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摘要  

    燃料電池在使用碳氫燃料時，陽極的碳沉積和催化能力是兩個非常重要的研

究項目。在最近的研究報告指出，鎳基陽極(NiO/YSZ)會與碳氫燃料反應，產生嚴

重的碳沉積。故在本實驗中使用氧化銅來取代氧化鎳，以改善此現象。以固相法合

成三種含銅、鎳及氧化鋯之陽極粉末。實驗中測試陽極催化前後滲透率，以證明樣

品的積碳程度。半銅半鎳鋯(C50N50Z)陽極片在甲烷中具有良好的催化性質，且積碳

速率較慢。在650 oC中溫燃料電池操作溫度下，C50N50Z的導電性為1503 Scm-1，可

以將銅的高導電及溫度感測與催化功能結合，進行下面四種銅、銅鎳、銅基合金及

鎳線(Cu, Cu11Ni, Cu-38Zn, Cu9Ni6Sn, Ni)之室溫及高溫導電性測試。銅在650 oC下

的導電性最優，足以作為電流收集的材料。由上述線材製作的五種熱電偶在 200 

oC~650 oC進行長時間 (>100小時) 測試，檢視熱電位的靈敏度及飄移量的要求，

Cu-Cu11Ni, Cu-Cu9Ni6Sn和Cu-Ni三種熱電偶可在中溫型固態燃料電池中做為溫度

感測器。因此，在燃料電池陽極端，銅基材料可以同時具有催化、溫度感測以及當

作電流收集層等三種功能。 

關鍵字：銅基、陽極、催化、滲透率、碳沉積、熱電偶、固態燃料電池。 
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ABSTRACT 

     Carbon deposition and catalytic ability of anodes are two important issues when 

using hydro-carbon fuels for solid oxide fuel cells. Nickel based anode (NiO/YSZ) shows 

a serious carbon deposition reported in recent research. Therefore, CuO is added to 

replace the NiO. In this study, three anode powders (100%Ni with 8YSZ, 50%Cu-50%Ni 

with 8YSZ and 100%Cu with 8YSZ) are prepared by powder mixing in well-dispersed 

slurry. A new approach to verify the effects of carbon deposition by measuring the 

permeability of the anodes are used in this study. C50N50Z shows a good catalytic ability 

and low coking rate for CH4. The conductivity of C50N50Z is 1503 Scm-1 at 650 oC. 

Another two functions of copper can be combined with this anode. Four copper-based 

metal and nickel wires (Cu, Cu11Ni, Cu-38Zn, Cu9Ni6Sn, Ni) are tested for their electric 

conductivity at room to high temperature. Due to a high electric conductivity, Cu is good 

enough to apply as a material for current collector. Five different thermocouples made 

from above wires are also aging in air for more than 100 h at 200 oC~650 oC. Because of 

sensibility and less drift (<5%) of thermopotential at 200 oC to 650 oC, three 

thermocouples Cu-Cu11Ni, Cu-Cu9Ni6Sn and Cu-Ni are suitable for intermediate-

temperature SOFC as temperature sensors. Thus, triple function of Cu-based materials 

can be applied on anode side of SOFCs. 

 

Keywords: Cu-based; anode; catalytic; permeability; carbon deposition; thermocouple; 

SOFCs. 
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Chapter 1 Introduction 

     Solid oxide fuel cells (SOFCs) had been known as one of promising electrical 

power generators, which convert chemical energy directly into electricity. There are 

several advantages of SOFCs, including high efficiency, well fuel flexibility and low 

pollution. The cell consists of anode, electrolyte and cathode. The anode is an important 

component for fuel oxidation and electron release [1].  

     Hydrogen is utilized in most SOFC study because of its high inherent energy, clean 

and eco-friendly properties. The cost of producing hydrogen by thermal decomposition 

of water is as low as NT$18/kg, while refined high purity hydrogen costs US$5.0/kg [2]. 

Since hydrogen is flammable, a low density and easy leakage problems, the storage and 

transportation of hydrogen show technology difficulty and cost a lot. Instead, gaseous 

hydrocarbon fuel may be an alternative choice to apply on SOFC. 

Nickel and yttria-stabilized zirconia (YSZ) cermet is a common anode material in 

SOFC, when it uses H2 as a fuel. However, good catalytic properties of a Ni-YSZ anode 

using hydrocarbon fuels will induce hydrocarbon cracking reaction, and result in carbon 

deposition and cell deterioration. Low activity of Cu for C-C formation [2] was reported 

and capable of preventing coking. Nickel therefore is replaced by copper in this work.  

Cu shows a lower catalytic activity of the C-H bond [3] of the fuels. A better 

oxidation of a catalyst at anode is also needed. Therefore, optimal composition and new 
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design Cu-Ni anode are needed to figure out in this study. 

When carbon deposit on anode, the active area of anode will reduce and the open 

channel (i.e. permeability) of the anode will also be decreased. So, the permeability is 

evolving, and needed to determine the degree of carbon deposition in the anode. Most 

studies on permeability are based on Darcy’s law, of which a linear relationship between 

the pressure gradient and the fluid velocity are proposed [4]. However, Darcy’s law is 

only valid for the flows of slow and high viscosity.  

For non-Darcy flow, Forchheimer number is used as a criterion (> 0.005) to 

determine the validity of the relationship [5]. Because nitrogen and CH4 are used as a 

testing gas in this study and both meet the criteria of non-Darcy flow. Therefore, 

Forchheimer equation, which is formulated as a second-order of velocity, is applied in 

this study.  

Cu and Cu-Ni Alloys have been widely used due to the cost and performance of 

electric conductivity. In addition, Cu-based thermal couples have been studied in several 

temperature sensor applications. They also have the potential being used as a current 

collector and thermal couple of SOFCs for their similar CTE and less interface reaction 

with Cu-Ni based anode. Thus, Cu-Ni-YSZ anode using different functions of Cu-Cu 

alloys are practiced in this research. 
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Research Objectives  

In this study, properties of Cu-based materials are investigated for establishment 

of the fundaments of electric conductivity, thermal potential and catalytic capability of 

hydrocarbon fuels. Thus, the materials in appropriate combination are applying on the 

anode side of SOFC.  

There are three main functions are designed tended to apply to improve the 

function of SOFC. 

1. Find optimal Cu-Ni-YSZ anode to decrease carbon deposition and maintain the 

catalytic effect of hydrocarbon fuel; 

2. Compare electrical conductivity of several Cu and Cu-alloy wires for using as 

current collector at an operating temperature (650 oC) of IT-SOFC; 

3. Use Cu-based wires to make thermal couple for temperature sensing in a long-term 

test. 
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Chapter 2 Literature Review 

2.1 SOFCs 

      A solid oxide fuel cell (SOFC) is typically a sandwich structure, which consists 

of an anode, a cathode and an electrolyte in between, as shown in Fig. 2.1. On the cathode 

side, oxygen is reduced into oxygen ions by electron, and diffuses through the electrolyte 

layer to the anode. On the anode side, the arriving oxygen ions react with hydrogen or 

carbon mono-oxide (the fuels) and release two electrons, as the following equations [1].                                 

      H2 + O2- → H2O + 2e-…………………………………………......... (2.1), 

and   CO + O2- → CO2 + 2e-........................................................................ (2.2). 

However, the reactions can be more complex for hydro-carbon fuel, 

      CnH2n+2 + (3n + 1) O2- → nCO2 + (n + 1) H2O + (6n + 2) e-………… (2.3) 

If no enough oxygen is supplied, tar or fixed carbon will be made and retard the 

performance of SOFC. 

      There are several requirements for the anode of SOFC in order to have a high 

performance and long-term stability at operating temperatures [1, 6], 

(1) high porosity, at least 25% porosity; 

(2) High electrical conductivity; 
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(3) Chemical compatibility with electrolyte;  

(4) Thermal expansion coefficient matching with electrolyte;  

(5) Capacity to prevent carbon deposit at reaction site; 

(6) High oxidation catalysis for various fuels. 

 

2.1.1 Carbon Deposition at Anode 

      In recent years, yttria-stabilized zirconia (YSZ) and Ni are the most employed 

anode material in SOFC due to its high activity for oxidation of H2. However, the catalytic 

effect of Ni-YSZ anode is decreased as carbon deposition, which is induced by 

incomplete oxidation from the hydrocarbon fuels.  

      Fixed carbon is produced by either a reverse water gas reaction, the 

disproportionation of CO, or the decomposition of CH4, as shown below.  

     CO(g) + H2(g) → C(s) + H2O(g)      ∆𝐻𝐻298 =  −131.4𝑘𝑘𝑘𝑘 (2.4), 

     2CO(g) → C(s) + CO2(g)           ∆𝐻𝐻298 =  −172.6𝑘𝑘𝑘𝑘  (2.5),  

or     CH4(g) → C(s) + H2(g)             ∆𝐻𝐻298 =  75𝑘𝑘𝑘𝑘   (2.6). 
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Owing to a low activity for C-C formation by Cu [2], Cu-based anode is chosen mainly 

due to avoid coking. In Costa-Nunes’ study [7], the maximum power density of Cu-CeO2 

cell was five times larger than that of Ni-YSZ cell in CO gas at 973K. 

 

2.1.2 Sulfur Corrosion 

      Toxic sulfur is another problem for SOFC. Most of hydrocarbon fuels from fossil 

fuel or biomass contain sulfide impurities, which may corrode the ceramic parts and 

finally increase the polarization resistance, lowering the performance of the cells. Nickel-

based anodes showed sulfur tolerance at levels of 0.05 ppm at 1023 K, improving only 

slightly with increasing temperature [8]. In order to prevent poisoning from hydrosulfide, 

some metals mixed with ceria materials are made as sulfur tolerant shift reaction catalysts 

[9]. One example Cu-CeO2 anode can tolerant the sulfur in fuel gas up to 450 ppm at 

1073K [10]. 

 

2.1.3 Thermal Expansion Coefficient (CTE) of Copper  

      This work tends to replace nickel by copper, taking this as a potential solution for 

SOFCs using hydrocarbon gases as fuel. During the cell-manufacturing and operating 
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process, thermal expansion coefficient matching with electrolyte is important. Table 2.1 

shows the CTE of copper, nickel and some electrolyte materials. GDC [11], SDC [12], 

ScSZ [13] and YSZ are several common electrolytes of SOFCs. Thermal expansion 

coefficient of copper is higher than Nickel, and less matching with those electrolytes. 

Several dis-advantages are pre-visional. The Cu cannot be co-sintered with GDC, SDC, 

ScSZ and YSZ, due to the sintering capability, and needed sintering atmosphere of Cu is 

much different from those oxides. Thus, the fabrication of co-sintering is more difficult 

to the Cu-cermet as the anode.     

 

2.1.4 Fabrication Method of Copper-Based Anode 

      There are three possible methods for solving the problems. First method is co-

sintering electrode and electrolyte in one step, which can decrease the sintering 

temperature of the cells [11, 12, 14]. Sometimes, active metals, such as Li, was added as 

a sintering aid for the oxide electrolytes [15]. Second method is impregnation of Cu into 

porous YSZ preform. Graphite, polystyrene [16, 17], PMMA [18] and ammonium oxalate 

[13] have been used as pore formers and pre-mixed with YSZ powders. After calcining 

the mixture, pore formers were burnt out and left a porous skeleton. Then, the porous 

skeleton was impregnated with a Cu nitrate solution. After sintered in reducing 
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atmosphere, Cu-oxide anode can be made. Besides the methods, screen printing [19], 

electro-less plating [17] of Cu, or plasma spray [20] of mixed Cu-CeO2 was also used for 

manufacturing of Cu-based anode of SOFC. The third is using Cu, Cu-Zn, or Cu-Ni alloy 

or oxide powder precursors. 

