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spinel deposits that were also formed at the cathode/electrolyte interface remain. In order 

to demonstrate that electrochemical cleaning can be carried out periodically without 

damaging the cell, cells were subjected to three cycles of repeated poisoning and cleaning. 

It was found that a similar level of degradation and recovery happened after each cycle. 

After the third cycle, the cell still maintained the initial level of power output, indicating 

that periodic electrochemical cleaning under mild electrolytic conditions is an effective 

method to reverse chromium poisoning without damaging the cell. 

The second strategy explored was the deposition of protective coatings on the 

stainless-steel interconnects. Deposition of spinel coatings by DC and AC electrophoretic 

deposition (EPD) on flat and porous SUS 430 stainless steel substrates was studied. The 

required variations in deposition parameters to obtain uniform EPD coatings on porous 

substrates with increasing geometrical complexity were explored. Four spinel 

compositions for these coatings were studied; CuMn2O4, CuNi0.2Mn1.8O4, MnCo2O4, and 

MnFe0.34Co1.66O4. The coatings were evaluated based on multiple criteria; including phase 

stability, microstructural stability, conductivity, Cr gettering ability, ability to act as a 

diffusion barrier to outward chromium and inward oxygen diffusion at 700ºC and 800ºC 

in dry and humid air, and the ability to limit the increase in the area specific resistance 

(ASR) during high temperature oxidation exposures. The results showed that 

CuNi0.2Mn1.8O4 was the best candidate for the coatings. 
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1. Introduction  

1.1 Solid oxide fuel cells  

Solid oxide fuel cells (SOFCs) are electrochemical devices that generate electricity 

directly from fuels using electrochemical reactions with the oxidant. SOFCs have several 

advantages as energy generation devices, including high energy conversion efficiency, 

easily sequesterable emissions, and high fuel flexibility. Unlike a battery, a fuel cell can 

keep generating electricity as long as the fuel and oxidant supply is provided [1, 2]. 

 

Figure 1. Schematic of the operation principles of a SOFC. 

 
A single SOFC cell consists of a dense ceramic electrolyte sandwiched between a 

porous cathode electrode and a porous anode electrode. The operating principle of a SOFC 

is schematically shown in Figure 1. When an external load is applied, an oxygen molecule 

is reduced at the porous cathode electrode to produce two oxide ions. This is called the 

oxygen reduction reaction (ORR). These ions migrate through the solid electrolyte to the 

anode electrode side, and then react with the fuel such as hydrogen, to produce water. At 
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remains a challenge. This is being addressed by research on reducing the working 

temperature, which would alleviate these issues [3, 8]. 

The electrochemical reactions used to generate electricity in SOFCs are typically 

exothermic and can lead to large amounts of heat as a by-product. This leads to high 

temperature exhaust gases that can be used to drive a gas turbine to generate more 

electricity and can also provide heat or hot water. This type of combined heat and power 

(CHP) systems are being explored for residential and small businesses units [3]. 

Due to the modularity and flexibility in the choice of fuels, SOFC systems can be 

used in small and portable. In remote applications with no natural gas supply, bottled gas 

can be directly used for electricity generation [7, 9].  

 

1.3 Types of solid oxide fuel cells 

One single cell can only produce around 0.5W to 1W of DC electricity. In order to 

generate enough power, cells must be combined together to work in series or in stacks [5, 

7]. There are two major types of SOFCs. The first type is flat-plate or planar SOFC. A 

single cell is configured as flat plates usually in square or circular shapes. Stacks based on 

this type of SOFC connect cells in series using interconnects (or separators) as shown in 

Figure 2a. During operation, air and fuel flow through separate channels on either side of 

the interconnects. 

The second type is tubular SOFC. The single cell is configured as a tube. The stack 

consists of a bundle of single cell tubes. A common design is a cathode-supported tube 

closed at one end. The electrolyte and anode are concentrically placed outside the cathode. 
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During operation, air flows inside the tube, and fuel flows outside the tube as shown in 

Figure 2b. 

 

Figure 2. Schematic of (a) flat-plate SOFC and stack (b) tubular SOFC and stack. 

 

1.4 Materials for cell fabrication 

1.4.1 Cathode materials 

The cathode electrodes work in the oxidation environment and participate in the 

oxygen reduction reaction. Oxygen is reduced to oxygen ions and consumes two electrons. 

The cathode material should have high electronic conductivity, high chemical and physical 

stability in oxidizing environments in operating temperatures in contact with the electrolyte, 
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additional barrier layer is required between the cathode and electrolyte. Gadolinium doped 

ceria (GDC) and samarium doped ceria (SDC) are commonly used  barrier materials [13].  

1.4.2 Anode materials 

The anode electrodes work in a reducing environment and provide pathways for 

fuel oxidation and electron release. Anode material should have high electrical 

conductivity, high electrocatalytic activity for the fuel oxidation reaction, matched CTE 

and compatibility with the electrolyte, and phase stability in the high temperature reducing 

environments, and be able to be fabricated in a porous structure for gas transport. Metals 

such as nickel have high catalytic activity toward the fuel oxidation reduction and are stable 

in reducing conditions present on the fuel side [14]. The fuel oxidation reaction occurs at 

the TPBs between the ionic conducting phase (YSZ), electronic conducting phase (Ni) and 

the fuel (pores). Typically, in planar cells, the anode is thick and provides mechanical 

support to the cell. 

Porous stainless steels such as SUS430 are becoming more popular as anode 

support material in low-temperature SOFC. They have high mechanical properties and 

structure reliability, high conductivity, and low cost. Ferritic stainless steels are well 

matched the CTE with electrolyte. The Cr in these stainless steels form a passivation layer 

of Cr2O3 and CrMn2O4 on the surface of alloy grains and limit further oxidation [15, 16]. 

