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Abstract 
 
 

 The SOFC technology has been developed toward lower operation temperature in the 

range of 500oC - 800oC, which brings wider materials choice for the interconnect. Ferritic 

stainless steels have been widely used as SOFC interconnect candidates, but their high 

temperature oxidation and chromium volatilization can lead to cathode poisoning and cell 

degradation. Applying ceramic conductive coating is an effective technique to protect the 

metallic interconnects, and manganese cobalt spinel oxides Mn1.5Co1.5O4 have demonstrated 

promising performances as coating material. However, the reasons for their excellent properties 

have not been completely understood. 

This work aims to provide a fundamental understanding of (Mn,Co)3O4 coating in high-

temperature operation, and to improve the performance of protective coatings. The interactions 

between (Mn,Co)3O4 spinel coatings and chromia at high temperature were investigated, and 

Chapter 2 discusses the mass transport behavior. The interactions lead to the change in chemical 

composition and microstructure of the original coating. To evaluate the long-term stability, the 

properties of the reaction layer need further characterization. Chapter 3 focuses on the effect of 

chromium doping on the electrical conductivity, cation distributions and thermal expansion of 

Mn1.5Co1.5O4 at SOFC operation condition. The relationship of cation distributions with transport 

properties in the reaction layer was also discussed. In addition, the effects of different transition 

metal dopants in the spinel coating material on the mass transport behavior were studied to 

identify the improved coatings. The effects of iron doping in spinel oxides are investigated on 



 iii 

transport behavior in the interaction, and compared with that of titanium doping in Chapter 4. 

The interaction of nickel or copper substituted (Mn,Co)3O4 with chromia at high temperature are 

evaluated in Chapter 5. The differences in the mass transport behavior of transition metal 

dopants studied in this work provide helpful information on selection in novel spinel coatings.  

 
 



 iv 

 
 
 
 
 

Acknowledgments 
 
 

 I would like to express my genuine gratitude to my advisor, Dr. Jeffrey Fergus, for his 

academic guidance and support. His constructive suggestions helped me a lot in my research 

work and dissertation writing. Besides the knowledge of materials science, the research attitude 

he conveyed is the most important spirit I learn from him during these years.  

          I also want to thank my committee member, Dr. Dong-Joo Kim, Dr. Bart Prorok and Dr. 

Curtis Shannon for their valuable advices and insight, which is beneficial to finish this 

dissertation. The appreciation will also be given to the outside reader Dr. Wei Zhan for his kind 

help in this work.  

 I would like to further thank Dr. Clarina Dela Cruz at Oak Ridge National Laboratory for 

providing me great help in analyzing the samples with neutron diffraction.  

           The special thanks are given to Dr. Kangli Wang, who helped me a lot on the chromium 

reaction experiment at the early stage of this work, and gave me useful discussions. Besides, I 

also thank Dr. Yu Zhao, Henglong Wang, Alex, et al., for helping me solve problems during my 

research. The friendship from my friends in Materials Engineering is highly appreciated. I enjoy 

the happy time in Auburn during my PhD study. 

           I also acknowledge the financial support from the Department of Energy through the 

Building EPSCoR-State/Nation Laboratory Partnerships Program.  



 v 

          Last but not least, I would like to express my great gratitude to my family for their 

consistent company, love and encouragement which enable me to discover life is always 

beautiful. 



 vi 

 
 
 
 
 

Table of Contents 
 
 

Abstract ......................................................................................................................................... ii 

Acknowledgments........................................................................................................................ iv  

List of Tables ............................................................................................................................... ix 

List of Figures ............................................................................................................................... x  

List of Abbreviations ................................................................................................................. xiv 

Chapter 1 Introduction .................................................................................................................. 1 

 1.1 Background of SOFC  ................................................................................................. 1 

 1.2 Interconnect of SOFC   ............................................................................................... 4 

                    1.2.1 Materials requirements for SOFC interconnect   ............................................. 4 

                    1.2.2 Lanthanum chromites interconnect   ................................................................ 5 

                    1.2.3 Metallic alloy interconnect   .......................................................................... 10 

1.2.3.1 Chromium-based alloys   ..................................................................... 12 

1.2.3.2 Ni-Cr-based alloys   ............................................................................. 13 

1.2.3.3 Fe-Cr-based alloys   ............................................................................. 15 

                    1.2.4 Problems with metallic interconnect materials   ............................................ 21 

1.2.4.1 Oxidation problem   ............................................................................. 21 

1.2.4.2 Chromium poisoning   ......................................................................... 22 

1.3 Interconnect coating materials for SOFC  ................................................................ 24 

1.3.1 Reactive elements coating   ............................................................................ 25 



 vii 

1.3.2 Perovskite coating   ........................................................................................ 26 

1.3.3 Spinel coating  ............................................................................................... 28 

1.4 Objectives of the dissertation  ................................................................................... 33 

Chapter 2 Interactions between (Mn,Co)3O4 coating materials and Cr2O3 scale ....................... 35 

2.1 Introduction  .............................................................................................................. 35 

2.2 Experimental procedure  ........................................................................................... 36 

2.3 Results and discussions  ............................................................................................ 37 

2.3.1 Surface morphology and structure ................................................................. 37 

2.3.2 Mass transport properties in Mn1.5Co1.5O4 ..................................................... 45 

2.4 Conclusions  .............................................................................................................. 47 

Chapter 3 Electrical properties, cation distributions and thermal expansion of manganese cobalt 
chromite Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0-2) spinels ....................................................... 49 

3.1 Introduction  .............................................................................................................. 49 

3.2 Experimental ............................................................................................................. 51 

3.3 Results and discussions  ............................................................................................ 52 

3.3.1 X-ray diffraction ............................................................................................ 52 

3.3.2 Electrical conductivity ................................................................................... 54 

3.3.3 Cation distribution in Mn1.5Co1.5O4 and MnCoCrO4 at high temperature ...... 58 

3.3.4 Thermal expansion test .................................................................................. 64 

3.4 Conclusions  .............................................................................................................. 65 

Chapter 4 Electrical properties of transition metal-doped (Mn,Co)3O4 (TM = Fe, Ti) spinels and 
their interaction with chromia for SOFC interconnect coatings ................................. 66 

4.1 Introduction  .............................................................................................................. 66 

4.2 Experimental  ............................................................................................................ 67 



 viii 

4.3 Results and discussions  ............................................................................................ 68 

4.3.1 X-ray Diffraction  .......................................................................................... 68 

4.3.2 Neutron Diffraction  ....................................................................................... 69 

4.3.3 Interaction with Chromia ............................................................................... 75 

4.3.3.1 Surface Morphology ............................................................................ 75 

4.3.3.2 Concentration Gradients ...................................................................... 77 

4.3.4 Electrical conductivity ................................................................................... 81 

4.3.5 Comparison in the effect of Fe and Ti doping ............................................... 84 

4.4 Conclusions  .............................................................................................................. 86 

Chapter 5 Interaction of transition metal-doped (Mn,Co)3O4 (TM = Ni, Cu) spinels with chromia 
for SOFC interconnect coatings .................................................................................. 88 

5.1 Introduction  .............................................................................................................. 88 

5.2 Experimental  ............................................................................................................ 89 

5.3 Results and discussions  ............................................................................................ 90 

5.3.1 Mass transport in Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni,Cu)  ............................. 90 

5.3.2 Effect of Co/Ni ratio .................................................................................... 100 

5.4 Conclusions  ............................................................................................................ 104 

Chapter 6 Conclusions and Perspectives .................................................................................. 106 

References   ............................................................................................................................... 111 

 



 ix 

 
 
 

List of Tables 
 
 

Table 1.1 CTEs of La0.9Sr0.1Cr1-xMxO3 (M= Mg, Al, Sc, Ti, Mn, Fe, Co, Ni, 0<x<0.10) 
perovskites at 50-1000 oC in air or H2 atmosphere. ...................................................... 9 

Table 1.2 Properties of different chromia forming alloys for SOFC interconnect. .................... 20 

Table 2.1 The chemical compositions and Co/Mn ratio in surfaces of Mn1.5Co1.5O4 in contact 
with or near Cr2O3 after reaction at 800 oC, 1200 oC for 144 h................................... 44 

Table 3.1 Lattice parameter and density of cubic Mn1.5-0.5xCo1.5-0.5xCrxO4 (x= 1, 1.5, and 2) .... 54 

Table 3.2 Crystal parameters of (a) Mn1.5Co1.5O4 and (b) MnCoCrO4 at high temperature ....... 60 

Table 4.1 Crystal parameters of MnCo1.66Fe0.34O4 and Mn0.67Co1.22Fe0.22CrO4 at 600 oC .......... 71 

Table 4.2 Chemical composition and Co/Mn ratio of MnCo2-xFexO4 (x= 0.15 - 0.7) after reaction 
at 800 oC in contact with Cr2O3 for more than two weeks ......................................... 77 

Table 4.3 CTEs of MnCo1.66TM0.34O4 (TM=Fe and Ti) and (Mn,Co)3O4 spinel oxides ............ 86 

Table 5.1 Chemical compositions of Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM = Ni, x = 0.2-0.6, TM = Cu, x 
= 0.2, 0.4) before and after reaction at 800 oC in contact with Cr2O3 for 96 h ........... 93 

 



 x 

 
 
 

List of Figures 
 
 

Fig. 1.1 Schematic diagram of a planar SOFC structure. ............................................................. 2 

Fig. 1.2 Schematic diagram of SOFC principles. ......................................................................... 3 

Fig. 1.3 Electrical conductivity for undoped LaCrO3, doped LaCrO3, and 
(La0.73Sr0.25)(Cr0.5Mn0.5)O3 perovskite in (a) air and (b) 10% H2/N2. ............................ 8 

Fig. 1.4 Schematic of alloy design for SOFC applications.  ....................................................... 12 

Fig. 1.5 A dynamic-segregation model of the reactive element function during high temperature 
oxidation.  .................................................................................................................... 19 

Fig. 1.6 Vapor pressures of different volatile chromium species as a function  
of temperature ............................................................................................................... 23 

Fig. 1.7 Equilibrium vapor pressures of chromium–oxygen–hydrogen gas species at 800 oC with 
a water vapor pressure of 3 kPa as a function of oxygen partial pressure. ................... 23 

Fig. 1.8 Schematic diagram of crystal structure of AB2O4 spinel. ............................................. 30 

Fig. 1.9 SEM images and EDS analysis on Crofer 22 APU with Co1.5Mn1.5O4 coating after a 
period of 6 months under thermal cycling.  .................................................................. 33 

Fig. 2.1 Schematic diagrams of sample configurations  ............................................................. 36 

Fig. 2.2 SEM images of as-prepared three (Mn,Co)3O4 compositions surface, (a) Mn1.5Co1.5O4, 
(b) Mn2CoO4, and (c) MnCo2O4. .................................................................................. 38 

Fig. 2.3 SEM images of surfaces of (a-b) Mn1.5Co1.5O4, (c-d) Mn2CoO4, and (e-f) MnCo2O4 after 
reaction at 1200 ºC for 72 h in contact with (left) or near chromia (right). .................. 39 

Fig. 2.4 XRD patterns of surfaces of Mn1.5Co1.5O4 after reaction at 1200 ºC (a) in contact with or 
(b) near chromia for different hours................................................................................ 41 

Fig. 2.5 Surface morphologies (a - d) and cation concentration profiles (e) of Mn1.5Co1.5O4 at 
different distances from Cr2O3 (light regions on the right) after reaction at 1200 °C for 
144 h.............................................................................................................................. 42 

Fig. 2.6 SEM images of surfaces of Mn1.5Co1.5O4 in contact with or near Cr2O3 after reaction at 
800 oC and 1200 oC for 144 h ....................................................................................... 43 



 xi 

Fig. 2.7 (a) SEM images and (b) cations profile of cross section of Mn1.5Co1.5O4 after reaction at 
1000 °C for 36 h in contact with Cr2O3. ......................................................................... 46 

Fig. 2.8 Reaction layers formed during the reaction between Mn1.5Co1.5O4 and Cr2O3 at high 
temperature. .................................................................................................................... 47 

Fig. 3.1 XRD patterns of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x= 0 - 2) spinel oxides at room  
temperature... ................................................................................................................ 53 

Fig. 3.2 Electrical Conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0 - 2) spinel oxides at 800oC 
 in air ............................................................................................................................. 55 

Fig. 3.3 Electrical Conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0 - 2) spinel oxides as a function 
of 1000/T in air ............................................................................................................... 56 

Fig. 3.4 Activation Energy as a function of Cr content in Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0-2) spinel 
oxides .............................................................................................................................. 56 

Fig. 3.5 Comparison between Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=1 and 2) and Cr2O3 in electrical 
conductivity in air. .......................................................................................................... 57 

Fig. 3.6 Neutron diffraction patterns of Mn1.5Co1.5O4 in air at (a) 600 oC and (b) 800 oC, 
respectively. .................................................................................................................... 59 

Fig. 3.7 Neutron diffraction patterns of MnCoCrO4 at (a) 600 oC and (b) 800 oC,  
respectively. .................................................................................................................. 60 

Fig. 3.8 CTEs of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides and Cr2O3 from room 
temperature up to 1000oC in air. ..................................................................................... 64 

Fig. 4.1 XRD patterns of MnCo2-xFexO4 (x= 0 - 0.7) spinel oxides at room temperature. ......... 69 

Fig. 4.2 Neutron diffraction patterns of MnCo1.66Fe0.34O4 in air at 600 oC................................. 70 

Fig. 4.3 Neutron diffraction patterns of Mn0.67Co1.22Fe0.22CrO4 at 600 oC in air. ....................... 70 

Fig. 4.4 SEM images of surface of MnCo1.5Fe0.5O4 before (a) and after (b) reaction at 800 oC in 
contact with Cr2O3 for more than two weeks.................................................................. 76 

Fig. 4.5 SEM images of surface morphologies of MnCo2-xFexO4 (x= 0.15, 0.34 and 0.7) after 
reaction at 800 oC in contact with Cr2O3 for more than two weeks. ............................... 77 

Fig. 4.6 Cr concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with Cr2O3 
at 800 oC. ......................................................................................................................... 79 



 xii 

Fig. 4.7 Fe concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with Cr2O3 
at 800 oC. ......................................................................................................................... 79 

Fig. 4.8 Co concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with Cr2O3 
at 800 oC. ......................................................................................................................... 80 

Fig. 4.9 Mn concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with Cr2O3 
at 800 oC.  ........................................................................................................................ 80 

Fig. 4.10 Electrical conductivities of MnCo2-xFexO4 at 800 oC in air.  ....................................... 82 

Fig. 4.11 Electrical conductivities of MnCo2-xFexO4 and MnCoCrO4 spinels as a function of 

temperature. .................................................................................................................. 82 

Fig.4.12 Chromium concentration profile in MnCo1.66TM0.34O4 (TM=Fe and Ti) and 
Mn1.5Co1.5O4 after reaction in contact with Cr2O3 for 72 h at 1000 oC. ....................... 84 

Fig.4.13 Dopent (Fe and Ti) concentration profile in MnCo1.66TM0.34O4 (TM=Fe and Ti) after 
reaction in contact with Cr2O3 for 144 h at 900 oC.. ....................................................... 84 

Fig. 4.14 Comparison in electrical conductivities of MnCo1.66TM0.34O4 (TM=Fe and Ti) spinel 
oxides.  .......................................................................................................................... 86 

Fig. 5.1 SEM images of surface of Mn1.3Co1.3Ni0.4O4 before (a) and after (b) reaction at 800 oC in 
contact with Cr2O3 for 96 h. ............................................................................................ 91 

Fig. 5.2 SEM images of surface of Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni, x=0.2, 0.6, TM=Cu, x=0.2, 
0.4) after reaction at 800 oC in contact with Cr2O3 for 96 h. .......................................... 92 

Fig. 5.3 (a) SEM image of cross section of Mn1.4Co1.4Ni0.2O4 in contact with Cr2O3 after reaction 
at 800 oC for 96 h and (b) its corresponding cations concentration profile. ................... 94 

Fig. 5.4 (a) SEM image of cross section of Mn1.4Co1.4Cu0.2O4 in contact with Cr2O3 after reaction 
at 800 oC for 96 h and (b) its corresponding cations concentration profile. ................... 95 

Fig. 5.5 (a) chromium and (b) nickel concentration profiles of Mn1.2Co1.2Ni0.6O4 in contact with 
Cr2O3 after reaction at 900 oC and 1000 oC for 72 h ....................................................... 97 

Fig. 5.6 Nickel concentration profiles of Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 -0.6) in contact with 
Cr2O3 after reaction at 1000 oC for 72 h. ......................................................................... 98 

Fig. 5.7 Nickel concentration profiles of Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) in contact with 
Cr2O3 after reaction at 1000 oC for 72 h. ......................................................................... 99 



 xiii 

Fig. 5.8 Nickel concentration profiles of Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) in contact with 
Cr2O3 after reaction at 900 oC for 72 h.  .......................................................................... 99 

Fig. 5.9 Surface morphologies of (a) Mn1.5Co0.9Ni0.6O4 and (b) Mn1.5Co0.6Ni0.9O4 after reaction at 
900oC in contact with Cr2O3 for 144 h.......................................................................... 100 

Fig. 5.10 Ni concentration profiles of Mn1.5Co0.9Ni0.6O4 and Mn1.5Co0.6Ni0.9O4 after reaction at 
900oC in contact with Cr2O3 for 144 h.......................................................................... 101 

Fig. 5.11 Cr concentration profiles of Mn1.5Co0.9Ni0.6O4, Mn1.5Co0.6Ni0.9O4 and Mn1.5Co1.5O4
 after 

reaction at 900oC in contact with Cr2O3 for 144 h. ..................................................... 102 

Fig. 5.12 Cr concentration profiles of Mn1.5CoNi0.5O4 and Mn1.5Co1.5O4 after reaction at 700oC in 
contact with Cr2O3 for 30 days. .................................................................................. 102 

Fig. 5.13 Electrical conductivities of (a) Mn1.5CoNi0.5O4, and (b) Mn1.5Co0.6Ni0.9O4 spinels as a 
function of temperature. .............................................................................................. 103 

 



 xiv 

 

 
 

List of Abbreviations 
 
 

SOFC Solid Oxide Fuel Cell  

PEM Proton Exchange Membrane  

8-YSZ 8 mol% Yttria-stabilized Zirconia 

VOC          Volatile Organic Carbon  

TPB Three Phase Boundary 

APU Auxiliary Power Unit  

CHP Combined Heat and Power Generation 

OCV Open Circuit Potential 

CTE Coefficient of Thermal Expansion 

AE Alkaline Earth 

TM Transition Metal 

ODS Oxide Dispersion Strengthened 

DBTT Ductile-to-Brittle Transition Temperature 

BCC Body Centered Cubic  

FCC Face Centered Cubic  

ASR Area Specific Resistance 

FSS Ferritic Stainless Steel 

ASS Austenitic Stainless Steel 

LSM Lanthanum Strontium Manganite 

MOCVD Metal Organic Chemical Vapour Deposition 



 xv 

RF Radio-Frequency 

APS Atmospheric Plasma Spraying  

SEM Scanning Electron Microscope 

EDS Energy-Dispersive X-ray Spectroscopy 

XRD X-Ray Diffraction 

 

 

 



 1 

 

 

 

CHAPTER 1 

Introduction 

 

It is a severe challenge for people to achieve sustainable development, and energy is one 

of these key issues that have to be considered due to resource shortage.[1] Therefore, it is 

necessary to develop new energy resources and materials. 