Literature on Cu-based anode reports a variety of the approaches, as shown Table 

2.2. Different alloy elements such as Li [11], Fe [16, 21], Co [22], Ni [18, 23] and Pd [24] 

were reported to add in Cu anode. The Cu-based alloys show a lower electric conductivity, 

but better CTE and co-sintering properties. 

      These SOFCs can be divided in to either electrolyte-support or anode-support. 

The performance of the anode-supported cells are superior to electrolyte-supported [25]. 

Some of excellent results, the highest power density is 1238 mW cm-2 using H2 at 850 oC 

with an anode-supported geometry. On the other hand, electrolyte-supported cell has a 

higher stability after reduction-oxidation cycles in anode because of its dense structure. 

But the electric resistance of the thick electrolyte layer is the major source of polarization 

during polarization. Few cases [19, 26, 27] reported outstanding powder output.  
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Table 2.1 Coefficient of thermal expansion of anode and electrolyte materials 

Component  Material CTE(1/K×106) Reference 

Anode 
Cu 16.5 

[1] 
Ni 13.4 

Electrolyte 

GDC   11.59-12.3 
[28] 

SDC  11.9-12.0 

ZrO2-8mol%Sz2O3  10.7 

[1] 
ZrO2-11mol%Sz2O3  10.0 

ZrO2-3mol%Y2O3  10.8 

ZrO2-8mol%Y2O3  10.5 
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Table 2.2 Summary of SOFC literature with Cu-based anode 

 

Anode 

 

Electrolyte 

Supported 

layer 

Assembled 

method 

Test 

Temp. 

(oC) 

Fuel Output 

(mwcm-2) 

Ref. 

Cu-CeO2 ScSZ Porous 

ScSZ 

anode 

Impregnation 800 H2 372 [13] 

C2H5OH 

+H2O 

222 

Cu-Fe-Ce-

YSZ 

YSZ Porous 

YSZ anode 

Impregnation 800 H2 195 [16] 

CH4 90 

Cu-Ce-YSZ YSZ Porous 

YSZ anode 

Impregnation 800 H2 140 [16] 

CH4 70 

Cu/YSZ + 

Ni/YSZ 

(Bilayer) 

YSZ Bilayer 

anode 

Impregnation 750 96% H2 + 

4% H2O  

228 [18] 

CH4 145 

NiFe-

ZrO2/Cu  

YSZ anode Impregnation 850 H2 1238 [21] 

Cu+Co/Ce

O2+YSZ  

YSZ 375 𝜇𝜇𝜇𝜇 

anode 

Impregnation 800 H2 400 [22] 

n-C4H10 275 

80% CH4 

+20% O2 

1165 

Cu+Ni+ 

+SDC  

 

SDC anode Impregnation 600 CH4 317 [23] 

Cu-Fe/ 

CeO2-YSZ 

YSZ Porous 

YSZ anode 

Impregnation 800 n-C4H10 240 [29] 

H2 260 

Cu–

Co(Ru)/Zr0.

35Ce0.65O2  

YSZ anode Impregnation 800 H2 465 [30] 

CH3OH 444 
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Cu+Co+Ce

O2 

YSZ Porous 

YSZ 

anode 

Impregnation 800 H2 700 [31] 

CH4 250 

Cu–CeO2–

YSZ/Ni–

ScSZ  

ScSZ 

 

anode Impregnation 800 H2 604 [32] 

C2H5OH 408 

Li+Cu+GD

C 

GDC 100 𝜇𝜇𝜇𝜇 

anode 

Hot-pressing 700 H2 200 [11] 

Cu 

carbonate 

SDC+ 

Na2CO3 

0.3-0.5mm 

of anode, 

electrolyte 

and 

cathode 

Hot-pressing 500 H2 1150 [12] 

Cu-YSZ YSZ anode Hot-pressing 800 H2 275 [14] 

Cu+SDC SDC electrolyte Screen-

printing 

700 H2 92 [19] 

Cu+Pd+ 

LaSrCrMn

O 

(LSCM) 

LaSrGaMg

O 

(LSGM) 

300 µm 

LSGM 

electrolyte 

Screen-

printing 

850 H2 860 [24] 

CH4 480 

CuO+SDC SDC electrolyte Screen-

printing 

650 H2 122 [26] 

CuCo-CeO2 YSZ 100 𝜇𝜇𝜇𝜇 

anode 

Screen-

printing 

750 H2 103 [33] 

80% CH4 

+20% O2 

67 

Moy-MxCe1-

x𝐎𝐎𝟐𝟐−𝜹𝜹(M: 

Co, Ni, Cu 

GDC electrolyte Screen-

printing 

700 H2 350 [27] 

Cu-Ni-YSZ YSZ 640 𝜇𝜇𝜇𝜇 

anode 

Electroless 

plating 

750 H2 161 [17] 

CH4 57 

Cu, Co, Ni, 

+SDC  

YSZ anode Plasma spray  800 H2 475 [20] 
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Fig. 2.1 Schematic diagram of an anode-supported SOFC 
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2.2 Permeability of Porous Ceramics 

Most studies on permeability are based on Darcy’ law, which is formulated on the 

experiments of a flow of water through beds of sand by Henry Darcy in 1856 [4]. The 

schematic diagram of the fundamental of the test is shown in Fig. 2.2 (a). Darcy got a 

linear relationship between the pressure gradient and the fluid velocity of measured at the 

end of tube. The Darcy equation can be written as 

𝑢𝑢 =
𝑄𝑄
𝐴𝐴

= −
𝑘𝑘
𝜇𝜇
ΔP
Δ𝐿𝐿

… … … … … … … … … … … … … … … … … … … … … … … . (2.7), 

where u is velocity of water (m/s), Q is flow rate (m3/s), A is cross-sectional area of the 

flow (m2), k is permeability, ∆𝑃𝑃 is a pressure drop between downstream pressure and 

upstream pressure (with a unit of Pa), μ is viscosity (Pa∙ s), and ∆L is length of flow (m). 

However, Darcy’s law is only valid for slow, viscous flow, e.g. water or viscous liquid. 

  

2.2.1 Darcy Flow and Non-Darcy Flow 

    Reynolds number (Re) is a dimensionless parameter to investigate the ratio of fluid 

inertia and viscous force [34]. It can be divided into laminar, transition and turbulent flows, 

which is shown in Fig. 2.2 (b). For a flow in a cylindrical pipe, Re is defined as below 

Re== 
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

…………………………………………………….(2.8), 

where ρ is a density of the flow (kg/m3) and D is the diameter of the pipe (m). When the 
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influence of the viscous force is greater than the inertial force, the fluid flows stable and 

has a Reynolds number smaller than one. This case is called “Laminar flow” and valid 

for Darcy’s law. On the contrary, transition and turbulent flows with a higher Reynolds 

number are non-Darcy flows, of which the flow patterns become disordered and irregular, 

as shown in Fig. 2.2 (c). As the velocity of flow increasing, non-linear deviation is 

observed.  

In order to correct the Darcy equation for non-Darcy flow, a second order fitting of 

the velocity was proposed by Forchheimer in 1901[35] :  

∆P
∆L

= −
μu
k

+ βρu2 … … … … … … … … … … … … … … … … … … … … … … … . (2.9), 

where β is Forchheimer coefficient, or called non-Darcy coefficient. 

 

2.2.2 Non-Darcy Flow in Porous Media 

     Unlike a pipe flow, the size of capillary and curved flow path may have influence 

on viscous force and inertial force. There is a way for determining either Darcy flow or 

non-Darcy flow in porous media is described as below. Reynold number which is defined 

as 

 𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

 ………………………………………………………..(2.10),  
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where d is diameter of the pore. The deviation from Darcy’s linearity might occur from 

lower values of Re. In Fancher’s report [35], non-Darcy flow started at Re = 0.4. Since 

the pore diameter is difficult to decide in some complex structure of porous media, the 

critical values of the Re for non-Darcy flow vary from 0.1 to 1000 in several researches 

[36-39]. So, Reynold number is not suitable as a criterion due to the varies geometries 

and states of porous media  

According to Zheng’s study, a new criterion, Forchheimer number (F0 = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜇𝜇

), is 

clearly defined and can applied to all kinds of porous media [5]. The critical values of 

Forchheimer number is from 0.005 to 0.2. Therefore, our test follows the Forchheimer 

number given by Zheng. 
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Fig. 2.2 Schematic diagram of (a) Darcy’s Law and (b), (c) the relationship between 

Reynolds number and fluid flow velocity [40]. 

(b) 

(c) 

(a) 

doi:10.6342/NTU201802084



 17 

2.3 Thermocouple 

Solid oxide fuel cell is a multilayer structure with different materials. Different 

coefficients of thermal expansion and interface reactions may cause deterioration of the 

cell during long-term test. Thus, an accurate control of the temperature of SOFC is needed. 

Therefore, a copper-based thermocouple is designed to operate in the temperature range 

of room temperature to 650 oC. 

2.3.1 Principal of Thermoelectric Thermometry[41] 

Electrical and thermal conductivity are a result of the migration of electrons. 

Electrons are non-mobile on ground state at 0 K as the description of Pauli exclusion 

principle and Fermi-Dirac distribution. When temperature increases, electrons absorb 

heat and transit to excited state. According to the principles, three thermoelectric effects 

would happen when two different metal materials are welded together. 

(1) Seebeck effect: Two dissimilar metals are joined together and put the joint at hot 

environment (T1), the other end in room temperature (T0) as shown in Fig. 2.3. A 

voltage difference (Thermopotential) occurs because electron energy levels of each 

metal wire shift differently and had different electron concentration to cause the 

diffusion. So, the thermopotential resulted by a temperature difference (∆𝑇𝑇) can be 

written as below. 
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∆𝑉𝑉 =  𝑆𝑆𝐴𝐴𝐴𝐴∆𝑇𝑇…………………………………………………………………..(2.11), 

where SAB is Seebeck coefficient. 

(2) Peltier effect: When current flow through a junction between two dissimilar metals,

the junction may absorb or release heat from surrounding. The direction of electrical

current leads the sense of the heat exchange, which is written as:

𝑄̇𝑄=(𝜋𝜋𝐴𝐴 − 𝜋𝜋𝐵𝐵)𝐼𝐼……………………………………………………………...(2.12), 

where 𝑄̇𝑄  is absorption or release of heat energy, 𝜋𝜋𝐴𝐴 and 𝜋𝜋𝐵𝐵   are the Peltier 

coefficients of metals A and B, and I is the electric current. 

(3) Thomson effect: If electrical current traverses a temperature gradient of a single metal

wire, the heat exchange occurs. When the direction of electrons from cold to hot, the

heat will be absorbed slightly. While the direction of electrons from hot to cold, the

heat will release to reduce electron energy.

2.3.2 Common Thermocouple Types 

Table 2.3 shows eight common types of the thermocouples, which are used in 

different temperature range and atmosphere. They can be divided into three types by their 

operating temperature. J and T types are mainly used at low to intermediate temperature. 

The material of negative electrode is coronel (Ni-45% Cu) and the material of positive is 
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iron and copper, respectively. The both can be used in reducing atmosphere. However, 

the upper temperature limit (350 oC) of T type is due to an easy oxidation of copper. The 

other concern, rusting and embrittlement of iron for J-type, may be caused by sulfurous 

atmospheres or subzero temperature. 

K type is widely chosen for the use at high temperature (≤1260 oC) in oxidation 

atmosphere. Because oxidation resistance of K type is better than E-, J- and T- type 

thermocouple. Owing to intergranular corrosion of alumel (Ni-5%Al) with sulfur and 

preferential vaporization of chromium, K type is not suitable in reducing, vacuum and 

sulfurous atmospheres. 

