was obtained using K2CO3-Li2CO3-Al2O3 (1.2:1.05:1) 

electrolyte and coke fuel [9].  Cherepy et al. analyzed the performance of different 

carbon fuels (derived from coal, methane, oil, petroleum coke, bio-char) and obtained 

power density is in the range of 40-100 mWcm
-2

 at 0.8 V using cells with active area 

of 60 cm
2 

[17]. 
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 Solid oxide electrolyte direct carbon fuel cell  1.10.3

Solid oxide ions (O
2-

) conducting electrolyte is used in this class of DCFC. The 

first effort to convert solid fuel (carbon) to electricity using oxides ion conducting 

electrolyte was done by Baur [93]. However, other scientists also studied the solid 

carbon conversion to electricity using same technique [51,94-95]. 

 

Figure  1.9: Schematic design of solid oxide electrolyte direct carbon fuel cell 

A large number of oxide ions conducting electrolytes (YSZ, ScSZ, LSGM, GDC, 

SDC) have been used in this class of fuel cell [31,96-97]. The schematic design of 

solid oxide electrolyte direct carbon fuel cell is shown in Figure 1.9. The anodic 

reaction mechanism is: 

)9.1(42
22  eCO-OC  

The cathode reaction; 

)10.1(2242
-O-eO   

Carbon oxidation is considered the main reaction at anode so scientists are focusing to 

oxidize the carbon more efficiently at lower temperature. The anode reactivity can be 

enhanced by adding catalyst. Catalyst loaded carbon increased the reactivity of anode 

materials [81]. 
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1.11 Families of DCFCs on the basis of fuel supply 

On the basis of anode chamber design DCFCs divided into three sub-classes. 

 Solid carbon or fluidized bed 1.11.1

A solid carbon fuel and oxide ion reacts electrochemically at anode 

triple phase boundary (TPB) via reaction equation (1.9) [98]. Due to small TPB 

this cell produces less power compared to porous structure electrodes. The main 

challenge in this technology is the continuous flow of solid fuel to TPB. The 

development is still concentrated on lab scale button cell [18].  

 Solid carbon in molten metal 1.11.2

Molten metal (tin, iron, silver) are used as anode for solid carbon fuel. The 

oxide ions pass through solid electrolyte and react with molten metal via 

electrochemical reaction: 

)11.1(42
22  eSnOOSn(liq)

 

The open circuit voltage of the anodic reaction under carbon fuel and oxygen oxidant 

at cathode is 0.78 V. Tin oxide reacts with solid carbon and converts tin oxide back to 

tin.  

)12.1(22 CO SnCSnO 
 

The direct oxidation of carbon produces electricity because tin anode is in contact 

with solid carbon.  A thin layer of porous material is inserted to separate the melt tin 

and fuel as displayed in Figure 1.10. Due to this separator layer the anodic 

polarization losses are enhanced which is drawback of this layer [99]. 
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Figure  1.10: Working principle of liquid tin anode based DCFC 

 Solid carbon fuel in molten carbonate 1.11.3

This technology is a combination of SOFC and MCFC in which anode 

consists of molten carbonate with carbon fuel and electrolyte is an oxide ion ceramic 

conducting, named hybrid direct carbon fuel cell (HDCFC) shown in Figure 1.11 

[100]. 

 

Figure  1.11: Design of Hybrid direct carbon fuel cell (HDCFC) [100] 

Carbon oxidation mechanism at anode is [101-102] is produced by reaction (1.6).  

Carbon not only oxidizes into CO2 and CO at the interface in molten carbonate melt, 
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but also reacts electrochemically with carbonate ion via reaction (1.5). There are 

number of ways the carbon fuel is supplied to anode of cell which are shown in 

Figure 1.12. 

 

Figure  1.12: Different contact modes of carbon with anode in DCFCs [29] 

1.12 Configurations of direct carbon fuel cell 

On the basis of geometries, DCFC can be assembled in three different 

configurations. The planar and tubular configurations are shown in figure. 

a) Planar solid-oxide cell based on alumina tube anode wall 

b) Tubular solid-oxide cell based on alumina container anode chamber 

c) Tubular solid oxide cell with anode chamber and anode tube 

A planar cell configuration is used into DCFC because of easy manufacturing process. 

A tubular cell can be divided into two categories. One in which anode tube is placed 

into the carbon container is shown in Figure 1.13 b and other in which carbon is 

placed inside the anode tube is shown in Figure 1.13 c. A tubular configuration is 

used due to some advantages such as easy for scale up, sealing and thermal cycling 

[103]. 
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Figure  1.13: Schematic of different configurations of DCFCs (a) Planar cell with alumina tube 

anode (b) Tubular cell with alumina container anode (c) Tubular cell with alumina anode 

chamber and anode tube [29,103] 

1.13 Thermodynamics and efficiency of DCFC 

The oxidation of carbon with oxygen produces CO2 and release four electrons. 

The reaction which determines the maximum efficiency of the DCFC is; 

)13.1(22 (g)CO(g)O(s)C 
 

DCFCs directly convert the chemical energy of fuel to electrical energy. The 

theoretical efficiency (
  
  of such electrochemical conversion reaction is [104]; 

)14.1(1
ΔH

ST

ΔH

ΔG
thη


  

KG973 =-395.37 kJmol
-1

 is the change in Gibbs free energy.
K

H
973

 = -393.95 

kJmol
-1

 is the enthalpy change, KS973 = 2.25 Jk
-1

mol
-1

 is the change in entropy and 

T is Kelvin temperature. Thermodynamic efficiency of the cell at 973K is 100.3% 

means it is unlike the heat engine or Carnot engine.    is equal to the output work 

(Wel) at standard operating temperature and pressure.  

elWnFEΔG 
                

(1.15) 
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n  denotes the total electrons produced in the reaction (1.5), F is Faradays constant 

(96485.3 C mol
-1

) and E is the potential of cell or OCV of the cell. 

)16.1(021 V.
nF

ΔG
E   

Theoretical efficiency may be 100% but practical always lower. 

 Practical efficiency  1.13.1

The actual efficiency of DCFC is the ratio of output work (Pel) to the chemical 

energy (Qfuel) of the utilized fuel and expressed as [104];   

)17.1(

fuelQ

el
P

cf
  

The output work (Pel) is determined by the relation;   

)18.1(
0

t
UItdt

el
P  

 

U= Average voltage of the operating cell, I= Electric current in the circuit, t = 

operational time of the cell.

 

The higher heating value (HHV) or lower heating value (LHV) is the stored 

chemical energy in fuel and measured using below equation; 

)19.1(
outfuel

Wt
outfuel

HHV)or(LHV
infuel

Wt
infuel

HHV)or(LHV
fuel

Q 

 

outfuel
HHV)or(LHV

infuel
HHV)or(LHV


 is the LHV or HHV of the fuel 

before and after cell operation, measured in kJkg
-1

 and 
outfuel

Wt
infuel

Wt    is the 

weight of the fuel before and after cell operation measured in kg. So using above 

relations we get: 
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)20.1(0

outfuel
Wt

outfuel
HHV)or(LHV

infuel
Wt

infuel
HHV)or(LHV

t
UItdt

fc
η







This expression gives the practical efficiency of the FC and expressed as the ratio of 

the output power to the energy of the fuel utilization.  

 Voltage efficiency 1.13.2

The ratio of the obtained electrical power to the power of the consumed fuel 

and expressed as; 

)21.1(
v

consumedfuel
P

el
P

η   

Voltage efficiency is the ratio of the operating cell voltage (U) to the ideal cell voltage 

(E); 

)22.1(
v E

U
η   

Voltage (U) of the cell is always less than ideal voltage (E) and is a measure of the 

operating point of cell. If the required efficiency is 80% so the operating voltage of 

the cell may not be less than 0.8 V. 

 Fuel utilization efficiency 1.13.3

It is a measure of fuel consumed during an electrochemical reaction. DCFC 

converts all carbon fuel to electricity because there is no exit for carbon to go out so 

the efficiency of fuel utilization is 100%. Fuel utilization efficiency is expressed as 

[83];  

).(

outC
wt

inC
wt

t
dttI

nF

M

nconsumptiocarbonactual

nconsumptiocarbonected
=

f
 η 2310exp
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M= molecular weight of carbon (12.01 kg k mol
-1

), 
outC

wt
inC

wt  = weight of 

carbon fuel before and after the experiment in (kg), respectively.  

1.14 Fuel cell losses 

The maximum voltage of cell without load is known as OCV and voltage 

begin to drop with increasing current flow known as polarization. Fuel cell 

performance is measured in term of polarization curve which describes the three 

different regions. Polarization loss curve of FC is shown in Figure1.14. 

 

Figure  1.14: Polarization curve of FC with activation, ohmic and concentration region 

1.15 Classification of losses in FC  

Fuel cell efficiency decreased due to three types of losses, which are discussed here. 

 Activation Losses 1.15.1

The loss due to the slowness of the reaction at the electrode surface and is a 

measure of the catalyst efficiency at the given temperature. These losses are at low 

current density and expressed by Butler-Volmer equation; 
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)24.1(lnln

cathodeoi

i

nFα

RT

anodeoi

i

nFα

RT
aη 
















  

io = exchange current density that describes the rate of reaction and  is charge 

transfer coefficient that gives the amount of applied energy to change the reaction 

rate. 

 Ohmic losses 1.15.2

The losses caused by the resistance of electrolyte, interconnect, gas diffusion 

layer, interface contacts, catalyst layer and connection of terminal. These losses vary 

linearly with current density.  

)25.1()
elec

r
ionic

i(roη   

r is the area specific resistance, rionic means the electrolyte resistance, while relec all 

other components resistance.  The ohmic losses can be reduced using a thin layer of 

electrolyte, high conducting electrodes and interconnect having low polarization. 

 Concentration losses 1.15.3

These losses are prominent at high current density and occurred when 

reactants concentration change at the surface of the electrodes with fuel feeding or 

when partial pressure of oxygen is different at anode surface and interface. 

)26.1(1ln















L
i

i

nF

RT

c
η  

iL is the achievable limiting current density of the cell and occurs when the reactant 

concentration at reaction site approaching to zero. 

1.16 Applications of fuel cells 

First time NASA used fuel cell for space application to generate power for 

satellites [105]. Fuel cells are used in stationary power, transportation and portable 

application. In transportation FCs are replacing with combustion engine. FC reduced 
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CO2 emission so it is widely used in stationary application and produce electricity of 

5-10 KW for domestic consumer. As a portable device it is used in cars, buses, 

camping and traffic monitoring system [106].The applications of FC in transportation, 

portable and stationary power is shown in Figure 1.15. DCFC is the solution for 

waste-disposal problems and decline of air pollution. 

 

 

Figure  1.15: Fuel cell technology in transport, portable and stationary applications 

1.17 Objectives of PhD project 

The overall objectives of this work are to study and synthesis of nanocomposites 

for DCFC compatible to multiple carbon fuels. The details of objectives are given 

below; 
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 The anode material having porous microstructure is necessary to obtain the 

excellent performance and its performance depends on the fabrication method. 

Perovskite based cathodes and anodes were fabricated using solid state method. 

To increase the conductivity and performance, titanate based nanocatalysts have 

been developed, which exhibit good performance with carbon fuel. 

 The effect of single ion, co-ion and multi-ion conductors in solid oxide and molten 

carbonates electrolytes has been studied. Carbon nanowires have been synthesized 

to study the effect on conductivity and fuel cell performance, but at high 

temperature it cannot exists its structure.  

 To study life cycle of the cell, stability test have been conducted which shows that 

these materials are stable and suitable for DCFC. 

 To examine the effect of structure, band gap  and density of states of doped ceria 

electrolyte on conductivity, density functional theory (DFT) calculations have 

been performed using WIEN2K code. Mainly on the basis of band gap tunability, 

semiconducting material (CDC) has been synthesized and measured its 

conductivity experimentally. 

 Nevertheless, in future work, due to existence of few limiting challenges of 

system efficiency the possible solution is recommended to retain the maximum 

performance. 
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2 Density Functional Theory 

2.1 First principle method 

This chapter describes the theory behind the computational software WIEN2K 

which is used for the theoretical calculation. Density functional theory (DFT) was 

used to study the doping, co-doping, oxygen vacancy formation energy, density of 

states and band gap in doped ceria. DFT based on quantum mechanics was used to 

study the structural, mechanical, electrical and thermal properties of the crystal 

solving Schrodinger equation using particular approximations. However, DFT is the 

techniques/approximations, in which electron density is used rather than wave 

function of many body systems to study the electronic structure theory. 

2.2 Quantum mechanics 

The development of quantum mechanics starts from Planck‟s and finally Dirac, 

Heisenberg, Feynman and Schrodinger succeeded in formulating it as mathematically. 

The state of the system in infinite dimensional space is completely specified by a 

function known as state function/wave function )(


r . Schrodinger equation for many 

bodies is; 



























 





ir,IREψir,IRHψ                   (2.1) 

H represents the Hamiltonian operator which operates on wave function ),(


iI
rR  

gives the eigen values (E) which are the energies of the system, 


I
R represents the 

position of nuclei and 


i
rand = ),( sxr

i



 describe the position and spin of electron. 

The solid body composed of nucleus and electrons. The electrons are classified as 

core electrons which are tightly bound in the shell and valence electrons which 

participate in the chemical bonding. Hamiltonian of many body systems is given as; 
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Te , TN ,VNe ,Vee and VNN represents the operator for kinetic energy of electrons, 

nucleus and  interaction operator for nuclei-electron, electron-electron and nuclei-

nuclei , respectively. 
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MI and me are the mass  of nuclei and electron, respectively and  ZI is the charge of 

nuclei. The equation (2.2) becomes;

 

)4.2(),(),()(),()(








 RrERrRVrRVrVTT NNNeeeNe   

)(


r  is a normalized function. The equation (2.3) is complex so using different 

approximations it solves for one electron system and applies to many electron 

systems. This equation can be solved using two techniques; one is DFT and second is 

Hartree-Fock approximation.  

2.3 The Born-Oppenheimer Approximation (BOA) 

The nuclei are much heavier than electron so wave like property is not 

associated with nuclei. Therefore, kinetic energy term (TN) is removed from 

Hamiltonian due to extremely much smaller than electron kinetic term. Nuclei are 

presumed to be immobile with respect to electrons motion and considered nuclei and 

electron as separate problem and neglect the nuclei part [107]. This is known as Born-

Oppenheimer or Adiabatic approximation [108-110].  The wave function in BOA can 

be separated into electronic and nuclei parts [108-110];  

)5.2()()(),(





RNr
e

Rr   

Using Born-Oppenheimer approximation equation (2.4) can be solved using the 

electronic Hamiltonian; 
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RVNN  
term is independent of electronic part of the Hamiltonian and is taken to be a 

constant. This term can be solved separately and added in total energy [108-110]. 

Therefore, the equation (2.6) becomes;  

)7.2(),(),()(),(
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The equation (2.7) can be solved by treating the wave function as an antisymmetric. 