Fuel cells are promising energy conversion devices that can produce electrical energy 

directly from chemical energy through electrochemical processes.[2] Due to their high energy 

conversion efficiency, low emissions and little pollution, they have become more and more 

attractive throughout the world. 

 

1.1 Background of SOFC 

Solid oxide fuel cells (SOFCs) are one kind of fuel cells. A SOFC stack usually consists 

of four key components, including the anode, cathode, electrolyte and interconnects. Unlike 

other fuel cells (except proton exchange membrane (PEM) fuel cell), SOFCs are 

all-solid-state configurations. The most widely used materials for SOFC components are: 8 

mol% yttria-stabilized zirconia (8-YSZ) electrolyte, nickel/yttria-zirconia cermet anode 

(Ni/ZrO2), strontium-doped lanthanum manganite (La1-xSrxMnO3) cathode and doped 

lanthanum chromite (LaCrO3) interconnect.[3] The solid-state characteristic of cell 
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components gives little restriction that required on the cells’ design. Currently, there are four 

common stack configurations for SOFCs’ fabrication: sealless tubular design, 

segmented-cell-in-series design, monolithic design, and flat-plate design. [4] Among all the 

configurations, it is reported by Mori et al that the planner cell design exhibits highest power 

density, shortest conductive path and lowest production cost. [5] The schematic diagram of a 

planar SOFC structure is shown in Fig. 1.1. [6] 

 

 

Fig. 1.1 Schematic diagram of a planar SOFC structure. Adapted with permission from D. 

Bhattacharyya, and R. Rengaswamy 2009, [6] Courtesy American Chemical Society. 

 

A SOFC unit contains two porous electrodes separated by a gas-tight oxygen-conducting 

electrolyte. During operation, fuel gas, such as hydrogen, methane, and carbon monoxide is 

fed into the anode (fuel electrode). On the other side, the air containing oxygen is supplied to 

the cathode (air electrode), where the oxygen (O2) is reduced to the ions (O2-). The ions of 

oxygen pass through the electrolyte to the interface of electrolyte and anode, and react with 

the fuel which is then oxidized. Simultaneously the electrons (e) are released. The solid 
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electrolyte is nonconductive to electrons, so if there exists an external electrical connection 

between the cathode and anode for the electrons to flow through, direct current will be 

produced. All the reactions happen at the three phase boundaries (TPBs), where gas, 

electrolyte, and porous electrode meet together. The total reactions of different fuels can be 

expressed by the following equations: 

H2+O2→2H2O                             (1.1) 

CH4+2O2→2H2O+CO2                       (1.2) 

2CO+O2→2CO2                            (1.3) 

The principles of electrochemical processes with hydrogen as fuel in SOFC are illustrated 

in Fig. 1.2. [7] 

 

Fig. 1.2 Schematic diagram of SOFC principles. Adapted from A. Boudghene Stambouli, and E. 

Traversa 2002, [7] Courtesy Elsevier. 

 

The internal electrochemical reactions make the SOFC quite unlike the conventional 

combustion engine. Because the SOFC converts the chemical energy into electrical energy 

without fuel combustion as an intermediate step, its conversion efficiency is not subject to the 
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Carnot limitation.[4] Similar to other fuel cells, SOFC has much low level of pollutants (e.g., 

SOx, NOx, volatile organic carbon (VOC)). However it shows more unique advantages. Its 

high working temperature, 500 oC - 1000 oC, promotes rapid reaction kinetics, realizes 

hydrocarbon fuels reforming within SOFC (internal reforming), and produces high-quality 

byproduct heat suitable for use in cogeneration or bottoming cycle. [2] It has higher energy 

conversion efficiency, 70-80%, compared with other kinds of fuel cells. [8] Besides, its 

solid-state construction gives SOFC more merits like modular construction, non-erosion, and 

reliability during operation. It can be used as auxiliary power unit (APU) in vehicles and 

trucks, combined heat and power generation (CHP) devices, or battery replacements on 

remote sites. Due to its superior performance and promising potential, SOFC technology is 

being extensively developed for military, residential and industrial applications. [9,10] 

 

1.2 Interconnect of SOFC 

 

1.2.1 Materials requirements for SOFC interconnect 

High temperature operation makes the SOFC work higher efficient, but also limits its 

choice of material, so the major challenge of the SOFC is to develop suitable component 

materials. [3,4] The interconnect is a critical part in the SOFC. An open circuit potential (OCV) 

of a single hydrogen-air SOFC at 1000oC is about 1V. To obtain higher voltage output, 

SOFCs are operated in series or in form of a stack, in which interconnects connect the 

cathodes and anodes of the adjacent cells electrically. Besides, it also separates the air and 

fuel atmospheres of different units from contacting. Therefore, the requirements of the 
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interconnect are stringent. To pursuit better performance, the interconnect must fulfill the 

following criteria [4,11]: 

(1) Sufficiently high electrical conductivity and low ohmic losses. 

(2) Low permeability for fuel gas and air during cell operation. It is the leakage in 

interconnects that results in a noticeable decline in the cell efficiency. 

(3) The coefficient of thermal expansion (CTE) of the interconnect is supposed to be 

compatible with those of the other cell components. As the CTE of 8-YSZ 

electrolyte, around 10.5 x 10-6/oC, remains constant regardless of temperature and 

oxygen partial pressure, interconnects should have close CTE value to 8-YSZ 

electrolyte to minimize the thermal stresses. 

(4) The interconnect is exposed to both reducing and oxidizing atmospheres, so it must 

have excellent physical and chemical stability under different working conditions. 

(5) Adequate mechanical strength at high temperature. 

(6) Reasonable thermal conductivity, which is beneficial for the internal reforming 

within SOFC. 

(7) Easy to fabricate, and low manufactural cost for the industrial production and wide 

application of SOFC. 

The requirements above for interconnect eliminate all but a few materials from 

consideration. There are in general two types of materials - ceramics and metallic alloys. 

 

1.2.2 Lanthanum chromites interconnect 

In early times, CoCrO4 was used as ceramic interconnect, but soon replaced by 
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lanthanum chromite (LaCrO3), which is now widely used in high-temperature SOFCs 

(800-1000oC). LaCrO3 is a perovskite oxide with a melting point over 2400oC.[12]  But due to 

the high vapor pressure of chromium species, LaCrO3 has a poor sinterability even at high 

temperature.[13] Many efforts have been made, and doping is found an effective way to 

improve its sinterability. An acceptable relative density was reported greater than 94% by 

doping with calcium and strontium. [14] Dopants can help to reduce the volatility of chromium 

from the surface during sintering, and also form a transient liquid phase and enhance its 

densification. Several other approaches have been developed to decrease the sintering 

temperature of LaCrO3 below 1600oC, including synthesis of highly reactive LaCrO3 by 

sol-gel method, controlling sintering atmospheres, employing non-stoichiometric 

compositions, sintering with Cr2O3 plates in sandwich configuration, etc. [15-20] 

To increase the output power, the internal resistance of the cell should be decreased. 

Undoped LaCrO3 is a p-type conductor, and its electrical conductivity is quite low, about 

0.6-1.0 S/cm at 1000oC in air. [5,21,22] Studies have shown its conductivity can be improved by 

doping with alkaline-earth elements (AE) on lanthanum site or transition metals (TM) on 

chromium sites. [2,5,25] In air atmosphere, for doped LaCrO3 charge neutrality is maintained by 

Cr3+→Cr4+ transition and release of an electron. These released electrons are in semi-bound 

state and easy to be stimulated, which cause a considerable increase in the electrical 

conductivity. The charge neutrality can be described as[2]: 

[ ] [ ] [ ]•= Cr
'
Cr

'
La CrNorM                      (1.4) 

where, [ ] indicates the concentration, 

M is the AE cation, and N is the TM cation. 
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Its electrical conductivity also shows dependence on temperature, dopant content and 

oxygen partial pressure. [23-26] Jiang et al investigated the electrical conductivity of different 

cations doped LaCrO3 in air and 10% H2/N2 atmospheres, respectively. [25] It is shown in Fig. 

1.3 that doping with calcium, strontium, or barium can increase the conductivity of LaCrO3, 

and conductivities of doped and undoped LaCrO3 in air were higher than that in 10% H2/N2 

atmosphere. According to Equation 1.4, the concentration of Cr4+ increases with the dopant 

content, and then conductivity is improved. Under the reducing atmosphere (anode side), the 

conductivity decrease a lot due to the existence of oxygen vacancies from ionic compensation 

mechanism, which can be described by: 

[ ] [ ] [ ] [ ]••• += OCr
'
Cr

'
La V2CrNorM               (1.5) 

where, Vo
’’ is the oxygen vacancy. 
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Fig. 1.3 Electrical conductivity for undoped LaCrO3, doped LaCrO3, and 

(La0.73Sr0.25)(Cr0.5Mn0.5)O3 perovskite in (a) air and (b) 10% H2/N2. Adapted from S. Jiang et al 

2008, [25] Courtesy Elsevier.  

 

The interconnects tend to distort due to isothermal expansion in the reducing and 

oxidizing environment on both sides. Then thermal stresses could be generated, and may lead 

to a crack if the thermal expansion behavior between interconnect and other components are 

not matched. The CTE of undoped LaCrO3 is around 8.6×10-6/oC from room temperature to 

1000 oC, which is lower than that of 8-YSZ electrolyte. [27] Doping is also effective to adjust 

its CTE with calcium, strontium, magnesium. [27-30] Strontium doping is efficient to increase 

the CTE. Mori et al also studied the thermal expansion behavior of Cr-site doped 

La0.9Sr0.1CrO3. [27] Their results summarized in Table 1.1 showed doping with Co can increase 

the CTE of La0.9Sr0.1CrO3 close to that of 8-YSZ electrolyte in air. Similar to conductivity 

behavior, the thermal expansion of LaCrO3 also depends on oxygen partial pressure. This is 

related to the increase in oxygen vacancies concentration under the reducing atmosphere. At 
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the same oxygen partial pressure, higher dopant content can generate more oxygen vacancies, 

and thus higher thermal expansion. [2,26] 

 

Table 1.1 CTEs of La0.9Sr0.1Cr1-xMxO3 (M= Mg, Al, Sc, Ti, Mn, Fe, Co, Ni, 0<x<0.10) 

perovskites at 50-1000 oC in air or H2 atmosphere. Adapted from M. Mori, Y. Hiei, and T. 

Yamamoto 2008, [27] Courtesy John Wiley and Sons. 

Sample 

CTE (×10-6/oC) 

In air 
In H2 

1st 2nd 

8-YSZ 10.3 10.3 10.3 

LaCrO3 8.6 8.6 8.6 

La0.9Sr0.1CrO3 9.5 10.5 10.6 

La0.9Sr0.1Cr0.95Mg0.05O3 9.2 10.3 10.1 

La0.9Sr0.1Cr0.95Al0.05O3 9.7 10.8 10.3 

La0.9Sr0.1Cr0.95Ti0.05O3 9.0 9.3 9.2 

La0.9Sr0.1Cr0.95Mn0.05O3 10.2 11.2 10.9 

La0.9Sr0.1Cr0.95Fe0.05O3 9.5 10.2 10.1 

La0.9Sr0.1Cr0.95Co0.05O3 10.4 11.5 10.9 

La0.9Sr0.1Cr0.95Ni0.05O3 9.4 10.1 9.7 

 

Although the properties of LaCrO3 have been much improved through cation doping, it 

still faces some challenges. With sintering aids, it still needs high temperature above 1400oC 
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to achieve high relative density. Lanthanum and its rare-earth element dopants also are 

expensive. As a ceramic material, processing is difficult for LaCrO3, which limits the 

geometry design of interconnect. So significant efforts have been made to find alternative 

interconnect materials. 

 

1.2.3 Metallic alloy interconnect 

The SOFC technology has been developed toward lower operation temperature in the 

range of 500oC - 800oC, but their power density and performance still remain at the same 

level as high-temperature SOFCs. This progress is realized by decreasing the thickness of 

8-YSZ electrolyte for lower ohimc polarization in anode-supported SOFC or using new 

electrolyte materials like doped CeO2 and LaGaO3 with higher ionic conductivity.[31-35] The 

reduced working temperature also brings wider materials choice for the interconnect, and 

therefore metallic alloys seem to be good candidates. Compared with LaCrO3-based ceramic 

counterparts, their fabrication is much easier for the production of large components and raw 

materials are inexpensive, both of which decrease the manufacturing cost. Besides, metallic 

alloys have higher electrical conductivity, and their excellent thermal conductivity can 

promote internal endothermal fuel reforming. Their ductility enables metallic alloys more 

durable and reliable from environmental attack under the dual atmospheres. Their 

thermal-grown oxide scale on the surface in the cathode side can provide sufficient oxidation 

resistance as long as 40 000 h for the service lifetime of SOFC.[2] In addition, the interconnect 

provides mechanical support for other ceramic components and gas channel, and metallic 

alloys possess superior strength to LaCrO3-based ceramics.  
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The metallic alloys also have some challenges, e.g. the oxidation when simultaneous 

exposure to both air and fuel atmospheres during high temperature. [36-38] According to 

Wagner’s oxidation theory, the growth of oxidation scale is related to the transport of oxygen 

ions or chromium cations through the scale by lattice diffusion.[39,40] The growth of the oxide 

scale obeys the parabolic law:  

KT/E0
g22

g
p

2 oxek
d
tt

)(
k

tk −===
χρ

ξ                (1.6) 

where, ξ  is the oxide scale thickness at time t and t=0; 

      kp and kg are the rate constants in thickness and weight, respectively; 

      χ  is the weight fraction of oxygen in the oxide (e.g. for Cr2O3, χ = 0.316); 

      ρ  is the oxide density (e.g. Cr2O3, ρ = 5.225 g/cm3); 

     and Eox is the activation energy for the oxide scale growth. 

The parabolic law can be applied to the thick and homogeneous oxide scale. The 

parabolic rate constant kg is an important parameter to measure the oxidation resistance 

property of alloys. The candidate metallic interconnect materials should have a low kp. 

High-temperature oxidation-resistant alloys (namely, superalloys) are often considered 

as the choice for interconnect materials.[37,41] Alumina forming alloys have good oxidation 

resistance during high temperature, because their active element Al is easy to oxidize at the 

alloy surface and form Al2O3 layer to prevent further oxidation.[42,43] But Al2O3 is insulating, 

so alumina forming alloy is not as good as chromia forming alloy in terms of electrical 

conduction, whose oxidation scale Cr2O3 is a p-type semiconductor and has a higher 

conductivity, about 0.01 S/cm at 800oC in air. [44-48] Different kinds of chromia forming alloys 

for SOFC interconnect application can be represented in a Fe-Cr-Ni phase diagram illustrated 
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in Fig. 1.4. [49] Their details are introduced in the following part. 

 

Fig. 1.4 Schematic of alloy design for SOFC applications. Adapted from Z. Yang et al 2003, [49] 

Courtesy The Electrochemical Society. 

 

1.2.3.1 Chromium-based alloys 

Chromium metal has been considered as an alloy base since the late 1940s due to its 

high melting point (1863oC), good oxidation resistance, lower density and higher thermal 

conductivity than most superalloys.[49,50] Unalloyed chromium has quite low strength, about 

70 MPa at 1200°C under compression tests. [51] To reduce their embrittlement and increase 

mechanical strength at high temperature, trace mount of reactive elements like Y, La, Ce, etc 

are added as elements or oxides to form the oxide dispersion strengthened (ODS) alloys. 

[41,52,53] Strengthening is realized by increasing its ductile-to-brittle transition temperature 

(DBTT) or the alloy density. Their oxidation resistance to the thermal cycling is also 

increased by dispersion of the rare-earth oxides, because these oxides effectively improve the 

adherence of the scale to the metallic matrix and reduce the oxidation rate.[54] A good 

example is Plansee Ducrolloy with a composition of 94 wt% Cr, 5 wt% Fe and 1 wt% Y2O3 

(Cr-5Fe-1Y2O3). Larring et al studied its high-temperature corrosion under different water 
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vapor pressure. [55] The rates of both Cr2O3 formation and its evaporation was found to 

decrease after dip-coating in Ce(NO3)3 solution and heating in H2/Ar atmosphere at 900oC for 

3 h (Ce-treatment on the alloy surface). CeO2 have high oxygen ion conductivity, and if it 

segregated on the surface, the reason why the rate of Cr2O3 evaporation was reduced could be 

ascribed to the Cr2O3-free surface area. Chromium based alloys is body centered cubic (BCC) 

structure. Besides lower electrical resistance, their another advantage is their thermal 

expansion is close to that of 8-YSZ electrolyte. Quadakkers et al made a comparison of 

thermal expansion behavior between chromium based alloys and stainless steels, and stainless 

steels showed larger thermal expansion than Cr-0.4La2O3 and Cr-5Fe-1Y2O3. [56] The CTE 

value of Cr-5Fe-1Y2O3 is 11.8 x 10-6/oC from room temperature to 1000oC. 

Although ODS chromium based alloys possess excellent oxidation resistance, 

mechanical properties and compatible CTE, their fabrication is still difficult and costly 

especially compared with other commercial metallic alloys. In addition, some problems are 

inevitable. Their higher chromium concentration can lead to excessive Cr2O3 scale growth, 

and volatile chromium species cause cathode poisoning [56], which will be discussed in detail 

later. Therefore, increasing efforts have been focused on other Cr forming alloys. 

 

1.2.3.2 Ni-Cr-based alloys 

Ni-Cr-based alloys have a face centered cubic (FCC) structure. Compared with ferric 

stainless steels, they exhibit lower scale growth rate and much higher mechanical strength.[57] 

The chromium content is required to be around 15% in Ni-Cr-based alloys to form a 

continuous chromia layer, lower than that of Fe-Cr based alloys, which is a optimum content 
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of 18-19%.[38] England et al reported the oxidation kinetics of different Ni-based alloys in air 

and humidified hydrogen. [58,59] Their major composition in the oxidation scale is Cr2O3, and 

(Mn,Cr)3O4 was detected as a second phase. Their oxidation behavior obeys the parabolic law. 