R, S and B types are made by platinum and platinum-rhodium alloy wires. Compare 

to other types, thermopotential difference of these three types are not obvious at low 

temperatures. Thus, R, S and B types are mainly used in ultra-high temperature range 

(800 oC≪1700 oC). They also should not be used in reducing atmosphere. Excessive grain 

growth of Pt and diffusion of Rh may affect stability of the temperature sensing capability 

under prolonged use.  

This study wants to study copper alloy materials assembling for thermocouple using 

on Cu-based anode of SOFC. Thus, a thermocouple is desirable as it can be used in 

reducing atmosphere and is stable at SOFC operating temperature (650 oC). 

doi:10.6342/NTU201802084



20 

2.3.3 Fabrication and Sealing Method of Thermocouple 

    In this study, a twisting and welding method are used to form the measuring junction 

of thermocouple. When temperature increases, different thermal expansion coefficient of 

two metals may cause separation of two wires. The twisting and welding method can 

provide additional strength to prevent this poor situation.  

In order to isolate thermocouple from contamination of measuring sample, there are 

many different insulation materials are used to seal the thermocouple. In Wang’s [42] 

report, he used a sealing glass (TiO2-Na2O-SiO2-B2O3) for Cu based thermocouple. He 

reported that the oxidation and grain growth may influence the stability of the 

thermocouple. Alumina tube is a common insulator commercially used. Therefore, this 

study uses alumina tube, instead of glass, to seal different thermocouples and observe 

their oxidation behavior and electrical properties. 
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Table 2.3 Types of Commercial Thermocouple 

Type Materials Temperature (oC)  Properties 

T 
Copper (+) 
Nickel-45%Copper (-) 

-200-370 
1. Stable in Moist or reduction 
atmosphere; 
2. Oxidation upon 300 oC. 

J 
Iron (+) 
Nickel-45%Copper (-) 

0-760 
1. Cannot used in sulfurous 
atmosphere above 540 oC; 
2. Oxidation of iron is rapid 
above 540 oC. 

E 
Nickel-10%Chromium (+) 
Nickel-45%Copper (-) 

-200-900 
1. Unstable in reduction 
atmosphere; 
2. Highest Seebeck coefficient. 

K 
Nickel-10%Chromium (+) 
Nickel-5%Aluminum and 
Silicon (-) 

-200-1260 
Unstable in reduction, vacuum 
sulfurous atmosphere. 
 

N 
Nickel-14%Chromium-
1.5%Silicon (+) 
Nickel-4.5%Silicon-
0.1%Magnesium (-) 

0-1260 
N/A 

R 
Platinum-13%Rhodium (+) 
Platinum (-) 

0-1480  
 
Cannot used in reducing 
atmosphere, nor containing 
metallic or nonmetallic vapor. 
 

S 
Platinum-10%Rhodium (+) 
Platinum (-) 

0-1480 

B 
Platinum-30%Rhodium (+) 
Platinum-6%Rhodium (-) 

870-1700 
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Fig. 2.3  Schematic diagrams illustrating (a) Seebeck effect, (b) Peltier effect, and (c) 

Thomson effect. 
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Chapter 3 Experimental Procedure 

3.1 Materials 

     Nickel oxide powder (NiO, NICO LTD, F grade, Japan), copper oxide powder 

(CuO, First Chemical Works (第一化工), Taiwan), 8 mol% yttria-doped zirconia powder 

(8YSZ, Dai-ichi, Japan) and meso-carbon micro-black (MCMB, National Chung-Shan 

Institute of Science and Technology (中山科學院), Taiwan) are used as anode materials. 

Ethanol (95% purity, Taiwan Tobacco and Liquor Corporation, Taiwan) and DI water are 

two solvents for the preparation of slurry. D-134 (ammonium salt homopolymer with 2-

propenoic acid group, Dai-Ichi Kogyo Seiyaku Co. Ltd., Japan) and Darvan C 

(ammonium salt of polymethyl acrylate anionic, Venderbilt, USA) are used as dispersant 

in aqueous anode slurry.  

     Five metal wires: pure Copper (C11000, as abbreviated as “C”), Copper-11wt% 

Nickel alloy (C70600, KANTHAL, Sweden, “C11N”), Copper-38wt% Zinc alloy 

(C26000, “CZ”), Copper- 9wt% Nickel- 6% Tin (C72700, MIRDC, Taiwan, “C9N6S”) 

and pure Nickel (Nilaco, Japan, “N”) are tested and made into thermocouples. 

 

3.2 Anode Preparation and Cell Assembly 

     NiO, CuO and 8YSZ powders were mixed in three mass ratios, named N100Z, 

C50N50Z and C100Z, which are given in Table 3.1. NiO and 8YSZ powders were dispersed 
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in ethanol. While CuO was dispersed in H2O with 1 wt% D-134. Based on Chen’s process 

[43], the mixture of NiO, CuO and 8YSZ was then ball-milled for 24 h, followed MCMB 

been added into the slurry and ball-milled for additional 1 h. The mixture was rotary-

drying and the dried anode powder was sieved through a screen of 100 mesh. The anode 

disks were made by die-pressing at 70.0 MPa in a diameter of 30 mm, followed pre-

sintering the disks at 1000 oC for 1 h. 

      A nano-sized 8 mol% yttrium stabilized zirconia powder (8YSZ-N, Tsinghua 

University, China) was dispersed into DI water with D-134 as a dispersant. To be used as 

a flat layer [44], 8YSZ-N slurry was diluted to 1.0 wt% and spin-coated on an pre-sintered 

anode substrate by the spinning conditions of 3000 rpm, 60 s and 1 cycle.  

The other slurry, 5 wt% 8YSZ-T slurry as electrolyte material starting from the 8YSZ 

(TOSOH, Japan) powders, were prepared with ethanol and ball-milled for 24 h. Then 

spin-coated on the flat layer was conducted by the conditions of 3000 rpm, 60 s and 2 

cycles.  

Then the spin-coating of NiO/YSZ slurry for anode function layer was prepared by 

mixing NiO, 8YSZ with ethyl cellulose (E0266, TCI, Tokyo, Japan) and terpineol (95%, 

Showa Chemical Industry Co. Ltd., Japan) in mass ratio of 15:15:2:68. The mixture was 

ball-milled for 24 h and spin-coated in the conditions of 5000 rpm, 60s and 2 cycles. 
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Finally, a LSCF with PEG slurry was used as cathode source. This slurry was spin-

coated on electrolyte in the condition of 1000 rpm, 20s and sintered at 1150 oC for 1 h. 

The flowchart of the single cell preparation was shown in Fig. 3.1. 

3.3 Preparation of Thermocouple 

     C, C11N, CZ, C9N6S and N wires are cleaned by putting into ethanol and then 2 

vol % diluted hydrochloric (HCl) acid for removing oxide layer on the wire surface. Then 

dry the samples in vacuum chamber for preventing from oxidation.  

     Five types of thermocouple were prepared Twisting and welding methods [45] was 

used in this study in order to increase the strength of coupling point and to prevent 

separation of two metal wires. Two wires were twisted in one end and welded by a fine-

wire welder (MINI-2K5A-2, Thermoway Ind. Co, Ltd. (菘啟), Taiwan). After that, the 

thermocouple was put into a alumina tube (inside diameter: 6.50 mm) as an electric 

insulation layer.  

 

3.4 Property Characterization 

3.4.1 Sedimentation Test 

     NiO, CuO, 8YSZ and MCMB powders are the anode materials used in this study. 

In order to disperse powders and mix homogeneously, the slurries of sedimentation test 
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were using water or alcohol based solutions. Slurries with different dispersant (D-134, 

Darvan C) were prepared in a solid loading of 5 vol% and dispersant content of 1 wt% 

based on the mass of powder. After ball-milled 24 h, the slurry was poured into volumetric 

glass cylinder to be measured the origin height (Ho) of the slurry and the final height (Hf) 

of the suspension. A plot of Hf/Ho versus sedimentation time (t) was plotted to determine 

which solvent was better for dispersing powder.  

 

3.4.2 XRD Analysis 

     Crystallographic properties were examined by X-ray diffractometry (TTRAX 3, 

Rigaku, Japan) using Cu Kα radiation. Diffraction patterns were collected from 2θ

ranging between 10 o and 90 o at a scan rate of 4 o min-1 in a step of 0.02 o. 

 

3.4.3 SEM Analysis 

     Scanning electron microscope (JSM 6510, JEOL, Japan) was used to analyze the 

surface morphology by secondary electron image (SEI) mode. Qualitative and 

quantitative analyses of sample composition were conducted by energy-dispersive X-ray 

spectroscopy (EDS, Oxford Instruments, UK). 
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3.4.4 Density Measurement 

     The density of bulky sample could be determined by Archimedes’ method. The 

bulky density Db was calculated as below.  

          Db =
𝑤𝑤1×𝜌𝜌𝑤𝑤
𝑤𝑤2−𝑤𝑤3

 ………………………………………………………(3.1),  

where W1 = the mass of dried sample in air,  

     W2 = the mass of the sample including the water filled in open pores,  

     W3 = the mass of the sample immersed in the water,  

     𝜌𝜌𝑤𝑤 = density of water (g/cm3). 

     First, ultrasonicating the sample surface in water bath; Then putting the sample on 

the sieve all immersed under the water surface to measure W3; Afterward, taking out the 

sample and putting on an electronic balance to get W2; Finally, drying the sample in oven 

and weighing it again to get W1. As a result, Db can be calculated by Eq. (3.1). The relative 

density and porosity could be measured from Db/Dth and 1- Db/Dth (Dth is the theoretical 

density).  

 

3.4.5 Thermogravimetric Analysis (TGA) 

     Reducibility of anode materials and thermally reactions can be quantified by a TGA 
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test (STA 449 F3 Jupiter, Netzsch). It was conducted to identify H2 and CH4 consumption 

of a fuel flowing through Ni-Cu based anode materials. 200 mg samples were put into 

Al2O3 crucible preheated from room temperature to 120 oC and hold for 10 min in N2 in 

order to eliminate the water on the powder surface. Without taking out from instrument, 

the sample was heated to 700 oC at 10 oCmin-1 in a fixed ratio of 20% H2 or 20% CH4. 

The mass loss of sample was recorded during the heating process as well as consumption 

of H2 and CH4. Oxidation of five metal wires were analyzed by Differential Scanning 

Calorimetry (DSC, TA Q600, TA, US). The heating process is from room temperature to 

800 oC in air and heating rate is 10 oCmin-1. 

 

3.4.6 Permeability Test 

     Gas permeability of anodes was measured by previous mentioned Forchheimer 

equation and tested in the equipment shown in Fig. 3.2. The disk of sample was put on a 

zirconia tube and sealed by ceramic paste at 700 oC in hydrogen atmosphere. Then a gas 

flow of methane was reformed at 650 oC for 2 h. In order to observed the difference of 

permeability before and after reacting with the methane. The flow rate and pressure drop 

was recorded by a flowmeter and pressure gauge. Furthermore, a gas product was 

collected at either 300 oC, 600 oC or 650 oC in every 30 min to test catalytic properties of 

anode.    
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3.4.7 Gas Chromatography   

     The gaseous products of CH4 and H2 were analyzed by two chromatography/ 

thermal conductivity detector analyzers (GC/TCD, 8900GC, China Chromatography Co., 

Taipei, Taiwan). The GCs are installed with the same packed columns (60/80 Carbonxen-

1000, 15 ft × 1/8 in SS, Sigma-Aldrich, Saint Louis, MO, USA). Different carrier gases 

of helium (He) for the analyses of CH4 and argon (Ar) for that of H2 were used, 

respectively. The concentrations of every gaseous species were calculated by the obtained 

calibration curves. 