2.4 Hartree- Fock approximation 

Hartree supposed that particles did not interact with each other in the system so 

neglect their interaction [111-113].  The wave function of many electrons is the 

product of wave function of single electron/particle known Hartree product; 

)8.2()(..).........(),....,,,( 11321



 NNN rrrrrr   

The Hartree product did not obey Pauli Exclusion Principle and wave function is not anti-

symmetric. Therefore, Slater determinant wave function is used because it satisfies the 

antisymmetric property [114]. 
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Slater determinant for two electron system becomes  
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Equation (2.11) satisfies the antisymmetry condition of the wave function. In Hartree-Fock 

method the function 
i  satisfies the Schrodinger equation for single- electron;   
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r  is electron density at position 


r  and )(


rVext
= external potential between 

electrons and nuclei. 

2.5 The density functional theory 

In 1964, Hohenberg and Kohn (HK) discovered a method to obtain ground state 

properties of many electrons. Instead of wave function, electron density was used to 

solve problems in DFT [115]. DFT depends upon two theorems which stated as; 

Theorem I: For a system of interacting electrons in an external potential, charge 

density )(


r  uniquely determines the external potential. 

This means that Hamiltonian and ground state energy are determined uniquely in term 

of electron density. 

Theorem II: The density of ground state minimizes the total energy functional. 

 )14.2()()()]([)]([ 


 drrVrrFrE ext
   

 

)]([


rF   is a functional of charge density )(


r  and 


drrVr ext )()( is interaction 

energy with the Vext. It is still difficult to calculate any property of the system without 
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functional even though particle density )(


r  is known and assumed a basic variable 

in DFT by HK. This problem was solved by Kohn-Sham (KS) in 1965 [116] 

2.6 Kohn-Sham (KS) theory 

In 1964 Kohn-sham obtained the exact ground state density )(


ro  by replacing 

the real system with a fictitious system and electron moves in a potential called KS 

potential VKS(r).  KS theory proves that ground state density of fictitious non-

interacting electrons system is like the interacting electron system [116].  The KS 

equations which determine the density of single particle and system of particles are; 
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Total energy functional of single electron used by HK theorem;  
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rEXC  is exchange-correlation functional and the kinetic energy functional are 

still unknown so total energy minimum could not be expressed. KS theory is used to 

handle this problem.  In KS formulism, the initial charge density which is the 

superposition of the atomic density is estimated. Then corresponding Hartree (2.13) 

and effective potential is constructed. The Schrodinger equation is solved and from 

generated wave function calculates output charge density. Finally if the output density 

matched the initially guessed then calculation is finished and if not matched then 

again modify the initial charge density and calculations are repeated. The flow chart 

of the KS self-consistent formalism [116] is shown in Figure 2.1. 
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Figure  2.1: Flow chart of a self-consistent calculation [116] 

Hamiltonian for the fictitious non-interacting system is; 
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KS equation for single electron; 
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єi  is the KS orbital energy and )(


rVKS
is effective  potential in which non-interacting 

electrons move and equal to; 
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)(


rVH
Hartree potential, )(


rV columbic interaction between nuclei and electron, 

and )(


rVXC  
is the exchange correlation potential which is unknown. Hartree potential 

and correlation potential can be found using the below equation respectively. 
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2.7 Exchange and correlation function 

For complete elaboration of the system the exact exchange correlation function 

is necessary. The commonly used approximations for XC potential are the Local 

density approximation (LDA) and generalized gradient approximation (GGA). LDA 

assume that XC potential at each location is equivalent to homogeneous electron gas 

having same electron density, whereas GGA utilized the gradient of the electron 

density. The XC potential expressed as [117]; 

 

)23.2()]([)(


 rVrV HEG

XCXc 
 

LDA was proposed by KS gives accurate ground state properties (Bulk and surface) 

of many systems [116] and can be written as; 

)24.2()()()]([


 rdrrrE Xc

LDA

XC 
 

XC represents the energy density. According to HK the ground state properties are 

determined from the electronic charge density [118]. 

LDA measure many parameters such as ground state energy, ionization 

energy, dissociation energy and bond length. LDA cannot give the correct results for 

heavy fermion, underestimate the band gaps of insulator, semiconductor and 

overestimate the cohesive energy and fails to describe the Van der Walls interactions 

[119]. GGA is more exact than LDA because it gives information of local electron 



37 

density and gradient. By taking the gradient of XC the results are much improved than 

LDA. LDA+U and GGA+U are also used in DFT calculation for transition element, U 

is called the Hubbard parameter which is mostly used for lanthanides and actinides 

elements to strongly correlate d and f orbitals [119-123]. The XC energy for GGA is;  

)25.2())(),(()()([


  rdrrrrE Xc

GGA

XC   

There is more approximation like Perdew-Wang functional (PW91) [123] and 

Perdew- Burke Ernzerhof function (PBE) which are commonly used in DFT 

calculations [122]. 

2.8 WIEN2K code  

WIEN2K code is implemented to calculate the electronic structure, optimization 

parameter, dopant association energy, vacancy formation energy, density of states and 

band gap of calcium doped ceria.  To calculate the different properties of the 

materials, it is required to comprehend the theory and implementation of the code. 

There are three main processes in WIEN2K code; initialization, self-consistent field 

(SCF) cycle and last is used the SCF to calculate different properties. The 

methodology of the WIEN2K code is understood from the Figure 3.2. 

Initialization of calculation is the first step in this code. The initialization is 

performed through graphical interface (w2web) or terminal [124].  To start the case 

file and make a structure, the space group, lattice parameter and basic coordinates are 

known. The space group, lattice parameter and basic coordinates are found from 

Wyckoff‟s data [125] or from the web [126]. From these values structure file 

(struct.file) was generated for further calculations. The important part of the 

initialization is SGROUP and SYMETRY. The SGROUP determined the space group 

that defined the structure files by reducing the atoms in the unit cell of the crystal. The 

symmetry determined the symmetry operation (rotation, mirror, inversion) for the 

space group. The LSTART command determines the discrete energy bands (atomic 

eigenvalues). When input files are generated then KGEN (k-mesh) which described 

the number of k-points in the first brillouin zone was selected. The next step in 

calculation is the DSTART which determine the potential to start SCF calculation. 

Before run the SCF calculation, the lattice parameter was optimized which was used 
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in the next calculations. In SCF calculation the energy convergence criteria was 

selected for calculation. The detail of each step is found from Figure 3.2. 

 

Figure  2.2: Commands flow chart in WIEN2K code 

2.9 Method of calculations 

The ground state properties of calcium doped ceria were computed via DFT, 

using full-potential linear augmented plane wave [126-127] with Perdew-Burke-

Ernzerhof (PBE-GGA) [128], ex-change correlation (XC) functional implemented in 

WIEN2K [129]. These properties were calculated dividing the unit cell in to 

interstitial region and non-overlapping atomic sphere. The muffin-tin radii (RMT) 

values 2.11, 2.27 and 1.96 a.u were chosen for Ca, Ce and O atom, respectively. 

Energy eigenvalues convergence is controlled by plane wave cut-off parameter 

Kmax*RMT = 8. The energy cut-off between the core and valence states is -6.0 Ry. Ce 

(5s, 5p, 5d, 4f, 6s), Ca (3s, 3p, 4s) and O (2s, 2p) were used as a valence electrons for 

the system. For best energy convergence of the systems, 2×2×2 k-point grid was used 

in the irreducible Brillouin zone (BZ). The Ce-O bond length relation for SC is [130-

132]. 
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RCe, Ro are the atomic radii of cerium, oxygen respectively and,        is the lattice 

constant of CeO2. The atomic crystal radius of dopant for cubic system [130-132] was 

calculated using the relation; 
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RCa = radius of the dopant (calcium) system,         is the lattice constant of the 

doped system and nx is the dopant concentration. From the equations (2.26) and (2.27) 

lattice constant relation of dopant system [130-133] was derived as; 
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The defect association energy Eass [130-133] was calculated using the equation (2.29) 
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where D is the dopant (Ca),  ED+vac is the total energy of the supercell with dopant-

vacancy, ECeO2 represents the total energy of supercell with 96,48, and 24 atoms 

respectively for three lattices, ED and Evac shows the total energies with isolated 

dopant and vacancy, respectively. The oxygen vacancy formation energy of oxide 

material was calculated using the equation (2.30). 
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Nvac=yNuc. y is the composition of oxygen vacancy and Nuc is number of unit cell used 

to form the supercell of dopant system.
 2OE is the total ground state energy of an 

optimized oxygen molecule in gas phase. 
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3 Experimental 

3.1 Experimental synthesis and characterization techniques  

In this chapter, different synthesis techniques co-precipitation, solid-state 

reaction and sol-gel which have been selected to synthesis the materials for fuel cell 

are discussed. Also, for the prepared materials, different characterization techniques 

have been reported/ discussed e.g. the structural analysis was achieved with X-Ray 

diffraction (XRD) and scanning electron microscopy (SEM). The thermal behavior 

was studied using TGA and DSC, the optical properties were examined with UV-

Visible and Raman spectroscopy. The electrochemical techniques to study and 

measure AC/DC conductivity and fuel cell performance are also explained in this part 

of the thesis. 

3.2  Synthesis of materials for direct carbon fuel cells 

Various electrolytes of doped ceria based with single carbonates-SDC (N-SDC, 

K-SDC, L-SDC), binary carbonates-SDC (LN-SDC, LK-SDC, NK-SDC), ternary 

carbonates- SDC (LNK-SDC), co-doped ceria (Ca-SDC, Ba-SDC, Mg-SDC, Sr-SDC) 

and Ca-doped ceria (CDC)  have been prepared. A variety of anodes (LSNT, LSFT, 

LSCT, LSZT, and LNCZFO) have been synthesized for direct carbon fuel cell. Two 

types of cathodes, oxide (LNCZO, LNCZFO) and perovskite (LSCF, LSFT, LSCT) 

have been prepared and used for fuel cell. The prepared materials for DCFCs are 

shown in Figure 3.1. 

 

Figure  3.1: Prepared materials for direct carbon fuel cell 
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3.3 Electrolytes-multi-doped ceria based nanocomposite  

Different nanocomposite electrolytes (doped ceria carbonates, co-doped ceria) 

were prepared using co-precipitation method. Co-precipitation method is simple, easy 

to control particle size and low temperature process so prepared materials have small 

particle size due to low sintering temperature [134]. Sol-gel is multi-step process, low 

temperature; good homogeneity, lower sintering, smaller particles size and 

morphology can be controlled easily [135-137]. Sol-gel and co-precipitation both produce 

nanostructure materials. Solid state method is environment friendly; provide solid and pure 

structural material because no toxic or harmful waste is produce after completion the process.  

 Synthesis of doped ceria carbonates electrolytes (Ali et al. 2017 3.3.1

Published Paper: 1) 

  Electrolyte materials consisting of doped ceria-carbonates were prepared by a 

co-precipitation method. For synthesis of ceria-based carbonate nanocomposites, the 

subsequent chemicals: samarium nitrate hexahydrate Sm(NO3)36H2O, cerium nitrate 

hexahydrate Ce(NO3)36H2O, sodium carbonate, lithium carbonate, and potassium 

carbonate (Sigma Aldrich, 99.9% - USA) were used. Initially, cerium nitrate and 

samarium nitrate were dissolved in 1000 ml deionized water with the molar ratio Ce: 

Sm = 4:1. The nitrate solution was stirred at 80 
o
C for two hours. Single, binary, and 

ternary alkaline carbonates were used as the second phase in nitrate solution with a 

molar ratio of SDC: carbonate=1:2. The mixed solutions were further stirred for two 

hours at 80 
o
C to obtain the white precipitants. The precipitants were washed with 

deionized water, followed by vacuum filtration, and dried in an oven for three hours at 

120 
o
C. Finally, the dried powders were fired in a furnace at 800 

o
C for four hours to 

achieve a dense electrolyte. The prepared samples were Na2CO3-SDC, K2CO3-SDC, 

Li2CO3-SDC, (Li,Na)2CO3-SDC, (Na,K)2CO3-SDC, (Li,K)2CO3-SDC, and 

(Li,Na,K)2CO3-SDC, named as single carbonates-SDC (N-SDC, K-SDC, L-SDC), 

binary carbonates-SDC (LN-SDC, NK-SDC, LK-SDC), and ternary carbonates-SDC 

(LNK-SDC) , respectively. A flow chart of the prepared electrolyte powder is shown 

in Figure 3.2. 
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Figure  3.2: Flow chart of electrolyte powder prepared using a co-precipitation method. 

 Synthesis of co-doped ceria electrolytes (Ali et al. 2018 Published 3.3.2

Paper: 2) 

Co-doped electrolytes M0.1Sm0.1Ce0.8O2-δ (M=Ba,Ca,Mg,Sr) were synthesized 

using co-precipitation technique. The chemicals were used, Ce(NO3)3.6H2O, 

Sm(NO3)3. 6H2O, Ca(NO3)2, Ba(NO3)2, Mg(NO3)2,Sr(NO3)2(Sigma Aldrich 99.9%) 

to prepare the required electrolyte. Firstly, the Sm(NO3)3. 6H2O, Ce(NO3)3.6H2O, 

Ca(NO3)2 were mixed in distilled water to prepare a solution and solution was stirred 

and heated at 80 °C on hot plate. The sodium carbonate solution was prepared and 

added into the already prepared nitrate solution to obtain the precipitates. The 

precipitants were dried overnight in oven at 120 °C. The obtained powder was ground 

in mortar pestle and fired in muffle furnace at 1200 °C for four hours. The flow chart 

of the co-doped electrolyte is shown in Figure 3.3. 



44 

 

Figure  3.3: Flow chart of the prepared co-doped electrolytes 

All the samples were prepared by the same technique. The samples were named as 

Ba0.1Sm0.1Ce0.8O2-δ (BSDC), Ca0.1Sm0.1Ce0.8O2-δ(CSDC), Mg0.1Sm0.1Ce0.8O2-δ  

(MSDC) and Sr0.1Sm0.1Ce0.8O2-δ(SSDC). 

 Calcium doped ceria (CDC) electrolyte for low temperature fuel 3.3.3

cells (Ali et al. 2018 Published Paper: 3) 

The Ce0.875Ca0.125O2-δ (CDC) was prepared using co-precipitation technique. 

Following chemicals Ce(NO3)3.6H2O, Ca(NO3)2 and Na(NO3)2 (Sigma Aldrich 

99.9%) were used for synthesis of  CDC. Firstly, Ca(NO3)2 and Ce(NO3)3.6H2O were 

mixed in deionized water and solution was stirred and heated at 80 °C on hot plate. 

The sodium carbonate solution was prepared separately and added drop wise into 

nitrate solution to obtain the precipitants. The precipitants were dried overnight in 

oven at 120 °C. The dried powder was fired in muffle furnace at 800 °C for six hours. 

Grounded the fired powder in mortar pestle and obtained the final CDC material. 

Flow chart of the prepared CDC electrolyte is shown in Figure 3.4. 
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Figure  3.4: Synthesis process of CDC electrolyte 

3.4 Electrodes-nanocomposite materials for DCFC 

Different oxides and perovskite electrode materials  were prepared using solid 

state reaction and sol-gel methods. These methods are supposed to be the best for 

electrode preparations. 