Haynes 230 with the highest Cr content showed the slowest oxidation rates in air, 

corresponding with lowest ASR. However, the oxidation kinetics of these Ni-based alloys at 

800oC in wet hydrogen was faster than that in air. The ASR of the oxidation layer grown in 

wet hydrogen was also higher in comparison with that in air. Yang et al studied the oxidation 

behavior of different Ni-Cr-based alloys with different chromium content in air, hydrogen 

and moist air-moist hydrogen dual atmospheres. [60] A thin layer of Cr2O3 and (Mn,Cr,Ni)3O4 

spinels formed in air on Haynes 230 and Hastelloy with a relative high Cr content (22 wt% 

and 16 wt%, respectively). However, a thicker double layer more than 5 μm with NiO scale 

on top of a chromia-rich substrate was observed in Haynes 242 with only 8 wt% Cr in the 

moist air and at the air side of dual-atmosphere conditions. A similar thin layer formed on the 

three alloys after oxidation in moist hydrogen, indicating high oxidation resistance. The 

layer’s composition are Cr2O3 and (Mn,Cr,Ni)3O4 spinels for Haynes 230 and Hastelloy S, 

and Cr2O3 for Haynes 242. NiO did not appear due to its thermodynamical instability in the 

reducing condition. At dual atmosphere hydrogen flux from the fuel side to the air side is 

likely to alleviate NiO growth and make the interface between the scale and metal dense. The 

FCC Ni–Cr-base alloys usually demonstrate a higher CTE than the BCC ferritic stainless 

steels, which typically have a CTE of 12 - 13 x10-6/oC. [49] Haynes 230 and Hastelloy S 

showed a higher CTE value about 15 x10-6/oC from room temperature to 800°C. Lowest CTE 

was obtained in Haynes 242, 13.1 x10-6/oC, which is ascribed to heavy additions of Mo, and 
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the limited amount of Cr. Haynes 242 is the recently developed Ni-Cr-based alloy. It can be 

used as gas turbine components, because it has high mechanical strength and lower CTE than 

other Ni-based alloy like Haynes 230.[61] Its thermal exapnsion is more compatible with other 

SOFC components. Geng et al also investigated Haynes 242 alloy in different 

environments.[62, 63] Consistent with Yang et al’s work, a NiO scale was observed on the top 

of Cr2O3 and (Mn,Cr)3O4 scale in the air oxidation too. The NiO scale did not continuously 

distributed on the alloy surface, however there is no apparent scale spallation. Its mass gain 

after isothermal oxidation at 800 °C for 500 h in air was less than that of Crofer, and its ASR 

of the oxide scale was lower that that of Ebrite and Crofer. Haynes 242 showed a quite 

different behavior in Ar + 4 vol% H2 + 3vol% H2O atmosphere. The oxidation layer consisted 

of a top thin (Mn,Cr)3O4 spinel scale and an inner Cr2O3 scale. The calculated activation 

energy of oxidation was near that of chromium self-diffusion in Cr2O3, which suggested the 

chromia layer is formed by the outward diffusion of chromium. 

Ni–Cr-base alloys have shown excellent oxidation resistance and sufficient strength for 

SOFC interconnect. Its significant challenge is the CTE mismatch to other components. To 

take advantages of it potential, new designs are required for interconnects and stacks. The 

identification to optimize alloy compositions is also a good solution.[64] 

 

1.2.3.3 Fe-Cr-based alloys 

Fe-Cr-based alloys include a large number of alloys, and they are also termed as 

stainless steel (SS). Compared with Cr-based alloys and Ni-Cr-based alloys, they are more 

promising due to their easy fabrication, reasonable thermal expansion and low maunfactural 
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cost. Stainless steels are often divided into four groups based on their crystal structure: (1) 

ferritic stainless steels (FSS); (2) austenitic stainless steels (ASS); (3) martensitic stainless 

steels; and (4) precipitation hardening steels.[49] Among them, the ferritic stainless steels are 

the most attractive due to their BCC structure which enable them to have more matched CTE 

(11.5-14 x10-6/oC from room temperature to 800oC) with other SOFC components. Besides, 

they also have good oxidation resistance and low fabrication cost. 

In order to develop a continuous Cr2O3 scale, enough chromium content is required in 

the substrate alloy. According to the Fe-Cr phase diagram, at least 13 wt% Cr should be 

contained to stabilize their ferritic structure phase.[65] In the commercial stainless steels, the 

Cr content is usually in the range of 11- 30 wt%.[49] High-Cr ferritic alloys with Cr 

concentration over 16 wt% showed good oxidation resistances.[66,67] The minimum chromium 

content to form a homogenous dense Cr2O3 scale is also affected by the oxidation 

environments. Othman et al’s work showed water vapor and high temperature (700 oC - 

950oC) both can accelerate isothermal scaling rates, and increaser the chromium level.[68] The 

elements like C and N which lead to form austenite must be controlled in a low content. The 

impurities e.g. Si and S should be eliminated, because Si can easily produce continuous 

insulating layers at the interface, and trace amounts of S can cause spallation of oxide scale. 

[69]  

E-Brite is a highly pure ferritic stainless steel which was developed by Allegheny 

Ludlum Steel Corporation for SOFC. Its typical compositions are: Fe (balance), Cr (27.5 wt% 

max), Ni+Cu (0.5wt% max), Mn(0.4 wt% max), Si (0.4 wt% max), Mo (1.5 wt% max), N 

(0.0015 wt% max), and C (0.01 wt% max).[70] Huang et al studied its oxidation kinetics in 
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stagnant air. [37] Its scale contained primary Cr2O3, and its growth rate showed a parabolic 

dependence on time. Its CTE was 11.8 x10-6/oC from room temperature to 500oC, quite close 

to other cell materials. However, its ASR with oxide electrodes was also near the limit for 

SOFC. A similar results was also observed in Geng et al’s work.[71] The weight gain of Ebrite 

was the smallest among the ferritic alloys they studied, which was related to the dense Cr2O3 

to prevent further oxidation. Besides, no oxide scale spallation was detected after the cyclic 

oxidation test.  

Crofer 22 APU is another widely-used high-temperature ferritic stainless steel for SOFC 

interterconnect, which was developed by Thyssenkrupp Steel AG. Its chemical compositions 

are: Fe (balance), Cr (24 wt% max), Mn (0.80 wt% max), Si (0.50 wt% max), Cu (0.5wt% 

max), Al (0.5 wt% max), S (0.0020 wt% max), P (0.050 wt% max), Ti (0.020 wt% max), and 

C (0.03 wt% max).[72] This alloy contains high concentration of Mn, and its protective oxide 

scale consist of Cr2O3 and (Cr,Mn)3O4 spinel, which is different from E-brite. The diffusion 

rate of different alloy elements in Cr2O3 follows the increasing rank of Cr, Ni, Co, Fe, Mn. [73] 

So during oxidation, the rapid outward diffusion of Mn lead to the raction with Cr and 

oxygen and formation of a Mn-containing spinel layer on top of the continuous Cr2O3 matrix. 

Liu also reported MnO was observed with Mn-Cr spinel on the surface of Crofer 22 APU 

after oxidation at 900 °C for 1000 h in the reducing atmosphere of 

Ar + 5 vol.% H2 + 3 vol.% H2O. [74] Fontana et al compared oxidation resistance of Crofer 22 

APU with Fe30Cr (30 wt% Cr but no Mn). [75] Fe30Cr (kp= 3.14 x10-13g2/cm4s in air, and 

1.54 x10-12g2/cm4s in H2/10%H2O) showed higher mass gain than Crofer 22 APU (kp = 2.5 

x10-14g2/cm4s in air, and 3 x10-14g2/cm4s in H2/10%H2O) after heating at 800oC for 100 h. 
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Crofer 22 APU also possessed low rate of chromium vaporization. Konysheva et al evaluated 

the chromium release of Crofer 22APU and ODS Cr-5Fe-1Y2O3 alloy.[76] A (Cr,Mn)3O4 

spinel scale with a thickness of 0.5 micrometer effectively decreased the Cr evaporation rate 

of Crofer 22 APU by a factor of 3 compared with alloy only forming Cr2O3 scale at 800oC in 

humidified air for a time up to 1300 h. They also found change in the minor additives like Al 

and Si in Crofer 22 APU can influence the oxide scale thickness, morphology and the 

(Cr,Mn)3O4/Cr2O3 ratio. Yang et al evaluated oxidation behavior and the conductivity of 

Crofer 22 APU and other ferritic Fe-Cr-Mn steels.[66] A chromia-rich scale beneath 

(Mn,Cr)3O4 spinel rich layer was formed both in air and moist hydrogen (97%H2/3%H2O) at 

800 oC for 1200 h. Its ASR was only 13.0 mΩcm2 after 1800 h at 800 oC, much lower than 

that of other ferritic steels like E-Brite and AISI-SAE 446. The low value is ascribed to 

higher electrical conductivity of the (Mn,Cr)3O4 spinel phases than Cr2O3.[77] Overall, Crofer 

22 APU appears to be one of the most promising candidate for SOFC interconnect alloys. 

It should be noted that the presence of reactive elements could affect the oxidation 

behavior of alloy. AISI-SAE 430 is a commercial ferritic grade without reactive elements. 

AISI-SAE 441 alloy is based on AISI-SAE 430’s composition, but with the addition of 

reactive elements Ti and Nb. Rufner et al’ work showed their oxidation behavior at the dual 

atmosphere is quite different.[78] A porous Fe2O3-rich surface layer was formed on the surface 

of AISI 441 at the air side, while AISI 430 had isolated Fe-rich surface nodules. This may be 

partly related to Nb promoting the hydrogen transport in 441 by segregating at grain 

boundaries as a short-cut pathway. Then hydrogen would react with the oxide layer to 

enhance the iron outward diffusion from its substrate. A study by Shaigan et al compared the 
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metal-oxide scale performance between ZMG 232 and AISI-SAE 430. [79] ZMG 232 is 

Fe-22% Cr based alloy with small amounts of reactive elements like Zr and La, developed by 

Hitachi Metals especially for SOFC interconnect. [80,81] Both of them were oxidized at 800oC 

in static air for various periods. Scale spallation was observed in AISI-SAE 430 just after 

oxidation less than 100 h, while it did not appear in ZMG 232 ever after longer hours. This is 

attributed to the segregation of impurity elements like Si, S, Cl and so on at the interface 

between alloy and oxide scale in AISI-SAE 430, and therefore the scale adhesion and its 

contact area with alloy is reduced. However, the reactive elements Zr and La effectively 

prevent the segregation of impurity elements in ZMG 232. The reactive elements can 

suppress the oxide growth rate and impurities of segregation by influencing the diffusion of 

chromium and oxygen. [82-85] The reactive element oxide segregate at the interface between 

scale and substrate, and inhibit voids formation. A dynamic-segregation model of the reactive 

element outward diffusion during high temperature oxidation is illustrated in Fig. 1.5.[69] 

 

Fig. 1.5 A dynamic-segregation model of the reactive element function during high 
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temperature oxidation. Adapted from B. A. Pint 1995, [69] Courtesy Springer.  

 

A comparison between different chromia forming alloys is listed in Table 1.2. [49] 

Ferritic stainless steel is considered as the most attractive candidate in terms of its good 

oxidation resistance, compatible thermal expansion with 8-YSZ electrolyte, and the low cost. 

 

Table 1.2 Properties of different chromia forming alloys for SOFC interconnect. Adapted from 

Z. Yang et al 2003, [49] Courtesy The Electrochemical Society. 

Alloys 
Matrix 

Structure 

CTE 

x10-6/oC 

(RT-800oC) 

Oxidation 

Resistance 

Mechanical 

Strengths 
Manufacturability Cost 

Cr base alloys BCC 11.0-12.5 Good High Difficult 
Very 

Expensive 

Ferritic 

stainless steels 
BCC 11.5-14 Good Low Fairly Readily 

Less 

Expensive 

Austenitic 

stainless steels 
FCC 18-20 Good Fairly High Readily 

Less 

Expensive 

Fe-Ni-Cr base 

alloys 
FCC 15-20 Good High Readily 

Fairly 

Expensive 

Ni(-Fe)-Cr 

base alloys 
FCC 14-19 Good High Readily Expensive 
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In addition, some low-Cr Fe based alloys are also studied. A Fe-Co-Ni based steel with 

only 6wt% Cr was evaluated by Geng et al.[86] After oxidation at 800 °C in air for 12 weeks, a 

Cr-free (Fe,Co,Ni)3O4 spinel layer formed atop Cr2O3 scale, which effectively blocked Cr 

violation, decreased the scale growth rate and ASR. The low-Cr alloy also showed good scale 

adherence and compatibility with the La0.8Sr0.2MnO3 cathode material. 

 

1.2.4 Problems with metallic interconnect materials 

Although ferritic stainless steels are the promising metallic interconnects material, they 

still face some challenges at SOFC operation condition, like high growth rate of oxide scale, 

evaporation of Cr species, etc.  

 

1.2.4.1 Oxidation problem 

    The thermally grown Cr2O3 scale is inevitable during oxidation for all chromium 

forming alloys. For Fe-Cr-Mn stainless steels, their oxidation layer also contain (Mn,Cr)3O4 

spinel. The electrical conductivity of both Cr2O3 and (Mn,Cr)3O4 is much lower than that of 

alloy matrix. Intensive studies have shown the thickness of Cr2O3 scale on stainless steels can 

reach several micrometers or even tens of micrometers after oxidation for thousands of hours 

under SOFC working environment. The existence of water vapor can also promote the 

growth of Cr2O3 scale at high temperature. [68,87,88] Even there is no crack, as the scale grows 

further, the overall ASR will increase. In practical, attributed to the thermal stress between 

scale and alloy substrate, crack or spallation will take place, and results in the degradation of 

SOFC stack. Therefore, an improvement to alleviate oxidation of metallic alloys is required. 
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1.2.4.2 Chromium poisoning 

Another inherent weakness of chromium forming alloys is Cr poisoning of electrodes, 

which can cause severe degradation in SOFC electrochemical performance. The negative 

effect of chromium on lanthanum strontium manganite (LSM) cathode poisoning has been 

confirmed by different groups when applying chromium forming alloys.[89-93] In the cathode 

side, the Cr2O3 layer on the surface of metallic alloy reacts with water and oxygen molecules, 

and generates volatile CrO2(OH)2 and/or CrO3 with Cr in the oxidation state of +6. The 

reactions can be expressed by the following equations[94-96]: 

)(4)(3)(2 3232 gCrOgOsOCr ↔+                    (1.6) 

)()(4)(4)(3)(2 222232 gOHCrOgOHgOsOCr ↔++      (1.7) 

Then the volatile Cr species migrate through the cathode, and segregate at the 

three-phase boundary (TPB, cathode, electrolyte and oxygen) as Cr2O3. The reduction of 

CrO2(OH)2 to solid Cr2O3 can dramatically deteriorate the cathode electrochemical activity, 

described by Equation 1.9 and 1.10.  

−− ++=+ 2
2323 O3)g(OH2)s(OCre6)g(CrO2            (1.8) 

−− +=+ 2
3222 O3)s(OCre6)g()OH(CrO2               (1.9)  

Yokokawa et al also analyzed the reactions of cathode with chromium vapors in 

thermodynamics, and found the Cr2O3 deposition or CrMn2O4 formation at the 

cathode/electrolyte interface is the direct reason for the chromium poisoning which results in 

slow oxygen ion diffusivity in LSM cathode. [97]  
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Fig. 1.6 Vapor pressures of different volatile chromium species as a function of temperature. 

Adapted from W. Z. Zhu, and S.C. Deevi 2003, [2] Courtesy Elsevier.  

 

 

Fig. 1.7 Equilibrium vapor pressures of chromium–oxygen–hydrogen gas species at 800 oC 

with a water vapor pressure of 3 kPa as a function of oxygen partial pressure. Adapted from J. 

Fergus 2005, [54] Courtesy Elsevier. 

 

The vapor pressures of different volatile chromium species as a function of temperature 

is displayed in Fig. 1.6. [2] It is obvious that CrO2(OH)2 possesses the highest vapor pressure 
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in the IT-SOFC working temperature range of 600-800 oC among all Cr species. Fig. 1.7 

shows the equilibrium vapor pressures for Cr-O-H species at 800oC with a water vapor 

pressure of 3 kPa as a function of oxygen partial pressure.[54] Their equilibrium vapor 

pressure increases with oxygen partial pressure. So chromium poisoning favors to happen in 

the cathode side. Currently increasing studies has been focused on novel cathode materials 

with higher catalysis activity to resist chromium poisoning.[98-104] 

Chromium forming alloy is difficult to achieve satisfactory performance when using 

directly without any surface modification. To suppress its excessive Cr2O3 scale growth and 

chromium violation to cathode, many efforts have been made such as alloy composition 

optimization, surface treatment, etc. Among them, applying protective ceramic coating on the 

alloy surface is an effective method. 

 

1.3 Interconnect coating materials for SOFC 

The coating material is applied between alloy interconnect and cathode. It servers as a 

barrier to chromium outward diffusion and oxygen inward diffusion, and therefore decreases 

the oxidation rate of metallic interconnect and chromium evaporation rate. To fulfill its 

function, it should satisfy the following requirements:  

(1) Dense and low diffusion rate of chromium and oxygen to hinder their migration in 

the coating; 

(2) Matched thermal expansion with substrate and cathode material to avoid internal 

stress and local spallation after thermal cycling; 

(3) High electrical conductivity to decrease the cell resistance; 
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(4) Non- volatile and chemical stability with the alloy interconnect, cathode, and contact 

layer at high temperature. 

 Various coatings have been developed to protect metallic interconnects, and they can 

be categorized mainly into three kinds: reactive element oxide, perovskite oxide, and spinel 

oxide coatings.[43] 

 

1.3.1 Reactive elements coating 

As discussed in the above section, the addition of reactive elements or its oxides in 

Cr-forming alloys to form dispersed phase effective improved the adherence of the oxide 

scale to the substrate and reduce the oxidation rate by changing the diffusion mechanisms of 

chromium and oxygen. They can also be used as protective coating on the alloy surface, and 

the often used coating elements are Y, La, Nd and Ce.[105-107] Fontana et al studied three 

coatings including La2O3, Nd2O3 and Y2O3 on different metallic alloys (Crofer 22 APU, AL 

453 and Haynes 230) applied by metal organic chemical vapour deposition (MOCVD).[108] 

The oxidation behavior was compared between coated and uncoated alloys after aging at 

800oC for 100 h in air. The Cr2O3 scale thickness of Crofer 22 APU was reduced by a factor 

of 1.5 after applying coating. La2O3 was acted as barrier that limits the chromium diffusion 

during oxidation. It reacted with chromia and formed LaCrO3 perovskite. Similarly, Nd2O3 

was concentrated at the chromia scale/top spinel grains interface as NdCrO3 perovskite. 