 

3.4.8 Conductivity Measurement  

     A DC four-probe method was used to measure the current and voltage of wire and 

anode samples, which is shown in Fig. 3.3. The resistance is calculated by eqs. (3.2), (3.3) 

and (3.4). 

σ = 1
ρ
  ……………………………………………………….. (3.2), 

R = ρ l
A
  ……………………………………............................ (3.3), 

R =  V
I
  ………………………………………………………..(3.4), 

where 𝜎𝜎 is the conductivity (Scm-1), ρ is the resistivity (Ωcm), R is the resistance (Ω), 

V is the voltage (Volt), I is the current (Amp), l is the length (cm) of the wire sample, and 
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A is the cross-section of the sample (cm2). Table 3.2 shows the diameter and length of the 

sample wires.  

     After four probes of testing electrodes connected to the wire surface, a current of 

2.00 Amp, the voltage (V) shown on the four-probe machine was recorded. Then we 

heated the sample step-by-step to 700 oC in an interval of 50 oC, and recorded the 

conductivity at different temperatures.  

 

3.4.9 Thermopotential measurement 

In this experiment, thermocouple was heated from room temperature to 700 oC to 

measure thermopotential and Seebeck coefficient for finding suitable thermocouple used 

in SOFC operating temperature. Then thermocouple was tested at 200 oC, 400 oC, 650 oC 

in a furnace and last for more than 100 h. The change of thermopotential was recorded so 

that we can observed the deterioration of thermocouple.  

     The measurement of thermocouple were also tested in two situations. One is put 

the thermocouple in a furnace at a constant temperature (200 oC, 400 oC, and 600 oC), the 

other one is put the thermocouple in a furnace and heating up from room temperature to 

a specified temperature (200 oC, 400 oC, and 600 oC). Then start to record the 

thermopotential when the furnace reached the temperature. From the potential change, 

we can know how long thermopotential takes to get stable. 
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3.4.10 Thermal Expansion Analysis (Dilatometer, DIL) 

The volume changes of sample caused by expansion and shrink during 

heating/cooling process was measured by a dilatometer (LINSEIS, L75HS 1600C). The 

coefficient of Linear and volume thermal expansion (CTE) is calculated by Eqs. (3.5) and 

(3.6) as below. 

α =
1
𝐿𝐿
∙
∆𝐿𝐿
∆𝑇𝑇

… … … … … … … … … … … … … … … … … … … … … … … … … (3.5) 

γ = 1
𝑉𝑉0
∙ ∆𝑉𝑉
∆𝑇𝑇

= 3
𝐿𝐿
∙ ∆𝐿𝐿
∆𝑇𝑇

… … … … … … … … … … … … … … … … … … … … . . (3.6) 
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Table 3.1 Abbreviation name of anode materials 

Sample Composition (mass%) 

N100Z CuO:NiO:8YSZ:MCMB = 0 :40:40:20 

C50N50Z CuO:NiO:8YSZ:MCMB = 20:20:40:20 

C100Z CuO:NiO:8YSZ:MCMB = 40:0 :40:20 
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 Table 3.2 Diameter and length of four Cu-based alloy and Ni wires  

Material Diameter (cm) Length (cm) 

C (Cu) 0.100 1.00 

CZ (Cu-38%Zn) 0.102 1.00 

C11N (Cu-11% Ni) 0.124 1.00 

C9N6S (Cu-9%Ni-6%Sn) 0.175 1.00 

N (Ni) 0.100 1.00 
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Fig. 3.1 Flowchart of single cell preparation.  
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Fig. 3.2 Schematic diagram of GC and permeability test. 
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Fig. 3.3 Schematic diagram of four probe conductivity test. 
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Chapter 4 Results and Discussions 

4.1 Electric Properties of Cu-based Alloy 

4.1.1 Conductivity of Cu-based Alloy 

     DC four-probe method are used to measure the conductivity of Cu alloy wires from 

room temperature to 700 oC in air. Fig. 4.1 shows the electrical conductivities of C, C11N, 

CZ, and N wire samples. As the temperature increases, the conductivities of these four 

wires decrease. The same phenomenon was found in Wolff’s reports [46].  

The bandgap of metals is generally small and thus the electrons can easily jump to 

conduction band. However, thermal motion caused by increasing temperature makes the 

electrons scatter and disturb their mean free path. As a result, drift velocity and mobility 

of the electrons decrease [47]. So that the conductivity of metal decreases when 

temperature rises. The theoretical conductivity of Cu and Ni metal are 59.6 × 106 S·m-1 

and 14× 106 S·m-1, respectively [1]. While the conductivity of Cu and Ni wires of this 

measurement is 59.2 × 106 S·m-1 and 13.5× 106 S·m-1 at room temperature. The measured 

values are 0.67% and 3.57% lower than the theoretical values. That may be possibly due 

to impurity (mainly oxygen content) in the wires. The conductivity of the Cu wire at 650 

oC was 16.9 × 106 S·m-1 and decreased 71.5%. In contrast, the conductivity of the Ni wire 

at 650 oC was 3.07 × 106 S·m-1 and decreased 77.4%. Therefore, Cu wire is more suitable 

using as current collector than the Ni.  

doi:10.6342/NTU201802084



 38 

The conductivity of pure Cu wire is obviously decreased as temperature 

increasing, different from that of C11N and CZ wire samples. The conductivity of C11N 

and CZ samples are 5.36 × 106 Ω-1·m-1 and 10.57 × 106 Ω-1·m-1 at room temperature, 

respectively. The conductivity degradation of these two samples tested at 650 oC are 

19.3% and 36.2%. The reason for the different electrical performance between pure Cu 

and Cu alloys may be due to grain growth of Cu-based materials and surface oxidation of 

the wires during testing. 

In the Arrhenius form diagram, electrical conduction mechanism of C, C11N, CZ 

and N are showed in Fig. 4.2. Different activation energy (Ea) indicates different electrical 

conduction mechanism. The curves of C and N are complicate. The reason may due to 

surface oxidation or changes in microstructure. However, both C11N and CZ data shows 

only one slope, implying activation energy level from low to high temperature. As a result, 

C11N and CZ are electronic conductive dominant. And the Ea of C11N and CZ are 

3422.99 Jmol-1 and 2512.20 Jmol-1, respectively. 

Fig. 4.3 shows electrical conductivities of C, C11N and CZ wire samples tested at 

room temperature in different curvatures. In this test, 10 cm wires are bent into circle with 

three different curvatures: 2.5 mm, 3.35 mm and 5.5 mm. As the curvature decrease, the 

conductivity of pure Cu decreases. While the conductivities of C11N and CZ are slightly 

rising and then declined in considering the data variation. The reason of the conductivity 
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increase is not known yet. The deviation of Cu alloy conductivity is small, so the 

conductivity decrease at different curvatures is significant. This may be caused by 

different hardness or/and Young’s modulus of C, C11N and CZ.   

In Haung’s report [48], the hardness of C, CZ, C11N and C9N6S are tested by 

Vickers test in air at room temperature. The data are shown in Table 4.1. The hardness of 

the as-received C, C11N, CZ and C9N6S are 1.86 GPa, 2.38 GPa, 2.98 GPa and 3.93 GPa, 

respectively. And their Young’s modulus are 89.9 GPa, 126 GPa, 103 GPa and 112 GPa. 

Copper has lowest Young’s modulus and hardness. When copper wire was bent, there 

might generate more dislocations and resulted in a lower conductivity. Thus, the 

conductivities of two copper alloys are more stable when curvature is changed.  

Five wires are tested by TGA analysis in air from room temperature to 800 oC so 

as to observe the oxidation reaction. The weight increments from high to low are C, C11N, 

C9N6S, CZ and N, as shown in Fig. 4.4 (a). The DSC results are shown in Fig. 4.4 (b). 

After temperature was higher than 200 oC, all of the wires started to oxidize and had 

exothermic peak. 

 

4.1.2 Seebeck coefficient of Thermocouples 

In order to measure temperature in SOFC or metal mold, Cu-based wires were 

welded in couple (made into 5 thermocouples). To record thermopotential of the 
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thermocouples at different temperatures and calculate Seebeck coefficient for observing 

temperature sensitivity of thermocouple.  

Fig. 4.5 shows the thermopotential of five thermocouples heating from room 

temperature to 700 oC. The thermopotential rose as temperature increased. The reason is 

that the amount of excited electrons are increasing in high temperature side. This caused 

different numbers of conducted electrons to be higher between cold side and hot side, 

then the thermopotential increased. 

The relationship between thermocouple and temperature difference can be written 

as 

E= A + B(∆T) + C(∆T)2………………………….(4.1), 

Where E is thermopotential in specific temperature (mV), A, B and C is experimental 

value, ∆T  is temperature difference between cold and hot sides. Then Seebeck 

coefficient is obtained by differentiating Eq. (3.1), 

S= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

………………………………………………(4.2). 

Fig. 4.6 shows the Seebeck coefficient of five thermocouples at different 

temperatures. The values also represent the temperature sensitivity of thermocouples. 

From high to low, the Seebeck coefficient of C-C11N, C11N-CZ, C-C9N6S, C-N and C-

CZ at 650 oC is 0.0614 mVk-1, 0.0603 mVk-1, 0.0398 mVk-1, 0.0326 mVk-1 and 0.0032 

mVk-1. Thus, C-C11N has best temperature sensitivity in the range 450 oC to 700 oC. 
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Besides, C-CZ is not suitable as a thermocouple for its low Seebeck coefficient. 

 

4.1.3 Short-term Thermopotential of Thermocouples 

One of the purposes of the thermocouple development in this study is for in-situ 

measurement of temperature. Fig. 4.7, Fig. 4.8 and Fig. 4.9 show the thermopotentials of 

these three types of thermocouples tested at 200 oC, 400 oC and 600 oC in 5 min from test 

starts.  

In Fig. 4.7(a), the thermopotentials of C-C11N, C-CZ , C-C9N6S, C-N and C11N-

CZ thermocouples tested at 200 oC are 3.30 mV, 0.31 mV, 2.67 mV, 2.54 mV and 3.57 

mV, respectively. They were all gradually increased to reach their steady state. Compared 

to Fig. 4.5, the variation of these four samples are 3.30%, 3.13%, 0.26%, 2.68% and 

2.94%. However, the thermopotential of C11N-CZ has tested three times and has big 

error in Fig. 4.7(b) . This may be caused by needle crystal of ZnO, which has mentioned 

in Zhou’s report [26]. 

Thermopotentials of C-C11N, C-CZ, C-C9N6S, C-N and C11N-CZ thermocouples 

tested at 400 oC are9.58 mV, 0.87 mV, 7.42 mV, 7.73 mV and 10.59 mV as shown in Fig. 

4.8. The variation of them are 1.7%, 3.85%, 1.55%, 1.53% and 6.29%. Meanwhile, the 

thermopotentials of C-C11N, C-CZ, C-C9N6S, C-N and C11N-CZ thermocouples tested 

at 600 oC are 20.20 mV, 1.422 mV, 13.96 mV, 12.98 mV and 20.13 mV respectively, as 
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shown in Fig. 4.9. The deviation of the thermocouples are 1.39%, 0.72%, 1.65%, 1.89% 

and 1.04%. In summary, the deviation of C-CZ, C-C11N, C-N and C-C9N6S at 200 oC, 

400 oC and 600 oC are smaller than 5.00 %, which is capable of doing temperature sensing 

and has a short response time. In contrast, C11N-CZ showed huge error bar and deviation 

at low temperature.  