 Synthesis of composites electrode Li0.12Ni0.32Cu0.32Zn0.12Fe0.12O 3.4.1

material for symmetric DCFC (Ali et al. 2018 Published Paper: 4) 

The fine electrode powder was prepared using solid state reaction (SSR) 

method. Following chemicals were used to prepare the composite electrode, Li 

(NO3)3.6H2O, Ni (NO3)26H2O, Cu (NO3)2, Zn (NO3)2.6H2O, Fe (NO3)2. The entire 

chemicals (Li0.12 Ni0.32 Cu0.32 Zn0.12 Fe0.12 O (LNCZFO)) were mixed in mortar pestle 

according to appropriate molar ratio and ground for one hour to make fine powder. 

The ground powder was sintered in furnace at 900 
o
C for five hours followed by 

grinding final electrode (LNCZFO) material was obtained. The cell performance was 

measured using composite anode of LNCZFO: LNK-SDC (80:20).   
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 Synthesis of composites anodes La0.4Sr0.6M0.09Ti0.91O3- (M= Ni, Fe, 3.4.2

Co, Zn) for DCFC 

Composite anodes La0.4Sr0.6M0.09Ti0.91O3- (M = Ni, Fe, Co, Zn) were 

synthesized using sol-gel technique. The chemicals La(NO3)3.6H2O, Sr(NO3)2, 

Ni(NO3)2 6H2O, Fe(NO3)2.9H2O, Co(NO3)2, Zn(NO3)2.6H2O, citric acid, nitric acid 

and TiO2 were purchased from (Sigma Aldrich 99.99%) to prepare the precursor. 

Appropriate amount of La (NO3)3.6H2O, Sr(NO3)2 and Ni(NO3)26H2O were mixed in 

deionized water and stirred at hot plate at 100 
o
C. The TiO2 was dissolved in nitric 

acid and stirred at 100 °C for thirty minutes, and then acidic solution was mixed in 

nitrate solutions. The 20 mole percent of the nitrate solution, citric acid was added 

into the mixed solution. The solution was evaporated by stirring and heating on a hot 

plate at 130 °C.  The mixed solution become thick and turned into gel. Finally the gel 

was burnt on and turned into ash. The ash was dried at 120 °C for 3 hours in oven. 

The final product was fired at 1000 °C for five hours and after grinding final anodes 

powder (LSNT) was obtained. The final powder was mixed with already prepared 

LN-SDC electrolyte (80:20) to prepare the composite anode for DCFC. The 

preparation steps of LSNT are shown in Figure 3.4. All other anode (LSFT, LSCT, 

LSZT) were prepared using the same procedure as mentioned above. 

 

Figure  3.5: Synthesis steps for the preparation of composite LSNT 
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3.5 Fuel for direct carbon fuel cell 

Different carbon fuels which have been used during PhD work are lignite, 

bituminous, sub-bituminous, nut shell, almond shell biochar. The analysis of these 

carbon fuels were performed by thermogravimetric analysis (TGA), Energy dispersive 

analysis of X-ray (EDX), Fourier transform infrared spectroscopy (FTIR), and UV-

Visible spectroscopy. Proximate and ultimate/elemental analysis was also performed 

to measure the carbon content, volatile matter and sulfur content. 

 Proximate analysis 3.5.1

The coal samples were grinded to prepare fine powder and used without any 

pretreatment in DCFC. Proximate analysis was performed in TGA-Q50 and the 

sample was heated at 10
o
C/min. The coal sample was fixed into TGA-Q50 and 

temperature increased from room to 110 
o
C in nitrogen atmosphere and held for a 30 

minutes to remove the adsorbed water. The temperature is further increased from 110-

950 
o
C for removal of volatiles matter. Finally at 950 

o
C N2 is turned off and air is 

feed for carbon combustion as a result only inorganic is left behind. From proximate 

analysis fixed carbon (FC), volatile matter (VM), moisture (M), and Ash content were 

determined. Except fixed carbon, VM, M, and Ash were determined from TGA while 

fixed carbon was measured by the below equation 3.1. 

).(            + % Ash) %Moisturee Matter + (%Volatil (%) = on Fixed Carb 13100   

 Elemental/Ultimate analysis 3.5.2

Elemental analysis was performed on dry basis to determine the percentage 

compositions of Carbon (C), Nitrogen (N), Sulfur (S), Hydrogen (H) and Oxygen (O). 

Percentages of C, H, N and S were determined experimentally using carbon hydrogen 

nitrogen sulfur (CHNS) analysis while oxygen was determined by difference method. 

(3.2)100 + %N + %S) (%C + %H  =  % Oxygen   

The heating value of the fuel was determined to obtain the chemical energy contained 

in the fuel by Modified Dulong formula [138]. The functional groups in three types of 

samples (coals) were detected by Fourier transformation infrared spectroscopy 
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(Perkin Elmer spectrum RXI, USA). UV-visible spectroscopy (Perkin Elmer Lambda 

750, USA) was performed to analyze the SO2 content in coal samples. 

3.6 Characterization Techniques of Materials 

Various characterization techniques were used to examine the different 

properties of the prepared materials. The used characterization techniques are shown 

in the Figure 3.6. 

 

Figure  3.6: Characterization techniques used for materials analysis 

 Phase analysis 3.6.1

The phase of the materials was examined with the x-ray diffractometer 

(PANalytical X‟Pert Pro MPD, Netherlands) with Cu source (λ = 1.5418Å). 

The Bragg‟s law is given as; 

)3.3(sin2 θ
hkl

dnλ   

n is the order of reflection, λ is the wavelength of x-ray, d is the interspacing distance 

of planes having indices khl and  is the incidence angle. For n=1 the equation 

becomes; 
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)4.3(
sin2 θ

λ
d   

From the XRD peaks, lattice parameters “a” were calculated using the equation;  

)5.3(222 lkhda   

while the crystallite size,  , was calculated using the Scherer equation 

)6.3(
cos

90

θβ

λ.
τ 

 

λ is the wavelength of the source, β is the full width half maxima (FWHM), and θ is 

the Bragg‟s angle.  Rietveld refinement of the diffraction pattern of the samples was 

performed by GSASII software to obtain the crystal structural parameters [139].  

 Scanning electron microscopy (SEM) 3.6.2

SEM tool is used to observe the microstructure and particle size of the 

materials using a beam of high energy electrons. It produces a three dimensional 

images which is used to estimate the size and shape of the particles.  In this research 

work the surface morphology and particle sizes were examined using SEM (Carl 

ZEISS, Germany (used from Aalto University, Finland), TESCAN VEGA3, USA, 

available in COMSATS Lahore). Elemental analysis was conducted using EDX 

application.   

 Thermal analysis 3.6.3

In order to measure the thermal behavior and stability, TGA/DSC (Q600, TA 

Instruments, USA) was used in the heating range 25-1000 
o
C at the rate of 10 

o
C min

-1
 

in nitrogen atmosphere. TGA measure the weight loss of materials as a function of 

temperature. DSC measures the heat flux (endothermic and exothermic reactions) 

versus temperature. 

 UV-Visible spectroscopy 3.6.4

UV-Visible spectrometer (Perkin Elmer Lambda 750, USA) is used to detect 

the functional groups, impurities, qualitative and quantitative analysis of spectrum, 
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film thickness and reaction rate. The band gap of the materials was calculated from 

the TAUC plot. The band gap was calculated using the relation. 

   7.3)( gEhAnαhυ  
 

α is the absorbance coefficient, h is Plank‟s constant, Eg is the band gap, A is a 

constant, and n defines the type of band gap (direct or indirect).
 

 FTIR spectroscopy 3.6.5

FTIR spectroscopy was used to find the structural and phase transformations 

of doped ceria/ carbonates. The FTIR spectrum was recorded (Perkin Elmer spectrum 

RXI, USA) in the spectral range of 4000–500 cm
-1. 

 Conductivity measurements 3.6.6

Circular pellets of each sample (electrolytes, electrodes) were prepared at 300 

MPa, with 13 mm diameter, 0.64 cm
2 

active area, and 1 mm thickness for 

conductivity measurements.  The pellets were sintered at 700 
o
C for two hours, and 

then silver paste was glued on both sides of the pellets to collect current. The AC 

conductivity was measured using PARSTAT 4000(Princeton Applied Research, 

USA).The AC conductivity was measured from electrochemical impedance data using 

the relation; 

)8.3(
RA

L
σ   

  is the conductivity, L is the thickness of the pellet, R is the resistance and A is 

active area. 

The DC conductivity of the electrolyte was measured using a four probe apparatus 

(2450 SMU, Keithley). The Wagner‟s polarization method [140] is used to measure 

the ionic conductivity in term of ionic transference number. The total conductivity is 

the sum of ionic and electronic conductivity. 

)9.3(eleσ
ion

σ
T

σ   
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In solid electrolytes, the charge carriers are ions so ionic transference number )( ion  is 

nearly 1 and electronic transference number )( ele  is negligible, but for mixed 

conductor it lies between 0 and 1 [141]. The ion  is the ratio of ionic conductivity to 

the total conductivity. 

)10.3(

T
I

ionic
I

T
σ

ion
σ

ion
τ   

In present study DC conductivity or ionic transference number was measured using 

ions blocking method. Aluminum foil or graphite paste was used as electrodes on both 

sides of a pellet for ions blocking and DC voltage is applied across the electrodes. The 

initial current in the closed circuit gives the total conductivity and final current 

represents the electronic conductivity. So the ionic transference number is given as 

[142]; 

)11.3(

t
I

ele
I

t
I

ion
τ


  

From transference number ionic conductivity was determined using equation 3.9. 

From Arrhenius plot, Activation energies (Ea) were calculated using the equation; 

)12.3(exp )
KT

a
E

(
T

σ o





 

   is the ionic conductivity, k  is Boltzmann‟s constant, T is temperature in degree 

kelvin , and o  is a pre-exponential factor. 

 Electrochemical Impedance Spectroscopy (EIS) 3.6.7

EIS tool is used to determine the contribution of electrodes, electrolytes and 

TPB in the fuel cell within a frequencies range of 0.001Hz to 5MHz. It works on the 

principle that AC signal is applied to the cell and measure the current flowing through 

the cell.  EIS data is usually interpreted in term of equivalent circuit that expresses the 
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physical processes happening in the cell. The instantaneous value of the AC signal 

applied across the cell is given by the equations [143-144]. 

)13.3(sinωt
o

E
t

E   

and corresponding current in the cell is given as; 

)14.3(sin υ)(ω
o

I
t

I   

Impedance of the cell is given by the relation; 

)15.3(
)(sin

sin
)(

υtI

tE

I

E
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o
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t







  

)16.3(
)(sin
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)17.3()exp( iυ
o

|Z|   

)18.3()(|| υjSinυCosZo   

Real part of impedance )19.3()υ(Cos|
o

|ZZ   

Imaginary part of impedance )20.3()υ|(Sin
o

|ZZ   

Nyquist plot is the representation of real part along x-axis and imaginary part along y-

axis in a graph. Here, I have measured EIS in two parts, one is for our prepared 

electrolyte/ anode/cathode and second one is about complete cell (three-layer button 

cells) over the frequency range 0.001Hz–5MHz, with a 10 mV signal. 

The total resistance of the electrolyte is the sum of the grain and grain boundary 

resistance. 

)21.3(
gb

R
g

R
t

R 
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Rg, Rgb are the grain and grain boundary resistance, respectively. The Total 

conductivity can be found using the following relation (3.8). The associated 

capacitance value for the semicircle was calculated using the formula;  

 22.312 RCf  

 f  is the frequency, R is the resistance and C is the capacitance of the circuit. 

 Fuel cell pellet preparation and performance 3.6.8

Three-layer button cells (symmetric and asymmetric) were fabricated using 

the prepared electrolytes and electrodes with hydraulic press. The cells performance 

was measured using carbon and H2 fuel in the temperature range 300-700 
o
C. The 

data were collected in term of voltage and current at different loads using instrument 

(SM-102, Sanmusen Corp. China). Performance is expressed by power density which 

is given as; 

(3.23)          22 ) ty (mAcmrent densie (V) *Cur) = Voltagity (mWcmPower dens   

 Raman spectroscopy 3.6.9

Raman spectroscopy is used to examine the molecular vibrations, crystal 

structure, inorganic materials and foreign material particles less than one micron 

which are not possible by FTIR. The samples were analyzed with Raman 

spectroscopy (Reinshaw InVia Raman microscope, UK) and Raman spectra was 

recorded in the range of 250 -750 cm
-1

.  Raman spectrum is result of intensity of the 

scattered light versus wavenumber.  

 Density measurement 3.6.10

The bulk densities of the prepared pellets were measured using Archimedes‟ 

principle and theoretical densities were determined using following relation [7]; 

  )24.3(
2

21
3

4


















O
M

x

M
xM

Sm
xM

Ce
Mx

a
NA

th
d

 



54 

A is the lattice constant, Na Avogadro constant, x is the dopant concentration, MCe,MSm 

, MM,MO is the atomic weight of cerium, samarium,  (Barium, Calcium, Magnesium, 

Strontium) and oxygen respectively. 
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Chapter 4 
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4 Results and Discussion 

In this chapter, we have a detailed discussion of results of our multiple-prepared 

samples, especially electrolytes, anodes and cathodes for DCFCs. In this chapter, the 

results of four published papers are explained, which is a part of the thesis.  However, 

some unpublished data is also presented. 

4.1 Multi-Nanocomposite electrolytes 

Multi-nanocomposite electrolyte materials have been synthesized using co-

precipitation method for DCFC. 

4.2 Effect of alkali carbonates (Single, Binary, and Ternary) on 

doped ceria: A composite electrolyte for low-temperature solid 

oxide fuel cells (Ali et al. 2017 Published Paper: 1) 

The objective of the study is to investigate the effect of single, binary, and 

ternary, alkali carbonates on doped ceria electrolyte structure, band gap, and 

conductivity and fuel cell performance. 

 Structural analysis of doped ceria-carbonates 4.2.1

Figure 4.1(a-e) shows the XRD results of doped ceria-carbonate electrolytes 

after heat treatment at 800 
o
C for four hours. In XRD patterns, all detected peaks were 

indexed as Cerium oxide crystal planes with planes reflections (111), (200), (220), 

(311), (222), (400), (331), and (420). For a number of reasons, no peaks from 

carbonates were observed in the XRD spectra. Firstly, the crystal structure factor of 

the carbonate phase and SDC is different. SDC is made up of heavy cations of Ce 

(Z=58) and Sm (Z=62), along with oxygen, while the atomic numbers of carbonates 

are very low compared to Ce and Sm [145]. Secondly, a large portion of carbonates 

may be in the amorphous phase. The amorphous structure of carbonates is formed 

during heat treatment, creating a protective layer over the SDC phase; this is known 

as the second phase, and has been reported in the literature [138, 141,146]. Doped 

ceria-carbonates have a fluorite structure with space group      (JCPDS 34-0394) 
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and Rietveld refinement of diffraction patterns and schematic structure of CeO2 is 

shown in Figure 4.1(d-f). 