However, Y2O3 has high oxygen permeability. The chromia scale formed between Y2O3 

coating and alloy, and the generated stresses cause cracks in all Y2O3 coated samples. In their 

another study of Crofer 22 APU under H2/10%H2O atmosphere, Y2O3 coating also has a 
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different oxidation behavior with other coatings.[74] It did not react with chromia to form 

YCrO3 perovskite. The weight gain of Y2O3 coated Crofer 22 APU was higher than that of the 

other two coated samples. Kim et al compared thin coatings of Y, Co and Y/Co in the 

oxidation behavior of ferritic stainless steel AISI 444 in wet air up to 1000 h at 800 oC. [109] 

Y(30 nm), Co(50 nm) and Y(30 nm)/Co (50 nm) coatings were applied using electron beam 

evaporation method. The scale growth was reduced after coating with Y and Y/Co. The 

average scale thicknesses of the uncoated, Y-coated, and Y/Co-coated samples were 1.9 μm, 

0.9 μm, and 1.1 μm. An YCrO4 layer was formed between MnCrO4 region and Cr2O3 scale, 

which was responsible for the suppressing of Cr2O3 sub-layer growth. Y2O3 coated sample 

showed the lowest and stable ASR value. Reactive element oxide coatings increase the 

oxidation resistance of stainless steels and the adhesion of oxide scale, however, their coating 

layers are usually porous and quite thin which makes them not effective as barriers to 

chromium outward diffusion compared to other types of coatings.[110] 

 

1.3.2 Perovskite coating 

Perovskite oxides are widely used as cathode and interconnect of SOFC, due to their 

higher electrical conductivity and compatible thermal expansion. The formula of perovskites 

is expressed as ABO3, where A is rare earth cation (e.g. La, Pr, Ce, etc), and B is transition 

metal cation (e.g. Cr, Co, Mn, Fe, Cu, V, etc). [43] They are also applied as conductive coatings 

on alloy interconnect. The advantages of perovskite coating include their rare earth elements 

can retard the oxidation. Besides, as discussed in La1-xSrxCrO3 interconnect, the conductivity 

of perovskites can be improved by A-site or B-site doping.  
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Lu et al deposited a dense LaCrO3-based coating on AISI 444 stainless steel by sol–gel 

process.[111] A smooth and uniform coating can be formed after annealing at 800oC for 1 h in 

air. The ASR of the coated AISI 444 is much lower than that of uncoated sample after 

oxidation at 850 oC for 100 h. Uncoated AISI 444 showed notable weigh loss due to the 

several spallation of the scale, while the sol–gel coatings provided the protection during the 

cyclic oxidation and improved scale adhesion. Shaigan et al also developed the Co/LaCrO3 

coating on AISI 430 by electrodeposition.[112] After thermal exposure at 800oC in air up to 

2040 h, the Co/LaCrO3-coated AISI 430 has a triple-layer scale including a Cr2O3 inner layer, 

(Co,Fe)3O4 mid-layer and Co3O4 outer layer. Compared with bare AISI 430, the 

Co/LaCrO3-coated AISI 430 had a lower ASR, not exceed 0.02 Ω cm2 after 900 h at 800 °C 

in air, which could be attributed to high conductivity of LaCrO3 perovskite and the Co 

containing spinel scale.  

The high temperature SOFC cathode LaMnO3 is also investigated as coating material of 

interconnect. Shong et al deposited La0.8Sr0.2MnO3 on Crofer 22 APU using spin coating 

method, and both the coated and uncoated samples were oxidized in ambient air at 800 °C up 

to 1600 h.[113] All samples had (Mn,Cr)3O4 spinel phase in the scale, but the Mn/Cr ratio of 

the coated sample was higher, in which La0.8Sr0.2MnO3 coating promotes the growth of 

(Mn,Cr)3O4 spinel and increases its Mn content. The ASR of coated Crofer 22 APU was 

reduced to almost one third of that of uncoated sample, which could be attributed to the 

higher Mn content in (Mn,Cr)3O4 spinel phase. Another work focused on the LaMn0.9Ti0.1O3 

coating, which was applied on the surface of Haynes 230 by radio-frequency (RF) 

sputtering.[114] Ti was doped in Mn site to suppress the oxygen ion transport. After oxidation 
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at 800 oC in air for 1080 h, the thickness of oxide scale of uncoated Haynes 230 was around 

2.2 μm, while it was only 0.63 μm in LaMn0.9Ti0.1O3-coated samples. Its ASR was also 

reduced after coating.  

La1-xSrxCoO3, La1-xSrxMnO3 and La1-xSrxFeO3 have much high electrical conductivity 

than La1-xSrxCrO3, but these three are mixed electrical and ion conductor which means they 

can promote the oxygen ion diffusion at the same time. Yang et al compared La0.8Sr0.2FeO3 

and La0.8Sr0.2CrO3 coating on different ferritic stainless steels (E-brite, Crofer 22 APU, and 

AL453).[115] Both of the pervoskites coatings reduced the oxidation rate of Crofer 22 APU 

after oxidation at 800 oC in air up to 1200 h, however, La0.8Sr0.2CrO3 coating (kg= 3.2 x10-14 

g2cm-4s-1) was more effective than La0.8Sr0.2FeO3 (kg= 6.2 x10-14 g2cm-4s-1). The similar 

results were also obtained in the oxidation of AL453 and E-brite. The ionic conductivity of 

La0.8Sr0.2CrO3 is 2-3 orders of magnitude lower than that of La0.8Sr0.2FeO3. At the same 

condition, oxygen ions can diffuse inward more easily through La1-xSrxFeO3 coating at high 

temperatures. In addition, chromium was detected to diffuse into the La0.8Sr0.2FeO3 coating. 

Their work indicates La0.8Sr0.2CrO3 is superior to La0.8Sr0.2FeO3 coating as barrier to prevent 

chromium migration. However, one potential problem for La1-xSrxCrO3 is that it contains 

chromium element, and chromium is easy to evaporate at high temperature. Then the released 

chromium could still diffuse though the coating and cause cathode poisoning.[42,43] 

 

1.3.3 Spinel coating 

Recently, the research trend has been focused on spinel oxides as the coating material. 

Spinel oxides are always attractive due to their excellent electronic and magnetic properties 
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over a wide range of temperatures. Especially, the spinel oxides with 3d transition metals 

occupied on the octahedral sites possess the unique physical properties like ferromagnetism, 

antiferromagnetism, charge ordering, superconductivity, which are depended on the valence 

of the cations.[116] 

The general formula of spinel oxide is AB2O4, where O2- ion are in a close packing, and 

A and B are divalent, trivalent or quadrivalent cations occupying the octahedral and 

tetrahedral sites, respectively.  Its crystal structure is illustrated in Fig. 1.8. [38] Spinel oxides 

have normal and inverse structures. In a spinel unit cell, there are 32 octahedral sites, and 64 

tetrahedral sites. In the normal structure, B3+ cations occupy half of the octahedral holes, and 

A2+ cations occupy 1/8 of the tetrahedral holes. A normal spinel case is Co3O4 at room 

temperature, in which Co2+ on tetrahedral sites and Co3+ on octahedral sites.[118] In the inverse 

structure, all A2+ cations occupy the octahedral sites, and push half of the B3+ cations from the 

octahedral sites to the tetrahedral sites. An ideal case of inverse spinel is Fe3O4, which can be 

expressed crystallographically in (Fe3+)tetra[Fe2+Fe3+]octO2-
4.[119] However, for most spinel 

oxides, their cations distributions are between the above two structures.[120] 
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Fig. 1.8 Schematic diagram of crystal structure of AB2O4 spinel. Adapted from J. Wu, 

and X. Liu 2010, [38] Courtesy Elsevier. 

 

The high electrical conductivity and compatible thermal expansion can be obtained by 

adjusting the A and B cations’ composition and their ratio. Spinel coatings have indicated 

promising performance. Petric’s group did an extensive study on the electrical conductivity of 

spinel oxides, and found CuxMn3-xO4 system had much higher conductivity than most other 

tested spinels.[121,122] The conductivity of Cu1.3Mn1.7O4 can reach up to 225 S/cm at 750oC. 

They further applied Cu0.4Mn1.6O4 by electroplating technique on stainless steel UNS 430, 

and the Cu-Mn spinel coating restricted Cr2O3 growth at the interface between coating and 

UNS 430 and still had good adhesion to alloy matrix after cyclic oxidation at 750oC as long 

as 28 days due to its matched thermal expansion with the substrate. [123-125] 

   Hua et al developed NiCo2O4 coating on the surface of SUS 430 by sol-gel process.[126] 

The oxidation resistance of SUS 430 was significantly improved with NiCo2O4 coating by 

limiting the access of oxygen to the cations via outward diffusion during thermal exposure at 

800oC for 200 h in air (kg: 8.3 x10-14 g2cm-4s-1 for uncoated sample, and kg: 8.1 x10-15 
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g2cm-4s-1 for coated sample). A recent work evaluated CoFe2O4 spinel oxide as a potential 

coating on Crofer 22 APU by electroplating for cell testing as long as 180 h.[127] The 

channeled Crofer 22 APU interconnect with CoFe2O4 coating showed higher cell 

performance and lower degradation rate (3×10−5 Wcm−2 h−1) than the bare interconnect (about 

3×10−4 Wcm−2 h−1).  

In addition, other spinel oxides were also studied like NiMn2O4, NiFe2O4, etc.[128,129] 

They all exhibit to improve the oxidation resistance and block Cr diffusion effectively. 

Among these spinel coating, (Mn,Co)3O4 oxides are the most promising coating candidates 

due to their reasonable CTE (11.4×10-6/°C for Mn1.5Co1.5O4 and 12-13×10-6/°C for ferritic 

stainless steel) and high electronic conductivity(60 S/cm for Mn1.5Co1.5O4 at 800oC). [121, 

130,131]  

As early as 2000, Larring et al first reported (Mn,Co)3O4 coating was more effective to 

prevent Cr outward diffusion. [132] Then much more extensive studies have been focused on 

(Mn,Co)3O4 system as coating candidate currently. Chen et al applied a dense MnCo2O4 layer 

by slurry coating on AISI 430. After oxidation at 800oC for 60 h and 850oC for 120 h, its 

scale thickness was only sub-micron, and the ASR was significantly reduced by one order of 

magnitude.[133] Similar results for MnCo2O4 coating are confirmed by other researchers.[134-136] 

Yang et al investigated the effect of Mn1.5Co1.5O4 coating by screen printing on E-brite. [130] 

According to the Mn-Co binary phase diagram, Mn1.5Co1.5O4 is a single cubic phase at 

800oC.[137] Besides, its electrical conductivity is much higher than that of Cr2O3 and MnCr2O4. 

A dense coating was formed by first heat treatment in a reducing atmosphere and then in air. 

Their result showed the contact resistance between cathode and coated E-brite was as low as 
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7 mΩcm2 at early stages, and only slightly increased after 400 h at 800oC. The thickness of 

Cr2O3 scale was just about 1.0 μm, which indicated Mn1.5Co1.5O4 coating can effectively 

inhibit the Cr2O3 growth and prevent chromium outward migration through coating. They 

also tried Mn1.5Co1.5O4 on Crofer 22 APU. [138] After applying Mn1.5Co1.5O4 coating, the 

contact ASR between Crofer 22 APU and LSF cathode was reduced from 38.6 mΩcm2 to 

12.8 mΩcm2 after testing at 800oC for 400 h. A steep Cr decrease was still observed from the 

subscale/spinel coating interface after a half-a-year test of thermal cycling as shown in Fig. 

1.9.[138] The matched CTE between Crofer 22 APU and Mn1.5Co1.5O4 and dense coating 

structure both give rise to a good long-term stability. Xin et al reported a Mn0.9Y0.1Co2O4 

spinel oxide applied on Crofer 22 APU by slurry coating. [139] With the protection of 

Mn0.9Y0.1Co2O4 coating, the ASR was significantly lowered to 4 mΩcm2 from 17 mΩcm2 

after operation at 800oC for 538 h even including several thermal circles. MnCo1.9Fe0.1O4 is 

also (Mn,Co)3O4-based coating. X. Montero et al’s study showed it can improve the oxidation 

resistance of Crofer 22 APU and F18TNb after screen coating. [140] They also compared it 

with reactive oxide coating (CeO2, Y2O3) and pervoskite oxide coating (La0.8Sr0.2FeO3, and 

La0.6Sr0.4FeO3). [141] The MnCo1.9Fe0.1O4 coated sample still showed the lowest ASR, and it 

was more effective to limit the outward migration of chromium cations than the other 

coatings. The superior performance of (Mn,Co)3O4-based coating over pervoskite oxide 

coating was also confirmed in Larring et al’s work.[132] 
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Fig. 1.9 SEM images and EDS analysis on Crofer 22 APU with Co1.5Mn1.5O4 coating after a 

period of 6 months under thermal cycling. Adapted from Z. Yang et al 2005, [138] Courtesy The 

Electrochemical Society. 

 

(Mn,Co)3O4 system have attracted increasing focuses in recent years, and different 

coating techniques have been developed on them, e.g. electrodeposition of metals, 

thermal-growth or RF-sputtering, magnetron sputtering, atmospheric plasma spraying (APS), 

aerosol deposition, etc. [136,142-146] All these work indicate (Mn,Co)3O4 system are the 

promising coating candidate for SOFC metallic interconnects. However, more works are still 

needed to achieve satisfactory performance. 

 

1.4 Objectives of the dissertation 

The excellent performances of (Mn,Co)3O4 spinel oxides have been demonstrated as 

coating material for metallic interconnect by extensive works. However, the reasons for their 

superior properties have not been fully understood, so further study is considered necessary. 
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This work focuses on their interfacial reaction and long-term stability, electrical conduction 

behavior and materials optimization for improvement in coating performance and 

effectiveness. The major objective of this dissertation is to investigate the growth mechanism 

of the interaction layer and the effect of its existence on the coating and interconnect 

performance. 

The interaction between (Mn,Co)3O4 spinel coatings and chromia at high temperature is 

first studied to simulate the spinel coatings’ working condition. The mass transport behavior 

of (Mn,Co)3O4 spinel oxide will be proposed. Then the physical properties of reaction layer 

formed during the interaction between (Mn,Co)3O4 spinel coatings and chromia is 

investigated by analogous bulk analyses. The transport properties (e.g. electrical conductivity 

and interface reaction) are related to cation distribution. In spinel oxides, transition metals 

cations usually have multiple valences. Their site preferences, valence state and electrical 

conductivity are interrelated, so the cation distribution study can help to understand the 

degradation in electrical conduction and composition change after the interaction. In the work, 

the cystal structure and cation distribution in the (Mn,Co)3O4 based spinel solid solution at 

SOFC operation temperature is also studied. Finally, the effect of different transition metals 

doping in manganese cobalt spine coatings is presented on the interaction with chormia for 

the identification of potential coatings. 

In all, this work provide a fundamental understanding of the mass transport properties 

and phase stability of the (Mn,Co)3O4 coatings during high temperature operation, which will 

be beneficial for the development of protective spinel coatings.  
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CHAPTER 2 

Interactions between (Mn,Co)3O4 coating materials and Cr2O3 scale 

 

2.1 Introduction 

As described in the first chapter, ceramic coating can provide long-time protection for 

metallic SOFC interconnects. As compared with perovskite oxides, spinel oxide coatings 

have shown better performance in reducing the contact resistance and suppressing Cr outward 

diffusion through the coating layer. However, a relatively thick scale of chromium-rich oxides 

grows between the spinel coating and chromium forming alloy after long-term operation in 

the SOFC environment. The interactions between the coating and chromia scale can result in 

the change in chemical composition and microstructure of the coating, which will then affect 

coating properties and cell performance. 

(Mn,Co)3O4 spinel oxide is currently considered to be the one of the most promising 

candidate coatings for SOFC interconnect.[130, 138] The purpose of this part is to investigate the 

interaction between (Mn,Co)3O4 coating material and chromia scale at high temperature, and 

to understand the mass transport properties and phase stability of the (Mn,Co)3O4 coating. In 

this chapter, results on the mass transport behavior between manganese cobalt oxides and 

chromia are presented. 
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2.2 Experimental procedure 

Manganese cobalt oxides (Mn,Co)3O4 were prepared by solid-state reaction method. 

MnO (99% pure, Alfa Aesar, Ward Hill, MA) and Co3O4 (99.83% pure, Fisher, Pittsburgh, PA) 

were weighed in appropriate ratio to form the desired stoichiometry. The powders were 

mixed by ball-milling for 48 h with zirconia milling medium in de-ionized water, and the 

slurry was dried in an oven at 80 oC overnight. The pre-mixed powders were die-pressed into 

pellets, and then sintered at 1200 oC in air to form spinel structure. 

The interaction between the prepared (Mn,Co)3O4 pellets and Cr2O3 was studied by 

placing them together, and heating in air at high temperature in the range of 800 oC -1200 oC. 

The sample configurations are shown in Fig. 2.1 (a). In each case, the side of (Mn,Co)3O4 

sample was in contact with Cr2O3 (labeled “solid”), while the other side was exposed to air 

(labeled “vapor”), so that vapor-phase transport from Cr2O3 to (Mn,Co)3O4 could occur. In 

the experiment, the location of the original interface was marked by applying platinum pastes 

on the (Mn,Co)3O4 sample surface prior to the reaction. After reaction, the microstructure and 

composition of the (Mn,Co)3O4 samples on the surface and cross sections were characterized 

using a JEOL JSM-7000F scanning electron microscope (SEM) equipped with 

energy-dispersive X-ray spectroscopy (EDS). The phase structures of the synthesized and 

reacted spinels were determined by x-ray powder diffraction (XRD). 

 

 

(a) 

Cr2O3 
 

 

(Mn,Co)3O4 Solid 

Vapor 
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(b) 

Fig. 2.1 Schematic diagrams of sample configurations. 

 

2.3 Results and discussions 

 

2.3.1 Surface morphology and structure 

The surface morphologies of as-prepared three different (Mn,Co)3O4 compositions, 

Mn1.5Co1.5O4, Mn2CoO4, and MnCo2O4 spinel oxides are shown in Fig. 2.2. [149] They were 

all sintered into a dense body with few isolated pores. The brighter stripe-like parts in Fig. 2.2 

(c) have high Co-rich content determined by EDS, which indicates MnCo2O4 contains two 

phases after sintered at 1200 oC. According to the Mn-Co-O phase diagram, at 1200 °C 

Mn2CoO4 and Mn1.5Co1.5O4 are single-phase spinel solid solution, but MnCo2O4 have dual 

phases which consists of a cubic spinel phase (lower cobalt) and a rocksalt phase (higher 

cobalt). [138] 

 

Mn1 5Co1 5O4 

Cr2O3 

 

(a) Mn1.5Co1.5O4 
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Fig. 2.2 SEM images of as-prepared three (Mn,Co)3O4 compositions surface: (a) 

Mn1.5Co1.5O4, (b) Mn2CoO4, and (c) MnCo2O4. [149] 

 

   

(b) Mn0.8Co1.3Cr0.9O4 

(b) Mn2CoO4 

(c) MnCo2O4 

(a) Mn04Co0.6Cr2O4 
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Fig. 2.3 SEM images of surfaces of (a-b) Mn1.5Co1.5O4, (c-d) Mn2CoO4, and (e-f) MnCo2O4 

after reaction at 1200 ºC for 72 h in contact with (left) or near chromia (right). [148] 

 

The initial experiments were performed at temperatures higher than the SOFC operation 

temperature to overcome kinetic limitations. Fig. 2.3 show the SEM images of surface 

morphologies of Mn1.5Co1.5O, 4Mn2CoO4, and MnCo2O4 after reaction at 1200 ºC for 72 h in 

contact with or near chromia (namely, solid side and vapor side), respectively. [148] In spite of 

the differences in the surface morphology of as-prepared samples, their facetted surface 

morphologies for the regions in contact with Cr2O3 after reaction are similar. EDS analyses 

show that the reaction products are (Mn,Co)Cr2O4 spinels, in which the maximum chromium 

content reached to 2 per M3O4 unit. The upper side regions of the (Mn,Co)3O4 spinel oxides 

(a) Mn0.65Co0.35Cr2O4 (b) Mn1.35Co0.85Cr0.85O4 

(a) Mn0.25Co0.75Cr2O4 (b) Mn1Co1.45Cr0.55O4 
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that are not in direct contact with Cr2O3 also reacted via vapor phase transport, but their Cr 

content was relatively lower. It is shown that the faceted morphology did not form after 

reaction at 1200 oC and faster growth tends to take place at the grain boundary regions. 