Ceramic materials such as lanthanum chromite, strontium titanate, and fluorite 

materials based on ceria have also been investigated. They show higher stability than 

metals and have reasonable electronic conductivity. However, ceramic anodes have to be 

operated at higher temperatures ( ~ 1000°C) and have higher fabrication costs [17]. 
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for Cr vapor reduction at the cathode and electrolyte interface. Humidified air promotes 

higher Cr vapor pressure which increases the deposition rate significantly. 

1.6.2 Mitigation strategies 

 

Figure 5. Schematic of strategies to mitigate chromium poisoning. 

 

Many solutions have been proposed to mitigate chromium poisoning, as shown 

schematically in Figure 5. These include using more Cr-tolerant cathode materials [11, 37, 

38], gettering of the Cr-containing vapor species before they reach the cathode [32], 

applying diffusion resistant coatings on interconnects [39, 40], applying a hybrid catalyst 

coating on cathode by infiltration [41-45] and using alumina forming alloys for the balance 
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of plant (BOP) components [46-48]. In all these cases, substantial changes must be made 

to existing SOFC systems. Many of these techniques impede chromium poisoning for a 

period but are not able to ensure reliable SOFC performance over the lifetime of the device. 

 

1.7 Mechanism of electrochemical cleaning 

Previous studies have shown that the mechanism of Cr poisoning is electrochemical 

in nature [26, 49-52]. The overall cell reaction equations for Cr deposition involving 

CrO3(g), the most abundant Cr-containing vapor species in dry air, and CrO2(OH)2(g) and 

CrO2OH(g), the most abundant in humidified air, are shown below.  

 

2CrO3(g, air side) + 3H2(g, fuel side) = Cr2O3(s, air side) + 3H2O(g, fuel side) (1) 

2CrO2(OH)2(g, air side) + 3H2(g, fuel side) = Cr2O3(s, air side) + 2H2O(g, air side) + 

3H2O(g, fuel side)        (2) 

3CrO2(OH)(g, air side) + 3H2(g, fuel side) = 3/2Cr2O3(s, air side) + 3/2H2O(g, air side) 

+ 3H2O(g, fuel side)         (3) 

 

These above equations require the transport of oxygen ions across the electrolyte 

from the air side to the fuel side. In the electrochemical cleaning method, the Cr deposition 

reactions are reversed by operating the device in reverse, i.e., as a solid oxide electrolyser 

cell (SOEC). During the application of an electrolytic current, oxygen ions are transported 

across the electrolyte to the air side from the fuel side, converting the deposited Cr2O3 into 
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Cr-containing vapors species. This reaction is enhanced by increasing the temperature and 

the humidity on the air side.  

 

Figure 6. Mechanisms for (a) chromium poisoning and (b) electrochemical cleaning of Cr 
deposits at a triple phase boundary, which occur in fuel cell (SOFC) mode and electrolyser 
(SOEC) mode, respectively. 

 

The poisoning and cleaning mechanisms are shown schematically in Figure 6, 

respectively. Many previous studies have shown that Cr deposition requires the application 

of cathodic polarization, i.e., SOFC mode. This indicates that the Cr deposition reaction is 

electrochemical in nature. Thus, we conclude that the Cr deposits can also be removed by 

electrochemical means. By operating the cell in SOEC mode, i.e., application of anodic 

polarization, Cr deposition reactions are reversed. Chromium-containing vapor species are 

reformed from the deposits and leave the system with the airflow. 
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During the EPD process, the positively charged particles migrate toward to cathode 

electrode under the electric field. After that, the particles lose the charge and deposit on the 

substrate. Figure 7 shows a schematic of the EPD apparatus. The as-deposited layer is 

homogeneous but loose and porous, therefore a densification process is required which is 

usually a heat treatment. 

 

Figure 7. A schematic of the EPD apparatus. 

 
Besides EPD, there are several other methods that can be used for protective layer 

deposition. These include electroplating (ELD) [53, 58], physical vapor deposition (PVD) 

[59, 60], chemical vapor deposition (CVD) [54, 61-63], pulsed laser deposition (PLD) [58, 

64], sol-gel techniques [65-67] and screen printing [68]. ELD suspension is based on a 

solution of metal salts and the moving species are ions. However, it is time-consuming and 

hard to accurately control the coating composition. Moreover, the waste solution needs to 

be disposed properly. PVD deposition can deposit thin and uniformly on flat surfaces but 

not on surfaces with complex geometries. CVD can deposit coatings on complex shapes, 
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of Co/Fe, they found the optimal composition was MnCo1.66Fe0.34O4, with a perfectly 

matched CTE value of 12×10-6/ºC and conductivity at 65 S/cm [79].  

Compared to Mn-Co based spinels, Cu-Mn based spinels are much cheaper and 

have higher electrical conductivity [72]. Cr diffusion profiles of Cu1.3Mn1.7O4, 

Cu1.2Mn1.8O4, and CuMn1.8O4 were analyzed by our group. CuMn1.8O4 exhibited the 

slightest weight gain and the smallest oxygen diffusivity among the three spinel 

compositions. However, undoped Cu-Mn spinel is not a pure phase at room temperature, 

and it is a mixture of spinel and Mn oxide. A CuO layer was also detected on the coating 

surface after densification [39, 40, 80]. 

Joshi et al. reported that adding Ni to the Cu-Mn spinel expands the stability region 

of the spinel while maintaining high conductivity. Another advantage is that doping Ni can 

reduce the CTE of the coating layer to prevent delamination [81]. Our group also examined 

the Cr retention ability of Ni-doped Cu-Mn spinel. This spinel was found to be a single 

phase at room temperature, and Cr diffused distance was shorter than the value for the 

undoped spinel sample, which indicates that doping of Ni decreases Cr diffusivity in the 

coating layer [81, 82]. 

.
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within the cathode. 

2.2.2 Experimental set-up  

 

Figure 9. A schematic of the cell test setup. 