 

Figure  4.1: XRD patterns of electrolyte a) single carbonate-SDC, b) binary carbonate-SDC, c) 

ternary carbonate-SDC d) Rietveld refinement of the composition L-SDC e) Rietveld refinement 

of the composition LN-SDC, and, f) Schematic structure of CeO2 

(f) 
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Refinement results are presented in Table 4.1. Atomic positions have been fixed by 

the symmetry of space group        Ceria and samarium cations are at the 4a site 

with atomic position (0 0 0) while oxygen atoms are situated at the 8c site with atomic 

positions (0.25 0.25 0.25). Based on the XRD results, it can be established that neither 

a chemical reaction nor formation of a new compound takes place in doped ceria-

carbonates [147]. The lattice parameter ranged from 5.442–5.447 Å was calculated 

using equation (3.5) and the average crystallite size was observed to be in the range 

21-41 nm using expression (3.6). 

Similar XRD results of doped-ceria/carbonates have already been reported 

[141,148-150]. The doping of Sm
3+

 into Ce
4+ 

shifts the ceria peaks towards lower 

angles because of the large ionic radii of the samarium ion (0.109 nm) compared to 

the cerium ion (0.097 nm) [151]. This expansion changes the lattice-plane spacing, 

and so an increase in the unit cell volume and lattice parameter occurs on samarium 

doping [152]. The lattice parameter expansion has been observed in previous studies 

[153-154].  However, single, binary and ternary carbonates are amorphous in nature 

(no XRD peaks) so it has no effect on the lattice parameters. The goodness of fitting 

was calculated by the following reliable parameters; Rp: 4.09, Rwp: 5.27, RB: 1.02, 

Rexp: 3.98, and χ
2
:1.32. 

Table  4.1: Crystallographic parameters of LN-SDC/L-SDC by Rietveld refinement 

Atom Wyckoff  Symbol x y z Uiso [Å
2
] Occupancy 

Ce 4a 0.0 0.0 0.0 0.0143 0.80 

Sm 4a 0.0 0.0 0.0 0.0143 0.20 

O 8c 0.25 0.25 0.25 0.0348 1.90 

 

 Microstructural analysis of doped ceria-carbonates 4.2.2

SEM analysis was performed to observe the surface morphology of electrolyte 

materials, and the results are shown in Figure 4.2.  
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Figure  4.2: SEM microstructure of doped ceria/carbonate electrolytes.(a) N-SDC,(b)K-SDC, 

(c)LN-SDC,  (d)NK-SDC,(e) LK-SDC, and (f) LNK-SDC. 

The particles are uniformly dispersed on the surface, indicative of the homogeneity of 

the materials. The SEM descriptions confirm that the surface of the SDC particles is 

covered in carbonates shaped like white loops. Such microstructure of electrolyte 

materials might enhance the ionic conduction mechanism [155]. 

 Thermal analysis of doped ceria-carbonates 4.2.3

TGA and DSC curves of carbonates-SDC, in the temperature range 25-800 
o
C, 

are shown in Figure 4.3. Thermal analysis of all samples revealed two endothermic 

peaks at two temperatures. The first peak is attributed to the vaporization of moisture 

content, and the second revealed the melting transition and formation of a binary 

eutectic salt [152-153]. The eutectic point of salts varies with carbonate content in 

SDC. The exothermic peaks in all prepared materials may give an estimate for the 

activation point for crystallization [153]. The weight loss in single carbonate-SDC is 
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about 5%, whereas in binary carbonate-SDC and ternary carbonate-SDC it is 2.6% 

and 3% respectively. 

 

 

Figure  4.3: TGA/DSC curve (a) single carbonate-SDC, (b) binary carbonates-SDC, and (c) 

ternary carbonates-SDC. 

The amorphous nature of carbonates on the SDC surface facilitates ionic transport, 

and at higher temperature the amorphous softened nature of the carbonates overcomes 

the electronic conduction and enhances ionic conductivity [152]. 

 UV-Visible spectroscopy of doped ceria-carbonates 4.2.4

UV-Visible spectra of the doped ceria/carbonates were obtained to explore the 

band gap as a function of wavelength in the spectral range from 300 to 800 nm, and 

are shown in Figure 4.4.  
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Figure  4.4: UV-Visible spectrum (inset Tauc Plot) (a) Single carbonate-SDC, (b) binary 

carbonate-SDC and (c) ternary carbonate-SDC 

The band gap was calculated using equation (3.7) and an indirect band gap for 

samarium doped ceria was determined from absorption data. The plots of (αhυ )
1/2

 

versus photon energy ( hυ ) are given in the insets of Figure 4.4(a-c). A line was 

drawn on the linear portion of the graph which cut at the x-axis. The point on the x-

axis gives the band gap value. A strong absorption is observed in the range 300–400 

nm, indicating a transition from O
2-

 (2p) to Ce
4+ 

(4f) orbital [154]. The increase of UV 

absorption for SDC-carbonates is the indication of replacement of Ce
4+

 ions with 

Sm
3+

 ions, increasing the oxygen vacancy concentration [155]. The band gap of 

carbonates-SDC shows a red shift compared to pure ceria at 3.20 eV [156]. The 

calculated band gap (Eg) is shown in Table 4.2. 
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Table  4.2: Crystallite size, lattice parameter, and band gap energy of electrolytes 

Composition Crystallite size (nm) Lattice Parameter (Å) Band gap (eV) 

N-SDC 363 5.446 2.9 

L-SDC 394 5.447 3.01 

K-SDC 413 5.446 2.95 

NK-SDC 253 5.446 2.6 

LN-SDC 212 5.445 2.7 

LK-SDC 292 5.445 2.8 

LNK-SDC 323 5.442 2.87 

Ionic conductivity in ceria is due to the generation and movement of oxygen 

vacancies [157]. Oxygen vacancies are generated in ceria to balance the charge of 

dopant cations. The oxygen vacancy depends on the nature and ratio of the dopants. 

Thus, the concentration of oxygen vacancies can be enhanced on the substitution of 

lower valent cations in ceria, which significantly enhanced the ionic conductivity 

[158-159]. Samarium dopant cation with a positive vacancy-dopant association 

energy element reduces the band gap (red shift) lower than ceria, by creating 

associated oxygen vacancies, resulting in an increase in the conductivity and fuel cell 

performance. On the other hand, dopant cations with negative vacancy-dopant 

association energy elements (Er) increase the band gap (blue shift) higher than ceria, 

suppressing the formation of associated oxygen vacancies [160], resulting in 

decreased conductivity and fuel cell performance[161-162]. The obtained results on 

the band gaps agreed with the reported work in the literature [156, 163-164]. 

 Fourier transforms infrared of doped ceria-carbonates 4.2.5

FTIR spectroscopy was used to find information on the structural and phase 

transformations of cerium oxide. Figure 4.5 shows FTIR spectra of carbonates-SDC 

samples taken in the range 4000–500 cm
-1

.  
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Figure  4.5: FTIR absorbance spectra of the prepared material (a) Single carbonate-SDC, (b) 

binary carbonate-SDC, and (c) ternary carbonate-SDC 

The spectrum in Figure 4.5(a) shows a large absorption band at 1492 cm
-1

, and 

another at 856 cm
-1

. These are attributed to the 
2

3
CO  group in the absorption 

spectrum. The presence of 
2

3
CO  might be responsible for co-ionic conduction that 

may enhance ionic conductivity. The band at 1071 cm
-1

 is attributed to sodium 

carbonate. The narrow band below 700 cm
-1 

is due to a metal-oxygen band, which 

indicates the formation of SDC [152, 165-167]. In Figure 4.5 (b) the band at 1043 

cm
-1

 might be due to sodium carbonate. The peak at 1484 cm
-1

 is due to the 
2

3
CO  

group. In Figure 4.5(c) the peak at 1215 cm
-1 

is the stretching frequency of metal 

oxygen Ce-O bonds. Modes of vibration of doped ceria-carbonates are shown in 

Table 4.3. 
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Table  4.3: Identification of vibration modes of doped ceria-carbonate [151, 165-168] 

 

 Ionic conductivity of doped ceria-carbonates 4.2.6

The ionic conductivities of electrolytes were measured in a H2/O2 atmosphere 

at comparatively low temperatures (350–600 
o
C). The measured values are shown in 

Table 4.4. For single carbonates, N-SDC has the best ionic conductivity of 0.052 

Scm
-1 

at 600 
o
C, when compared to L-SDC and K-SDC. Binary carbonates LN-SDC 

showed a maximum conductivity of 0.31 Scm
-1

, higher than NK-SDC and LK-SDC at 

600 
o
C. Lapa et al. observed an ionic conductivity of 0.2 Scm

-1 
for doped ceria-

carbonate (Li,Na)2CO3 at 500 
o
C [34]. Finally, the ternary carbonate LNK-SDC has a 

conductivity of 0.094 Scm
-1

 at 600 
o
C. From the conductivity data, Arrhenius plots 

were drawn to calculate the activation energy (Ea), and the results are shown in 

Figure 4.6. 

 

Peaks/ Band (cm
-1

) Bonding 

Peak at 1492 cm
-
1, 1484 cm

-1
, and  856 

cm
-1

 

CO3
2-

 group in the absorption spectra. 

Band at 1043 cm
-1

,1071 cm
-1

 Due to sodium carbonate. 

Narrow band below 700 cm
-1

 Due to metal-oxygen band. 

Peak at 2926cm
-1

 and Due to due to γ(C-H). 

1215 cm
-1

 Stretching frequency of metal oxygen Ce-

O bond. 

Peaks at 1559 cm
-1

 and 2465 cm
-1

 Stretching vibration of COO
-
 group. 

Peak at 2840 cm
-1

 CH2stretching vibration. 

Absorption band at 3659 cm
-1

 O-H stretching frequency of aquatic and 

hydroxyl groups. 
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Figure  4.6: Arrhenius plots of (a) single carbonate-SDC, (b) binary carbonate-SDC (c) ternary 

carbonate-SDC and (d) comparison of LN-SDC, LNK-SDC, N-SDC. Error bars revealed in the 

figure denote 1.5 standard deviation of the mean value [168 b] 

Figure 4.6(a) shows the ionic conductivity of doped ceria-single carbonates. The 

measurement reveals that the doped ceria-carbonate electrolyte has a higher 

conductivity than SDC (0.01 Scm
-1

 at 600 
o
C) [169]. SDC-carbonate is dual phase; 

one phase is SDC in which O
2-

 ions contribute [170], and the second phase consists of 

carbonates which contribute the H
+
 ions [171]. Similar behavior was discussed in the 

core-shell nanostructure for carbonates-SDC, where the SDC surface was covered 

with amorphous carbonates [172]. However, doped ceria-salt enhanced ionic 

conductivity due to the hybrid ion conduction mechanism [173]. Rahmawati et al. 
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also reported the contribution of H
+
 ions which pass through the oxide-carbonate 

interface via a hopping mechanism [138]. 

From conductivity data activation energy was calculated using relation (3.12) 

and is shown in Table 4.4. The Arrhenius plot in Figure 4.6(a), of single doped ceria-

salts, shows a lower conductivity below 450 
o
C where carbonates are in solid state 

form and only oxygen ions passed through the electrolyte. Above 450 
o
C conductivity 

rises due to the formation of an interface between SDC and carbonates [174-176]. 

Figures 4.6(b) and (c) show the conductivities of various doped ceria-binary and 

ceria-ternary carbonates. Single carbonates have a very high melting point, but in 

binary carbonates the eutectic melting point decreases and solid carbonates transform 

into a soft phase at lower temperature. The eutectic melting point of binary carbonates 

LK, LN, and NK are 490 
o
C, 499 

o
C, and 695 

o
C, respectively. However, the eutectic 

melting points varied with carbonate concentration. An abrupt jump in conductivity is 

observed at a temperature of 450 
o
C for almost all composites, above which 

conductivity increases due to softening of carbonate phases. According to a literature 

survey, this behavior is mentioned as a superionic phase transition, and can be 

associated with the melting point of the binary carbonates [177]. At temperatures 

below 450 
o
C the conductivity is decreased due to the block effect of solid state 

carbonates [146]. This can also be interpreted in another way: at low temperatures the 

cation defects in nanocomposite interface phases are not highly activated, and are less 

mobile because of the activation barrier, resulting in low conductivity [174]. In the 

case of ternary carbonates (LNK) the jump in conductivity is observed at 400 
o
C, 

which is the eutectic melting point of the ternary carbonate where glass transitions 

occur. Enhancement of conductivity is due to O
2-

 and H
+
 ions [175-177]. The 

Arrhenius plot for total conductivity is not linear over the entire temperature range. At 

low/intermediate temperatures the activation energy has two parts, namely association 

enthalpy aH  and migration enthalpy mH . mH
 

does not depends upon the 

temperature and dopant concentrations [178]. aE is mostly determined by aH . At 

high temperatures, Ea depends only on mH and at 0 aH , all the defects are fully 

dissociated.  
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In the Arrhenius plots there is a transition for defects from associated states to 

dissociated states. From Figure 4.6 the values of ma HH  , can be calculated in the 

temperature ranges 350–450 
o
C and 450–600 

o
C using equation 4.1. 

)1.4(exp )
KT

m
ΔH

a
ΔH

(
T

A
σ


  

At higher temperatures dissociation of vacancies takes place [179]. The 

activation energy at high temperature is known as migration enthalpy does not vary 

much with composition, whereas the association enthalpy does.  

 Impedance analysis of doped ceria-carbonates 4.2.7

Electrochemical impedance measurements of the prepared cells were taken in 

H2 atmosphere at 600 
o
C and the results are shown in Figure 4.7(a–d). The Nyquist 

plot of LN-SDC at 300 
o
C, shown in Figure 4.7(a), reveals one semicircle arc 

corresponding to the bulk composite response at high frequency, and a small arc at 

low frequency is ascribed to the electrolyte-electrode interface impedance. At 300 
o
C 

carbonates are in solid form so the ionic conductivity of the electrolyte is controlled 

by the carbonate phase, which shows high resistance at low temperature [176]. At 600 

o
C the bulk response of the composite is invisible but electrode behavior is dominant. 

At 600 
o
C carbonates are in molten form, resulting in a decrease in the impedance of 

the cell. However, in the case of doped ceria/carbonates, bulk resistance is reduced 

compared to single phase SDC [180]. It can therefore be predicted that the second 

phase of carbonates overcomes the barrier of the single phase material. 

To find the total resistance of the pellet, experimental data was simulated with 

ZsimpWin software, and the equivalent circuit was drawn. The equivalent circuit 

containing L inductance, R1, R2 resistance of the bulk and electrolyte-electrode 

interface, respectively, and Q is a constant phase element (CPE). The two elements 

R1||Q and R2||Q are in series and R1||Q shows the bulk ionic conductivity [177-179, 

181-184]. Here, the electrolyte-electrode interface impedance (R2) is not considered 

because the total resistance of the electrolyte is given by the bulk resistance (R1). The 

semicircle arcs at 300 
o
C, corresponding to bulk, indicate that grain distribution is 

uniform inside the samples, confirming SEM results. 
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Figure  4.7: The Nyquist plots of (a) LN-SDC (best sample @300 
o
C), (b) single carbonate-SDC, 

(c) binary carbonate-SDC, and (d) ternary carbonate-SDC @ 600 
o
C. Equivalent circuits are also 

shown inside the figures. 