The chemical compositions of the reaction products by both solid and vapor phase 

transport are also shown in Fig. 2.3. The Co/Mn ratio in the reaction surfaces was always 

higher than the original ratio in (Mn,Co)3O4 spinel oxides, and increased with the cobalt 

content in the as-prepared (Mn,Co)3O4 samples, which may be attributed to higher diffusion 

rate of Co within the reaction layer than that of Mn or the greater preference for tetrahedral 

site of Co2+ compared with that of Mn3+. [147] 

 

28 32 36 40 44 48 52 56 60 64 68

2θ (degree)

 0 hr

 72hr

 108hr
(a) Solid side

 



 41 

28 32 36 40 44 48 52 56 60 64 68

2θ (degree)

 0 hr

(b) Vapor side

 72 hr

 108 hr

 

Fig. 2.4 XRD patterns of surfaces of Mn1.5Co1.5O4 after reaction at 1200 ºC (a) in contact 

with or (b) near chromia for different hours. 

 

   Fig. 2.4 plots XRD patterns of surfaces of Mn1.5Co1.5O4 after reaction at 1200 ºC (a) in 

contact with or (b) near chromia for 72 h and 108 h, respectively. The reaction layers 

produced by solid phase transport or vapor phase transport both have single cubic spinel 

structure, which is different from the dual-phase structure in Mn1.5Co1.5O4 at room 

temperature. XRD analyses also indicate chromium migration can stabilize the cubic 

structure. 
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Fig. 2.5 Surface morphologies (a - d) and cation concentration profiles (e) of Mn1.5Co1.5O4 at 

different distances from Cr2O3 (light regions on the right) after reaction at 1200 °C for  

144 h.[148] 

 

Fig. 2.5 shows the transition in surface microstructures (a-d) and corresponding cation 

concentration profiles (e) of Mn1.5Co1.5O4 at different distances from Cr2O3 after reaction at 

Boundary 

(b) (c) 
 

(c) 
 

(d) 

(a) 
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1200 °C for 144 h using sample configurations in Fig. 2.1(b). [148] In this experiment, half of 

Mn1.5Co1.5O4 surface was covered with chromia shown as light regions on the right in Fig. 

2.7(a). The morphology becomes less faceted and the chromium concentration at the surface 

decreases as moving away from the boundary to left. The Cr2O3 activity in the vapor phase is 

different from Cr2O3 scale boundary to the area far away, which would affect the morphology 

and chromium content in the reaction products. The transition in morphologies is consistent 

with the difference in the morphologies of interfaces that formed by solid phase transport and 

vapor phase transport as shown in Fig. 2.3. 

 

      

 

  

Fig. 2.6 SEM images of surfaces of Mn1.5Co1.5O4 in contact with or near Cr2O3 after reaction 

(a) 800oC solid 

(c) 1200oC solid 

(b) 800oC vapor 

(d) 1200oC vapor 
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at 800 oC and 1200 oC for 144 h. [148] 

 

Table 2.1 The chemical compositions and Co/Mn ratio in surfaces of Mn1.5Co1.5O4 in contact 

with or near Cr2O3 after reaction at 800 oC, 1200 oC for 144 h. 

Temperature 
chemical compositions Co/Mn ratio 

Powder side Vapor side Powder side Vapor side 

800 oC Mn0.3Co0.8Cr1.9O4 Mn1.4Co1.4Cr0.2O4 3.4 1.0 

1200 oC Mn0.4Co0.6Cr2O4 Mn0.7Co1.3Cr1.0O4 1.5 1.8 

 

Then the reaction temperature is lowered to the typical SOFC operation temperatures. 

Fig. 2.6 shows surface morphologies of Mn1.5Co1.5O4 in contact with or near Cr2O3 after 

reaction at 800 oC and 1200 oC for 144 h, and their chemical compositions and Co/Mn ratio 

of the reaction interface are summarized in Table 2.1. [148]  For the solid side, a similar 

faceted microstructure still formed at 800 oC, but both the chromium concentration and grain 

size in the surface reaction layer decreased with decreasing the temperature. The Co/Mn 

ratios in the surface layer on both sides were always higher than the original ratio in 

Mn1.5Co1.5O4 spinel oxide even after reaction at low temperature 800oC. 

For the vapor side, chromium content was much lower than that in the side by solid 

phase transport. After reaction at 800 °C, trace amount of chromium in the reaction layer 

indicated only a small amount of reaction took place via vapor phase transport. However 

unlike the morphology for the vapor side at 1200 °C, a facet microstructure was generated as 

shown in Fig. 2.6 (b). The fact that the degree of faceting for lower Cr contents increases 
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while reducing the reaction temperature suggests that this faceting mechanism is favored at 

lower temperatures (e.g. 800 °C). 

 

2.3.2 Mass transport properties in Mn1.5Co1.5O4 

The cross sections of Mn1.5Co1.5O4 after reaction at 1000°C for 36 h in contact with 

Cr2O3 are shown in Fig. 2.7. [148] The lighter points in a line in Fig. 2.7 (a) are the platinum 

markers, which was used to locate the original surface of Mn1.5Co1.5O4 before reaction. A 

dense layer formed on its surfaces by solid phase transport. For the reaction layer formed by 

solid phase transport as shown in Fig. 2.7 (a), the Cr2O3 layer was on its right side. EDS 

analysis in Fig. 2.7 (b) showed it contains two scales between Mn1.5Co1.5O4 and Cr2O3: a 

dense (Mn,Co)Cr2O4 spinel outer scale and a Cr-containing (Mn,Co,Cr)3O4 intermediate scale. 

Throughout the outer reaction layer the chromium content remained relatively constant and 

its maximum value could be reached to 2 per M3O4 formula unit. However, in the 

(Mn,Co,Cr)3O4 intermediate layer the chromium content was observed to decrease 

dramatically. Although both reaction layers have the spinel structure, they grow by different 

mechanisms. After reaction with Cr2O3, the fact that (Mn,Co)Cr2O4 spinel scale on the right 

of the platinum marker (which locate the original interface) indicates that this outer layer 

grows by the outward diffusion of manganese and cobalt from Mn1.5Co1.5O4 to the Cr2O3, 

while the (Mn,Co,Cr)3O4 intermediate layer grows by the inward diffusion of chromium 

through the outer layer.[149] The growth mechanisms of reaction layer are illustrated 

schematically in Fig. 2.8. The thickness of Cr-rich reaction layer can also be confirmed by 

both the platinum markers and Cr concentration profile.  
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Fig. 2.7 (a) SEM images and (b) cations profile of cross section of Mn1.5Co1.5O4 after reaction 

at 1000 °C for 36 h in contact with Cr2O3. [148] 

 

If the spinel coating is quite thin or not dense enough, the dissolved chromium would 

finally diffuse throughout the coating to the cathode and then result in chromium poisoning. 

Therefore, both of the reaction layers are helpful to retard chromium migration and 

volatilization and then to protect SOFC components. 

Pt 

(a) 
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Fig. 2.8 Reaction layers formed during the reaction between Mn1.5Co1.5O4 and Cr2O3 at 

high temperature. 

 

2.4 Conclusions 

The interaction between manganese cobalt (Mn,Co)3O4 spinel oxide coating materials 

and Cr2O3 layer was studied in this chapter. The facetted surface morphologies for the regions 

in contact with Cr2O3 were observed after reaction at both 800 oC and 1200 oC. EDS and 

XRD analyses showed that the outer reaction layer are (Mn,Co)Cr2O4 spinel oxide with a 

cubic structure, in which the chromium content is reached to the maximum 2 per M3O4 unit at 

steady state (e.g. at 1200 oC).  

The reaction layer contains two scales, Cr-rich (Mn,Co)Cr2O4 outer scale and 

Cr-containing (Mn,Co,Cr)3O4 intermediate scale. They both have spinel structures, but their 

growth mechanisms are obviously different. In the outer layer in contact with Cr2O3, 

(Mn,Co)Cr2O4 grew by the outward diffusion of cobalt and manganese from (Mn,Co)3O4 
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coating material. At the same time, chromium dissolved into (Mn,Co)3O4 and formed the 

other (Mn,Co,Cr)3O4 intermediate layer. The growth of the Cr-rich reaction layer is helpful to 

minimize the migration of chromium species and protect the cathode from poisoning.  

 

. 
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CHAPTER 3 

Electrical properties, cation distributions and thermal expansion of 

manganese cobalt chromite Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinels 

 

3.1 Introduction 

    As discussed in the first chapter, chromia-forming alloys, especially ferritic stainless 

steels are widely used as SOFC metallic interconnect. However, their chromium composition 

also brings some problems. The volatile CrO2(OH)2 and CrO3 species deposit on the 

cathode/electrolyte interface, and cause degradation of cathode electrochemical 

performance.[43,49] In addition, the electrical conductivity of Cr2O3 scale formed on the 

surface of stainless steels is lower that of alloys, which would increase the overall resistance 

of fuel cell. [150] Different conductive ceramic coatings have been applied on the surface of 

metallic interconnects to prevent chromium volatilization and increase oxidation resistance, 

and Mn1.5Co1.5O4 spinel oxide has been reported to be a promising coating candidate.  

To evaluate the long-term stability of Mn1.5Co1.5O4 coating, the transport properties of 

the reaction layer formed between Mn1.5Co1.5O4 and the Cr2O3 scale on the surface of 

chromium forming alloys need to be characterized, because the interaction can change the 

coating’s composition, and thus its properties, e.g. crystal structure, electrical conductivity 

and thermal expansion. The mass transport properties of the reaction layer have been 
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discussed in the second chapter. The reaction layer between Mn1.5Co1.5O4 and Cr2O3 is 

detected to contain two regions in the second chapter, a chromium rich outer layer 

(Mn,Co)Cr2O4, and a chromium-containing intermediate layer (Mn,Co,Cr)3O4. Although both 

layers have the spinel structure, they form by different mechanisms. Another interesting 

phenomenon is that the Co/Mn ratio in the reaction layer was observed to be higher than 1, 

the original coating composition (i.e. Mn1.5Co1.5O4). Both the mass transport and ion 

transport (reaction layer growth and conductivity behavior) in the reaction layer are highly 

interrelated with how the cations are distributed on the octahedral and tetrahedral sites in 

spinel structure. Thus, determination of the atomic occupancies in manganese cobalt 

chromium spinel system, especially at the SOFC operation temperature 600 oC – 800 oC, will 

be useful in understanding the growth and conduction mechanism of reaction layer. Although 

(Mn,Co,Cr)3O4 are the major compositions in the reaction layer, the information on their 

cation distributions is still lacking at high temperature under oxidizing atmosphere relevant to 

SOFC working environment. Since Mn, Co and Cr have similar numbers of electrons, the 

differences in x-ray scattering between them are small. However their neutron scattering 

lengths are quite different, 3.635 x10-15m for Cr, -3.73 x10-15 m for Mn, and 2.49 x10-15m for 

Co.[151] So the in-situ neutron diffraction technique is employed here as an effective method 

to study cation distributions and other crystallographic parameters of (Mn,Co,Cr)3O4 in the 

temperature range of 600 oC - 800oC in air.  

To investigate the effect of Cr migration on the Mn1.5Co1.5O4 coating performance, 

manganese cobalt spinels with different chromium content, Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 

2), were synthesized. This work focuses on their electrical conductivity, cation distributions 
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and thermal expansion at SOFC operation condition. The relationship of cation distributions 

with transport properties in the reaction layer was also discussed. 

 

3.2 Experimental 

Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides were synthesized by solid state 

reaction. MnO (99% pure, Alfa Aesar, Ward Hill, MA), Co3O4 (99.83% pure, Fisher, 

Pittsburgh, PA) and Cr2O3 (99% pure, Acros, Geel, Belgium) were weighed in appropriate 

ratio to form the desired stoichiometry. Then the powder mixtures were ball-milled for 48 h 

with zirconia milling medium in de-ionized water, and dried overnight in an oven. The 

pre-mixed powders were die-pressed, and then sintered at 1200 oC in air to form spinel 

structure. X-ray diffraction (XRD) was used for phase analysis by a Bruker D8 X-ray 

diffractometer. The samples were scanned over the θ2 range of 28o-70o with the 

Cu αK radiation at room temperature. The in-situ high-temperature neutron diffraction 

measurements were performed on the high resolution neutron powder diffractometer (HB-2A) 

with a wavelength of 
o
A537.1=λ  at Oak Ridge National Lab, Oak Ridge, USA. Since the 

vanadium could be easily oxidized in air at high temperature, a quartz sample holder was 

used due to its excellent chemical stability. Samples were placed in a quartz holder, and 

loaded into a tube furnace, which would be heated up to 800 oC under air atmosphere. The 

data were collected in the θ2  range of 8o to 152o, and refined by the FULLPROF program 

using Rietveld method.[152] The electrical conductivities of spinel samples were measured by 

four-probe d.c. method on rectangular bars with the dimension about 14 mm x 5 mm x 2 mm 

which were cut from sintered specimens. The measurements were conducted between 500oC 
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and 900oC in random direction leaving enough time (10 h) to reach equilibration. Pt paste and 

wire were used as current collector and electrodes. A current chosen from 10-100 mA was 

applied during measurement. The coefficients of thermal expansion (CTEs) of the specimens 

were tested from a UnithermTM model 1161V high temperature vertical dilatometer 

(Lewisville, TX) from room temperature up to 1000 oC with a heating rate of 10 oC/min in air. 

The average CTE value was obtained from the difference of thermal expansion between 1000 

oC and room temperature divided by temperature difference. 

 

3.3 Results and Discussion 

 

3.3.1 X-ray diffraction 

The spinel structures include cubic phase (e.g. JCPDS No. 23-1237 for manganese cobalt 

oxide and No. 26-0474 for manganese cobalt chromium oxide) or tetragonal phase (e.g. 

JCPDS No. 18-0408 for manganese cobalt oxide). [153] Fig. 3.1 shows the XRD patterns of 

Mn1.5-0.5xCo1.5-0.5xCrxO4 (x= 0 - 2) spinel oxides at room temperature. Peaks positions 

indicated Mn1.5Co1.5O4 contains two phases, which is consistent with Yang et al’s 

results.[130,138] The crystal structure of Mn1.5Co1.5O4 at room temperature is dual-phase 

including cubic Co-rich Mn1+αCo2-αO4 (Space group: m3Fd ) and tetragonal Mn-rich 

Mn2-δCo1+δO4 (Space group: I41/amd), respectively. [130,154] As Cr content increased, the 

tetragonal phases become vanished. When x is greater than 1, XRD indicated 

Mn1.5-0.5xCo1.5-0.5xCrxO4 forms the single cubic phase. With increasing chromium doping, the 

cubic spinel structure can be stabilized at room temperature. 
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Fig. 3.1 XRD patterns of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x= 0 - 2) spinel oxides at room 

temperature. 

    

Table 3.1 lists the lattice parameter and different kinds of density of cubic 

Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=1, 1.5, and 2). Their lattice parameter did not change much as 

chromium content increased. The lattice size of the cubic spinel structure is related to the 

ionic radius and site atomic occupancies. The different cations’ radii are listed as following: 

R Cr
3+(CN=VI) = 0.615

o
A , R Mn

3+ (CN=VI) = 0.645
o
A , R Mn

2+(CN=IV) = 0.66
o
A , R 

Co
3+(CN=VI) = 0.545

o
A , and R Co

2+(CN=IV) = 0.58
o
A .[155] It is shown that the size of Cr3+(VI) 

is intermediate between those of Mn and Co cations. The distribution occupancies of these 

three cations at the octahedral (M) and tetrahedral (T) sites would vary when Cr 

concentration increased. Both factors could affect the change in lattice parameters. Their 

measured density was obtained from the weight and geometric dimensions of samples, and 

the theoretical density was calculated from lattice parameters. A decrease in the relative 

density was shown as Cr content increased, which indicates that Cr-rich spinel oxides have a 
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poor sinterability. 

 

Table 3.1 Lattice parameter and density of cubic Mn1.5-0.5xCo1.5-0.5xCrxO4 (x= 1, 1.5, and 2). 

 Lattice 

parameter a( o
A ) 

Theoretical 

density (g/cm3) 

Measured 

density (g/cm3) 

Relative 

density (%) 

MnCoCrO4 8.366 5.214 3.64 70 

Mn0.75Co0.75Cr1.5O4 8.379 5.130 3.18 62 

Mn0.5Co0.5Cr2O4 8.380 5.076 2.79 56 

 

3.3.2 Electrical conductivity  

Fig. 3.2 shows the conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0 - 2) at 800 oC, the 

typical SOFC operation temperature. The conductivity decreases dramatically by several 

orders of magnitude as the Cr content increases. The conductivity at 800 oC drops from 60 

S/cm [130] to 0.007 S/cm by three orders of magnitude as x increases from 0 to 2 in 

Mn1.5-0.5xCo1.5-0.5xCrxO4. The increase in porosity may contribute to the decrease in the 

conductivity. The temperature dependences of conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 are 

shown in Fig. 3.3. The conductivity of all samples increased with the temperature. A linear 

dependence of )Tlog(σ  with 1000/T is observed, which was also reported in other spinels, 

and suggests that the conduction in the spinel oxides occurs through the small polaron 

hopping mechanism on the octahedral site during high temperature as described by[121, 156-158] 

)exp(0

Tk
E

T b

a−=
σσ                               (3.1) 

where, σ  is the electrical conductivity,  
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T is the absolute temperature,  

0σ  is the pre-exponential factor,  

Ea is the activation energy,  

and kb is the Boltzmann’s constant.  

 

The activation energies (Ea) calculated from the slope of the fitting lines in Fig. 3.3 are 

shown in Fig. 3.4. The activation energy increases with the Cr content, which indicates Cr 

doping makes electrical conduction difficult in Mn1.5Co1.5O4. With small Cr content doping, 

the conductivity decreases with unchanged increase in activation energy (e.g. x lower than 

1.0), but the activation energy increases at higher Cr contents. This may indicate the 

mechanism does not change for low Cr content (i.e. a decrease number of available 

octahedral sites), but the change in activation energy at high Cr level doping may suggest 

other conduction process might be involved. 

 

Fig. 3.2 Electrical Conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides at 800 oC 

in air. 
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Fig. 3.3 Electrical Conductivity of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides as a 

function of 1000/T in air. 

 

 

Fig. 3.4 Activation Energy as a function of Cr content in Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) 

spinel oxides. 
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Fig. 3.5 Comparison between Mn1.5-0.5xCo1.5-0.5xCrxO4 (x =1 and 2) and Cr2O3 in electrical 

conductivity in air. 

 

Comparisons between Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 1 and 2) and Cr2O3 in electrical 

conductivity in air are shown in Fig. 3.4. The Cr2O3 scale formed on the stainless steel 

interconnect will also be part of the cell circuit. The conductivity of Cr2O3 at 800oC in air is 

in the range of 0.006 to 0.16 S/cm,[44-48] which is comparable to that of Cr-rich spinel samples 

with x =1.5 and 2. The results indicate that the existence of both reaction layer and Cr2O3 

scale would increase the overall cell resistance, so it is important to suppress their further 

growth.  

As for the conductivity in the spinel oxides, Lu et al attributed the electrical conduction 

in the Mn1+xCr2-xO4 system to the hopping of small polaron between Mn3+ and Mn4+ on the 

octahedral site. [77] So increasing Cr content will lead to a reduction in the concentrations of 

exchange pairs between Mn3+ and Mn4+ concentration and therefore the conductivity value. 

In the Mn1.5-0.5xCo1.5-0.5xCrxO4 ternary system, Co can also have multiple valence states, and 
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all these three cations have quite different site preferences.[155,159] The details about cation 

distributions and its relationship to conductivity will be discussed with the neutron diffraction 

data in the following section. 