 

Before loading the cell into the test stand (Figure 9), a silver mesh (Fuel Cell 

Materials) was attached using Ag paste on the air side of the cell, and nickel mesh (Alfa 

Aesar) was attached using Ni paste on the fuel side. Both served as current collectors. The 

cell was sandwiched between two alumina tubes, with a gold O-ring and mica gasket (Fuel 

Cell Materials) used as seals on either side. The outside of the tube was sealed with glass 

paste (Fuel Cell Store). Spring-loaded silver wire and nickel rods (Alfa Aesar) were used 

for electrical conduction. Small Cr2O3 pellets (Alfa Aesar) were wrapped inside a silver 

mesh (Alfa Aesar) and attached to the end of a retractable ceramic tube, which supplied 

humidified air during poisoning [35]. During the poisoning phase, the Cr2O3 bundle was 
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Hydrogen with 10% water vapor was chosen to limit cell polarization in the SOEC mode. 

Based on Figure 10, the electrochemical cleaning condition was chosen to be 10% fuel 

humidity with an electrolytic current density of 0.15 A/cm2 (marked by X in Figure 10). 

This limited the overpotential to 0.075 V for a Cr-free cell. Chromium deposition causes 

an increase in the various polarizations across the cell. Therefore, the measured voltage 

under these conditions of a poisoned cell, i.e., during the cleaning phase in this study, is 

much higher. However, as is discussed below, cell degradation as a result of operating the 

cell in SOEC mode was not observed under the conditions used in this study.  

 

Figure 10. I-V curves for the cell operated at 800°C under varying fuel humidity values at 
the fuel electrode and dry air at the air electrode. The condition used in this study is marked 
as X. Positive current corresponds to the SOFC mode and negative current to electrolytic 
mode. 
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0.428 W/cm2, which is a 40% drop in performance (Figure 11b). After electrochemical 

cleaning, the maximum power density increased to 0.617 W/cm2. Compared to the 

stabilized cell before poisoning, application of these specific electrochemical cleaning 

conditions for two hours resulted in a 67% recovery in cell performance. 

Previous studies have shown that Cr-containing deposits form at the triple phase 

boundaries between the pore (gas phase), YSZ, and LSM phases near the 

cathode/electrolyte interface. The Cr-rich deposits block the electrochemically active sites, 

increasing the cathodic activation polarization. Also, the solid Cr-containing deposits 

reduce pore volume, increasing cathodic concentration polarization [85]. Both mechanisms 

lower cell performance. The recovery in the I-V curve as a result of cleaning demonstrates 

the removal of Cr-containing deposits from the TPBs, reversing the two deleterious 

mechanisms of chromium poisoning.     

 

Figure 11. Current voltage curves for the (a) poisoned baseline cell, and the (b) 
electrochemically cleaned cell. Measurements were obtained at 800°C under dry air (air 
side) and 2% humidified H2 (fuel side). 

 
Figure 12a and Figure 12b show the impedance spectra for the two cells measured 

under open-circuit condition. The high frequency intercept on the real (x) axis provides the 
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Future studies will focus on optimizing the cleaning parameters. More aggressive 

electrolytic cleaning conditions may remove the (Cr,Mn) spinel deposits, but may also 

damage the cell. These issues will be explored for LSM based cells, as well as for cells 

with different cathode materials. 

 

2.4 Conclusions 

In this study, LSM based solid oxide fuel cells were fabricated and tested at 800°C. 

After poisoning with humidified air passing through Cr2O3, under cathodic current, 

performance degradation due to Cr-poisoning was observed. SEM and EDS analyses of the 

poisoned baseline cell revealed two types of Cr deposits: Cr2O3 and (Cr,Mn) spinel. The 

Cr2O3 deposits covered the entire YSZ electrolyte surface and extended several 

micrometers into the cathode. These deposits inhibited the ORR reaction and led to 

performance degradation of the cell in terms of a decrease in maximum power density and 

an increase in polarization resistance.  

Electrochemical cleaning was implemented by operating the cell in the SOEC 

mode. A mild electrolytic cleaning condition was chosen to avoid irreversible damage to 

the cell. I-V and EIS analyses corroborated that chromium poisoning was reversed via 

electrochemical cleaning. Moreover, the electrochemically cleaned cell shows a relatively 

clean cathode/electrolyte interface, indicating that most of the Cr2O3 deposits were 

removed. This was accompanied by a significant recovery of the cell performance, i.e., an 

increase in the maximum power density and a reduction in the polarization resistance. 

Some deposits remained after cleaning and were identified to be (Cr,Mn) spinel, which are 
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difficult to remove by the electrochemical cleaning conditions used in this study. This 

research demonstrates, for the first time, the reversal of the chromium poisoning using an 

in-situ electrochemical cleaning process. It is anticipated that fuel cell stacks can be 

periodically run in electrolytic mode for 2 hours to substantially reverse the deleterious 

effects of chromium poisoning without having to cool the system down to room 

temperature. 
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Figure 16. (a) I-V curves of Cell 1 after activation and after poisoning for 25 hours. (b) I-
V curves for Cell 2 after the first poisoning/electrochemical cleaning cycle. (c) EIS curves 
for cell 2 during the first poisoning/electrochemical cleaning cycle. (d)Voltage versus time 
plot for cell 2 during the first electrochemical cleaning. (e) I-V curves for Cell 2 after the 
second poisoning/electrochemical cleaning cycle. (f) I-V curves for Cell 2 after the third 
poisoning/electrochemical cleaning cycle. 

 

This supports the assertion that cells in SOFC stacks can be periodically 

electrochemically cleaned after Cr-poisoning without changing the stack temperature to 
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recover the original performance, thus reversing a major degradation mechanism of SOFC 

stacks over their lifetime. 

The electrochemical reference cell (Cell 3) was activated under the same conditions 

as Cells 1 and 2. Then, emulating the poisoning stage, Cell 3 was exposed to 2% air 

humidity without the Cr source for 25 hours (SOFC exposure). As seen in Figure 17a, the 

maximum power density increased from 0.96 W/cm2 after activation to 1.04 W/cm2 after 

the SOFC exposure, which can be explained by continued cell activation. The difference 

in performance changes between the reference cell and the poisoned cells confirms that 

degradation in Cell 1 and Cell 2 during the poisoning stage were in fact due to chromium 

poisoning and not due to the SOFC exposure. 