The doped ceria-carbonates reduce the bulk resistance above 450 
o
C, which plays a 

dominant role in electrolyte conductivity [34,184-187]. The important difference of 

SDC-carbonate is the absence of a grain boundary arc due to the relevant carbonate 

phase at high temperature. The value of the capacitances was calculated using relation 

(3.22) and is shown in Table 4.4.  
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Table  4.4: Conductivity, activation energy, simulated values of R1, capacitance, and power 

density of carbonate-SDC 

The capacitance values was found to be in the order of 10
-10 

F, therefore it has 

been attributed to a conduction process through the bulk (grain). Carbonates play a 

vital role in raising the densification of electrolytes at lower sintering temperatures 

compared to SDC, resulting in less particle aggregation (because particle aggregation 

may reduce the triple phase boundary (TPB) for electrochemical reactions), which 

may affect the  conductivity [188]. The phase of carbonate is supposed to be 

amorphous and continuous after melting without internal interfaces [189]. 

 Fuel cell performance of doped ceria-carbonates 4.2.8

Fuel cell performance, using hydrogen fuel, is shown in Figure 4.8. The 

measured values of power densities and open circuit voltages (OCVs) are shown in 

Table 4.4. The results show that the LN-SDC (one of the binary carbonate) cell 

exhibited the highest power density of 617mWcm
-2 

at 600 
o
C. However, a comparison 

of (single, binary, ternary) carbonates-SDC is shown in Figure 4.8(d).  

Composition 
σ(Scm

-1
) 

@600 
o
C 

Ea (eV) 

350-450 

o
C 

Ea (eV) 

450 - 600 

o
C 

R1 

(Ω) 

C 

(10
-10

) 

F 

OCV 

(V) 

Power 

Density 

(mWcm
-2

) 

N-SDC 0.05201 
1.04 0.53 

1.6 199 0.91 488 

L-SDC 0.02001 
0.73 0.58 

2.0 167 0.89 435 

K-SDC 0.00601 
0.35 0.61 

1.9 159 0.91 463 

LN-SDC 0.3101 
1.6 0.45 

1.4 227 0.98 617 

NK-SDC 0.2001 
1.86 0.40 

1.8 138 0.97 582 

LK-SDC 0.1201 
1.6 0.49 

2.3 172 0.96 562 

LNK-SDC 0.09401 
1.3 0.51 

1.85 176 0.92 525 
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Figure  4.8: Fuel cell performance of (a) single carbonate-SDC, (b) binary carbonate-SDC, (c) 

ternary carbonate-SDC, and (d) comparison N-SDC, LN-SDC, and LNK-SDC 

The electrolyte with higher values of conductivity has a maximum power 

density. Doping Sm
3+

 into ceria slightly shifts the peaks towards lower angles, 

resulting in an increase in the lattice parameters. The increase in lattice parameter 

decreases the particle size, which increases the conductivity and performance. The 

change in conductivity can be linked to lower lattice binding energy, which increases 

the number of oxygen vacancies. Oxygen vacancies enhance the conductivity of the 

electrolytes. The enhancement in ionic conductivity may be ascribed due to the close 

ionic radii of both elements and small binding energy [190]. The high power density 

of the LN-SDC electrolyte material may be due to fast transportation of oxygen and 

proton ions, called superionic conduction. The enhanced conductivity and power 

density may be due to the formation of ceria-carbonate interfaces which behave as 

superionic highways facilitating the transportation of ions [182]. 
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4.3 Alkaline earth metal ions and samarium co-doped ceria as 

efficient electrolytes (Ali et al. 2018 Published Paper: 2) 

Co-doped ceramic electrolyte M0.1Sm0.1Ce0.8O2-δ(M= Ba, Ca, Mg and Sr) were 

synthesized to highlight the effects of alkaline earth metal ions in doped ceria on 

microstructure, densification, conductivity and performance. It has been observed that 

Ca0.1Sm0.1Ce0.8O2-δ shows the highest conductivity of 0.124 Scm
-1

 at 650 
o
C, lower 

activation energy of 0.48 eV and maximum power density of 630 mWcm
-2

 at 650 
o
C 

using hydrogen fuel. The enhancement in conductivity and performance was due to 

increasing the oxygen vacancies in the ceria lattice with increasing dopant 

concentration. The band gap shows a red shift compared to pure ceria. The average 

crystallite size is in the range of 37- 49 nm. DFT was used to analyze the co-doping 

structure and calculated lattice parameter was compared with the experimental lattice 

parameter.  

 Density measurement of co-doped electrolyte M0.1Sm0.1Ce0.8O2-δ 4.3.1

The experimental and theoretical densities were measured using Archimedes‟ 

principle and using equation (3.24), respectively.  The measured densities (dm) of the 

samples were found to be between 93–95% of their theoretical densities (dth). 

Therefore, substitution of co-dopants in ceria leads to an increase the density of ceria 

[191]. The densities of the nanocomposites are reported in the Table 4.5, where dm, 

dth are measured and calculated densities respectively. CSDC shows the best relative 

density of 95% while MSDC shows the least relative density, may be due to mismatch 

and lesser atomic weight. 

Table  4.5: Density, porosity and band gap values of co-doped electrolytes 

Sample code Composition dm 

(g/cc) 

dth 

(g/cc) 

%Relative 

density 

%Porosity 

BSDC Ba0.1Sm0.1Ce0.8O2-δ 6.76 7.21 93.7     6.2 

CSDC Ca0.1Sm0.1Ce0.8O2-δ 
6.43 6.79 94.7 5.3 

MSDC Mg0.1Sm0.1Ce0.8O2-δ 
6.32 6.85 92.2 7.8 

SSDC Sr0.1Sm0.1Ce0.8O2-δ 
6.48 7.01 92.4 7.6 
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 Structure and morphology of co-doped electrolyte M0.1Sm0.1Ce0.8O2-δ 4.3.2

Figure 4.9(a) reveals the XRD pattern of M0.1Sm0.1Ce0.8O2-δ electrolytes. It 

was found that in co-doped ceria diffraction peaks found to be cubic structure (JCPDS 

075-0158). However, Co-doping shows a decrease in intensity and crystallinity due to 

peaks broadening revealing the lower crystallite size. The lattice parameter and 

crystallite size are shown in Table 4.6.  The substitution of Sm
3+

 and alkaline earth 

metal ions (Ba,Ca,Mg Sr) in ceria observed a shift  in the ceria peaks towards lower 

angle Figure 4.9(b) owing to large ionic radii of Ba
2+

 (1.42 Å ),Ca
2+

 (1.12 Å),Sr
2+

 

(1.26 Å) and Sm
3+

 (1.08 Å) compared to Ce
4+

. However, addition of large ionic radii 

dopants in ceria created strain and increased the lattice parameters. In literature, 

similar results have been found with different co-dopants in ceria [192, 193-198].  

The change in lattice parameters with decreasing the particle size was ascribed to the 

lattice strain forced by the creation of oxygen vacancies [199]. The ion mobility 

increases due to the creation of oxygen vacancies which leads to an increase the ionic 

conductivity. The change in lattice parameter depends upon concentration, ionic radii 

and solubility limit of the dopants. The ionic radii of Ba
2+

 and Sr
2+ 

is large compared 

to Ca
2+

 but its lattice parameter (Ba
2+

,Sr
2+ 

) decreases. It may be due to the solubility 

limit of Ba
2+

and Sr
2+ 

in solid solution. The calculated crystallite sizes were shown in 

Table 4.6. 

 

Figure  4.9: (a) XRD patterns of M0.1Sm0.1Ce0.8O2-δ (b) XRD Peak shifting patterns of 

M0.1Sm0.1Ce0.8O2-δ 
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Figure  4.10: DFT structure of co-doped M0.1Sm0.1Ce0.8O2-δ 

The fluorite cubic crystal structure of CeO2 has latticed constant 5.411 Å. Each Ce 

atom is surrounded to eight O2 atoms and each O2 is tetrahedrally surrounded to Ce. 

The optimized lattice parameter of ceria 5.471 Å was used for supercell calculation. 

The super cell was formed by the repetition of the ceria unit cell. In the supercell 32 

Ce and 64 oxygen atoms are present. Point defects were created by replacing six Ce 

atoms (18.75%), three with barium and other three with samarium in supercell named 

as BSDC, CSDC, MSDC and SSDC as shown in Figure 4.10. The microstructure of 

the co-doped samples is shown in Figure 4.11.  

The images indicate that particles are homogenous, closely packed and 

relatively dense in agreement to the calculated density. An increase in compactness 

and density leads to an increase in conductivity [191]. 
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Figure  4.11: SEM micrograph (a) BSDC (b) CSDC (c) MSDC (d) SSDC 

Table  4.6: Crystallite size, lattice parameter, conductivities and activation energies of co-doped 

electrolytes 

Sample 
Crystallite 

size (nm) 

Lattice 

Parameter (Å) 

Band gap (Eg) 

(eV) 

Conductivity 

(Scm
-1

) 650 
o
C 

Ea 

(eV) 

BSDC 412 5.421 2.7 0.1090.01 0.57 

CSDC 372 5.424 
2.60 

0.1240.01 0.48 

MgSDC 493 5.412 
2.9 

0.0990.01 0.76 

SSDC 483 5.422 
2.75 

0.1010.01 0.70 
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 UV-Visible analysis of co-doped M0.1Sm0.1Ce0.8O2-δ 4.3.3

The UV–Visible absorption spectrum and Tauc plot of electrolyte materials is 

shown in Figure 4.12. The strong absorption (<400nm) is observed in UV region. 

This absorption is the result of transition between the full 2p (O) orbital and empty 4f 

(Ce) orbital [166]. All sample shows maximum absorption below 400 nm analogous 

to decrease in band gap than ceria. The increase in the UV absorption reveals that the 

substitution of Ce
4+

 ions with Sm
3+

 and alkaline earth metal ions help to increase the 

number of oxygen vacancies [200]. However, with co-doping, absorption band 

exhibits red shift compared with ceria. Ionic conduction in doped/co-doped ceria is 

the result of creation of oxygen vacancies [201]. The number of oxygen vacancies can 

be enhanced on the substitution of lower valent cations in ceria which significantly 

enhanced the ionic conductivity [202].  Ceria doped with positive vacancy-dopant 

association energy element (Sm, Nd) increase oxygen vacancy which increases ion 

mobility and hence reduced band gap compared to undoped ceria [160]. Therefore, 

with the increase of associated oxygen vacancies, conductivity and fuel cell 

performance have been improved [159-160]. From the absorption spectra, band gap 

energy (Eg) was calculated using equation (3.7) and depicted in Table 4.6. The band 

gaps showed a red shift compared to pure CeO2 at 3.20 eV.  Doping of other metals 

(Ni
2+

,Co
2+

,Mn
2+

, Gd
3+

) in CeO2 shows the similar behaviors [203-205]. 

 

Figure  4.12: UV-Visible spectra of co-doped electrolytes 
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 Raman spectroscopy of co-doped M0.1Sm0.1Ce0.8O2-δ 4.3.4

Figure 14.13 shows Raman spectrum of the co-doped nanocomposites. The 

F2g mode for all samples (BSDC, CSDC, MSDC, SSDC) slightly shifts to a lower 

wave number compared to CeO2. The CeO2 cubic fluorite structure has single F2g 

mode at 465 cm
-1

 for CeO2 symmetric mode [205]. The F2g shifts to lower wave 

number due to increasing oxygen vacancies and change in the lattice parameter 

[164,205-207]. Some weak peaks (defect band) at 540-600 cm
-1

 appear in all doped 

materials. The peak at 550 and 600 cm
-1

 is related to the increment of oxygen vacancy 

[208]. The defect band is the result of difference in ionic radii of the dopant. The 

defect band has been created from metal-oxygen complex with oxygen vacancy. 

Defects modes are not present in CeO2 and are introduced in the crystal structure with 

the addition of dopant. Oxygen vacancy is created in lattice to balance the charge as 

lower dopant cation is substituted in CeO2 [209]. This finding supports the evidence 

of formation of SDC [206]. The F2g peak height is different for all materials due to 

different absorption and grain size [206]. Figure 14.13 shows that F2g peak was 

shifted to lower wavelength in the doped materials compared to that of the un-doped 

CeO2. The redshift behavior showed by these materials has also been revealed in 

literature [210-211] revealing the lattice strain which were found in the XRD results. 

 

Figure  4.13: Raman spectrum of co-doped electrolytes 
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 Conductivity of co-doped electrolytes 4.3.5

Figure 14.14 shows the Arrhenius plots of conductivity of electrolytes 

(BSDC, CSDC, MSDC, SSDC) sintered at 1200 
o
C for four hours. The composition 

CSDC exhibits the highest conductivity of 0.124 Scm
-1

 at 650 
o
C at lower activation 

energy of 0.48 eV. Banerjee et al. measured the ionic conductivity of 0.122×10
-1

 

Scm
1
 at higher temperature of 700 

o
C with activation energy of 0.56 eV of the 

composition Ca0.15Sm0.05Ce0.8O2-δ [196].  Xia et al. measured the ionic conductivity of 

0.0238 Scm
-1

 at very higher temperature of 800 
o
C of the composition 

Ca0.15Sm0.05Ce0.8O2-δ [212]. Zheng et al. measured the ionic conductivity of 0.0412 

Scm
-1

 with 0.86 eV activation energy of the Mg0.05Sm0.15Ce0.8O2-δ and 0.0321 Scm
-1

 

of the Sr0.06Sm0.94Ce0.8O2-δ at 700 
o
C respectively [192,197].  

 

Figure  4.14: Arrhenius plots of conductivity of co-doped electrolytes. Error bars revealed in the 

figure denote 1.8 standard deviation of the mean value [168 b]. 

 
From the Arrhenius plots the activation energies (Ea) were explored using the relation 

(3.12). The experimental values of activation energy are shown in Table 4.6. 

Activation energy of the doped and co-doped ceria is influenced by the number of 

oxygen vacancy. Ionic conduction in ceria is due to the generation and movement of 

oxygen vacancies [159, 213-214]. Oxygen vacancies are formed in doped ceria to 

balance the charge of dopant.  The defects formation in co-doped ceria is expressed 

by Kroger-Vink notation;  
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)2.4(2

OOCe

CeO VOMMO  
 

 3.432
22

32 OOCe

CeO
VOMOM  

 

M is divalent(Mg
2+

,Ca
2+

,Ba
2+

,Sr
2+

) or trivalent(Sm
3+

) cations. It is clear from the 

equation (4.2) and (4.3) that addition of dopants causes a negative charge in the lattice 

which is compensated by the equivalent vacancy formation in the lattice to maintain 

the charge neutrality. Increasing the dopants concentration results an increase in the 

oxygen vacant sites, therefore significance increase in the oxygen ions conductivity. 