 

3.3.3 Cation distribution in Mn1.5Co1.5O4 and MnCoCrO4 at high temperature 

The neutron diffraction patterns for Mn1.5Co1.5O4 and MnCoCrO4 at 600 oC and 800 oC 

under air atmosphere are given in Fig. 3.6 and Fig. 3.7, respectively. These two samples’ 

detailed crystallographic information can help to understand the transport properties of 

interactions between Mn1.5Co1.5O4 coating and Cr2O3 scale during SOFC operation. 
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Fig. 3.6 Neutron diffraction patterns of Mn1.5Co1.5O4 in air at (a) 600 oC and (b) 800 oC, 

respectively.  
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Fig. 3.7 Neutron diffraction patterns of MnCoCrO4 at (a) 600 oC and (b) 800 oC, respectively.  

 

Table 3.2 Crystal parameters of (a) Mn1.5Co1.5O4 and (b) MnCoCrO4 at high temperature 

(a) Crystal parameters of Mn1.5Co1.5O4 (Space group: m3Fd  (227)) 

 600oC 800oC 

a (A) 8.4129(1) 8.4331(1) 

u oxygen 0.26164(9) 0.26176(9) 

[Mn]T 0.151(10) 0.209(9) 

[Co]T 0.849(10) 0.791(9) 

[Mn]M 0.689(7) 0.682(7) 

[Co]M 0.311(7) 0.318(7) 

Rwp (%) 5.27 5.07 

Rexp (%) 4.61 4.70 
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 (b) Crystal parameters of MnCoCrO4 (Space group: m3Fd  (227)) 

 600oC 800oC 

a (A) 8.4140(1) 8.4301(1) 

u oxygen 0.26211(6) 0.26207(7) 

[Mn]T 0.252(9) 0.271(9) 

[Co]T 0.748(9) 0.729(9) 

[Mn]M 0.418(4) 0.398(5) 

[Co]M 0.082(4) 0.102(5) 

[Cr]M 0.500(0) 0.500(0) 

Rwp (%) 4.82 4.86 

Rexp (%) 4.35 4.35 

* 2/1

n,1i

2
ii

n,1i

2
ciiiwp ]yw/)yyw[(100R ∑∑

==

−= , 2/1
i

2
oiiexp ]yw/)pn[(100R ∑−= , where yi and yci 

are the observed and calculated numbers of counts at point i of the neutron diffraction pattern, 

wi is the weigh of the observation = 1/variance(obs)i, Rexp is calculated supposing the best 

possible mode, and n-p is the number of degrees of freedom. 

 

The broad background spectrum was from the quartz sample holder, but a good contrast 

of diffraction peak intensity was still obtained. The refined crystal parameters of (a) 

Mn1.5Co1.5O4 and (b) MnCoCrO4 are listed in Table 3.2. Mn1.5Co1.5O4 is shown a single cubic 

phase (Space group: m3Fd ) from 600 oC to 800oC in Fig. 3.6, which is different from its 

dual-phase structure at room temperature. In the general spinel AB2O4, O anions form a cubic 

close-packing in which A and B cations occupy the tetrahedral (T) and octahedral (M) sites, 
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and it can be expressed as (A1-xBx)[Ax/2B1-x/2]2O4, where the parentheses represent cations on 

tetrahedral site, and square brackets represent cations on octahedral sites.[117,119] Since 

Mn1.5Co1.5O4 contains only Mn and Co cations, the occupancies of these two at the same site 

are constrained to be one. Its refined crystallographic formula at 800oC is 

(Mn0.209Co0.791)[Mn0.682Co0.318]2O4. Its lattice size increased from 600oC to 800oC due to 

thermal expansion, but its site occupancies did not vary significantly. More Mn cations 

occupied the octahedral sites, and more Co cations occupied on the tetrahedral sites, although 

the Co/Mn chemical ratio is 1 in Mn1.5Co1.5O4. 

For MnCoCrO4, all cations’ occupancies were first refined without any constraint, but 

the chemical formula obtained from the refinement is quite different from the nominal 

formula. For the ternary system, neutron diffraction is difficult to determine more than two 

cations’ distributions in the same site (octahedral and tetrahedral) directly, so reasonable 

constraints have to be applied to the refinement. Navrotsky et al studied the thermodynamics 

of site preference for individual cations in the spinel structure, and found Cr3+ had the 

strongest octahedral site preference. [147] Cr3+ were also reported exclusively occupied the 

octahedral site in the Cr-containing spinels. [77,121,160] Based on these results, the octahedral 

site was constrained to be fully occupied with 50% occupation by Cr3+, and an agreement 

between the refined chemical formula with its nominal was achieved. The reliability of the 

refinement results were estimated from the agreement factors Rwp and Rexp, which are listed 

in Table 3.2 (b). The crystal structure of MnCoCrO4 at high temperature is also a single cubic 

phase with space group m3Fd  (227), and its lattice parameter expanded as increasing the 

temperature. Similar to Mn1.5Co1.5O4, the occupancy of Co at tetrahedral site was much 
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greater than that of Mn, which exhibited Co cations preferred the tetrahedral sites, while Mn 

cations like the octahedral sites. As mentioned above, the electrical conduction is related with 

cations on the octahedral sites. Both Mn and Co cations were found distributed in the 

octahedral sites in Mn1.5Co1.5O4 and MnCoCrO4, respectively. It was reported that Co could 

have multiple valences in spinel oxides, e.g. III (+3 valence state with low spin) and +2 

which was determined by thermal analysis.[159] This indicates Co may also make 

contributions to the electrical conduction. In the unit cell of cubic spinel, there are four layers 

of octahedral chains, and each octahedral site is surrounded by six nearest octahedral 

neighbors. Using Mn on the octahedral sites as an example, the refined results at 800oC 

indicate that there are about 4 (6 x 0.682) nearest Mn cations on average for small polaron 

hopping on Mn cation at octahedral sites in Mn1.5Co1.5O4. In MnCoCrO4 the number of 

nearest Mn cations is decreased to around 2 (6 x 0.398). There is also a reduction in the 

available neighboring octahedral sites for hopping between Co cations after Cr doping. 

Therefore, as more Cr cations occupy the octahedral site with a fixed valence +3, [77,121,160] the 

contents of exchange pairs Mn3+/Mn4+
 and Co2+/CoIII decrease, so the conductivity of 

Mn1.5-0.5xCo1.5-0.5xCrxO4 is reduced. In addition, the tetrahedral site preference of Co over Mn 

obtained from neutron diffraction data could somewhat explain the reason for higher Co/Mn 

ratio in the reaction layer between Mn1.5Co1.5O4 and Cr2O3 as investigated in the second 

chapter. Both Cr3+ and Mn3+ prefer octahedral sites during the interaction between 

Mn1.5Co1.5O4 coating and Cr2O3 scale, so Co2+ tends to occupy the tetrahedral site. The 

neutron diffraction technique provides useful crystallographic information in understanding 

the transport mechanism in the reaction layer.  
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3.3.4 Thermal expansion test 

   Thermal expansion compatibility is required to reduce the thermal stress and avoid 

component spallation for good long-term performance. Fig. 3.8 shows the CTEs of 

Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides from room temperature to 1000oC in air. The 

CTE of Cr2O3 from 25oC - 900oC, 9.6 x10-6/oC is shown for comparison.[151] As Cr content 

increased, CTE of Mn1.5-0.5xCo1.5-0.5xCrxO4 spinel oxides decreased, which indicates Cr 

diffusion from Cr2O3 layer can reduce the thermal expansion of Mn1.5Co1.5O4 coating. Thus, 

the growth of the reaction layer formed between Mn1.5Co1.5O4 coating and Cr2O3 scale on the 

surface of metallic interconnects could lead to thermal stresses from the CTE mismatch and 

local spallation after long-time operation.  

 

Fig. 3.8 CTEs of Mn1.5-0.5xCo1.5-0.5xCrxO4 (x=0-2) spinel oxides and Cr2O3
[151] from room 

temperature up to 1000oC in air. 
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3.4 Conclusions 

Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) spinel oxides were synthesized by solid state reaction. 

The effects of Cr doping were studied on the crystal structure, electrical conductivity and 

thermal expansion at SOFC operation condition, and the relationship between cation 

distributions and transport properties in the reaction layer were discussed. With increasing Cr 

content, the cubic phase at room temperature is stabilized, the electrical conductivity 

decreases dramatically by several orders of magnitude, and CTE also decreases. The 

temperature dependence of conductivity suggested a small polaron hopping conduction 

mechanism in Mn1.5-0.5xCo1.5-0.5xCrxO4. The refinements of neutron diffraction data for 

Mn1.5Co1.5O4 and MnCoCrO4 show they both were cubic structure at SOFC operation 

temperature, and indicate Mn prefers the octahedral sites, while Co prefers the tetrahedral 

sites, which is consistent with the Co/Mn ratio in the reaction layer keeping higher than that 

in the original coating. The formation of a Cr-containing reaction layer between the oxidation 

scale and the (Mn,Co)3O4 spinel coating could lead to an increase in electrical resistance and 

thermal stresses. Based on this work, reducing the thickness of Cr-containing reaction layer 

could improve the overall electrical conduction of ceramic coating.  
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CHAPTER 4 

Electrical properties of transition metal (TM)-doped (Mn,Co)3O4 (TM = Fe, 

Ti) spinels and their interaction with chromia for SOFC interconnect 

coatings 

 

4.1 Introduction 

Manganese cobalt spinel oxides (Mn,Co)3O4 are promising coating candidates which 

can be applied on SOFC metallic interconnect ferritic stainless steels. However, the CTE 

value of MnCo2O4 is larger than that of ferritic stainless steels. In addition, as discussed in the 

third chapter, the formation of the Cr-containing reaction layer between the Cr2O3 scale and 

the (Mn,Co)3O4 spinel coating could lead to an increase in the electrical resistance and 

thermal stresses due to its low electrical conductivity and CTE mismatch. Therefore, 

adjusting CTE of coating material and depressing the growth of its reaction layer could 

reduce its effect on the overall cell performance, and cation doping in the coating material is 

considered. In this work, the high temperature electrical properties of transition metal 

(TM)-doped MnCo2-xTMxO4 (TM = Fe and Ti) and their interaction with chromia were 

investigated as potential SOFC interconnect coatings. 
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4.2 Experimental 

MnCo2-xTMxO4 (TM = Fe, x = 0 - 0.7; TM = Ti, x = 0.34) spinel oxides spinel oxides 

were synthesized by solid state reaction. MnO (99% pure, Alfa Aesar, Ward Hill, MA), Co3O4 

(99.83% pure, Fisher, Pittsburgh, PA) and Fe3O4 (99.99% pure, Alfa Aesar, Ward Hill, MA) 

or TiO2 (99.17% pure, Fisher, Pittsburgh, PA) were weighed in appropriate ratio to form the 

desired stoichiometry. Then the powder mixtures were ball-milled for 48 h with zirconia 

milling medium in de-ionized water, and the slurry was dried overnight in an oven. The 

pre-mixed powders were die-pressed, and then sintered at 1200oC in air to form spinel 

structure.  

X-ray diffraction (XRD) was used for phase analysis by a Bruker D8 X-ray 

diffractometer. The samples were scanned over the θ2 range of 28-68o with the 

Cu αK radiation at room temperature. The in-situ high-temperature neutron diffraction 

measurements were performed on the high resolution neutron powder diffractometer (HB-2A) 

with a wavelength of 
o
A539.1=λ  at Oak Ridge National Lab, Oak Ridge, USA. A quartz 

sample holder was used due to its excellent chemical stability. Samples were placed in a 

quartz holder, and loaded into a tube furnace, which would be heated in air atmosphere. The 

data were collected in the θ2  range of 8o to 152o, and refined by the FULLPROF program 

using Rietveld method.[153] The electrical conductivity of spinel samples were measured by 

four-probe d.c. method on rectangular bars with the dimension about 14 mm x 5 mm x 2 mm 

which were cut from sintered specimens. The measurements were conducted between 500oC 

and 900oC in random order leaving 10 h to reach equilibration. Pt paste and wire were used as 

current collector and electrodes. A current chosen from 300mA -500mA was applied during 
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measurement. The coefficients of thermal expansion (CTEs) of the specimens were tested 

from a UnithermTM model 1161V high temperature vertical dilatometer (Lewisville, TX) 

from room temperature up to 1000oC with a heating rate of 10 oC/min in air. The average 

CTE value was obtained from the difference of thermal expansion between 1000 oC and room 

temperature divided by temperature difference. 

The interaction between the prepared MnCo2-xTMxO4 pellets and Cr2O3 was performed 

by placing the pellets in contact, and heating in air at high temperature at 800 oC and 900oC 

using the sample configurations as shown in Fig. 2.1 (a). After reaction, the microstructure 

and composition of the MnCo2-xTMxO4 samples on the surface and cross sections were 

characterized using a JEOL JSM-7000F scanning electron microscope (SEM) equipped with 

energy-dispersive X-ray spectrum (EDS).  

 

4.3 Results and Discussions 

 

4.3.1 X-ray diffraction  

Fig. 4.1 shows the XRD patterns of MnCo2-xFexO4 (x= 0 - 0.7) spinel oxides at room 

temperature. Peaks positions indicated all the MnCo2-xFexO4 (x= 0.15-0.7) spinel samples 

have single cubic structure with space group m3Fd  after sintering. It is shown that as the 

iron content increases, the diffraction peaks shift left to the lower angle range. According to 

the Bragg’s Law, λθ =⋅sind2 , a smaller θ  will lead to a larger d-spacing, and therefore a 

larger lattice parameter. So the lattice size increases as increasing the iron concentration in 

MnCo2-xFexO4. The lattice parameter (a) of MnCo2-xFexO4 unit cell is listed as follows: 
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8.285
o
A , 8.318

o
A , 8.341

o
A , 8.372

o
A , and 8.398

o
A as x increases from 0 to 0.7. The ionic 

radius could affect the lattice size of this cubic spinel structure. The radii of manganese, 

cobalt, and iron cations are in the following: R Mn
3+ (CN=VI) = 0.645

o
A , R Mn

2+(IV) = 0.66
o
A , 

R Co
3+(VI) = 0.545

o
A , and R Co

2+(IV) = 0.58
o
A , R Fe

3+(CN=VI) = 0.645
o
A , R Fe

2+(IV) = 

0.63
o
A .[155] It is apparent that the size of Fe3+(VI) or Fe2+(IV) is bigger than those of Co3+(VI) 

or Co2+(IV) cations. In MnCo2-xFexO4 spinel oxides, the Mn content is fixed to 1. So 

increasing Fe content, the Co concentrate will be decreased, and thus the lattice size will 

expand.  

 

 

Fig. 4.1 XRD patterns of MnCo2-xFexO4 (x= 0 - 0.7) spinel oxides at room temperature. 

 

 

4.3.2 Neutron diffraction 

The neutron diffraction patterns for MnCo1.66Fe0.34O4 and Mn0.67Co1.22Fe0.22CrO4 at 
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600oC under air atmosphere are shown in Fig. 4.2 and Fig. 4.3, respectively. The broad 

background spectra are due to the quartz sample holder.  

 

 

Fig. 4.2 Neutron diffraction patterns of MnCo1.66Fe0.34O4 in air at 600 oC.  

 

 

Fig. 4.3 Neutron diffraction patterns of Mn0.67Co1.22Fe0.22CrO4 at 600 oC in air.  
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Table 4.1 Crystal parameters of MnCo1.66Fe0.34O4 and Mn0.67Co1.22Fe0.22CrO4 at 600 oC.  

(a) 50% Fe on tetrahedral and octahedral sites, respectively. 

 MnCo1.66Fe0.34O4 Mn0.67Co1.22Fe0.22CrO4 

Space group m3Fd  m3Fd  

a (A) 8.39329(12) 8.40503(9) 

[Mn]T 0.200(16) 0.206(9) 

[Co]T 0.630(16) 0.684(9) 

[Fe]T 0.17(0) 0.11(0) 

[Mn]M 0.445(5) 0.265(5) 

[Co]M 0.470(5) 0.180(5) 

[Fe]M 0.085(0) 0.055(0) 

[Cr]M -- 0.5(0) 

Rwp (%) 3.71 3.57 

Rexp (%) 3.52 3.02 
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(b) 70% Fe on tetrahedral and 30% Fe on octahedral sites, respectively. 

 MnCo1.66Fe0.34O4 Mn0.67Co1.22Fe0.22CrO4 

Space group m3Fd  m3Fd  

a (A) 8.39329(12) 8.40504(9) 

[Mn]T 0.276(16) 0.256(9) 

[Co]T 0.486(16) 0.590(9) 

[Fe]T 0.238(0) 0.154(0) 

[Mn]M 0.407(5) 0.241(5) 

[Co]M 0.542(5) 0.226(5) 

[Fe]M 0.051(0) 0.033(0) 

[Cr]M -- 0.5(0) 

Rwp (%) 3.70 3.56 

Rexp (%) 3.52 3.25 
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(c) 30% Fe on tetrahedral and 70% Fe on octahedral sites, respectively. 

 MnCo1.66Fe0.34O4 Mn0.67Co1.22Fe0.22CrO4 

Space group m3Fd  m3Fd  

a (A) 8.39328(12) 8.40503(9) 

[Mn]T 0.124(16) 0.157(9) 

[Co]T 0.774(16) 0.777(9) 

[Fe]T 0.102(0) 0.066(0) 

[Mn]M 0.483(5) 0.289(5) 

[Co]M 0.398(5) 0.134(5) 

[Fe]M 0.119(0) 0.077(0) 

[Cr]M -- 0.5(0) 

Rwp (%) 3.70 3.57 

Rexp (%) 3.52 3.25 

 

For these two samples, all the cations’ occupancies were first refined without any 

constraints, but the formula from the refinement is far away from the nominal formula. As 

discussed in the third chapter, for the ternary or even quaternary spinel system, neutron 

diffraction is difficult to determine more than two cations’ distributions in the same site 

(octahedral and tetrahedral) directly, so constraints are required for the refinement. According 

to Navrotsky et al’s work, both Fe3+ and Fe2+ do not have strong preference to either 

tetrahedral or octahedral site. [148] So it is reasonable to assume the Fe occupancy on both 

tetrahedral and the octahedral sites. First, half of the Fe content is assumed on tetrahedral site 
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and half on the octahedral site. The spectra indicate MnCo1.66Fe0.34O4 has a single cubic 

phase (Space group: m3Fd ) at 600 oC in Fig. 4.2, which is consistent with its crystal structure 

at room temperature. Its refined crystallographic formula is 

(Mn0.200Co0.630Fe0.17)[Mn0.442Co0.473Fe0.085]2O4, where the parentheses represent cations on 

tetrahedral site, and square brackets represent cations on octahedral sites. It is shown that 

more Mn cations prefer to occupy the octahedral sites. Then, different ratio of Fe on both 

sites are constrained (e.g., 70% of the Fe content on tetrahedral site and 30% on the 

octahedral site, 30% of the Fe content on tetrahedral site and 70% on the octahedral site). 

Their refined results are shown in Table 4.1 (b) and (c), respectively. In the three cases, they 

all have similar residuals, which may suggest the three cation distributions are possible. 