 

Figure 17. I-V curves for the electrochemical reference cell (Cell 3) (a) after activation 
and after SOFC exposure, and (b) after SOFC exposure, after SOEC exposure, and after 
overnight activation of 12 hours. 

 

As seen in Figure 17b, after subjecting Cell 3 to identical electrolytic 

(electrochemical cleaning) conditions (SOEC exposure) after the SOFC exposure, the 

maximum power density decreased slightly. This confirms that the performance increase 
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indicated that the deposit has a high Cr content. The quantitative analysis methodology has 

been presented in detail in our earlier publication [16]. 

Figure 18a shows that virtually no larger faceted (Cr,Mn) spinel deposits were 

formed. This is in contrast with the results presented in our previously published paper, 

that shows a significant concentration of (Cr,Mn) spinel deposits in a cell poisoned under 

similar conditions, but with a higher air humidity of 5% and  a longer duration of 120 hours. 

This suggests that the spinel phase forms later in time compared to the Cr2O3 phase, at least 

under the poisoning conditions used in this study. This observation is consistent with the 

formation mechanism of (Cr,Mn) spinel deposits as suggested by Krumpelt et al. [18]. 

They reported that under cathodic polarization, gas phase Cr species are reduced to Cr2O3 

first. The (Cr,Mn) spinel phase forms when Cr2O3 reacts with MnO formed from the 

decomposition of LSM. Since it takes longer for MnO to be available from decomposition 

of LSM, Cr2O3 forms initially during poisoning, followed by the formation of the spinel 

phase. 

Figure 18b shows a SEM micrograph of Cell 2 after three cycles of poisoning and 

cleaning. The interface appears to be relatively clean, with only a few clustered particles 

visible. EDS analysis (Figure 18d) showed that these deposits do not contain chromium 

since the CrKa/LaLb2 peaks of the scaled red and blue spectra are identical. Due to the small 

size of the particles, it is difficult to confirm their exact composition using EDS. It is 

possible that they are a decomposed cathode electrode phase. Decomposition of LSM to 

form Mn2O3 during poisoning has been reported previously [19]. Figure 18b shows that 

running the cell under mildly electrolytic conditions can reverse the formation of Cr2O3 
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deposits, and that such an in-situ cleaning procedure can be repeated multiple times. 

 

Figure 18. (a) SEM micrograph of the cathode/electrolyte interface of Cell 1 after Cr-
poisoning. (b) SEM micrograph of the cathode/electrolyte interface of Cell 3 after three 
poisoning/electrochemical cleaning cycles. (c) EDS spectra from Cell 1 after poisoning, 
and (d) from Cell 3 after three poisoning/electrochemical cleaning cycles. The red EDS 
spectra were taken from regions marked in the SEM micrographs. All spectra are scaled 
to the blue reference spectrum from an as-processed LSM/YSZ cathode. SEM micrographs 
of Cell 3 at the (e) cathode/electrolyte interface and at the (f) anode/electrolyte interface. 



 

 

45 

Figure 18e and Figure 18f show that the cathode/electrolyte and anode/electrolyte 

interfaces, respectively, are clean and intact in Cell 3. No delamination was observed at 

either interface, which shows that the mild electrolytic condition used during 

electrochemical cleaning does not damage the cell microstructure. 

It should be noted that the poisoning condition is quite severe in this study, with the 

Cr-source right in the path of the cathode inlet gas located close to the cathode surface. It 

is possible that under significantly more mild Cr-poisoning conditions that occur in actual 

operating SOFC systems due to the use of protective coatings and Cr-getters, the formation 

of (Cr,Mn) spinels might be delayed until much longer times. Thus, periodic in-situ 

electrochemical cleaning prior to (Cr,Mn) spinel formation may be a practical pathway to 

total Cr-containing deposit removal that i) does not damage the cell microstructure, and ii) 

does not need to occur too frequently during SOFC operation. 

 

3.4 Conclusions 

The poisoning baseline cell (Cell 1) showed significant Cr deposit formation. 

During 25 hours of poisoning, most of the deposits formed were Cr2O3. Since Cr2O3 can 

be effectively removed by electrochemical cleaning under mild SOEC conditions, as 

shown in chapter 2, a second cell was exposed to multiple (3) poisoning-cleaning cycles 

(Cell 2). It was found that a similar level of performance degradation and recovery occurred 

in each of the three individual cycles. After 3 cycles, the cell still maintained the initial 

power output level, and no damage due to electrolytic operation was found in the cell. A 

separate reference cell (Cell 3) tested without a Cr source and operated under similar SOEC 
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conditions shows that electrochemical cleaning did not damage the cell. This indicates that 

in-situ electrochemical cleaning under mild electrolytic conditions is an effective 

mitigation method, which can be repeatedly used to reverse the effects of Cr poisoning and 

thus, greatly extend the lifetime of SOFC systems.  
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4. Comparison of Cu-Mn and Mn-Co spinel coatings  

4.1 Introduction 

Protective coatings deposited by electrophoretic deposition has been attracting 

significant attention due to the low cost of the deposition apparatus, the ability to deposit 

uniform coatings on substrates with complex shapes, and the ease of operation for mass 

manufacturing. Mn-Co spinels and Cu-Mn spinels are widely used materials for protective 

coatings on SOFC interconnects due to their high electronic conductivities, matched CTE 

with the YSZ electrolyte, as well as low oxygen and chromium diffusivity. To choose the 

optimal coating material SOFC interconnects, it is necessary to have a comprehensive 

comparison of performance of Cu-Mn spinel and Mn-Co spinel coatings. Such a 

comparison was carried out by examining the performance of electrophoretically deposited 

undoped and doped Cu-Mn and Mn-Co spinel coatings under high temperature oxidation 

conditions. 