  

4.1.4 Long-term Thermopotential of Thermocouples 

In order to understand the time effect on the degradation of thermopotential. Three 

thermocouples including C-C11N, C-C9N6S, C-N and C11N-CZ were prepared and 

tested at 200 oC, 400 oC and 650 oC for more than 100 h. Fig. 4.10 shows the results of 

the time dependence test of thermo-potential of C-C11N and C11N-CZ thermocouples at 

200 oC in air. The thermopotential of C-C11N and C11N-CZ are 3.57 mV and 3.30 mV 

after 16 days. The change of thermopotential in the two materials are, 1.97% and 3.80%, 

respectively.  

In Fig. 4.11, the thermopotentials of C-C11N, C-C9N6S, C-N and C11N-CZ 

tested at 400 oC are 10.03 mV, 6.69 mV, 7.79 mV, 10.59 mV, respectively. The variation 

of these four samples are 5.68%, 4.48%, 1.14%, and 1.51%. Meanwhile, the 

thermopotentials of C-C11N, C-C9N6S and C-N thermocouples tested at 650 oC are 

23.53 mV, 14.68 mV and 14.47 mV, as shown in Fig. 4.12. The variation of them are 
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1.48%, 1.23% and 1.24%. Both have less drift in thermopotential at 650 oC, which is 

feasible to apply as a temperature sensor on the anode of SOFC. 

After long term test at 650 oC for 100 h, the oxide layer of metal wires is visible 

to the naked eye. So, we also observed microstructure of C, C11N, C-C9N6S and N before 

and after the test in Fig. 4.13. The surface of copper wire before heat treatment is much 

smoother than after heat treatment, which are shown in Fig. 4.13 (a) and (b). The oxide 

layer may be peeled off because of grinding. In Fig. 4.13 (d) and (f), the average thickness 

of C11N and C9N6S oxide layer are 4.72 μm and 48.38 μm. Tin is easier to oxide than 

copper and nickel. So, C9N6S has thicker oxide layer after long term test. And the 

oxidation of nickel wire is not obvious in Fig. 4.13 (h). However, all of these four wires 

have sufficient metal content to translate electron and maintain stable thermopotential.  

To choose optimal thermocouple and conductivity of wires, there are four criteria: 

(1) High Seebeck coefficient for temperature sensitivity, (2) less response time, (3) less 

drift of thermopotential in long-term test, and (4) less change of microstructure at 650 oC. 

Therefore, C-C11N is the best thermocouple to match these requirements, C-C9N6S and 

C-N are the second and third choice. 
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Table 4.1 Young’s modulus and hardness of Cu-based alloys [courtesy by Yi-Ting, [48]] 

Sample Young’s modulus (GPa) Std. Hardness (GPa) Std. 

C 89.9 2.17 1.86 0.07 

CZ 103 2.54 2.98 0.15 

C11N 126 8.97 2.38 0.14 

C9N6S 134 3.26 3.93 0.31 

 

 

 

 

 

 

 

 

doi:10.6342/NTU201802084



 45 

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

60

C
on

du
ct

iv
ity

 (1
06 Ω

-1
m

-1
 )

Temperature (oC)

 C
 C11N
 CZ
 N

 
 

Fig. 4.1 Electrical conductivities of C, C11N, CZ and N wire samples tested from 
room temperature to 700 oC in air. 
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Fig. 4.2  Arrhenius plots of σT versus 1/T of four wires.  
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Fig. 4.3 Electrical conductivities of C, C11N and CZ wire samples in different 
curvatures tested at room temperature. 
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Fig. 4.4 (a) TGA and (b) DSC analysis result of five wires (C, C11N, C9N6S, CZ, and 
N) in air.  
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Fig. 4.5 Thermopotential plotted against temperature of five thermocouples. 
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Fig. 4.6 Seebeck coefficient versus temperature of three thermocouples. 
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Fig. 4.7 (a) Thermopotentials of five types of thermocouples tested at 200 oC in first 5 
min.(b) There are big variations on C11N-CZ when test three times.  
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Fig. 4.8 Thermopotentials of five types of thermocouples tested at 400 oC in first 5 min.  
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Fig. 4.9 Thermopotentials of five types of thermocouples tested at 600 oC in first 5 min. 
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Fig. 4.10 Time dependence test of thermo-potential of C-C11N and C11N-CZ 
thermocouples at 200 oC in air.  
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Fig. 4.11 Time dependence test of thermo-potential of C-C11N, C -C9N6S, C-N and 
C11N-CZ thermocouples at 400 oC in air.  
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Fig. 4.12  Time dependence test of thermo-potential of C-C11N,C-C9N6S and C-N 
thermocouples at 650 oC in air.  
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Fig. 4.13 Microstructure of four wires (a) and (b) C, (c) and (d) C11N, (e) and (f) 

C9N6S, (g) and (h) N before and after heat-treated at 650 oC for 100 h in air.  

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

doi:10.6342/NTU201802084



 58 

 

4.2 Properties of Anode 

Five different powders, CuO, NiO, 8YSZ-D, 8YSZ-T and MCMB (used as pore-

former) were mixed to make anode powders. Table 4.2 Properties of raw powdersshows 

the basic properties of those five powders. In order to get optimal Cu-Ni based anode, 

dispersion, sintering, catalytic and conductivity properties are tested in this study. 

 

4.2.1 Dispersion Properties 

Powders should be well-dispersed to increase the triple phase boundary of anode. 

In Chen’s [43] report, NiO, 8YSZ and MCMB had been tseted in three solutions for 200 

h. Three powders all performed good dispersive properties in 95% ethanol, which was 

shown in Fig. 4.14. However, in two water-based solutions, Hf/H0 of NiO and 8YSZ 

decreased about 20% and 5%, respectively. MCMB had worst dispersive property in 

water-based solution, floating on the top of solution (Table 4.3). 

Then we measured the sedimentation properties of CuO powder in four different 

solutions and dispersants. The slurries were ball-milled for 24 h before poured into 

volumetric cylinder to have sedimentation test. Best dispersive condition was determined 

by a higher value of Hf/H0. Fig. 4.15 shows that DI water with both 1 wt% D-134 and 1 

wt% Darven C dispersant are good dispersing media for CuO powder. In contrast, ethanol 
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and ethanol with 1wt% PVB are not as good as the aqueous cases for CuO powder. Thus, 

we choose DI water with 1wt% D-134 to disperse CuO powder and 95% ethanol to 

disperse NiO, 8YSZ for homogeneous mixing. 

 

4.2.2 Porosity of Anode 

      In previous reports [49, 50], the best porosity range of anode should be 30 vol% 

to 40 vol% so the gaseous molecules of fuel can diffuse to reaction interface. In order to 

obtain optism anode formula, different weight percents of MCMB were added to increase 

open pores. The Archimedes’ method was adopted to measure the density and porosity of 

the anode.The theoretical densities of N100Z, C50N50Z and C100Z can be calculated as 

following equations.  

𝐷𝐷𝑁𝑁100𝑍𝑍 = 100 𝑔𝑔
50 𝑔𝑔

6.67 𝑔𝑔/𝑐𝑐𝑚𝑚3+
50 𝑔𝑔

5.9 𝑔𝑔/𝑐𝑐𝑐𝑐3
= 6.26 𝑔𝑔/𝑐𝑐𝑚𝑚3………………………………(4.3), 

𝐷𝐷𝐶𝐶50𝑁𝑁50𝑍𝑍 = 100𝑔𝑔
25 𝑔𝑔

6.31 𝑔𝑔/𝑐𝑐𝑚𝑚3+
25 𝑔𝑔

6.67 𝑔𝑔/𝑐𝑐𝑚𝑚3+
50 𝑔𝑔

5.9 𝑔𝑔/𝑐𝑐𝑐𝑐3
= 6.18 𝑔𝑔/𝑐𝑐𝑚𝑚3……………….....(4.4), 

𝐷𝐷𝐶𝐶100𝑍𝑍 = 100 𝑔𝑔
50 𝑔𝑔

6.31 𝑔𝑔/𝑐𝑐𝑚𝑚3+
50 𝑔𝑔

5.9 𝑔𝑔/𝑐𝑐𝑐𝑐3
= 6.10 𝑔𝑔/𝑐𝑐𝑚𝑚3…………………………...…..(4.5). 

The porosities of three anodes sintered at different temperatures with 20 wt% poreformers 

are shown in Fig. 4.16. The porosity of N100Z sintered at 1500 oC for 1 h is 31%, which 

meets the requirement. While the porosity of C50N50Z sintered at 1100 oC to 1400 oC is 

about 55%, due to a low melting point of CuO. In order to reduced the porosity of C50N50Z, 

various percentages of MCMB were added. Fig. 4.17 shows the porosity of C50N50Z with 
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different amount of MCMB sintered at 1300 oC or 1400 oC for 1 h. When the temperature 

is higher than 1300 oC, the porosity of C50N50Z is greatly affected by the amount of pore 

foremer, but not sintering temperature. The porosity of C50N50Z sintered at 1400 oC with 

10 wt% MCMB is 38.7%, and without MCMB is 25.4%. In order to compare the samples 

in similar porosity, N100Z, C50N50Z and C100Z were sintered at 1400 oC, 1200 oC and 1000 

oC for 1 h respectively, and observed in catalytic test. 

 

4.2.3 TGA Analysis of Anode Materials 

First, two powders (NiO and CuO) and three different types of anode (C100Z, 

C50N50Z and N100Z) were analyzed by TGA in two reducing atmospheres (N2-20% H2 and 

N2 -20% CH4) which are common fuels used in SOFC. Fig. 4.18 shows that NiO begins 

to lose it mass from 300 oC to 385 oC. While the mass of CuO decreases from 200 oC to 

275 oC. Mass loss of NiO and CuO are about 22.6% and 20.1%. The theoretical mass loss 

of NiO and CuO are 21.4% and 20.1%. The slight difference between theoretical and 

actual measured value may be due to water vapor evaporation. 

     When NiO was heated in CH4, it started to lose weight at 480 oC and slightly gain 

weight at 550 oC. The increasing weight may be caused by carbon deposition. There are 

two steps reduction reaction of CuO in CH4. First, 10% weight loss is from 350 oC to 465 

oC and the other is 8% weight loss from 465 oC to 600 oC This situation may result from 
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two kinds of reducing products: Cu2O and Cu. In this Fig. 4.18, we could know that CuO 

showed a higher chemical reactivity in both hydrogen and methane. 

     Fig. 4.19 and Fig. 4.20 show TGA analysis of three types of anode, a mixture of 

CuO or NiO with 8YSZ, which have been calcined at 1000 oC. C100Z and C50N50Z started 

to reduce at 200 oC and 190 oC in 20%H2-N2. Both of them complete the reduction at 300 

oC. The range of reducing temperature is similar to that of CuO powder in H2. While N2 

reduced from 350 oC to 700 oC in H2. Additive of 8YSZ may lower the speed of NiO 

reduction, but it didn’t affect the reduction speed of CuO. In methane atmosphere (Fig. 

4.20), all of three anodes begin to reducing their mass at 480 oC. However, C50N50Z and 

N100Z reversely gain weight at 545 oC and 590 oC, implying carbon deposition being 

initiated. Owing to a low capability of C-C formation by Cu, C100Z doesn’t have carbon 

deposition up to 700 oC. 

 

4.2.4 Catalytic Effects of Methane 

Before reacting with methane, NiO on anode should be reduced into metallic phase. 

In order to assure full reduction of the anode samples, the crystal phases of sintering disks 

were analyzed by XRD method. Fig. 4.21 is the XRD patterns of C100Z disk sintering at 

1000 oC and after reduced at 700 oC for 10 h. Before the reduction, there are three phases 

in C100Z, cubic-phase YSZ (a=5.139 Å), monoclinic ZrO2 (a= 5.3129 Å, b= 5.2125 Å, c= 
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5.1471 Å), and monoclinic CuO (a= 4.6853 Å, b= 3.4257 Å, c= 5.1303 Å). After the 

reduction, the peak of cubic Cu (a= 3.6150 Å) is found instead of CuO. The formation of 

ZrO2 monoclinic phase is resulted by the alloying of CuO. When the temperature is above 

900 oC, oxygen ions transfer from CuO lattice to oxygen vacancies of YSZ at the interface 

[51]. Then Y3+ ions move away from the YSZ lattice for the electrical neutrality. As a 

result, a non-conducting monoclinic-phase ZrO2 forms in C100Z.  