Because Fe cations do not have preference to tetrahedral or octahedral site, [148] it is more 

safely tentative to constrain half of the Fe content on tetrahedral site and half on the 

octahedral site in Table 4.1 (a). 

 For Mn0.67Co1.22Fe0.22CrO4, besides the application of above constraint on iron’s 

distribution, the octahedral site was constrained to be fully occupied with 50% occupation by 

Cr3+ due to its strongest octahedral-site occupation.[77,122,148,154,160] Mn0.67Co1.22Fe0.22CrO4 also 

shows a cubic phase at 600 oC with space group m3Fd (227). The refined crystal parameters 

of Mn0.67Co1.22Fe0.22CrO4 with different Fe occupancy ratio assumptions are listed in Table 

4.1. For the three conditions, the fitting results have similar residuals, and the occupancy of 

Mn in octahedral sites was higher than that in tetrahedral sites. Similar to MnCo1.66Fe0.34O4, it 

is also more safe and reasonable to constrain half of the Fe content on tetrahedral site and half 

on the octahedral site in Mn0.67Co1.22Fe0.22CrO4. 
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4.3.3 Interaction with Chromia 

 

4.3.3.1 Surface Morphology  

The interactions with chromia were performed to simulate the SOFC working condition 

for 420 h. Fig. 4.4 (a) shows the surface of the as-prepared MnCo1.5Fe0.5O4 pellet. The grains 

were densely packing with little isolated pores. After reaction with chromia at 800oC, a dense 

faceted morphology was formed in the region in contact with Cr2O3 shown in Fig. 4.4 (b). 

EDS analysis indicate the chemical composition of this outer reaction scale is 

Mn0.1Co0.9Cr2.0O4 spinel oxide. The surface morphologies of other MnCo2-xFexO4 (x= 0.15, 

0.34 and 0.7) samples after reaction at 800oC in contact with Cr2O3 for 420 h are shown in 

Fig. 4.5. MnCo2-xFexO4 spinels (x= 0.15, 0.34 and 0.5) have similar faceted morphologies in 

the region in contact with Cr2O3, but the surface morphology of MnCo1.3Fe0.7O4 after reaction 

is a little different, which could be related to its growth of the reaction layer. 

Table 4.2 also lists the corresponding chemical composition and Co/Mn ratio of 

MnCo2-xFexO4 (x= 0.15 - 0.7) after reaction at 800oC. It is interesting to note that even Fe 

content is increased to 0.7 in MnCo1.3Fe0.7O4, no iron is observed in the interface in contact 

with Cr2O3, with the composition of Mn0.2Co0.8Cr2.0O4, which suggested iron may not prefer 

the tetrahedral site as compared with manganese and cobalt during the interaction with Cr2O3. 

In addition, Co/Mn ratio of the outer reaction layer is decreased as that decreased in the 

samples before reaction, but is still much higher than that in the original MnCo2-xFexO4 spinel 

oxides.  
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Fig. 4.4 SEM images of surface of MnCo1.5Fe0.5O4 before (a) and after (b) reaction at 800 oC 

in contact with Cr2O3 for 420 h.  

 

 

 

 

 

(a) 0.15 

(b) 0.34 

(a) As-prepared (b)Contact with Cr2O3 
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Fig. 4.5 SEM images of surface morphologies of MnCo2-xFexO4 (x= 0.15, 0.34 and 0.7) after 

reaction at 800oC in contact with Cr2O3 for 420 h.  

 

Table 4.2 Chemical composition and Co/Mn ratio of MnCo2-xFexO4 (x= 0.15 - 0.7) after 

reaction at 800 oC in contact with Cr2O3 for 420 h. 

Chemical Composition Co/Mn ratio 

As-prepared After reaction Before         After 

MnCo1.85Fe0.15O4 Mn0.1Co0.9Cr2.0O4 1.85 9 

MnCo1.66Fe0.34O4 Mn0.1Co0.9Cr2.0O4 1.66 9 

MnCo1.50Fe0.50O4 Mn0.1Co0.9Cr2.0O4 1.50 9 

MnCo1.30Fe0.70O4 Mn0.2Co0.8Cr2.0O4 1.30 4 

 

4.3.2.2 Concentration Gradients 

Fig. 4.6 shows the Cr concentration gradient of MnCo2-xFexO4 after reaction with Cr2O3 

at 800oC for 420 h. The cation concentration gradients were measured at locations in different 

images of each sample. The Cr profile exhibited two layer forms in the reaction region, which 

is consistent with the earlier work in the second chapter. The outer Cr-rich spinel layer 

(c) 0.70 
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contacted with chromia grew by diffusion of cobalt and manganese from MnCo2-xFexO4. At 

the same time, chromium dissolved into MnCo2-xFexO4 and formed the inner layer with Cr 

content decreased to 0. As for MnCo2-xFexO4 samples, when the Fe content is from 0.15 to 

0.5, the thickness of outer reaction layer did not change much. But for MnCo1.3Fe0.7O4, its 

thickness increased. Fig. 4.7 shows the dopant (Fe) concentration gradient after 

high-temperature reaction. The thickness of outer reaction layer can also be reflected from Fe 

profile, because Fe did not appear throughout this scale in all MnCo2-xFexO4 spinel oxides. 

The composition differences after reaction are probably attributed to the cation occupancy 

preference. In the Cr-rich outer layer, Cr3+ has the strongest preference for the octahedral site 

in the spinel structure, so during reaction Cr pushed Co and Mn to the tetrahedral site. Fig. 

4.8 and Fig. 4.9 are the Co and Mn content profiles after reaction with Cr2O3, respectively. It 

was observed that the Co/Mn ratio in the outer reaction layer is much higher than that in the 

original MnCo2-xFexO4 spinels, which could be due to higher diffusion rate of cobalt in the 

reaction layer than that of manganese or greater preference of cobalt cation for tetrahedral site 

than that of manganese cation which is also confirmed in the third chapter. Compared with 

Co and Mn, Fe seems not prefer the tetrahedral site, which may suggest why Fe was not 

detected in this region.  
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Fig. 4.6 Cr concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with 

Cr2O3 at 800oC.  

 

 

Fig. 4.7 Fe concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with 

Cr2O3 at 800oC. 
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Fig. 4.8 Co concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with 

Cr2O3 at 800oC. 

 

 

Fig. 4.9 Mn concentration profile in MnCo2-xFexO4 after reaction for 420 h in contact with 

Cr2O3 at 800oC. 
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4.3.4 Electrical conductivity 

The electrical conductivity is an important property for the interconnect coating. Fig. 

4.10 shows the conductivity data of MnCo2-xFexO4 at 800 oC in air. The conductivity 

increased when Fe was doped as 0.15 content. Then as Fe content was increased further, the 

conductivity at high temperature decreased. But still MnCo1.66Fe0.34O4 had comparable 

electrical conductivity with Mn1.5Co1.5O4, close to 60 S/cm at 800oC in air [131]. Similar to 

other spinel oxides, the conductivities of MnCo2-xFexO4 increased with temperature in a linear 

relationship between )log( Tσ and 1000/T as shown in Fig. 11, and suggests their conduction 

belongs to the small polaron hopping mechanism. [122, 156-158] Their activation energy (Ea) was 

calculated from the slope of the fitting line in Fig. 4.11, and it does not vary significantly, in 

the range of 0.54-0.58 eV. Although the conductivity of MnCo2-xFexO4 decreased further, it 

was still much higher than that of (Mn,Co,Cr)3O4, shown in Fig. 4.8. So considering both the 

reactivity with chromia and conductivity properties, the reasonable Fe doping content would 

be controlled less than 0.5.  
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Fig. 4.10 Electrical conductivities of MnCo2-xFexO4 at 800 oC in air. 

 

 

Fig. 4.11 Electrical conductivities of MnCo2-xFexO4 and MnCoCrO4 spinels as a function of 

temperature. 

 

4.3.4 Comparison in the effect of Fe and Ti doping 

The effect of iron and titanium doping on the reaction between the manganese cobalt 
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spinel oxide and Cr2O3 are illustrated in Fig. 4.12. [148] Similar to the results of Mn1.5Co1.5O4, 

the Cr concentration profile indicated a two-layer interaction region formed between 

MnCo1.66TM0.34O4 (TM=Fe and Ti) and Cr2O3, a Cr-rich outer layer and a Cr-containing 

intermediate layer. However, the thickness of the Cr-rich outer layer is reduced significantly 

after doping with iron and titanium. The Cr-rich layer formed in Mn1.5Co1.5O4 was around 2 

times as thick as that in MnCo1.66TM0.34O4. The reason for the decreased extent of the 

reaction in MnCo1.66TM0.34O4 is not fully understood yet, but would be related to the change 

in the transport properties of manganese cobalt spinel oxide doped with Fe and Ti or 

(octahedral/tetrahedral) site preferences. Even for the MnCo1.66Ti0.34O4 oxide, its Co/Mn ratio 

at the interface after reaction was still higher than that in the original spinel, which is 

consistent with Fe doped or un-doped manganese cobalt spinel oxides. Fig. 4.13 shows Fe 

and Ti concentration profile in MnCo1.66TM0.34O4 after reaction in contact with Cr2O3 for 72 

h at 1000 oC. [148] It should be noted that similar to Fe, no Ti was detected by EDS in the 

Cr-rich layer, which could be attributed to the site (octahedral/tetrahedral) preferences. Ti is 

reported to prefer the octahedral sites in the spinel oxides.[147] So during the formation of the 

Cr-rich outer layer, when Cr3+ occupies the octahedral site, Ti cations would not be as 

competent as Mn2+ and Co2+ for the occupation in tetrahedral site. 
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Fig. 4.12 Chromium concentration profile in MnCo1.66TM0.34O4 (TM=Fe and Ti) and 

Mn1.5Co1.5O4 after reaction in contact with Cr2O3 for 72 h at 1000oC.[148] 

 

 

Fig. 4.13 Dopant (Fe and Ti) concentration profile in MnCo1.66TM0.34O4 (TM=Fe and Ti) 

after reaction in contact with Cr2O3 for 72 h at 1000oC. [148] 
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Fig. 4.14 Comparison in electrical conductivities of MnCo1.66TM0.34O4 (TM=Fe and Ti) 

spinel oxides. 

 

The electrical conductivities of MnCo1.66TM0.34O4 (TM=Fe and Ti) spinel oxides as a 

function of temperature are plotted in Fig. 4.14. It is shown that the electrical conductivity of 

MnCo1.66Ti0.34O4, about 25 S/cm at 800oC, is lower than that of MnCo1.66Fe0.34O4 in air. 

Table 4.3 lists the CTE values of MnCo1.66TM0.34O4 (TM=Fe and Ti) and (Mn,Co)3O4 

spinels.[149] MnCo2O4 had a much higher CTE than most of the stainless steels interconnect 

(11.5-14 x10-6/ oC), and mismatch in thermal expansion may result in local spallation and 

crack. After substitution with iron and titanium, CTEs were reduced to compatible values, 

about 11.2×10-6/°C for MnCo1.66Ti0.34O4 and 12.0×10-6/°C for MnCo1.66Fe0.34O4. Higher 

cobalt can lead to a higher CTE, but both Fe and Ti can adjust CTE value of manganese 

cobalt spinel oxide to match that of stainless steels interconnect. 
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Table 4.3 CTEs of MnCo1.66TM0.34O4 (TM=Fe and Ti) and (Mn,Co)3O4 spinel oxides.[149] 

Composition CTE (room temperature-1000oC, x10-6/ oC) in air 

Mn1.5Co1.5O4 10.8 

MnCo2O4 14.1 

MnCo1.66Fe0.34O4 12.0 

MnCo1.66Ti0.34O4 11.2 

 

4.4 Conclusions 

MnCo2-xTMxO4 (TM = Fe, x = 0-0.7) spinel oxides were synthesized to investigate the 

effects of Fe doping on the reaction with chromia and electrical property at high temperature. 

When Fe was doped up to 0.5, the thickness of the reaction layer did not increase. Although 

Fe dopant is increased to 0.7, it did not appear in the Cr-rich reaction layer, which would be 

related to that Fe may not prefer the tetrahedral site as Co and Mn cations during the reaction. 

As Fe content increased from x = 0.15, the conductivity decreased, but is still high enough. 

The electrical conductivity of MnCo1.66Fe0.34O4 at 800oC was quite close to that of 

Mn1.5Co1.5O4, the most promising coating candidate.  

The comparison between iron and titanium doping on the performance of 

MnCo1.66TM0.34O4 (TM=Fe and Ti) coatings was also performed. With the substitution of 

iron and titanium, the thicknesses of reaction layer formed between MnCo1.66TM0.34O4 and 

Cr2O3 were obviously reduced as compared with Mn1.5Co1.5O4, which could improve the 

adherence of the coating on the alloy and the long-term stability of the SOFC interconnect. 

The thermal expansion was also well adjusted after doping with Fe or Ti. But neither Fe nor 
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Ti were detected in the outer reaction layer. The reason for the decreased growth in the 

reaction layer after doping with Fe and Ti is not clear yet, but could be related to the change 

in the transport properties of MnCo1.66TM0.34O4 and/or site (octahedral/tetrahedral) 

preferences in the spinel. The electrical conductivity of MnCo1.66Ti0.34O4 is lower than that of 

MnCo1.66Fe0.34O4, but still high enough for the spinel coating. Based on the high temperature 

properties (conductivity and reaction with Cr2O3), MnCo2-xFexO4 with iron content lower 

than 0.5 would be the potential composition as SOFC interconnect coating. 
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CHAPTER 5 

Interaction of transition metal-doped (Mn,Co)3O4 (TM = Ni, Cu) spinels 

with chromia for SOFC interconnect coatings 

 

5.1 Introduction 

Manganese cobalt spinel oxides (Mn,Co)3O4 are promising coating candidates which 

can be applied on SOFC metallic interconnect ferritic stainless steels. As discussed in the 

forth chapter, doping iron and titanium in (Mn,Co)3O4 can depress the thickness and growth 

of the outer reaction layer in (Mn,Co)3O4, and the Cr concentrate gradient in the intermediate 

layer became steep. However no iron and titanium dopants were detected in the Cr-rich spinel 

area, which could be related to the cation site preference in spinel structure. It was reported 

that chromite spinel oxides (ACr2O4) are normal spinel structure, in which Cr3+ occupy all the 

octahedral holes, and A-site cations occupy the tetrahedral holes. [77,122,154,160] Since titanium 

has large octahedral site preference, but not as strong as chromium in the spinel oxide, it 

would explain why in the interaction with chroma, titanium cation is reluctant to occupy the 

octahedral sites in the Cr-rich reaction layer. Ni2+ also exhibits high preference in octahedral 

sites in many spinel oxides.[148,161,162] Then the effect of Ni doping in Mn1.5Co1.5O4 on the 

reaction behavior with chromia is studied here. Wei et al reported copper has a much greater 

tendency to occupy the tetrahedral sites in CuxMn3-xO4 spinel oxides.[95] So copper is also 
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considered as a dopant as compared with nickel. In this work, the interaction with chromia of 

transition metal (TM)-doped (Mn,Co)3O4 (TM = Ni, Cu) at high temperature were 

investigated as potential SOFC interconnect coatings. 

 

5.2 Experimental 

(TM)-doped (Mn,Co)3O4 (TM = Ni, Cu) spinel oxides spinel oxides were synthesized 

by solid state reaction. MnO (99% pure, Alfa Aesar, Ward Hill, MA), Co3O4 (99.83% pure, 

Fisher, Pittsburgh, PA) and NiO (99% pure, Alfa Aesar, Ward Hill, MA) or CuO (99% pure, 

Alfa Aesar, Ward Hill, MA) were weighed in appropriate ratio to form the desired 

stoichiometry. Then the powder mixtures were ball-milled for 48 h with zirconia milling 

medium in de-ionized water, and the slurry was dried overnight in an oven. The pre-mixed 

powders were die-pressed, and then sintered at 1200oC in air. 

The interaction between the prepared TM-doped (Mn,Co)3O4 (TM = Ni, Cu) pellets 

and Cr2O3 was performed by placing the pellets in contact, and heating in air at high 

temperature using the sample configurations in Fig. 2.1 (a). After reaction, the microstructure 

and composition of samples on the surface and cross sections were characterized using a 

JEOL JSM-7000F scanning electron microscope (SEM) equipped with energy-dispersive 

X-ray (EDS). The cation concentration gradients were measured at locations in different 

images of each sample. The electrical conductivity was measured by four-probe d.c. method 

on rectangular bars with the dimension about 14 mm x 5 mm x 2 mm which were cut from 

sintered specimens. The measurements were conducted between 500oC and 900oC in random 

order leaving 10 h to reach equilibration. Pt paste and wire were used as current collector and 
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electrodes. A current chosen from 300mA -500mA was applied during measurement. 

 

5.3 Results and discussion 

 

5.3.1 Mass transport in Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni,Cu) 

The interactions with chromia were performed to simulate the SOFC working condition. 

Fig. 5.1(a) shows the surface of the as-prepared Mn1.3Co1.3Ni0.4O4 pellet. The pellet was 

sintered dense with close packing grains and little isolated pores. After reaction with Cr2O3 at 

800oC, similar to undoped (Mn,Co)3O4 samples investigated in the second chapter, a dense 

faceted morphology was formed in the region in contact with Cr2O3 as shown in Fig. 5.2 (b). 

EDS analysis indicate the chemical composition of this outer reaction scale is 

Mn0.25Co0.89Cr1.86O4 spinel oxide. The surface morphologies of the other 

Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni, x=0.2, 0.6, TM=Cu, x=0.2, 0.4) spinel samples after 

reaction in contact with Cr2O3 at 800oC for 96 h are shown in Fig. 5.2. They all have faceted 

morphologies in the region in contact with Cr2O3 after reaction, which indicated the growth 

mechanism of their reaction layer could be the same as the (Mn,Co)3O4 spinel oxides . 
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Fig. 5.1 SEM images of surface of Mn1.3Co1.3Ni0.4O4 before (a) and after (b) reaction at 

800oC in contact with Cr2O3 for 96 h. 

 

 

 

(a) As-prepared (b)Contact with Cr2O3 

(a) Ni 0.2 

(b) Ni 0.6 
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Fig. 5.2 SEM images of surface of Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni, x=0.2, 0.6, TM=Cu, 

x=0.2, 0.4) after reaction at 800oC in contact with Cr2O3 for 96 h. 

 

Table 5.1 also lists the chemical compositions of the interface of 

Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni, x=0.2-0.6, TM=Cu, x=0.2, 0.4) in contact with Cr2O3 after 

reaction at 800oC for 96 h. Similar to the iron and titanium, even nickel content is increased 

up to 0.6 in Mn1.2Co1.2Ni0.6O4, no nickel is observed in the interface in contact with Cr2O3, 

with the composition of Mn0.21Co0.92Cr1.87O4, which would also suggest nickel may not prefer 

to occupy the tetrahedral site as compared with manganese and cobalt during the interaction 

with Cr2O3. However, unlike previous dopants, copper appeared in the outer Cr-rich reaction 

(c) Cu 0.2 

(d) Cu 0.4 
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layer, and its content increased as increasing in the Mn1.5-0.5xCo1.5-0.5xCuxO4 samples, which 

showed copper had a significant different behavior in the mass transport, and indicated it 

tends to occupy the tetrahedral site in the interaction with Cr2O3.  Besides, the Co/Mn ratio 

in the outer reaction layer is still much higher than that in the original 

Mn1.5-0.5xCo1.5-0.5xTMxO4 spinel oxides. It did not change much when the nickel contact 

increased, but decreased a little in Mn1.5-0.5xCo1.5-0.5xCuxO4 as copper concentration increased 

in the outer reaction layer. 