In this study, CuMn2O4, CuNi0.2Mn1.8O4, MnCo2O4, and MnFe0.34Co1.66O4 spinel 

powders were fabricated and their phase stability, conductivity, and Cr gettering ability 

were measured. The powders were then deposited as coatings on flat SUS430 stainless 

steel substrates by EPD. A two-step densification method was then explored to form thin, 

uniform, protective coating layers. In order to evaluate the ability of the coatings to limit 

TGO (Cr2O3) growth under operating conditions, 100 h oxidation tests were carried out at 

700°C and 800ºC in the dry air and humidified air. The microstructure changes, Cr 

concentration profiles and area specific resistance changes were tracked during the high 

temperature oxidation exposures. 
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After sintering, electrical conductivities were measured as a function of temperature using 

a four-probe configuration as shown in Figure 19.  

 

Figure 19. Conductivity measurements set-up for spinel bar. 

 

4.2.3 The solubility limit of Cr2O3 in Cu-Mn and Mn-Co spinels 

Previous results from our group showed that Cr can diffuse into the spinel layer 

while maintaining a cubic spinel structure, and there is a saturation limit before Cr2O3 

precipitates out [40]. This Cr gettering ability for spinel coatings is important to avoid Cr 

diffusion to the coating surface where vapor-phase Cr species can be formed. The solubility 

limits of Cr2O3 in the four spinels were determined by mixing different molar ratios of 

spinel and Cr2O3 powders in ethanol. After ball milling, the powders were transferred into 

a box furnace and sintered at 800ºC. The resulting phases in the mixed powders were 

examined by x-ray diffraction (XRD, Bruker D2). Solubility limit for Cr2O3 is reached 

when separate Cr2O3 peaks can be seen in the x-ray diffraction scans.  
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4.2.4 Electrophoretic deposition and two-step densification 

Since finer deposited particles lead to denser coatings, the sizes of spinel powders 

were reduced by ball milling. The powders were mixed with ethanol and 0.05 mm YSZ 

balls. Ball-milling was carried out using a ratio (ball/powder mass ratio) of 2:1 for 4 hours 

in a 30 ml milling bottle with 1.8g spinel powders, 3.6g YSZ milling balls and 15ml 

ethanol. 

As an example, the microstructure of CuNi0.2Mn1.8O4 powders before and after ball 

milling are shown in Figure 20. After milling, spinel powders were ~ 200 nm in size. 

 

Figure 20. CuNi0.2Mn1.8O4 spinel powder samples (a) before ball milling, and (b) after ball 
milling. 

 
Usually, using smaller size YSZ milling balls results in the formation of finer spinel 

powders. We also prepared powders ball milled by 0.3mm, 0.1mm, 0.03mm and 0.015mm 

milling balls. Figure 21 shows a comparison of the powders milled using different sizes of 

YSZ milling balls. It shows that the spinel particle sizes were not reduced when using the 

smaller size YSZ milling balls. 
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Figure 21. Spinel powders fabricated after ball-milling with (a) 0.3 mm YSZ balls, (b) 
0.1mm YSZ balls, (c) 0.05 mm YSZ balls, (d) 0.03 mm YSZ balls, (e) 0.015 mm YSZ balls. 

 
Figure 22 shows the microstructure of milled spinel powders before sieving the 

YSZ milling balls out. For the sample milled by 0.03mm YSZ balls (Figure 22a), there 

some large spinel particles remain. This is because the weight of YSZ balls is too small to 

break the larger spinel chunks. And this phenomenon becomes more obvious when using 

0.015mm YSZ balls as shown in Figure 22b. The 0.05 YSZ milling balls worked best, and 

this milling ball size was used for all powder preparation experiments. 

 

Figure 22. SEM images of spinel powders after ball-milling with (a) 0.03 mm YSZ balls, 
(b) 0.015 mm YSZ balls. 

 
After 4 h of ball milling, all the YSZ balls were removed by sieving. EPD 

suspensions were prepared by mixing spinel powders with ethanol, acetone, and I2 solution. 
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samples. A programmable timer was installed on the cap to control the deposition time. 

The bottom part of the apparatus is the spinel suspension tank which contains two separated 

areas. The inside area is for spinel suspensions, and the outside area is for chilled water/ice 

for temperature control. 

SUS430 stainless steel interconnects were used as the cathode, with the anode being 

a Cu plate. The electrodes were immersed into a suspension of spinel powders. When a 

negative bias is applied to the interconnect, the positively charged spinel particles migrate 

to the interconnect due to electrostatic forces and are deposited on the sample surface. 

Different voltages were tested. It was found that if the voltage was smaller than 10 V, no 

coating layer formed on the substrate. If the voltage was too large, the deposition processed 

too fast, making thickness control difficult. An optimal voltage of 20V was applied for 5 

minutes on the immersed electrodes. The experimental parameters used for the EPD 

process are listed in Table 2. 

Table 2. EPD parameters used in this study 

Ethanol 
(vol%) 

Acetone 
(vol%) 

I2 
(mg/ml) 

Spinel 
(mg/ml) 

Voltage 
(V) 

Electrode 
Spacing 

(cm) 

Deposition 
Time 
(min) 

25 75 1.09 4.5 20 1.5 5 
 

After deposition, the two-step heat treatment was applied for further densification 

[91]. This process consisted of a reduction anneal followed by a re-oxidation anneal as 

shown schematically in Figure 24. As-deposited Cu-Mn samples were reduced at 950°C 

for 6h, and Mn-Co samples were reduced at 900°C for 2 h. All the reductions were carried 

out in a pure H2 environment to minimize the O2 partial pressure. After the reduction 
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4.2.6 Characterization of spinel samples 

The crystal structures of the spinel powders were analyzed by X-ray diffraction 

(XRD, Bruker D2 for room temperature) to study the phase purity of the powders. The 

coatings (as-deposited, after densification heat-treatment, and after testing) were mounted 

in epoxy and polished in cross-section. Sample surfaces and polished cross-sections were 

examined by scanning electron microscopy (SEM, Zeiss Supra 55 VP). Energy dispersive 

spectroscopy (EDS, Oxford Instruments) was used in mapping mode to analyze the 

composition distribution after reduction annealing, and in line-scan mode to analyze the Cr 

profiles changes during oxidation tests. 