Ionic conduction in doped ceria is influenced by many factors like mismatching ionic 

radii of host and dopant cations, lattice strain, temperature and aging time [159,192]. 

From the data analysis it can be concluded that sample having higher density (95%) 

exhibit lower activation energy leads to rise the ionic conductivity. 

 Electrochemical impedance analysis of co-doped electrolytes 4.3.6

The impedance spectra of the cell were measured in air at 650 
o
C and results 

are shown in Figure 4.15. A small arc related to the grain contribution is missing at 

high frequencies. This is probably due to the frequency limit of the instrument. The 

broad arc and last arc on right is observed in all samples.  

 

Figure  4.15: Electrochemical impedance spectroscopy of the co-doped electrolytes 
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The contribution of each part (grain, grain boundary and electrode) can be 

distinguished with the assist of corresponding circuit model shown in inset of the 

Figure 4.15. These contributions ascribe different conduction mechanisms happening 

in bulk/grain (high frequency), grain boundary (middle frequency) and electrode-

electrolyte interface (low frequency). The equivalent circuit consists of inductance (L) 

of the measuring device, grain resistance (Rb) and two RC circuits in series, one for 

grain boundary (Rgb) and other for electrode polarization (Re). However, doped ceria 

is not a homogeneous materials so a constant phase element (CPE=Q) is applied to 

model the experimental data instead of capacitor, which represents the microstructure 

inhomogeneity in the sample, and equivalent to a distribution of capacitor in parallel 

[191-192,196,215-217]. The element Rg, Rgb||Q shows the ionic conductivity through 

grain and grain boundary.  

The values of Rb and Rgb and AC conductivities at 650 
o
C are shown in Table 

4.7. The capacitance value for the grain and grain boundary was calculated using 

equation (3.22). The value of the capacitances is found to be in the range of 10
-9

 F and 

10
-8

 F, therefore it has been attributed to a conduction process through the grain and 

grain boundary respectively. From AC conductivity data, it is clear that 

Ca0.1Sm0.1Ce0.8O2-δ shows the lowest resistance so it exhibits the best ionic 

conductivity compared to others. 

Table  4.7: Values of grain resistance, grain boundary resistance grain capacitance, grain 

boundary capacitance and conductivities of co-doped electrolytes at 650 
o
C 

Sample Rb(Ω) Rgb (Ω) Cb(10
-9 

F) Cgb(10
-8 

F)  (Scm
-1

) 

BSDC 0.45 3.55 70 11 0.078 

CSDC 0.35 2.75 90 10 0.11 

SSDC 0.64 4.36 55 9 0.063 

MSDC 0.65 5.12 58 7 0.055 
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 Fuel cell performance of co-doped materials 4.3.7

The measured performance of all the fuel cells is depicted in Figure 4.16. The 

fuel cell (CSDC) exhibited the maximum OCV of 1.08 V and highest power density 

of 630mWcm
-2 

at 650 
o
C. The higher power density of CSDC material could be due to 

the fast transportation of oxygen ions. The enhanced conductivity and power density 

is the result of formation of additional oxygen vacancies and fast migration of oxygen 

(O
2-

) ions. The performance of the symmetric cell has been evaluated with hydrogen 

fuel and air as oxidant. The symmetric cells have been prepared using co-doped 

electrolytes and LiNiCuZnO electrodes. 

 

Figure  4.16: Fuel cell performance of M0.1Sm0.1Ce0.8O2-δ electrolytes at 650 
o
C 

4.4 Potential electrolyte (Ce1-xCaxO2-δ) for fuel cells: Theoretical and 

experimental study (Ali et al. 2018 Published Paper: 3) 

First-principles calculations are performed using density function theory to 

explore the effects of dopant Ca in ceria (Ce1-xCaxO2-δ).  The impact of oxygen 

vacancy on band gap and density of states is examined in doped ceria using 

generalized gradient approximations. Vacancy association and vacancy formation 

energies of the doped ceria are calculated to reveal the effect of dopant on ion 

conduction. The experimental study of the sample (Ce0.875Ca0.125O2-δ) was performed 

to compare with the theoretical results. The obtained results from theoretical 

calculation and experimental techniques show that oxygen vacancy increases the 
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volume, lattice constant (5.47315 Å) but decrease the band gap (1.72 eV) and bulk 

modulus. The dopant radius (1.173 Å) and lattice constant (5.4718 Å) are also 

calculated by equations which is close to the DFT lattice parameter. The result shows 

that oxygen vacancy shifts the density of states to lower energy region. Band gap is 

decreased due to shifting of valence states to conduction band. Vacancy formation 

shows a significance increase in density of states near the Fermi level. Density of 

states at Fermi level is proportional to the conductivity, so an increase in density of 

states near the Fermi level increases the conductivity. The experimental measured 

ionic conductivity is found to 0.095 Scm
-1 

at 600 
o
C. 

 Description of the system  4.4.1

The pure crystalline ceria was optimized with respect to lattice parameter. The 

optimized volume (282 (a.u)
3
) and lattice constant of bulk CeO2 is 5.470 Å 

comparable the experimental value 5.411Å with 1% deviation.  

 

Figure  4.17: Energy-volume curve of (a) CeO2 (b) SC (c) BCC and (d) FCC lattice 
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For the investigation of structural, electronic and band structure properties of Ce1-

xCaxO2-δ, unit cell of CeO2 consist of 3 atoms and conventional cell was extended to a 

supercell of configuration 222. The lattice parameters of Ce1-x CaxO2-δ system 

(SC, BCC, FCC) have been determined from energy-volume curve shown in Figure 

4.17. 

In this study, calculations are based on the three types of supercells 2 2 2 

simple cubic lattice (SC) with 96 atoms, body centered (BCC) 48 atoms and face 

centered (FCC) lattice 24 atoms. Ca-doped ceria was made by replacing one cerium 

atom with Ca, keeping doping concentration of 3.12%, 6.25% and 12.5% in the SC, 

BCC, and FCC lattice respectively. Ca-doped system was optimized with respect to 

lattice parameter. 

 Dopant (Ca) radius and lattice parameter 4.4.2

CeO2 is a cubic fluorite structure in which oxygen atoms are tetrahedral 

coordinated with cerium atoms. Ce-O bond length and atomic crystal radius of dopant 

[130] was calculated using the expression (2.26) and (2.27) respectively. Lattice 

constant of dopant system [130] was calculated using equation (2.28). The optimized 

volume, bulk modulus, ground state energy per atom, lattice constant and calculated 

lattice parameters, radius of doped system are shown in Table 4.8. The result shows 

that GGA measures higher lattice parameter compared to LDA.  

Table  4.8: Lattice parameter, dopant radius, OPT volume, bulk modulus and ground state 

energy 

Supercell 
a (Å) 

GGA 

a(Å) 

LDA 

Calculated 

a(Å) (from 

eq.2.28) 

RCa 

(Å) 
Vol(a.u)

3
 

B 

(GPa) 

Eo /atom 

(eV) 

SC 5.48055 5.3796 
5.48054 

1.274 8877 175 -5840.2 

BCC 5.4765 5.3699 
5.47249 

1.145 4263 169 -5669.6 

FCC 5.4624 5.3686 
5.46238 

1.102 2199 154 -5328.6 

Average 5.47315 5.3727 
5.4718 

1.1737 5113 166 -5712.8 
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The 8-coordinated Shannon crystal radius of oxygen 1.26 Å [219] is used in 

calculation. The calculated radius of Ce is 1.128 Å using equation (2.27), which is 

very close to the 8-coordinated Shannon crystal radius of Ce
4+

 1.11 Å. The 8-

coordinated Shannon crystal radius of Ca is 1.26 Å, while our calculated radius of 

three compositions SC, BCC and FCC is 1.274 Å, 1.145 Å and 1.102 Å. respectively. 

Figure 4.18 shows that the calculated radius of Ca using equation (2.27) at 

concentration of 3.125% is very close to the Shannon crystal radius 1.26 Å and found 

to decrease at higher concentrations. Similarly the calculated lattice parameter of 

doped system from equation (2.28) at doping concentration of 3.125% is very close to 

the GGA measurement shown in Table 4.8. 

   

 

 

 

 

 

 

 

 

 

Figure  4.18: Dopant radius and lattice constant as a function of dopant concentration 

 Effect of Ca doping on CeO2 structure 4.4.3

The value of lattice constant for Ca-doped CeO2 (SC) increases less than 1% 

from its original lattice constant along with dopant-dopant distance 11.29 Å as 

compared with un-doped geometry. The bond lengths between Ce-Ce (3.99 Å) and O-

O (2.82 Å) for doped simple cubic structure was found to be increased than original 
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bond lengths Ce-Ce (2.94 Å) and O-O (2.79 Å). The increase in lattice constant, 

volume and bond length are due to the large ionic radii of Ca (1.12 Å) compared to 

the Ce (0.97 Å). After optimization, the reduced structure of Ce1-x CaxO2-δ was created 

with an oxygen vacancy concentration of 1.56%, 3.125%, and 6.2 % in SC, BCC and 

FCC, respectively. The structure was again optimized. For Ce1-x CaxO2-δ, several 

different position of oxygen vacancy was explored and the position with lowest 

vacancy formation energy was reported in this study. The optimized supercell of 

CeO2, Ce1-x CaxO2-δ and reduced Ce1-x CaxO2-δ with one vacancy at different positions 

are shown respectively in Figure 4.19. 

 

Figure  4.19: Optimize structure of (a) CeO2 (b) Ce1-x CaxO2-δ (c) Ce1-x CaxO2-ywith vacancy at one 

position (d)   Ce1-x CaxO2-y with vacancy at another position 

 Effect of vacancy on structure and bulk modulus of doped system 4.4.4

The results of one oxygen vacancy for three different lattices (SC,BCC,FCC) 

shows an increase in the lattice parameter (5.499 Å), volume (8981 (a.u)
3
) and bond 
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length of Ce-Ce (4.1 Å), O-O, (4.0 Å), respectively. It shows that oxygen vacancy 

result an increase in lattice expansion compared to the system without vacancy system 

[131-132]. Oxygen vacancy has a solid impact on the bulk modulus. The bulk 

modulus of SC lattice decreases rapidly to 157 GPa compared to system without 

oxygen vacancy 175 GPa [131]. 

 Vacancy formation energy and defect association 4.4.5

  Oxygen ion conductivity in doped ceria can be determined from two factors: 

(i) The defect association energy Eass (ii) the vacancy formation energy f

vacE [131-133]. 

Therefore, defect association and vacancy formation energy was calculated using 

equations (2.29) and (2.30) respectively.  The calculated values of defect association 

and vacancy formation energy are shown in Table 4.9. The negative value of  ass of 

(SC, BCC, FCC) shows the binding energy [131,133]. The negative values of 

formation energy reveal the simultaneous formation of oxygen vacancy. 

Table  4.9: Defect association and vacancy formation energy 

Supercell  ass (eV)     
 

 (eV) 
Band gap (eV) 

without vacancy 

Band gap (eV) 

with vacancy 

SC -2.31 -6.16     1.77    1.71 

BCC 
-0.27 -6.67 1.85 1.81 

FCC 
-3.4 -7.61 1.88 1.64 

Average 
-1.99 -6.81 1.84 1.72 

 

 Density of States of the Ce1-x CaxO2-δ and reduced Ce1-x CaxO2-δ 4.4.6

TDOS, PDOS and bands structure of calcium doped ceria and reduced calcium 

doped ceria for SC lattices is shown in Figure 4.20. The band gap shows that material 

is a semiconductor in nature with band gap 1.77 eV, 1.71 eV respectively on the basis 

of band structures and total density of states (TDOS). Figure 4.20(a) shows that only 

O 2p states contribution in the partial density of states (PDOS) in the valence band 

and Ce 4f and 5d contribute in the PDOS in the conduction band. Figure 4.20(b) 
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shows that oxygen vacancy has higher effects on the PDOS of the material. The 

valence and conduction band of reduced calcium doped ceria shift to lower energy 

region. The valence states shift to the conduction band region which reduces the band 

gap [219]. 

 

Figure  4.20: Density of states and band gap of (a) SC lattice without vacancy (b) SC lattice with 

vacancy 

 

Figure  4.21: Density of states and band gap of (a) BCC lattice without vacancy (b) BCC lattice 

with vacancy 
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Figure 4.21(a) and (b) show the semiconductor nature of the material with band gap 

of 1.85 eV, 1.81 eV respectively. The unreduced structure reveals that O 2p with 

small contribution of Ce 5d 4f is contributed in PDOS in the valence band from -4 eV 

to 0 eV. In conduction band, the main contribution in the PDOS is the Ce 4f states 

with some 5d states. The reduced structure ascribes that TDOS are shifted towards the 

lower energy and conduction band maximum is at the Fermi energy level. Due to the 

vacancy valence states are shifted to the conduction band by reducing band gap. Thus 

conduction mechanism improves due to the creation of the vacancy. 

Figure 4.22(a) shows that unreduced calcium doped ceria is a semiconductor 

with band gap 1.88 eV. The valence band consist of O 2p with small contribution of 

Ce 4f 5d in the range -4 to 0 eV. The conduction band consist of two band group, one 

from 1.88 eV to 2.7 eV and a sharp peaks of Ce 4f band is observed. Second peak of 

band is from 5.8 to 14.1 eV. Figure 4.22(b) shows the reduced calcium doped ceria in 

which energy states are shifted towards the lower energy. 

 

Figure  4.22: Density of states and band gap of (a) FCC lattice without vacancy (b) FCC lattice 

with vacancy 
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The valence band contains O 2p along with a small contribution of Ce 4f 5d states 

ranges from -2 to -5.8 eV and conduction band have large peak of  Ce 4f  with very 

small contribution of Ca p  in the range  0 to 11.6eV. The calculated band gap is 1.64 

eV. The TDOS and PDOS show a significant increase near the Fermi level. The 

conductivity is proportional to the density of states at the Fermi level. So it is found 

that oxygen vacancy can increase the conductivity of Ce1-x CaxO2-δ. It is also found 

that vacancy causes a decrease in band gap as shown in Figures 4.20-4.22. 

 Structure and morphology of CDC 4.4.7

Figure 4.23(a) shows the structural analysis of Ce0.875Ca0.125O2-δ after heat 

treatment at 800 
o
C for six hours. All the detected peaks are CeO2. Ce0.875Ca0.125O2-δ 

has a fluorite structure with space group      (JCPDS 34-0394). The calculated 

lattice constant from XRD data was found to 5.447 Å comparable to DFT calculated 

value shown in Table 4.9. 