 

Table 5.1 Chemical compositions of Mn1.5-0.5xCo1.5-0.5xTMxO4 (TM=Ni, x=0.2-0.6, 

TM=Cu, x=0.2, 0.4) before and after reaction at 800 oC in contact with Cr2O3 for 96 h. 

Chemical Composition 

As-prepared After reaction 

Mn1.4Co1.4Ni0.2O4 Mn0.2Co0.9Cr1.9O4 

Mn1.3Co1.3Ni0.4O4 Mn0.2Co0.9Cr1.9O4 

Mn1.2Co1.2Ni0.6O4 Mn0.2Co0.9Cr1.9O4 

Mn1.4Co1.4Cu0.2O4 Mn0.2Co0.7Cu0.2Cr1.9O4 

Mn1.3Co1.3Cu0.4O4 Mn0.1Co0.5Cu0.5Cr1.9O4 
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Fig. 5.3 (a) SEM image of cross section of Mn1.4Co1.4Ni0.2O4 in contact with Cr2O3 after 

reaction at 800oC for 96 h and (b) its corresponding cations concentration profile. 

 

 

(a)  

(a)  
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Fig. 5.4 (a) SEM image of cross section of Mn1.4Co1.4Cu0.2O4 in contact with Cr2O3 after 

reaction at 800oC for 96 h and (b) its corresponding cations concentration profile. 

 

Fig. 5.3 shows (a) the SEM image of cross section of Mn1.4Co1.4Ni0.2O4 in contact with 

Cr2O3 after reaction at 800oC for 96 h and (b) its corresponding cations concentration profile. 

The lighter spots in a line in Fig. 5.3(a) are platinum makers which locates the original 

surface before reaction. Their current location indicates the growth mechanism of the reaction 

layer in Mn1.4Co1.4Ni0.2O4 is the same as that of (Mn,Co)3O4 spinel oxides investigated before. 

Chromium content profile in Fig. 5.3(b) also exhibited two layer contained in the reaction 

region. The outer Cr-rich spinel layer contacted with chromia grew by diffusion of cobalt and 

manganese from Mn1.4Co1.4Ni0.2O4. At the same time, chromium dissolved into 

Mn1.4Co1.4Ni0.2O4 and formed the inner layer with Cr content decreased to 0. Fig. 5.4 shows 

(a) the cross section of Mn1.4Co1.4Cu0.2O4 in contact with Cr2O3 (b) its corresponding cations 

concentration profile after reaction at 800oC for the same condition for comparison. Its 

morphology of the cross section is similar to that of Mn1.4Co1.4Ni0.2O4. Cr content profile in 

Fig. 5.4(b) also showed two-scale reaction layer, and Co/Mn ratio was much higher than 1, 
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the original in the sample, which could be due to higher diffusion rate of cobalt in the 

reaction layer than that of manganese or higher preference of cobalt cation for tetrahedral site 

than that of manganese cation which is also determined in the third chapter. However, it 

should be noted that copper appeared in the reaction layer, and its content was comparable to 

that in the Mn1.4Co1.4Cu0.2O4 spinel oxide, which was observed in the sample 

Mn1.3Co1.3Cu0.4O4 after reaction too. Copper showed a quite different behavior in the mass 

transport from any transition metals dopant which had been studied in this work. As 

discussed before, the composition differences after reaction are probably related to the 

preference for the cation occupancy. In the Cr-rich outer layer, Cr3+ still has the strongest 

preference for the octahedral site in the spinel structure, so during reaction Cr pushed Co, Mn 

and Cu to the tetrahedral site. The observation of copper in the Cr-rich reaction layer would 

indicate that Cu prefer the tetrahedral site to the octahedral site, which is consistent with Wei 

et al’s results.[95]  
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Fig. 5.5 (a) chromium and (b) nickel concentration profiles of Mn1.2Co1.2Ni0.6O4 in 

contact with Cr2O3 after reaction at 900 oC and 1000 oC for 72 h. 

 

Fig. 5.5 shows the (a) chromium and (b) nickel concentration profiles of 

Mn1.2Co1.2Ni0.6O4 in contact with Cr2O3 after reaction at 900 oC and 1000 oC for 72 h. The 

dash line in Fig. 5.5(a) indicates the location of the platinum makers, where the original 

surface is before reaction. The thickness of Cr-rich outer reaction layer in Mn1.2Co1.2Ni0.6O4 

increases significantly as the reaction temperature. Different from the interaction at 800oC, Ni 

is observed to diffuse into the Cr-rich layer in Fig. 5.5(b), and its concentration in this region 

increases with the temperature, which may suggest enhancing reaction temperature can 

promote Ni diffusion into the reaction layer.  
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Fig. 5.6 Surface morphologies and corresponding chemical compositions of (a) 

Mn1.4Co1.4Ni0.2O4 , (b) Mn1.3Co1.3Ni0.4O4, and (c) Mn1.2Co1.2Ni0.6O4 after reaction at 1000oC 

in contact with Cr2O3 for 72 h. 

 

(a)Mn0.3Co0.8Cr2.0O4 

(b)Mn0.25Co0.7 Ni0.05Cr2.0O4 

(c)Mn0.2Co0.70Ni0.1Cr2.0O4 
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Fig. 5.7 Nickel concentration profiles of Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) in 

contact with Cr2O3 after reaction at 1000 oC for 72 h. 

 

 

Fig. 5.8 Nickel concentration profiles of Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) in contact with 

Cr2O3 after reaction at 900 oC for 72 h. 
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Fig. 5.6 are surface morphologies and corresponding chemical compositions of 

Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) after reaction at 1000oC in contact with Cr2O3 for 72 h, 

and Fig. 5.7 shows their nickel concentration profiles in contact with Cr2O3. Ni is detected in 

the outer reaction layer, and its content is shown to increase with the original Ni content in 

Mn1.5-0.5xCo1.5-0.5xNixO4 after reaction at 1000 oC. Similar results are also observed after 

reaction at 900 oC for 72 h in Fig. 5.8, which is different from the reaction behavior at 800oC. 

 

5.3.2 Effect of Co/Ni ratio 

 

  

Fig. 5.9 Surface morphologies of (a) Mn1.5Co0.9Ni0.6O4 and (b) Mn1.5Co0.6Ni0.9O4 after 

reaction at 900oC in contact with Cr2O3 for 144 h. 

 

Fig. 5.9 are surface morphologies of (a) Mn1.5Co0.9Ni0.6O4 and (b) Mn1.5Co0.6Ni0.9O4 

after reaction at 900 oC in contact with Cr2O3 for 144 h. The EDS analyses show their 

chemical compositions are Mn0.38Co0.62Ni0.06Cr1.94O4, and Mn0.53Co0.36Ni0.16Cr1.95O4, 

respectively. Fig. 5.10 shows their Ni concentration profiles in contact with Cr2O3 at the same 

reaction condition. The Co/Ni ratio is observed to have effect on the composition of both the 

(a) 

 
 

(b)  
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reaction interface and outer layer. Similar to the mass transport behavior of 

Mn1.5-0.5xCo1.5-0.5xNixO4 (x = 0.2 - 0.6) at high temperature (e.g. 1000 oC), Ni cations diffuse 

outward into the Cr-rich reaction layer, and its content is increased with the Ni content in the 

original spinel oxide. Fig. 5.11 shows Cr concentration profiles of Mn1.5Co0.9Ni0.6O4, 

Mn1.5Co0.6Ni0.9O4 and Mn1.5Co1.5O4
[148] after reaction at 900 oC in contact with Cr2O3 for 144 

h. As compared with Mn1.5Co1.5O4, their thicknesses of the Cr-rich layer are similar. For 

Mn1.5CoNi0.5O4, its thickness of the Cr-rich layer is almost the same as that of Mn1.5Co1.5O4 

after reaction at 700 oC as long as 30 days, which is shown in Fig. 5.12. All these results 

could indicate the Co/Ni ratio in the spinel oxides may not affect the growth of the reaction 

layer. 

 

 

Fig. 5.10 Ni concentration profiles of Mn1.5Co0.9Ni0.6O4 and Mn1.5Co0.6Ni0.9O4 after reaction 

at 900oC in contact with Cr2O3 for 144 h. 
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Fig. 5.11 Cr concentration profiles of Mn1.5Co0.9Ni0.6O4, Mn1.5Co0.6Ni0.9O4 and 

Mn1.5Co1.5O4
[148] after reaction at 900oC in contact with Cr2O3 for 144 h. 

 

 

Fig. 5.12 Cr concentration profiles of Mn1.5CoNi0.5O4 and Mn1.5Co1.5O4 after reaction at 

700oC in contact with Cr2O3 for 30 days. 
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Fig. 5.13 Electrical conductivities of (a) Mn1.5CoNi0.5O4, and (b) Mn1.5Co0.6Ni0.9O4 spinels as 

a function of temperature. 

 

The electrical conductivities of Mn1.5CoNi0.5O4 and Mn1.5Co0.6Ni0.9O4 spinel oxides as 

a function of temperature are shown in Fig. 5.12, respectively. Similar to other spinel oxides, 

the conductivities of Mn1.5CoNi0.5O4 and Mn1.5Co0.6Ni0.9O4 increase with temperature in a 

linear relationship between )log( Tσ and 1000/T, and suggest their conduction belongs to the 
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small polaron hopping mechanism. [122, 156-158] Their activation energies are 0.53 eV and 0.55 

eV, respectively, which were calculated from the slope of the fitting line in Fig. 5.13. Their 

conductivities at 800 oC are close to each other, about half of that of Mn1.5Co1.5O4. The 

results may suggest the Co/Ni ratio might not influence the conductivity when Mn 

composition is kept fixed.  

 

5.4 Conclusions 

Ni and Cu-doped (Mn,Co)3O4 spinel oxides were synthesized by solid-state reaction 

method to investigate the effects of nickel and copper doping on the interaction with chromia 

at high temperature. Their Cr content profiles indicate a two-scale reaction layer, and Co/Mn 

ratio in the outer layer is much higher than 1 in the original Mn1.5-0.5xCo1.5-0.5xTMxO4 samples. 

As for the reaction at 800 oC, Ni is not detected in the Cr-rich reaction layer, while copper 

appears in this region where its content was comparable to the original Cu level in the spinel 

oxide. The different behavior of Cu in the mass transport from other dopants could be 

probably related to the preference for the cation occupancy in the spinel oxide. Further 

increasing reaction temperature (e.g. 1000oC), Ni was observed to diffuse outwards into the 

reaction layer in which its content also increases. The Co/Ni ratio was shown to have effect 

on the interface composition after reaction with chromia, but the thickness of reaction layer 

does not change. The electrical conductivities of Mn1.5CoNi0.5O4 and Mn1.5Co0.6Ni0.9O4 are 

close and high enough for the ceramic coating. As for Ni and Cu-doped (Mn,Co)3O4 samples, 

their thicknesses of the reaction layer are similar to that of Mn1.5Co1.5O4, therefore their 

potential as the coating to SOFC interconnect needs further investigation. These two 
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transition metal dopants showed different mass transport behavior in the reaction with 

chromia, which is helpful for the dopant identification and the study on the interaction 

between spinel coating and oxides scale during long-term operation. 
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CHAPTER 6 

Conclusions and Perspectives 

 

The oxidation of SOFC metallic interconnects and chromium volatilization can cause 

cathode poisoning and cell degradation. Ceramic conductive coating can provide long-term 

protection for the alloy interconnects. Manganese cobalt spinel oxides have demonstrated 

promising performances as coating material for metallic interconnect. However, the reasons 

for their excellent properties have not been completely understood. In this work, the 

interaction between (Mn,Co)3O4 spinel coatings and chromia and the transport properties and 

phase stability of the reaction layer are investigated to provide a fundamental understanding 

of (Mn,Co)3O4 coating in high-temperature operation. In addition, the effects of different 

transition metal dopants in the coating material on the mass transport behavior were studied 

for the development of improved coatings. 

After reaction, the interfaces of (Mn,Co)3O4 in contact with Cr2O3 are shown a facetted 

dense morphology. At the steady state (e.g. 1200oC), this outer reaction layer has a chemical 

composition of (Mn,Co)Cr2O4 with a cubic spinel structure, in which the chromium content is 

achieved to the maximum 2 Cr per M3O4 unit. Their cations concentration profiles of the 

cross section and the location of platinum markers indicate the reaction layer between 

(Mn,Co)3O4 and Cr2O3 contains two scales, Cr-rich (Mn,Co)Cr2O4 outer scale and 
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Cr-containing (Mn,Co,Cr)3O4 intermediate scale. In the outer layer in contact with Cr2O3, 

(Mn,Co)Cr2O4 grows by the outward diffusion of cobalt and manganese from (Mn,Co)3O4 

coating material. At the same time, chromium diffuses into (Mn,Co)3O4 and formed the 

(Mn,Co,Cr)3O4 intermediate layer. At low reaction temperature (800oC and 900oC), the 

growth of the Cr-rich outer layer becomes dominant, which is beneficial to block the 

diffusion of chromium species. 

To evaluate the long-term stability, the properties of the reaction layer between the 

Mn1.5Co1.5O4 coating and Cr2O3 scale formed on the alloy surface needs further 

characterization. Mn1.5-0.5xCo1.5-0.5xCrxO4 (x = 0 - 2) were prepared to investigate their 

electrical properties, cation distributions and thermal expansion behavior at high temperature. 

With increasing Cr content the cubic crystal structure is stabilized, the electrical conductivity 

and thermal expansion coefficient both decrease. The temperature dependence of 

conductivities in Mn1.5-0.5xCo1.5-0.5xCrxO4 indicates their conduction is through a small polaron 

hopping mechanism. Mn1.5Co1.5O4 and MnCoCrO4 were chosen for the neutron diffraction at 

SOFC operation temperature. The cation distributions determined from neutron data show Cr 

had stronger preference on octahedral sites compared with Mn and Co, which could suggest 

why Cr diffusion leads to reduction in conductivity of the spinel coating after operation. The 

tetrahedral site preference of Co over Mn may give the reason for higher Co/Mn ratio in the 

reaction layer than the original. Therefore, reducing the thickness of Cr-containing reaction 

layer between the oxide scale and the spinel coating could improve the overall electrical 

conduction and avoid local spallation of ceramic coating. 

Different transition metal substitutions were also studied in this work. The effects of Fe 
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doping in MnCo2-xFexO4 (x = 0.15 - 0.7) spinel oxides were investigated on the reaction with 

chromia and electrical property at high temperature. Their lattice parameter expands as 

increasing iron content due to its larger cation size than that of cobalt. It is interesting to note 

that even iron content is increased to 0.7, it is not detected in the Cr-rich reaction layer, which 

would reflected that Fe may not prefer the tetrahedral site as Co and Mn during the reaction 

with Cr2O3. The electrical conductivity of MnCo1.66Fe0.34O4 at 800 oC is close to that of 

Mn1.5Co1.5O4, the current promising spinel coating material.  

MnCo1.66Ti0.34O4 was also prepared to compare the effect of doping with iron and 

titanium. Their thicknesses of reaction layer formed are depressed when compared with 

Mn1.5Co1.5O4. The CTE of MnCo2O4 can be also effectively decreased after iron and titanium 

doping. Similar to iron, no titanium is detected in the outer reaction layer. Ti cations prefer 

the octahedral site in spinel oxides, and the observed phenomenon may suggest Ti would not 

like the tetrahedral sites during the interaction. The conductivity of MnCo1.66Ti0.34O4 is lower 

than that of MnCo1.66Fe0.34O4 at high temperatures. 

In addition, the effects of nickel and copper doping on the interaction with chromia at 

high temperature were evaluated. Ni is not detected in the Cr-rich reaction layer after reaction 

at 800 oC. However, when the reaction temperature is further increased (e.g. 900 oC and 1000 

oC), Ni is observed to diffuse outward into the reaction layer in which its content increases 

with the temperature. Improving Ni content in the spinel oxides and reaction temperature are 

found to promote Ni diffusion into the Cr-rich region. As for the Cu doped samples, copper 

appears in the reaction layer even with a low level at x = 0.2 after reaction at 800 oC. The 

different behavior in mass transport between nickel and copper could suggest they may 
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possess different site preference. The differences in the mass transport behavior of transition 

metal dopants studied in our work provide useful information to identify new spinel coatings.  

The proposed future work to further understanding the interaction between the 

(Mn,Co)3O4 spinel coating materials and chromia scale and the compatiblilty of the reaction 

layer with coating material and oxidation scale related to SOFC interconnect application are 

as the following:  

When the interconnect alloy is coated with dense spinel coating, there will be oxygen 

partial pressure gradient through the interface of coating/scale to the coating layer during 

SOFC working condition. The interaction of (Mn,Co)3O4 with Cr2O3 during the reaction 

under low oxygen partial pressure will be investigated. The samples preparation will be the 

same as this work, but the reaction atmosphere will be controlled at low level of oxygen 

partial pressure (e.g. 10-4 - 10-0.7 atm, the pressure range on the cathode side [2]). The reaction 

will be performed first higher than the SOFC operation temperature to overcome kinetic 

limitations, and then at 800oC. The phase structure of the reaction will be examined by XRD. 

Their reaction interface morphologies, compositions and the mass transport of the reaction 

layer are studied by SEM and EDS. The cation distribution in the reaction region under low 

oxygen pressure will be analyzed to learn the mass transport from neutron diffraction. The 

effect of low oxygen pressure on the growth rate of the reaction layer will be compared with 

that in air of this work for the same reaction temperature.  

The effect of low oxygen pressure will be tested on the properties of the reaction scales. 

(Mn,Co,Cr)3O4 spinel oxides will be prepared for bulk analyses of the reaction layer. The 

electrical conductivities and CTE will be measured at low oxygen partial pressure. The 
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oxygen partial pressure dependence of the conduction behavior of (Mn,Co,Cr)3O4 at 800 oC 

will be investigated, which can provide better understanding of effect of the raction layer on 

the cell resistance for SOFC coating application. 

This work focus on the interaction behavior between the Cr-free spinel oxides and Cr2O3, 

and theses spinel oxides are expected to suppress the chromium migration problems. The 

MnCo1.66Fe0.34O4 and MnCo1.66Ti0.34O4 are observed to depress the growth of the reaction 

layer, so the long-term stability of MnCo1.66Fe0.34O4, MnCo1.66Ti0.34O4 and Mn1.5Co1.5O4 

coating applied on the surface of alloy interconnect will be studied. The coated alloys will be 

oxidized at dual atmospheres at 800 oC (e.g. in air and H2/H2O, respectively) to simulate the 

SOFC working condition. After oxidation, the microstructures of the coating and will be 

characterized by SEM. The mass transport behavior (e.g. cations concentration gradient, 

thickness growth of the reaction layer formed between the coating and scale) will be analyzed 

by SEM and EDS. The mass transport behavior of dopant will be compared with results of 

bulk analysis in this work. The coated alloys will also be evaluated in the weight gain and 

ASRs. The comparison work between bulk and coating analyses can give useful information 

to further understand the transport property of the spinel coatings during operation.  
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