The porosity of C100Z and C100Z-R which sintered at 1000 oC is around 55% to 65%, 

as shown in Fig. 4.22 (a) and (b). In Fig. 4.22 (a), the small sphere particles are 8YSZ and 

the bigger particles are CuO. After reduction, the reduced Cu becomes smaller in size. 

The reason of increasing porosity after reduction can be explained by the change of their 

density. The volume shrinkage of CuO and NiO is shown as below. 

VCuO = 4.6853 Å×3.4257 Å×5.1303 Å×sin(𝜋𝜋−99.549°)−3.6150 Å3

4.6853 Å×3.4257 Å×5.1303 Å×sin(𝜋𝜋−99.549°)
= 0.418………(4.6), 

VNiO = 4.1771 Å3−3.5238 Å3

4.1771 Å3
=  0.400……………………………………(4.7), 

where 99.549o is the β angle of monoclinic CuO. 

  Fig. 4.23 and Fig. 4.24 show the XRD curves of C50N50Z and N100Z samples which 

have been sintered at 1200 oC and 1400 oC for 1 h, respectively. In addition to peaks of 

CuO, YSZ and m-ZrO2, C50N50Z has additional phase, a cubic structure of NiO (a=4.1771 

Å). After the reduction at 700 oC for 10 h, the peaks of ZrO2, NiO and CuO were 

disappeared. This implies that the Cu and Ni in C50N50Z-R is reduced to metallic phase. 
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C50N50Z-R also shows the solid solution of the Cu and Ni metals, matching to Cu-Ni 

phase diagram [47].  

The macrostructure of C50N50Z sintered at 1200 oC is shown in Fig. 4.25 (a). The 

grain size of C50N50Z is about 3 μm and the porosity is 51.9%. After reduced at 700 oC 

for 10 h, the porosity obviously increases to 58.1% by reduction of NiO and CuO. Some 

of small particles precipitate on the big grains, as shown in Fig. 4.25 (b). The small 

particles are Cu grains approved by EDS analysis. 

Fig. 4.24 is the XRD patterns of N100Z disk sintering at 1400 oC. In the same reducing 

condition, the XRD pattern of C100Z-R shows a fully reduction of NiO into cubic Ni (a= 

3.5238 Å). The porosity of N100Z is 45.3 % and 52.6% before and after reducing. The 

surface of N100Z sintered at 1400 oC is in Fig. 4.26 (a) and (b). The grain size is smaller 

than that of C50N50Z sintered at 1200 oC. Thus, by adding CuO into Ni-based anode may 

improve the sintering behavior and increase the grain growth.  

Following, three anode samples using methane were tested to observe the 

conversion behavior of methane through the anode and permeability change at 650 oC. 

Methane decomposition is following a main reforming reaction (CH4 → C + 2H2) which 

starts nearly at 700 oC without catalyst [52].  

    A flow rate of 10 ml.min-1 methane flows through the anode samples was conducted 

during the heating process from room temperatures to 650 oC and lasting for 2 h. Then 
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reformed gas was collected at 300 oC and 650 oC in every 30 min. Fig. 4.27 shows the 

content of H2 appearing in the gas product. The conversion temperature of CH4 by Ni 

metal can be improved to 650 oC, which is the operating temperature of IT- SOFC. The 

degree of the conversion of CH4 from high to low is N100Z, C50N50Z and C100Z. There is 

almost none of H2 conversion when the methane flows through the C100Z. 

The content of H2 produced in reforming of CH4 through N100Z is up to 35.1% 

when temperature reach 650 oC, and H2 reduces as the time went by. It might be caused 

by coke formation on the anode. While the initial H2 content of C50N50Z is 11.3% at the 

beginning, but it increases to 33.06% after 90 min and slight decreases to 30.16% as the 

time increases to 120 min. As a result, N100Z has a highest ability to converse methane 

into H2. However, the conversion rate cannot last for long in N100Z due to coking. In 

contrast, C50N50Z has a stable conversion rate in this 2 h thermal process. Therefore, we 

may be selected C50N50Z mixture as our anode material. 

In order to know the degree of carbon deposition, permeability of the anode was 

tested using nitrogen as a medium. The viscosity of nitrogen is 17.643 μPa∙s and the 

density is 1.251 kg/𝑚𝑚3 [52]. In this study, Forchheimer number F0 is in the criterion for 

non-Darcy flow. Thus, we use Forchheimer equation, Eq. (2.9) to fit the data shown in 

Fig. 4.28 (a) and (b). The figure shows the pressure drop across N100Z sample plotted 

against the velocity of nitrogen. The value is higher as velocity increased and shows 
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parabolic relationship. We can get the permeability of N100Z before and after reacting 

with CH4 are 11.95× 10−13 and 2.08× 10−13, which are shown in Table 4.4. It is 5.75 

times less after reacting with methane for 2 h. 

Compare to N100Z, the permeability of C50N50Z before and after reacting with CH4 

are 155.93× 10−13 and 7.37× 10−13. It is 21.16 times less after reacting with methane 

for 2 h. This result implies that two samples have carbon deposition in this study. 

However, the permeability of C50N50Z after reforming CH4 is much higher than that of 

N100Z. This may be the reason why the H2 content passing C50N50Z is stable for 2 h in the 

GC analysis. Apart from this, we also investigate the carbon deposition from a kinetic 

point of view. Fig. 4.29 shows the pressure front of the sample plotted against the reaction 

time during the 2 h thermal process. The speed of increasing pressure can imply the rate 

of carbon deposition. The pressure (P) of C50N50Z gradually increases in 2 h. In contrast, 

the pressure of N100Z increases faster than that of previous C50N50Z in the first h and 

reaches a balance in 1.5 h. There may be no contact area between anode and CH4 after 

1.5 h. The carbon deposition rate of N100Z is much faster than that of C50N50Z. Thus, the 

C50N50Z is a candidate anode material to use in hydrocarbon fuels.  

 

4.2.5 Electrical Conductivity of Anode 

    Conductivity is an important criterion for an anode of SOFC. In order to have good 
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conductivity at operating temperature of SOFC, the content of Ni and Cu in anode should 

be more than 40 vol% and 20 vol%, respectively [53, 54]. In this study, N100Z sintered at 

1500 oC with 20 wt% MCMB and C50N50Z sintered at 1300 oC without MCMB were 

tested by a four-probe method. Fig. 4.30 shows the electrical conductivity of N100Z (31% 

porosity) is 482.75 Scm-1 at 650 oC and 363.52 Scm-1 at 800 oC. The activation energy of 

N100Z is -2.06 kJmol-1. While C50N50Z has a higher electrical conductivity because of its 

lower porosity. The electrical conductivity is 1503.37 Scm-1 at 650 oC and 959.60 Scm-1 

at 800 oC. However, the activation energy of C50N50Z is -6.46 kJmol-1, higher than N100Z. 

They are both valid to use as anode materials. Therefore, we tried to use C50N50Z and 

N100Z for making single cell in the following section. 
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Table 4.2 Properties of raw powders for anode 

 CuO NiO 8YSZ-T 8YSZ-D MCMB 

Density (g/cm3) 6.31 6.67 5.9 5.9 2.18 

Atomic weight 79.55 74.69 131.42 131.42 12 

D50 (μm) 3.037 1. 0 ±0.5 230 nm 0.279 21±3 

BET (m2/g) 13.2 77.6 7±2 7-10 <1.2 
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Table 4.3 Dispersion results (Hf/H0) of NiO, 8YSZ and MCMB [courtesy by Mu-Min, 

[43]] 

Powders H2O + Darven C H2O + D-134 95% Ethanol 50% Ethanol 

NiO 78% 80% 100% 100% 

8YSZ 95% 96% 100% 100% 

MCMB Floating  Floating  100% 99% 
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Fig. 4.14 Sedimentation height ratio (Hf/H0) of 8YSZ, NiO and MCMB slurries using 

95% ethanol plotted against sedimentation time. 
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Fig. 4.15 Sedimentation height ratio (Hf/H0) of CuO slurries in four solvents plotted 

against sedimentation time.. 
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Fig. 4.16 Porosities of N100Z, C50N50Z and C100Z samples with 20 wt% pore former 

(MCMB) sintered at different temperatures. 
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Fig. 4.17 Porosities of C50N50Z samples sintered at selected temperature versus different 

amounts of pore former in anode formulation. 
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Fig. 4.18 TGA test results of CuO or NiO powder in specified reducing atmosphere, 

either N2-20% H2 or N2-20% CH4. 

 

 

 

 

W
ei

gh
t (

%
) 

doi:10.6342/NTU201802084



 74 

100 200 300 400 500 600 700
88

90

92

94

96

98

100
W

ei
gh

t L
os

s 
(%

)

Temperature (oC)

 C100Z
 C50N50Z
 N100Z

 

Fig. 4.19 TGA test of C100Z, C50N50Z and N100Z disks reduced in N2-20% H2. 
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Fig. 4.20 TGA test of C100Z, C50N50Z and N100Z disks reduced in N2-20% CH4. 

 

 

 

 

 

W
ei

gh
t (

%
) 

doi:10.6342/NTU201802084



 76 

10 20 30 40 50 60 70 80 90







  



 
 





 CuO
 Cu
 C-YSZ
m-ZrO2

C100Z-R

In
te

ns
ity

2θ

C100Z

 

Fig. 4.21 Crystal phase identification of C100Z anode before and after reduction. 
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Fig. 4.22 SEM micrographs of top view of anode disks, (a) C100Z sintered at 1000 oC, 

(b) after reduced at 700 oC for 10 h. 
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Fig. 4.23 Crystal phase identification of C50N50Z anode before and after the reduction. 
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Fig. 4.24 Crystal phase identification of N100Z anode before and after the reduction. 
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Fig. 4.25 SEM micrographs of top view of C50N50Z anode disks, (a) sintered at 1200 oC, 

(b) after reduced at 700 oC for 10 h.   
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Fig. 4.26 SEM micrographs of top view of N100Z anode disks, (a) sintered at 1400 oC, 

(b) after reduced at 700 oC for 10 h.   
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Fig. 4.27 Content of H2 in reacting gas (CH4) through three anodes C100Z, C50N50Z and 

N100Z at 650 oC in 2 h. 
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Fig. 4.28 Pressure drop across N100Z and C50N50Z sample plot against velocity of N2 

before and after reacting with CH4 at 650 ℃ in 2 h 
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Table 4.4 Permeability of two anodes before and after carbon deposition 

Sample 𝛽𝛽𝛽𝛽(109) 𝜇𝜇
𝑘𝑘
(106) 

𝑘𝑘(10−13) 

N100Z-R-CH4 129.558 84.9489 2.08 
N100Z-R 55.735 14.7585 12.0 
C50N50Z-R-CH4 23.3021 23.9477 7.37 
C50N50Z-R 8.62875 1.13144 156 
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Fig. 4.29 Pressure head of the reactor plotted against deposition time showing the 

kinetics of coking reaction of C50N50Z and N100Z in CH4 at 650 oC. 
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Fig. 4.30 Arrhenius plot of electric conductivity of N100Z sintered at 1500 oC with 20 

wt% MCMB and C50N50Z sintered at 1300 oC without MCMB.  
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4.3 Fabrication and Characterization of Half-Cell 

4.3.1 N100Z Anode Supported Cells  

Thin electrolyte layer was made by using spin-coating method in this study. Since 

a strength > 3MPa of porous anode disks is needed, N100Z are pre-sintered at 1000 oC and 

the porous microstructure is shown in Fig. 4.31. There are varying sizes of pores caused 

by a burn-out of MCMB. The average size of the pores measured by smile view software 

is 12.4 μm and the biggest one is 33.6 μm. The diameter of a N100Z anode sintered at 

1000 oC is 29.2±0.5 mm and the linear shrinkage is 2.60±1.67%. 