 

Figure  4.23: (a) Structural analysis of Ce0.875Ca0.125O2-δ      (b) Morphology of Ce0.875Ca0.125O2-δ 

The large ionic radius of dopant Ca
2+

 than host element, shift the ceria peaks 

to lower angle and strain is produced in the lattice. Therefore, this strain changes the 

lattice expansion, lattice parameter and unit cell volume. The increase in lattice 

expansion, volume and lattice parameter is also observed in our DFT analysis. The 
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change in lattice expansion and lattice parameter has been observed in literature 

[142,220-222]. Oxygen vacancies are formed in doped ceria to balance the charge of 

dopant. The addition of dopants causes a negative charge in the lattice which is 

compensated by the equivalent vacancy formation in the lattice to maintain the charge 

neutrality. Increasing the dopants concentration results an increase oxygen vacant 

sites and so the mobility of oxide ion is increased. Therefore significance increase in 

the oxygen ions conductivity is observed. Figure 4.23(b) shows that particles are 

circular, uniformly distributed in the structure and detected average particle size of 

652 nm. 

 Ionic conductivity of CDC electrolyte 4.4.8

The ionic conductivity of Ce0.875Ca0.125O2-δ electrolytes was measured from 

400-600 
o
C in air.  The prepared material has ionic conductivity of 0.0950.01 Scm

-

1
at 600 

o
C. Activation energy (Ea) shown in Figure 4.24 was calculated from the 

Arrhenius equation (3.12) [142,223].  Oxygen vacancy has a great effect on the 

conductivity of material. Ionic conduction in doped-ceria system depends on the 

mobility and the formation of oxygen vacancy [154,213-214,224]. 

 

Figure  4.24: Arrhenius plot of Ce0.875Ca0.125O2-δ electrolyte. Error bars revealed in the figure 

denote 2 standard deviation of the mean value [168 b]. 
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4.5 Electrochemical study of composite materials for coal-based 

direct carbon fuel cell ((Ali et al. 2018 Published Paper: 4) 

The efficient conversion of solid carbon fuels into energy by reducing the 

emission of harmful gases is important for clean environment. In this regards, DCFC 

is a system that has the ability to convert the solid carbon fuel directly to electrical 

energy with high thermodynamic efficiency (100%), system efficiency of 80% and 

50% less emission of notorious gases compared to conventional coal power plants. 

DCFC can generate electricity from any carbonaceous fuel such as charcoal, carbon 

black, carbon fiber, graphite, lignite, bituminous coal and waste materials. LNK-SDC 

electrolyte and LNCZFO electrode is used in DCFC due to significance conductivity 

to examined the performance.  Three types of solid carbon (lignite, bituminous, sub-

bituminous) are used as fuel to generate power.  

The proximate and ultimate coal analysis showed that fuel (carbon) with higher 

carbon content and lower ash content was promising fuel for DCFC. The measured 

ionic conductivity of LNK-SDC is 0.09982 Scm
-1 

and electronic conductivity of 

LNCZFO is 10.13 Scm
-1

 at 700 
o
C, respectively. A highest power density of 

58mWcm
-2

 is obtained with sub-bituminous fuel. 

 Structure and morphology study of carbon based electrolyte and 4.5.1

electrode 

Figure 4.25(a) shows the XRD pattern of LNK-SDC powder after heat 

treatment at 800 
o
C for five hours. The detected peaks are indexed as cubic fluorite 

structure of CeO2 with space group      (JCPDS 34-0394). The first eight detected 

peaks were indexed having planes (111), (200), (220), (311), (222), (400), (331), and 

(420) respectively. No peaks of ternary carbonates (LNK)CO3 were detected because 

carbonates are amorphous in nature. This amorphous phase was formed during 

sintering process. The amorphous phase covered the SDC particle all around, ascribed 

as a second phase [141,146-147].  The XRD results reveal that neither a chemical 

reaction nor a formation of new compound takes place in carbonates-doped ceria [28]. 
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The average crystallite size and lattice parameter was calculated using formulas [225] 

and found to be 38 nm, and 5.432 Å respectively. The lattice parameter and crystallite  

size of LNK-SDC is agreed to our previously reported literature [225]. The large ionic 

radius of dopant Sm
3+

 (0.109 nm) than the host Ce
4+ 

(0.097 nm), shifts the XRD peaks 

towards the lower angle. This peak shifting, changes the interatomic spacing and unit 

cell volume that leads to increase the lattice parameter [154,225]. However, 

carbonates revealed no effect on the lattice parameter due to amorphous phase in 

XRD pattern [28]. Figure 4.25(b) shows the XRD pattern of the prepared composite 

electrode LNCZFO. The XRD peaks of NiO (JCPDS No 47-1019), Li2CuO2 (JCPDS 

No 20-0623), FeO (JCPDS No 01-1223) and ZnO (JCPDS No 21-1486) are observed 

in electrode material. In LNCZO major XRD peaks of NiO, ZnO, CuO are observed, 

peaks of LiO are not observed, which shows that it has completely doped [154,226-

228]. LiO peaks are observed along with CuO in LNCZFO material. 

 

Figure  4.25: XRD pattern of (a) LNK-SDC (b) LNCZFO 

Figure 4.26 (a) shows morphology of LNK-SDC sintered at 800 
o
C. The SEM result 

shows the dense microstructure having no pores. The carbonate phase (white loop) 

covered the SDC particle surface all around, revealed second phase. Such type of 

structure may lead to enhance the ionic conductivity. The measured crystallite size is 

about 452nm. Figure 4.26(b) shows morphology of the prepared electrode 

LNCZFO. The sintering at high temperature might reduce pores but some pores are 
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seen in the structure and microstructure shows different particle sizes. The porous 

structure might be responsible to transport the reactants at the reaction site. The 

average particle size of as-prepared electrode materials is about 1004 nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.26: Surface morphology of (a) LNK-SDC (b) LNCZFO 

 Thermal analysis of LNK-SDC and LNCZFO 4.5.2

The stability of the samples plays a vital role to achieve the steady 

performance of the cell operating at high temperature. TGA curve of LNCZFO and 

LNK-SDC in the temperature range 50-1000 
o
C, is shown in Figure 4.27. Thermal 

analysis curve is spanned over four regions. The weight loss of electrolyte in region I 

(50-200 
o
C) is very little, reveals that water content is very small as compared to 

electrode sample in which weight loss of roughly 1% is observed. LNK-SDC and 

LNCZFO shows a weight loss of 2% and 0.5% respectively, in the region II (200-400 

o
C) of the curve. This may be due to the decomposition of the raw materials [229]. In 

the working temperature region III (400-700 
o
C), a weight loss of 3.4% and 0.4% is 
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observed in LNK-SDC and LNCZFO, respectively. This may be due to the 

decomposition and melting of carbonates in the samples. The region IV (700-1000
o
C) 

shows a very small weight loss in LNK-SDC (1.2%) and LNCZFO (0.1%), due to the 

melting of carbonates. 

 

Figure  4.27: Thermogravimetric analysis of LNK-SDC and LNCZFO 

 FTIR and UV-Visible analysis of coals 4.5.3

FTIR spectroscopy is used to estimate the nature of organic and inorganic stuff 

in lignite, bituminous and sub-bituminous. The absorption peaks of free hydroxyl or 

SiO-H and Si-OH stretching vibration appear in Figure 4.28(a) around 3800-3600 

cm
-1

 for all samples and peaks of hydroxyl (hydrogen bonds) between 3550-3100cm
-1

 

are not appeared. The peaks in the range 1300-1000 cm
-1

 is associated to phenolic 

deformation while the peaks appear in the range 900-700 cm
-1

 are revealed the 

aromatic structure [230-231]. 
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Figure  4.28: (a) FTIR spectra of different coals (b) UV-Visible analysis of coal 

Figure 4.28(b) shows the UV-Visible spectra of coal sample in which strong 

absorption is found between 440    530 nm. This shows the correlation between diffuse 

absorptive and volatile matter. The band observed at 450 nm is due to the presence of 

SO2 in the sample [232]. 

 Multi-carbon based fuel analysis 4.5.4

The chemical energy contained in a fuel is determined by heating value and 

heating value of lignite, bituminous and sub-bituminous are 14, 23 and 25 MJKg
-1 

respectively. The proximate and elemental analysis is shown in Table 4.10. The Sub-

bituminous has large amount of fixed carbon and volatile matter but lower amount of 

ash content. The elemental analysis shows that sub-bituminous has higher percentage 

of carbon content. Hence, it is an efficient fuel for DCFC. 

Table  4.10: Proximate and elemental/ultimate analysis of coals 

Sample 

Proximate analysis wt% Elemental/Ultimate analysis wt% 

MJ/kg 

FC VM Ash M C N H S O 

Lignite 39.15 28.80 25.35 6.70 51.02 0.90 2.94 3.70 41.44 13.22 

Bituminous 51.23 20.12 22.18 5.98 61.68 0.71 4.63 3.21 29.77 22.73 
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Sub- 

bituminous 
63.2 13.5 17.80 5.25 72.8 1.50 4.25 2.92 18.53 25.30 

 

SEM analysis of coal samples are shown in Figure 4.29 which depicts the change in 

surface structure, irregular morphology of the coal particles and the porosity in 

texture. The pore size and surface area has significant effect on electrochemical 

reaction. The sub-bituminous has higher porosity and lower particle size (<500 nm), 

shown in Figure 4.29 (c-d) which may be responsible for enhancement of cell 

performance. 

 

 

Figure  4.29: SEM images of (a) Lignite, (b) Bituminous and (c),(d) Sub-bituminous 
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 Conductivity of the prepared electrolyte (LNK-SDC) and electrode 4.5.5

(LNCZFO) 

The ionic conductivity of electrolyte and electronic conductivity of electrode 

material was measured in air atmosphere at 400-700 
o
C. The measured ionic 

conductivity of LNK-SDC electrolyte is found to be 0.09980.01 Scm
-1

 at 700 
o
C. 

The enhancement in conductivity is due to the carbonate phase. The addition of 

carbonate in SDC forms a second phase, reported in many previous literatures 

[37,146]. The second phase has just created the pathway for ions and not changes the 

bulk structure of the single phase material [233]. This second phase makes interfaces 

between SDC and carbonate at higher temperature and enhanced the ionic 

conductivity. The reported conductivity of LNK-SDC electrolyte is 0.094 Scm
-1

 at 

600 
o
C [28]. The electrical conductivity of the prepared electrode LNCZFO was also 

measured and found to be 10.10.2 Scm
-1

 at 700 
o
C. For the calculation of activation 

energy (Ea), Arrhenius plot was drawn from the conductivity data. The corresponding 

values of activation energy (Ea) for electrolyte and electrode were calculated using 

equation (3.12) [234] and values of Ea are shown in Figure 4.30. 

 

Figure  4.30: Conductivity of electrolyte (LNK-SDC) and electrode (LNCZFO). Error bars 

revealed in the figure denote 2 standard deviation of the mean value[168 b]. 
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 Fuel cell performance with multi-carbon fuel 4.5.6

The most commonly used oxygen ion conductor electrolyte in DCFCs is YSZ 

which operates above 700 
o
C, but doped ceria carbonates (SDC-carbonate, GDC-

carbonate) electrolyte works at comparatively lower temperature. The doped ceria 

materials show excellent ionic conductivity and better catalytic ability for carbon 

oxidation due to the two oxidation state of ceria (Ce
4+

, Ce
3+

). The addition of Sm
3+

 or 

Gd
3+

 in ceria enhanced the oxygen mobility due to the formation of oxygen vacancy 

in the ceria lattice [24]. The doped ceria-carbonate is a multi-ions conductor which 

enhances the electrode kinetics and conductivity [235]. 

Three types of carbon fuels (lignite, bituminous and sub-bituminous) were 

used in DCFC and their current density-power density (I-P) are shown in Figure 4.31. 

Using different fuels the operating temperature was varied in steps from 600-700 
o
C 

and it was concluded that increasing temperature increased the performance as shown 

in Figure 4.31. The lignite has higher ash (25.35wt. %), sulfur (3.70 wt. %) and lower 

carbon content (51.02 wt. %). Similarly, bituminous has ash (22.18 wt. %), sulfur 

(3.21 wt. %) and carbon content of (61.68 wt. %). Sub-bituminous has lower ash (17.8 

wt. %), sulfur (2.92%) and higher carbon content of 72.8 wt. %), compared to 

bituminous and lignite so shows better performance. The maximum power density 

achieved using sub-bituminous fuel was 58 mWcm
-2

 at 700 
o
C that is higher 

compared to bituminous and lignite 53 and 28 mWcm
-2

 at OCVs of 0.95, 0.89 and 

0.91 V, respectively. Jiang et al. [236] observed the power density of 35 mWcm
-2

 and 

42 mWcm
-2

 at 750 
o
C (NiO-YSZ|YSZ|LSM-(La,K)2CO3) using lignite and bituminous 

fuel respectively. Jewulski et al. [74] achieved the power density of 93 mWcm
-2

 using 

lignite fuel in DCFC. Chen et al. [9] got the power density of 165mWcm
-2

 at 700 
o
C 

(|NiO-YSZ|YSZ|LSM-YSZ|) using bituminous fuel.  Deleebeecket al. [237] also 

measured the power density of 73mWcm
-2

 at 755 
o
C with manganese oxide catalyzed 

bituminous coal. 

The enhanced fuel cell performance with sub-bituminous fuel was achieved 

due to the high porosity and low particle size.  The electrochemical reaction 

mechanism in HDCFC cell reveals that O
2-

,    
      are charge carrier, O

2-
 pass 

through SDC grains while    
     conducted via molten carbonate media. At TPB of 
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anode carbon particle reacts with    
      producing CO2 and liberates electrons as per 

equation (1.5) if CO2 is cathode gas, anode reaction mechanism is (1.9) if air is 

cathode gas. Cathode reaction mechanism is represented by equations (1.8) and 

(1.10).  

Simultaneously carbon reacts with O
2-

 generating CO2 and releases electrons 

in equation (1.9). In the cathode zone, oxygen either reduced directly according to 

equation (1.10) or reacted with CO2 and electron to form carbonate ions as mentioned 

in equation (1.8).  

The direct contact between carbon fuel, anode surface, active site for anode 

and surface wetting ability significantly increased the performance by improving the 

reaction kinetics of (1.5) and (1.9) [74,237-239]. The performance of the fuel cell is 

affected by the direct contact between carbon fuel and anode. 
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Figure  4.31: Performance of cells based on (a) Lignite (b) Bituminous (c) Sub-bituminous fuel 

4.6 Efficient conversion of carbon (coal, waste) using titanate based 

catalyst in DCFC 

The conversion of carbon to electricity in a direct a DCFC is the supreme 

effective process due to its high theoretical efficiency (100%). The major issue is the 

continuous supply of fuel at triple phase boundary. Different mixed ionic electronic 

conductors (MIEC) has been studied as anode materials for efficient conversion of 

carbon to electricity. Such materials have reasonable stability and conductivity 

because the DCFC anode environment is not as reducing as those in SOFCs. The 

anode materials La0.4Sr0.6M0.09Ti0.91O3- (M = Ni, Fe, Co, Zn) named as LSNT, LSFT, 

LSCT, LSZT were synthesized by sol-gel method. The electrical conductivity has 
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been determined in air atmosphere. The MIEC anodes have the ability to extend the 

reaction zone for carbon oxidation in DCFCs. The LSFT and LSCT have been tested 

as cathode and exhibited the good performance. Therefore, cell performance with 

composite cathode LSCF +LN-SDC) and anode (LSFT+LN-SDC+fuel) was 

evaluated with LN-SDC electrolyte at 700 
o
C using sub-bituminous fuel. 