 

4.3 Results and Discussion 

4.3.1 Phase stability 

Figure 26 shows the XRD scans of spinel powder samples at room temperature. 

CuNi0.2Mn1.8O4, MnCo2O4, and MnFe0.34Co1.66O4 show standard cubic spinel peaks 

indicating that the powders were phase-pure. Besides the spinel peaks, CuMn2O4 also 

shows manganese oxide peaks (marked in red). These peaks could be indexed to Mn3O4, 

implying that the CuMn2O4 powder was a mixture of the spinel phase and manganese oxide 

phase. Based on phase diagrams, Cu-Mn based spinel has a much narrower single phase 

region as compared to Mn-Co spinel. The XRD data shows that Ni doping stabilized the 

Cu-Mn spinel composition and enlarges the single phase spinel zone.  

Comparing the peak locations of undoped and doped spinels (i.e., CuMn2O4 versus 

CuNi0.2Mn1.8O4, and MnCo2O4 versus MnFe0.34Co1.66O4) in the XRD spectra, there is a 
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peak shift to the left after doping. This indicates that doping causes an increase in the lattice 

parameter of the spinel. 

Figure 26. XRD scans of spinel powder samples and SEM images of polished bar samples 
of (a)CuMn2O4 (b)CuNi0.2Mn1.8O4 (c) MnCo2O4 and (d)MnFe0.34Co1.66O4 at room 
temperature. The red arrows indicate the presence of a second phase in CuMn2O4, which 
can be seen as needle like precipitates in the SEM micrograph in (a). 
 

The SEM images in Figure 26 show micrographs of the polished cross-section of 

the four spinel bars. Only CuMn2O4 shows a two-phase microstructure with some needle-

like phase seen clearly. The width of the needle-like structure is around 100-200nm. 

Previous TEM studies by our group showed that similar needle-like structures formed in 

CuMn1.8O4 coatings, and they were identified as Mn3O4, consistent with the XRD results. 
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concentration of Co3+, leading to fewer available sites for small polaron hopping [76]. 

4.3.3 EPD coating and densification  

 

Figure 28. Microstructural changes during densification of (a)CuMn2O4 
(b)CuNi0.2Mn1.8O4 (c)MnCo2O4 and (d) MnFe0.34Co1.66O4 coating samples. The top row 
shows the as-deposited microstructure, the second row shows the microstructure after the 
reduction anneal, the third row shows the microstructure after the re-oxidation anneal, 
and the bottom row shows the surface of the coatings after the reoxidation anneal. 

 

After 5 min of EPD deposition, a ~16 µm spinel coating layer formed on the 

SUS430 substrates for all four powders. No appreciable differences in the four as-deposited 

samples can be seen in the top row of Figure 28. Figure 29 shows an example of the EDS 

elemental distribution maps for CuNi0.2Mn1.8O4 after the reduction anneal. The figure 

shows an overlap of Cu and Ni maps, as well as Mn and O maps, indicating a two-phase 
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microstructure of a Cu-Ni alloy and MnO. Similarly, CuMn2O4 reduced to Cu metal and 

MnO, MnCo2O4 reduced to Co metal and MnO, and MnFe0.34Co1.66O4 reduced to Fe-Co 

alloy and MnO. Also, the grain size for alloy phases appeared to be larger than pure metal 

phases, implying that doped spinels are easier to be reduced than undoped spinels. 

 

Figure 29. SEM image (top left) and EDS mapping of CuNi0.2Mn1.8O4 sample after 
reduction. The top right image is the superposition of all the elemental dot maps. 

 

After re-oxidation, ~10 µm dense spinel coatings re-formed on the substrates. It 

should be noted that there is a 0.6-0.7 µm TGO layer formed during the densification 

process. The CuMn2O4 spinel coating has a relatively large porosity as well as needle-like 

manganese oxide present in the densified layer. Compared to the undoped CuMn2O4 

sample, the CuNi0.2Mn1.8O4 spinel coating had a much smaller porosity. The undoped and 

Fe-doped Mn-Co based spinel coatings had similar microstructures, with the 
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MnFe0.34Co1.66O4 coating being slightly less porous than the MnCo2O4 coating. The bottom 

images of Figure 28 show the surface microstructure of as-densified samples. The 

CuMn2O4 coating had the largest surface porosity, followed by MnCo2O4, while 

CuNi0.2Mn1.8O4, and MnFe0.34Co1.66O4 had the least surface porosity. Also, the spinel grain 

sizes for doped samples were found to be larger than the undoped samples. One possible 

reason for this may be that dopants increased the grain boundary energy, which is the major 

driving force for grain growth. Larger grain sizes lead to smaller grain boundary 

area/volume ratio. Larger grains may also be beneficial to limit Cr diffusion since grain 

boundary diffusion rate is typically much larger than bulk diffusion in grains. 

4.3.4 Oxidation tests for spinel coated Samples 

 

Figure 30. Cross-sectional SEM micrographs of (a) CuMn2O4, (b) CuNi0.2Mn1.8O4, (c) 
MnCo2O4, and (d) MnFe0.34Co1.66O4 samples after 100 h oxidation at 700°C (top row) and 
800°C (bottom row). 

 
 
To evaluate the effectiveness of EPD coatings in limiting further Cr2O3 growth, 

oxidation tests were carried out for CuMn2O4, CuNi0.2Mn1.8O4, MnCo2O4, and 

MnFe0.34Co1.66O4 coated samples. After the two-step densification, all the samples were 
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presence of a flat region to the left of the peak.  