According to previous results in our lab [44], the addition of 8YSZ-N layer is 

valid to flatten the surface and decrease the contact and polarization resistances. After 

pre-sintered at 1000 oC, the anode substrates of N100Z was spin-coated with a layer made 

of 1 wt% nano-sized 8YSZ-N slurry. The medium particle size (D50) of 8YSZ-N is about 

60 nm, which can fill in the pores on the anode. Fig. 4.32 (a) and (b) show the surface 

becomes smoother after co-sintered at 1000 oC. However, some cracks and pores 

appeared on the surface of the disks at 1400 oC, as shown in Fig. 4.32 (c) and (d). Fig. 

4.32 (e) also shows the cross-section of the anode with 1 cycle spin-coated 8YSZ-N. The 

average thickness is 2.0 ± 0.2 μm. As the sintering temperature increases, the cracks 

and pores grow bigger. To prevent fuel leakage, more than one layer 8YSZ electrolyte are 

doi:10.6342/NTU201802084



 88 

needed in this study. 

To make dense electrolyte, co-sintering process plays an important role. Since 

thermal stress will be generated by the mismatch of anode and electrolyte in the sintering 

shrinkage and lead to cracking of the electrolyte layer. The total shrinkage of anode and 

electrolyte should match each other. For determining the thermal processing steps of co-

sintering, and selecting suitable 8YSZ powders, the shrinkage behavior of N100Z pre-

sintered at 1000 oC, then coating with 8YSZ-D (powder provided by Dai-ichi) and 8YSZ-

T (powder provided by Tosho) are shown in Fig. 4.33. The bulk samples were sintered 

from room temperature to 1500 oC at a heating rate of 5 oCmin-1 in air. The total shrinkage 

of N100Z, 8YSZ-D and 8YSZ-T at 1500 oC are 21.45%, 17.76% and 20.18% in Fig. 4.33 

(a), respectively. The average particle size of 8YSZ-T powder is smaller than that of 

8YSZ-D. Smaller particle size and narrow size distribution of 8YSZ-T help sintering. So, 

the shrinkage of 8YSZ-T is greater than 8YSZ-D, and closer to N100Z. One the other hand, 

the linear shrinkage rate also takes into consideration in the heating process. Fig. 4.33 (b) 

shows that N100Z and 8YSZ-T starts to shrinkage at 1000 oC. But the linear shrinkage rate 

of 8YSZ-T is faster than that of N100Z below than 1350 oC and slower after reaching 1350 

oC. While the shrinkage of 8YSZ-D begins at 1100 oC because of its particle 

size/distribution, the linear shrinkage rate of 8YSZ-D is similar as N100Z when the 

temperature is higher than 1350 oC.  
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Because both of 8YSZ-D and 8YSZ-T have pros and cons. 8YSZ-D and 8YSZ-T 

were separately made into 5wt% slurry with ethanol and ball-milled for 24 h. Then N100Z 

anode substrate was spin-coated 2 cycles with the slurries. There are big cracks been 

observed on the surface of 8YSZ-D in Fig. 4.34 (a). Meanwhile, the top view of 8YSZ-T 

shows no big cracks after sintered at 1400 oC in Fig. 4.34 (b). However, there are still 

small pores when 8YSZ-T sintered at 1400 oC.  

Fig. 4.35 (a), (b) and (c) show 8YSZ-T sintered at 1400 oC, 1450 oC and 1500 oC. 

When the temperature increased, the pores reduced as sintering theory described. The 

grains grew obviously at 1500 oC. Fig. 4.35 (d) also shows that 8YSZ-T is dense and the 

average thickness of electrolyte layer is 6.7±1.3 μm. Thus, 8YSZ-T was chosen to be 

the electrolyte material compatible with the anode N100Z. The diameter of N100Z disk co-

sintered at 1500 oC was 22.2 ±0.2 mm. The shrinkage was 24.20±0.51%, and slightly 

higher than the DIL results because it hold for 1 h at the sintering temperature.   
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Fig. 4.31 SEM micrographs of surface morphology of N100Z anode pre-sintered at 1000 

oC (a) 200×, (b) 2500×. 
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Fig. 4.32 SEM micrographs of the top view of N100Z anode with one layer of 8YSZ-N  

sintered at 1000 oC for 1 h, (a) 200×, (b) 2500×, and sintered at 1400 oC for 1 h (c) 200×, 

(d) 2500×, and (e) cross-section 
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Fig. 4.33 Shrinkage behavior (a) shrinkage and (b) shrinkage rate of 8YSZ-D, 8YSZ-T 

and N100Z presintered at 1000 oC with a heating rate of 5 oC min -1in air. 
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Fig. 4.34 SEM micrographs of top view of N100Z anode (a) with one layer of 8YSZ-N 

and two-layer 8YSZ-D sintered at 1400 oC, (b) with one layer of 8YSZ-N and two-

layer of 8YSZ-T sintered at 1400 oC. 
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Fig. 4.35 SEM micrograph of top view of N100Z anode with one layer of 8YSZ-N and 

two-layer 8YSZ-T sintered at (a) 1400 oC, (b) 1450 oC, (c) 1500 oC for 1 h and (d) 

cross-section sintered at 1500 oC. 
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4.3.2 C50N50Z Anode Supported Cell 

To prepare C50N50Z anode support cell, we tried to use same experimental 

procedure as N100Z. During the co-sintering process, CTE mismatch of anode and 

electrolyte may lead to cell warpage. We put a porous alumina plate on the sample to 

solve this problem. However, new phases CuAl2O4 and CuAlO2 begin to show when the 

temperature is higher than 1050 oC [55]. The C50N50Z would react with the alumina plate 

during co sintering process. Instead of that, a porous zirconia plate was used and nearly 

no sticking and reaction phases.  

       First, C50N50Z were pre-sintered at 900 oC, 1000 oC, and 1100 oC, the diameter 

of each is 29.2±0.05 mm, 27.80±0.20 mm and 25.65±0.10 mm, and the linear shrinkage 

is 2.67±0.17%, 7.33±0.67% and 14.5±0.35%, respectively. However, the strength of the 

disk by 900 oC is weak, and not suitable for being used in spin-coating process. For a 

better understanding of the differences in shrinkage behavior during heating, another two 

anodes were prepared and compared with 8YSZ-T.  

     The shrinkage and shrinkage rate are shown on Fig. 4.36. There is two-step 

shrinkage of C50N50Z. Before the temperature reaching 1130 oC, the shrinkage of C50N50Z 

pre-sintered at 1000 oC and 1100 oC are 8.83% and 2.18%. After that, the sample 

continued shrinking at a lower rate. However, both of them have less shrinkage than 

8YSZ-T. Fig. 4.36 (b) illustrates the shrinkage rate of C50N50Z pre-sintered at 1000 oC 
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and 1100 oC. The C50N50Z exhibits two maximums in shrinkage rate either at 1070 oC or 

1125 oC, indicating some reactions during the sintering process. According to Ran’s 

report [56], CuO starts to dissociate to Cu2O at 1030 oC. The volume of Cu2O is 

theoretically 12% less than that of CuO. So, we assume the first maximum is caused by 

the dissociation of CuO. While the melting point of Cu2O is around 1125 oC. The liquid 

phase is resulted in the enhancement of the shrinkage and show the second maximum. 

After 1200 oC, melted Cu2O starts to volatile. But there is only one maximum at 1315 oC 

in the curve of the densification rate of 8YSZ-T. 

     The shrinkage of C50N50Z pre-sintered at 1100 oC is too small to enhance the 

sintering of coated 8YSZ layer. So, we pre-sintered the anode at 1000 oC in the following 

test, which is shown in Fig. 4.37 (a). Then C50N50Z substrate was spin-coated with one 

layer of 8YSZ-N and two layers of 8YSZ-T, as shown in Fig. 4.37 (b). After sintered at 

1000 oC, the pores are fully covered by 8YSZ. In order to make a dense 8YSZ layer, we 

tried to co-sintered C50N50Z half-cell at 1300 oC, 1350 oC and 1400 oC, and concerned the 

melting point 1326 oC of CuO. The results are shown in Fig. 4.38, which show a top view 

and cross-section of C50N50Z half-cell sintered at 1300 oC. There are 8YSZ particles on 

the surface, which may be caused by the porous zirconia plate. Moreover, the pores made 

by MCMB are too big and hold not enough particles after the heating process.  

The thickness of 8YSZ layer on anode sintered at 1300 oC is around 2.27±0.91 μm. 
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As temperature increased to 1350 oC, the remaining 8YSZ grains grew but still some 

pores remained on the surface in Fig. 4.38 (c). The thickness of 8YSZ sintered at 1350 oC 

is around 3.07±0.80 μm. In Fig. 4.38 (e), the morphology of 8YSZ sintered at 1400 oC 

became different and the grains had grown obviously. This might be due to the diffusion 

and volatile of copper. From the cross-section of view, distortion of the electrolyte layer 

was observed when the temperature increased.  

      In order to improve the performance of C50N50Z anode supported half-cell. Two 

powders, C50N50Z without MCMB and C50N50Z with 5 wt% MCMB, were used as anode 

materials. Fig. 4.39 (a) shows that the C50N50Z half-cell without MCMB co-sintered at 

1200 oC appears no big pores on the 8YSZ surface. In Fig. 4.39 (c), C50N50Z half-cell 

with 5 wt% MCMB co-sintered at 1200 oC has same problems. The big pores made by 

MCMB still exist. The surface pores cannot be eliminated even if the temperature is 

increased to 1400 oC, as shown in Fig. 4.39 (e). In the cross-section of these two half-

cells, the thickness of C50N50Z half-cell without MCMB and with 5 wt% MCMB is 

6.40±1.60 μm and 4.8±0.4 μm, respectively. The lower the porosity, the thicker the 

electrolyte. In this test, a full densification of the 8YSZ electrolyte is difficult to achieve 

while co-sintering with C50N50Z anode.  
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Fig. 4.36 The Shrinkage behavior of 8YSZ-T and C50N50Z presintered at 1000 oC or at 

1100 oC at a heating rate of 5 oCmin-1 in air. 
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Fig. 4.37 SEM micrograph of top view of C50N50Z anode (a) pre-sintered at 1000 oC, (b) 

with one layer of 8YSZ-N and two layers 8YSZ-T sintered at 1000 oC. 

(a)
 

(b)
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Fig. 4.38 SEM micrographs of top view and cross-section of C50N50Z anode (with 20 wt%  

MCMB) spin-coated one layer of 8YSZ-N and two layers 8YSZ-T. (a) and (b) sintered at 

1300 oC, (c) and (d) sintered at 1350 oC, (e) and (f) sintered at 1400 oC. 
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Fig. 4.39 SEM micrographs of the top view and cross-section of C50N50Z anode spin-

coated one layer of 8YSZ-N and two layers of 8YSZ-T. (a) and (b) sintered at 1200 oC 

(without MCMB), (c) and (d) sintered at 1200 oC (with 5 wt% MCMB), (e) and (f) 

sintered at 1400 oC (with 5 wt% MCMB). 
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4.3.3 Improvement of C50N50Z Anode Supported Cell 

In previous section, C50N50Z anode material has several difficulties to co-sinter 

with 8YSZ electrolyte. First, the wetting properties of copper oxide are better than nickel 

oxide on 8YSZ. Without adding pore former, C50N50Z can form connecting pores which 

are an advantage for porous anode in SOFC. However, it also is a fatal flaw when using 

spin-coating method to fabricate 8YSZ electrolyte due to the pore size too big for 8YSZ 

particles bridging on it, so there still some pores remained on the surface of half-cell. 