 Structure and morphology of titanate based catalyst 4.6.1

Figure 4.32 shows the XRD pattern of La0.4Sr0.6M0.09Ti0.91O3-δ (M=Ni, Fe, Co, 

Zn) sintered at 1200 
o
C for 5 hours in air atmosphere. XRD results revealed a single 

cubic perovskite structure (ICSD 079-0188) with space group of mpm3  (221). The 

perovskite phase is formed during the sintering process at a temperature of 1200 
o
C 

[96]. 

 

Figure  4.32: XRD pattern of perovskite La0.4Sr0.6M0.09Ti0.91O3-δ (M=Ni, Fe, Co, Zn) 

All the peaks are of LST with no additional peaks of transition metal is 

observed. This reveals that the 9 mol % doping of transition metals lies within the 

solubility limit and has successfully doped on B-site in Ti. Therefore, no peaks of 

transition metals were found in XRD results. Li et al. observed that 7 mol % Co 

doping in LST shows no peaks of cobalt [240]. From XRD data the average crystallite 

size was calculated by equation (3.6) and found to be 47 nm. 
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Figure 4.33(a-d) shows the microstructures of the anode catalyst sintered at 1200 
o
C. 

The microstructure of LSFT showed good porosity compared to other samples, which 

may facilitate the electron transport and gas diffusion. Therefore, LSFT exhibited 

higher conductivity as well as fuel cell performance.  

 

Figure  4.33: SEM of the prepared samples (a) LSNT (b) LSFT (c) LSCT (d) LSZT 

The existence of transition metal in the prepared samples was examined using 

EDX and the quantification of each element (wt. %) along with std. deviation is given 

in Table 4.11. 
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Table  4.11: Quantification of each element (wt. %) in LSFT, LSNT, LSCT, LSZT along with std. 

deviation 

Figure 4.34(a-b) shows the microstructure of the biochar fuel obtained from walnut 

shells and almond shells, respectively. The particles like a rectangular prism-shaped 

and cylindrical shape were found from SEM analysis.  

  

Figure  4.34: Microstructure of the biochar fuel obtained from (a) walnut shells (b) almond shells 

Sample La Sr Fe Ti O 

LSFT 4.27 5.22 0.33 4.05 5.93 

Mean 4.19 5.12 0.35 4.14 5.43 

Std. deviation 0.12 0.15 0.03 0.12 0.71 

LSNT 5.38 9.26 1.22 13.19 54.01 

Mean 6.22 9.22 0.41 14.40 52.44 

Std. deviation 1.19 0.06 1.16 1.72 2.22 

LSCT 4.36 4.19 0.53 4.34 4.12 

Mean 3.67 3.33 0.46 2.87 3.27 

Std. deviation 0.98 1.21 0.11 0.84 1.19 

LSZT 4.10 5.02 0.37 4.23 4.93 

Mean 4.19 5.12 0.35 4.14 5.43 

Std. deviation 0.12 0.15 0.03 0.12 0.71 

(a) (b) 
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The proximate and ultimate analysis of the walnut shells and almond shells are shown 

in Table 4.12. Walnut shell biochar has higher carbon content with lower ash, volatile 

matter and lesser sulfur content so shows good performance than almond shell 

biochar.  

Table  4.12: The proximate and elemental analysis of Walnut shells and Almond shells 

Sample 

Proximate analysis wt % Elemental/Ultimate analysis wt % 

MJ/kg 

FC VM Ash M C N H S O 

Walnut 

shells 
61.47 14.25 18.5 5.78 96.6 1.60 3.98 2.76 22.06 24.02 

Almond 

shells 
59.15 15.7 19.20 5.95 66.5 1.75 4.12 3.47 24.16 23.5 

 

 Thermal analysis of titanate based catalyst 4.6.2

Thermal analysis determines the stability of the materials shown in Figure 

4.35 from 50-900 
o
C. Thermal analysis is spanned over three regions. The region I 

describe the weight loss due to the water adsorbed in the materials. The composition 

LSFT has the lowest weight loss of 0.35% while LSCT has higher weight loss of 

compared to other compositions.  

The weight loss in region II may be due to the decomposition and melting of 

carbonates in the samples. The composition LSFT has very small weight loss in this 

region which may be the reason of higher conductivity and fuel cell performance.  

The weight loss in the region III is due to the melting of carbonates. In this region 

LSFT has 0.56 wt % while LSZT has 1.31 wt % weight losses. 

 



104 

 

Figure  4.35: Thermal analysis of titanate based catalyst 

 Conductivity of titanate based catalyst 4.6.3

To obtain the good performance of the fuel cell, the materials must possess 

sufficient conductivity and thermal stability at a desired temperature. The electrical 

conductivity was examined in air atmosphere using four probe DC techniques in the 

temperature range 400-700 
o
C. From the conductivity data Arrhenius graph was 

plotted shown in Figure 4.36 to calculate the activation energies. The activation 

energies of the prepared anodes are shown in Table 4.13. The electrical conductivity 

of LSNT increases with temperature increase compared to LSFT, LSCT, LSZT, but at 

a temperature of 700 
o
C it decreases compared to LSFT which has highest 

conductivity of 7.530.04 Scm
-1

. The enhanced conductivity with temperature may be 

due to the sintering at 1200 
o
C, which increase the contact between particles. The 

increase in conductivity with temperature reveals the semiconductor behavior. The 

reported conductivity of LSCT anode is 16-18 Scm
-1

 at 800 
o
C [54]. The mixed ionic 

and electronic conductors MIECs have much higher electronic conductivity compared 

to ionic conductivity [241]. Therefore, electronic conductivity has a major role in the 

performance of the cell.  
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Figure  4.36: Electrical conductivity of titanate (LSNT, LSFT, LSCT and LSZT) based catalyst. 

Error bars revealed in the figure denote 1.8 standard deviation of the mean value[168 b]. 

Table  4.13: Conductivity, activation energy, power density using multi fuels 

 

 Electrochemical performance of the titanate based catalysts 4.6.4

Generally DCFC operates at higher temperature and thermal stability of the 

materials at higher temperature is a key issue. Therefore, such materials are needed 

which are thermally stable. The electrochemical performance of the button cells using 

LN-SDC electrolyte and already published cathode LSCF along with prepared anodes 

are shown in Figure 4.37(a-c) using sub-bituminous, walnut shell and almond shell 

biochar carbon at 700 
o
C.  

Samples 
 (Scm

-1
)
 

@ 700 
o
C 

Ea  eV 

(400-700 
o
C) 

Power density (mWcm
-2

 ) with 

multi-fuels @700 
o
C 

LSNT 7.020.12 0.53 

Sub-

bituminous 

Walnut shell 

biochar 

Almond 

shell biochar 

54 51 41 

LSFT 7.530.13 0.50 68 55 44 

LSCT 6.010.10 0.55 51 48 39 

LSZT 4.280.07 0.62 28 30 25 
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Figure  4.37: Performance of the cells at 700 
o
C with titanate based catalyst using (a) sub-

bituminous coal fuel (b) walnut shells biochar fuel (c) almond shells biochar fuel 

The LSFT displays the maximum performance of 68 mWcm
-2

 at 700 
o
C compared to 

LSNT, LSCT and LSZT respectively. The performance of the cell using walnut shells 

biochar fuel is higher (55mWcm
-2

 than almond shells biochar fuel (44mWcm
-2

) with 

LSFT anode at 700 
o
C. Elleuch et al. measured a power density of 150mWcm

-2
 at 700 

o
C using NiO-SDC anode mixed with almond shells [242]. 
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 Best electrolyte and electrodes performance 4.6.5

The results revealed that electrolyte LN-SDC, LSFT anode and LSCF cathode is the 

best for DCFCs. Therefore, a single cell composed of composite anode (LSFT), LN-

SDC electrolyte and cathode (LSCF) was prepared. 

 Figure 4.38 shows the electrochemical performance of cells 78,73,57,29 and 

26mWcm
-2

 at 700 
o
C using sub-bituminous, walnut shells, almond shells, bituminous 

and lignite, respectively. This shows that the prepared materials have the potential to 

be used in DCFCs for electricity generation. The LSCT and LSFT were also 

examined as cathode materials and exhibited the reasonable performance. 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.38: Electrochemical performance of the best electrolyte, anode and cathode using 

different fuels 

The durability test of the cells which was conducted to analyze the feasibility of the 

device is shown in Figure 4.39. This test was performed after evaluation the fuel cell 

performance. Both device shows almost good stability during the 36 h operation at 

700 
o
C. The both cells show current densities of 90 mAcm

-2
 and 84 mAcm

-2
. 
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Figure  4.39 : Stability test of the cells at 700 
o
C 

The cross sectional area of the cell after testing has been shown in Figure 4.40. This 

cell exhibited the best performance of 78mWcm
-2

 using sub-bituminous fuel. Figure 

4.40 (d) shows that anode material has been reduced in the carbon atmosphere. 

 

Figure  4.40:  (a) Microstructure of the cell before test (b) Microstructure of cathode and 

electrolyte after test (c) Microstructure of the cathode (LSCF) after test (d) Microstructure of the 

anode (LSFT) after test 
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Conclusions 

 

  



110 

5 Conclusions 

In this work, the major focus is to develop combination of electrolytes and 

electrodes material compatible to carbon fuel, which not only can decrease the 

operating temperature but also enhances the electrochemical performance. The 

following conclusions have been drawn from this PhD research thesis. 

Here we have synthesized, doped ceria-carbonate (single, binary, and ternary) 

dual phase nanocomposite electrolytes with improved conductivity. Instead, doped 

ceria-carbonate nanocomposites are found to be co-ionic (O
2-

, H
+
) conductors, and 

they decrease the desire electronic conduction. Moreover, XRD results depict cubic 

fluorite structure     , the crystallite size of LN-SDC is about 21 nm and lattice 

parameter is increased on samarium doping, Whereas SEM results confirmed the 

uniform distribution of particles in the structure and optical absorption spectra of the 

prepared electrolytes has rendered a red shift with band gap energy in the range 2.6–

3.01 eV. Interestingly it is found that dopant cation (Sm
3+

) reduces the band gap of 

ceria, due to increase in oxygen vacancies, resulting in increasing conductivity and 

fuel cell performance. Amongst all the samples, LN-SDC exhibited the highest 

conductivity of 0.31 Scm
-1

 at 600 
o
C with performance of 617 mWcm

-2
 using 

hydrogen fuel at 600 
o
C. Further it is realized that doped ceria-carbonates, especially 

LN-SDC, are suitable electrolyte for LT-SOFC.  

Conversely, co-doped electrolytes (BSDC, CSDC, MSDC, and SSDC) with an 

increased density, decent microstructure have been prepared, which is later studied by 

XRD and Raman spectroscopy that prepared nanocomposites are single phase and 

cubic structure, and in agreement with DFT calculations using WIEN2K code. The 

average crystallite sizes are found to be in the range 37–49 nm and lower band gaps 

compared to pure ceria. Co-dopant reduces the band gap due to the formation of 

oxygen vacancies, which help the ion mobility and enhance the conductivity. By 

comparison, CSDC exhibited the highest ionic conductivity of 0.124 Scm
-1

 at 650 
o
C 

and activation energy of 0.48eV and cell generated a maximum power density of 

630mWcm
-2

 at 650 
o
C with hydrogen fuel. Therefore, it has concluded that co-doping 

with proper ratio of calcium and samarium can enhance the conductivity of co-doped 
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ceria, creating more oxygen vacancies in ceria lattice, better microstructure having 

closed contact with particles (dense), small crystallite size and higher ion mobility.  

Doping effects of Ca in ceria has been explored both using First-principles 

calculations and experimental results of CDC. Theoretical results show that doping 

and oxygen vacancies lead to an increase lattice constant, volume but decrease in 

band gap and bulk modulus. Excitingly experimental lattice constant of CDC (5.447 

Å) is found comparable to the DFT lattice constant (5.4731 Å). Instead the calculated 

cerium radius (1.128 Å) is very close to 8-coordinated Shannon crystal radius of Ce
4+

 

1.11 Å. The 8-coordinated Shannon crystal radius of Ca is 1.26 Å, which is close to 

the average radius of three compositions to 1.1737 Å. The experimental measured 

ionic conductivity is found to 0.095 Scm
-1

 at 600 
o
C. Further, TDOS and PDOS has 

shown that oxygen vacancy shifts the density of state to lower energy region where 

shifting of valence states to conduction band decreases band gap.  Conductivity is 

proportional to density of states at Fermi level and oxygen vacancy shows a 

significance enhancement in the density of states near the Fermi level, so it is evident 

that increase in conductivity is found with Ca doping.  

In this thesis overall electrochemical performance of three types of coal-based 

carbon fuel was analyzed for power generation using LNCZFO electrodes and LNK-

SDC electrolyte. This is further confirmed with TGA UV-Visible analysis that shows 

that electrode material is stable in operational working temperature range and the 

presence of small amount of sulfur in coal samples. Since the ultimate and elemental 

analysis shows that sub-bituminous coal contains low sulfur, nitrogen but higher 

carbon contents, but shows higher power density of 58mW cm
-2

 at 700 
o
C compared 

to bituminous and lignite. It means that due to improved surface properties of carbon 

such as micro-structure, carbon content and reactivity of sub-bituminous are the 

factors which enhance the fuel cell performance.  

Additionally titanate based catalysts La0.4Sr0.6M0.09Ti0.91O3-δ were prepared to 

analysis the conversion of carbon to electricity in a DCFC as these materials are found 

to have reasonable high stability and conductivity. Therefore, cell performance for 

titanate based catalyst with composite cathode (LSCF+LN-SDC) and anode 

(LSFT+LN-SDC+Fuel) were evaluated with LN-SDC electrolyte at 700 
o
C using five 

different carbon fuels respectively. The titanate based catalyst has perovskite cubic 
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structure, excellent stability, and good conductivity.  The results have shown that cell 

composed of composite LSFTO3-δ anode with maximum performance of 78mWcm
-2

 

at 700 
o
C using sub-bituminous fuel. Therefore, all above discussed materials have 

significant potential to be used as choice of electrodes in DCFCs for power 

generation. LSFT and LSCT have been also examined as a cathode which exhibited 

the good performance for carbon based fuel cell.  

Finally, in this PhD research effort, DCFC has tested as an efficient energy 

conversion device for a new variety of fuel as coal from (lignite, bituminous, sub-

bituminous) and different biomass waste source (walnut shells, almond shells), to 

strengthen the  scope of DCFC as the best clean energy device.  

Based on our achievements there is need to develop a complete fuel cell system 

integrated with continuous carbon fuel for heating and power system. It may be 

designed for one home or building.  This work indicates that carbonaceous fuels from 

coal and biomass could be used in DCFCs for power generation with higher 

efficiency. The detailed study based on process, investment, equipment and 

transportation are recommended for large scale in industry. 
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