 

Figure 31. EDS line scans of Cr across (a) CuMn2O4, (b) CuNi0.2Mn1.8O4, (c) MnCo2O4, 
and (d) MnFe0.34Co1.66O4 samples after densification (light green), after 700°C oxidation 
(dark green), and 800°C oxidation (dark blue). 

 

The peaks correspond to the thermally grown Cr2O3 at the coating/alloy interface. 

It should be noted that in the presence of the coating, it is the inward diffusion of oxygen 

through the coating that determines the growth rate of the TGO. In Figure 31a and Figure 

31b, the flat Cr profile into the left of the peak indicates that saturation of Cr in that region 

of the coating has occurred. The Cr profile where the concentration decays to zero is a 



 

 

63 

measure of the Cr diffusion in the coating. It is interesting to note that the CuNi0.2Mn1.8O4 

spinel coating has a thinner peak, indicating that Cr diffusivity in this coating is smaller 

than in the CuMn2O4 spinel coating. 

Within the Mn-Co spinels, the Cr diffusion profile to the left of the peak is steeper 

in the MnFe0.34Co1.66O4 sample. This indicates that the Cr diffusivity in MnFe0.34Co1.66O4 

is smaller than MnCo2O4. 

Based on the Cr profiles, Mn-Co based spinels show a better ability to limit TGO 

growth than the Cu-Mn based spinels. Also, doped spinels performed better than the 

undoped spinels in limiting TGO growth. As a reference, uncoated SUS430 formed a 1 µm 

thick TGO during 700°C oxidation test, and a 3 µm thick TGO during 800°C oxidation test 

as shown in Figure 32 and Figure 33. 

Recently, improvements in ceramic processing have led to a decrease in the 

thickness of the electrolyte without compromising its effectiveness as a diffusion barrier 

by avoiding pinholes, this allows the operating temperatures of SOFCs to be in the 

intermediate temperature range of 600°C - 700°C. At these operating temperatures, all the 

spinels studied here, except CuMn2O4, will work well to limit TGO growth.  
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that the Cr2O3 layer has not grown significantly during the 100h oxidation in 20% 

humidified air. The CuMn2O4 spinel coated sample exhibited extensive porosity, and some 

cracks formed in the coating.  

 

Figure 38. Surface microstructures of (a) CuMn2O4, (b) CuNi0.2Mn1.8O4, (c) MnCo2O4, and 
(d) MnFe0.34Co1.66O4 samples in the as-processed state before oxidation testing in 20% 
humid air. 

 
Figure 38 and Figure 39 show the surface microstructure of the four coatings before 

and after the 100 h oxidation test at 20% humidity, respectively. The CuMn2O4 coated 

sample exhibits the most surface pores after the oxidation test. The high porosity will allow 

air and water vapor to get into the coating layer and increase the TGO growth rate. All the 

other samples appeared to be fairly dense after the oxidation test, although significant grain 

growth has occurred in the CuNi0.2Mn1.8O4, sample. 







 

 

72 

is an excellent getter of Cr (or Cr2O3) and at 800°C, and at least 1.2 moles of Cr2O3 (or 2.4 

moles of Cr) can be incorporated into each mole of CuMn2O4. 

 

Figure 41. XRD scans of products of reactions between varying molar ratios of (a) 
CuMn2O4, (b) CuNi0.2Mn1.8O4, (c) MnCo2O4, and (d) MnFe0.34Co1.66O4 spinel powders and 
Cr2O3 powders, after annealing the powder mixtures at 800°C in the air for 6 h in air. 

 

The same test was carried out for all other spinel powders, and the results are shown 

in Figure 41 and summarized in Table 3. The table shows that the saturation 

Cr2O3/CuNi0.2Mn1.8O4 molar ratio is 1.2, which means that Ni doping does not change the 
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conductivity. It also has high phase stability, low porosity and better sinterability. Finally, 

Cu is more inexpensive than Co, making the per mole cost of Cu-Mn spinels to be less than 

Mn-Co spinels. The properties of the four spinels are summarized in Table 4 in relative 

terms. Overall, based on Table 4, CuNi0.2Mn1.8O4 is the best option of the four spinels 

tested. 

Table 4. Summary of comparative spinel properties. 

Spinel/Property CuMn2O4 CuNi0.2Mn1.8O4 MnCo2O4 MnCo1.66Fe0.34O4 

Sinterability Worst Best Good Good 

Cr gettering Worst Worst Good Best 

Conductivity Good Best Worse Worst 

Cr profile Bad Good Bad Best 

Phase stability Worst Good Good Good 

ASR Worst Best Normal Good 

Humidity test Worst Good Good Good 

Cost Best Best Worse Worse 
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(Figure 44). 

 

Figure 43. The conductivity of undoped and various Ni-doped Cu-Mn spinels as a function 
of temperature. 

 

Figure 44. SEM images of polished cross-sections of (a) CuMn2O4, (b) CuNi0.2Mn1.8O4, (c) 
Cu Ni0.4Mn1.6O4, and (d) CuNi0.6Mn1.4O4 bar samples. 
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in this coating at room temperature added to the cracking phenomenon observed for this 

coating. The porosity of the CuNi0.4Mn1.6O4 sample was smaller than that in the CuMn2O4 

sample but still larger than that in the CuNi0.2Mn1.8O4 sample. The CuNi0.6Mn1.4O4 coating 

formed a CuO phase on the coating surface. The CuNi0.2Mn1.8O4 coating exhibited the 

smallest porosity, the highest electrical conductivity, and was phase pure. Thus, a Ni 

doping content of 0.2 was found to be the optimal concentration for doped Cu-Mn spinels.
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6.2 Experimental Methods 

The glycine-nitrate combustion synthesis process was used to fabricate fine and 

homogeneous CuNi0.2Mn1.8O4 spinel powders [28]. Our previous work showed that using 

glycine/nitrate molar ratio at 0.63 leads to an optimal combustion reaction. Proportional 

quantities of reactants were dissolved in DI water, and after stirring for 10 minutes, a clear, 

blue solution was formed. The solution was heated on a hot-plate at ~90°C to evaporate 

excess water. The beaker was then covered with a fine stainless-steel mesh to prevent 

ejection of fine powders that form during combustion, and the temperature of the hot plate 

was then set to 500°C. Heating tape was used around the beaker and set to 100°C to avoid 

water condensation on beaker wall during the reaction. Spontaneous combustion and 

powder formation typically occurred before the set temperature was reached. The resulting 

powders were transferred to a box furnace and calcined in air for 2 h at 800°C to remove 

residuals [29, 30].  