Second, the shrinkage ranges of C50N50Z and 8YSZ-T is different in temperature. 

C50N50Z anode completely shrinkage at 1200 oC and while 8YSZ-T just start to shrinkage. 

For this reason, C50N50Z help 8YSZ-T to sintering, but not forming a dense electrolyte 

layer at 1200 oC. If sintering higher than 1200 oC, there might be large amount of copper 

diffusion and volatilization. Thus, we tried to use a NiO/8YSZ anode function layer (AFL) 

to solve these problems. 

C50N50Z anode without MCMB was first pre-sintered at 1200 oC (Fig. 4.40 (a)) 

and reduced in H2 at 600 oC for 1 h, as shown in Fig. 4.40 (b). The substrate will not 

shrink and influence the following process. Then, a slurry of AFL was prepared by ball-

milling NiO and 8YSZ-T powders in ethyl cellulose (a binder) and terpineol (a carrier) in 

a mass ratio of 15:15:2:68 for 24 h. The viscosity of NiO and 8YSZ-T slurry was increased 

to bridge on the big pores of C50N50Z anode. The AFL slurry was spin-coated 2 cycles 
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(5000 rpm, 60s) and sintered at 1000 oC. In Fig.4.41 (a) and (b), AFL has flattened the 

surface of C50N50Z anode and had an average thickness of 5.57±0.62 μm.  

After that 8YSZ-T slurry was spin-coated 2 cycles and co-sintered at 1200 oC for 

3 h. Finally, we used LSCF powder mixing with PEG and 2 wt% D-134 (a dispersant) as 

cathode slurry and spin-coated one cycle on the electrolyte layer. Then the single cell was 

sintered at 1150 oC for 1 h. In Fig.4.41 (c), the thickness of electrolyte and cathode are 

8.02±1.31 μm and 14.3±0.91 μm, respectively.  

Besides the flattened surface on C50N50Z anode, this anode function layer may 

have the other three advantages. Because AFL has a higher shrinkage and similar 

shrinkage temperature range with 8YSZ-T. This can help densification of 8YSZ 

electrolyte at 1200 oC. Fig.4.41 (d) shows that the 8YSZ particles which contacted with 

AFL are sintered and formed a dense layer without big pores.  

The NiO/YSZ AFL can be a barrier layer for copper diffusion. If copper diffuses 

apparently into 8YSZ electrolyte layer, it may influence the characteristic of 8YSZ. By 

the way, some copper diffusing into AFL can reduce carbon deposition when using 

hydrocarbon fuels. The CTE of Cu, Ni and 8YSZ are 16.5 ppmK-1, 13.4 ppmK-1 and 10.5 

ppmK-1, which have shown in Table 2.1. Therefore, the CTE of NiO/YSZ AFL is between 

C50N50Z and 8YSZ and can be treated as a buffer layer. The chance of delamination of 

cell is decreased in the following thermal process and during cell test. 
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Fig. 4.40 SEM micrographs of C50N50Z anode without MCMB. The anode (a) sintered 

at 1200 oC, and then (b) reduced at 600 oC for 1 h by H2. 
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Fig.4.41 SEM micrographs of (a) cross-section and (b) top view of anode and anode 

function layer (AFL), which was made by using spin-coating, (c) cross-section of single 

cell showing the thickness of individual layer, (d) top view of spin-coated two-layer of 

8YSZ. 
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Chapter 5 Conclusions 

This study has demonstrated the electrical properties of Cu-based and nickel wires. 

The performance of five thermocouples made by above wires were studied in long-term 

test. This study also investigated the porosity, catalytic properties, electrical conductivity 

of three different ratios of CuO/NiO anode samples. Besides, Cu-based anode supported 

cell has been assembled and improved. The results are summarized as below. 

1. The conductivity of C, C11N, CZ and N wires are 59.2 × 106 S·m-1, 5.36 × 106 S·m-1, 

10.57 × 106 S·m-1 and 13.5× 106 S·m-1, respectively at room temperature. When the 

temperature increases, the conductivity of metal decreases. However, the conductivity 

of Cu at 650 oC is 16.9 × 106 S·m-1 and good enough for using as a current collector 

in SOFC. 

2. The Seebeck coefficient of the thermocouple from high to low is C-C11N, C11N-CZ, 

C-C9N6S, C-N and C-CZ at 650 oC. Thus, three thermocouples (C-C11N, C-C9N6S 

and C-N) show good sensitivity, less response time and high stability in long-term test, 

and suitable for temperature sensing for IT-SOFC. 

3. In catalytic analysis of carbon deposition, the content of H2 through N100Z which reacts 

with CH4 was up to 35%, gradually decreases in 2 h. This is bad for using in SOFC. In 

contrast, the catalytic ability of C50N50Z is lower than N100Z. But the H2 content of 

C50N50Z stably increases for the first 1.5 h. The C100Z shows rarely H2 formation as 

doi:10.6342/NTU201802084



 107 

reforming CH4 in this test.  

4. In permeability test, both N100Z and C50N50Z tests with CH4 have carbon deposition. 

After reforming CH4 for 2 h, the permeability of N100Z and C50N50Z decreased nearly 

6 times and 21 times, respectively. However, carbon deposition rate of N100Z is much 

faster than that of C50N50Z. Thus, the C50N50Z is a candidate of anode material to use 

in hydrocarbon fuels.  

5. The electrical conductivity of N100Z anode sintered at 1500 oC with 20 wt% MCMB is 

482.75 Scm-1 at 650 oC and 363.52 Scm-1 at 800 oC. While the electrical conductivity 

of C50N50Z sintered at 1300 oC without MCMB is 1503.37 Scm-1 at 650 oC and 959.60 

Scm-1 at 800 oC. 

6. C50N50Z is difficult to co-sinter with 8YSZ because of high wetting properties and low 

melting point of CuO. A newly designed half-cell with multilayer structure, 

C50N50Z/N100Z(AFL)/YSZ/LSCF, has overcome the situations.  
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Appendix 1 

     Three anode samples using liquefied petroleum gas (LPG) is tested in order to 

observe possible reforming of LPG gas through the anodes at 650 oC. LPG is flammable 

mixtures of mainly propane (C3H8) used as a fuel in heating appliances, cooking 

equipment, and vehicles. Fig. A-1 shows that LPG reforms at different temperatures. 

Propane dehydrogenation is the main reaction which starts nearly at 600 oC. In addition, 

there are five reactions may happen [57]:  

C3H8 = 3C (s) + 4H2……………………………………...(A-1), 

      C3H8 = CH4 +2C(s) +2H2...................................................(A-2), 

C3H8 = C2H6 +C(s) +H2…………………………….........(A-3),  

      C3H8 = CH4+C2H4………………………………………..(A-4), 

C3H8 +2H4 = CH4………………………………………...(A-5). 

The content of H2 is between 17.2% to 23.1% at 600 oC to 750 oC and obviously 

increasing to 32.9% at 800 oC. Meanwhile, the content of CH4 was almost double to the 

content of H2. The reforming rate of LPG increases at higher temperature. 

     A LPG at a flow rate of 10 mlmin-1 flows through anode samples was conducted 

during the heating process from room temperatures to 650 oC and lasted for 2 h. Then 

reacting gas was collected at 300 oC and 650 oC in every 30 min. Fig. A-2 and Fig. A-3 
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are the contents of H2 and CH4 respectively. The reforming rate of C3H8 from high to low 

is C50N50Z, N100Z and C100Z, as shown in Table A-1.  

Fig. A-2 shows the content of hydrogen in reacting gas. The H2 content of C100Z is 

17.81% when the temperature reaches 650 oC. Then it increases to 37.41% after 30 min 

and slight decreases as the time increases. The H2 content of C50N50Z had maximum range 

from 41.4% to 50.0%. Whereas the H2 content of N100Z shows only 13.31% to 16.89% at 

650 oC. It’s lower than no catalytic carrier, the reason may be caused by rapid carbon 

deposition at beginning. Fig. A-3 shows the CH4 content of three anodes. The CH4 content 

of C100Z tends to in a balance of 44.8%. In contrast, the CH4 content of C50N50Z and N100Z 

decreases as the time increases. 

The reaction of LPG is complicated and difficult to determine which reaction is 

dominating. After the test, a lot of carbon in the tube and sample was obtained, as shown 

in Fig. A-4. Therefore, LPG is not suitable for using on SOFC without appropriately 

reforming. 
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 Table A-2 Content of H2 and CH4 in LPG after reacting with sample at 650 oC  

Sample Time (min) H2 CH4 H2+CH4 

None 0 23.1% 55.5% 78.6% 

C100Z 

0 17.8% 45.2% 63.0% 

30 37.4% 42.5% 79.9% 

60 37.8% 43.8% 81.6% 

90 35.0% 48.1% 83.1% 

120 36.7% 41.6% 78.3% 

C50N50Z 

0 50.0% 39.0% 89.0% 

30 48.5% 26.0% 74.5% 

60 45.5% 26.6% 72.1% 

90 45.0% 19.7% 64.7% 

120 41.4% 25.4% 66.8% 

N100Z 

0 16.9% 55.5% 72.4% 

30 14.9% 59.2% 74.1% 

60 13.3% 57.0% 70.3% 

90 15.8% 39.4% 55.2% 

120 14.8% 36.7% 51.5% 
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Fig. A-1 GC results of the reforming of LPG gas at a flow rate of 10 mlmin-1 at different 

temperatures. 
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Fig. A-2 Content of H2 in  the reforming gas (LPG) through three anodes C100Z, 

C50N50Z and N100Z at 650 oC in 2 h. 
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Fig. A-3 Content of CH4 in reforming gas (LPG) through three anodes C100Z, C50N50Z 

and N100Z at 650 oC in 2 h. 
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Fig. A- 4 (a) N100Z anode sintered at 1400 oC before tested with LPG, (b) carbon 

deposition on the N100Z anode after reacting with LPG for 2 h at 650 oC. 
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Appendix 2 

Two different structure single cells were sealed by ceramic paste and tested from 600 

oC to 800 oC for IV curve. First cell (cell 1) is an 8YSZ electrolyte support cell, the 

thickness of electrolyte is 100 μm . Each surface of electrolyte was printed by 

CuO/NiO/YSZ anode and LSCF/GDC cathode, respectively. The electrodes were co-

sintered at 1000 oC for both anode and cathode. The cross-section of the full cell is shown 

in Fig. A-5(a).  

The power density of the cell 1 was tested in 50 ml min-1 H2 flowing at the anode 

side and 250 ml min-1 air flowing at the cathode side. The OCV value of the cell at 800 

oC is 1.06 V, but the maximum output is 0.90 mW cm-2, which is shown in Fig. A-5(b). 

These may be caused by high interface resistance. 

Cell 2 was used N100Z half cell (Fig. 4.35) with LSCF/GDC cathode, and also printed 

a CuO/NiO/YSZ anode layer. A four-layer structure was shown in Fig. A-6 (a) and (b). 

The OCV value of the cell was between 0.55 V to 1.03 V at 600 oC. The power density 

was very small and failed to operate at 650 oC. Leakage problem in electrolyte might 

result in this unstable OCV value and low power output.  
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Fig. A-5 (a) Cross- section of cell 1, (b) I-V curve and power density of cell 1 using H2 

as a fuel 
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Fig. A-6 (a), (b) Cross- section of cell 2, (c) I-V curve and power density of cell 2 using 

H2 as a fuel 
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