In order to decrease the size of spinel powders, the powders were dispersed in 

ethanol and ball milled using 0.05 mm yttria-stabilized zirconia (YSZ) balls in a SPEX 

Sample Prep 8000 M Mixer/Mill. After ball milling, the YSZ balls were removed by 

sieving. The powders were dispersed in an ethanol and acetone solution. After 

ultrasonically vibrating the powder solution for 15 minutes, an iodine/ethanol solution was 

added to the suspension. The I2 reacts with acetone and releases H+ ions that adhere to the 

spinel particles making them positively charged. The suspension was then ultrasonically 

vibrated for 15 min to ensure thorough mixing and reaction. 
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An AC signal generating setup was designed in our laboratory (Figure 50). The 

setup contains a dual DC power supply, a function generator, an oscilloscope, a signal 

transfer circuit, and a small DC power supply for the transfer circuit. The setup can generate 

pulsed DC signals or AC signals with variable duty cycles with independently adjustable 

positive and negative voltages and time ratios. The output voltage ranges from -50V to 

+50V, and the frequency ranges from 10Hz to 1000Hz. 

 

Figure 50. AC signal generating setup. 

 

Porous SUS430 substrates of dimensions 1 cm × 1 cm × 0.4 cm were used as the 

cathode with a 6 cm × 5 cm × 0.1 cm Cu plate as the anode. The electrodes were immersed 

into the suspension of spinel powders. Before deposition, the sample within the suspension 

was placed in a vacuum chamber for 10 min to remove air bubbles. When a negative bias 

is applied to the cathode, the positively charged spinel particles migrate to the cathode due 
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to electrostatic forces. The AC signal used for deposition as shown in Figure 51. It should 

be noted that since the powders are positively charged (due to surface adsorbed H+), 

negative voltages correspond to coating deposition mode and positive voltages correspond 

to coating removal mode. The coatings were deposited for 15 minutes in total and a 

magnetic stirrer was used to increase powder mobility inside the substrates. To study the 

effectiveness of using AC EPD, a DC EPD coating was deposited on a reference sample, 

using a -20V DC signal for 3 min. 

 

Figure 51. AC signal used for deposition. 

 

The as-deposited coatings need further densification. A two-step heat treatment was 

used for densification, which consisted of a reduction anneal followed by a re-oxidation 

anneal. As-deposited samples were reduced at 950°C for 2 h in pure H2, during which the 

spinel is reduced to a Cu-Ni alloy and manganese oxide. The sample was then cooled down 

to room temperature and then annealed in air at 750°C for 24 h, leading to denser 

CuNi0.2Mn1.8O4 spinel coating.   
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the microstructures near the surface of the porous samples, where the powders have easier 

access to the near-surface pores. It shows that AC deposition can get a significantly larger 

amount of powders into inner pores without clogging pores. The DC EPD sample (Figure 

52a) shows a thick coating on the surface of the sample, which effectively clogs up the 

surface pores, resulting in very little coverage of the inner pore surfaces by the coating.  In 

contrast, the coverage after AC EPD deposition (Figure 52b) is much more uniform. The 

surface of the sample is coated, but without clogging up the surface pores. This allows for 

good coverage of the inside pores of the sample. This shows AC EPD is a much more 

effective deposition process for uniform coverage of porous substrates.  

 

Figure 52. SEM micrographs of cross-sections of (a) as-deposited DC EPD sample, (b) 
as-deposited AC EPD sample, and (c) AC EPD sample after the two-step densification 
process. The top parts of the images show pores in the middle of the samples, while the 
bottom parts of the images show near-surface pores. 

 

Figure 51 shows the AC voltage signal, with -20V signal corresponding to the 

deposition portion of the cycle, and +20V corresponding to the removal portion of the 
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cycle. Since the deposition time is longer than the removal time, there is net deposition 

during the cycle. By alternating deposition and removal, the film thickness can be better 

controlled. Due to the excellent conductivity of the metallic interconnect, the voltage is 

fairly uniform in all parts of the porous substrate. As the coating has significantly lower 

electronic conductivity, the voltage drops rapidly in the coating, going away from the 

substrate/coating interface. Thus, if the coating gets to be thicker in one part of the sample 

compared to other areas, powders in the outer part of that area of the coating is most 

susceptible to removal during the +20V exposure. This creates an auto-correcting 

mechanism that prevents coating thickness in any portion of the sample to be significantly 

different from the coating thickness on other parts of the sample. This keeps the surface 

pores open, which along with the stirring of the EPD solution allows powders to reach the 

inside pores of the sample. Figure 52c shows the microstructure of AC EPD sample after 

two-step densification. A dense and uniform coating layer was formed on all pore surfaces. 

 

Figure 53. Surface microstructure of (a) uncoated sample and (b) CuNi0.2Mn1.8O4 coated 
and densified sample. 
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Figure 53a shows the surface microstructure of an as-received uncoated sample and 

Figure 53b shows the coated sample before the oxidation test (after the coating 

densification anneal). The SUS430 stainless steel grains are well covered by a dense spinel 

layer. The pores on the surface are not blocked by the spinel coating. 

 

 

Figure 54. Low magnification SEM image, and EDS mapping of coated sample after two-
step densification and 100h oxidation test. 

 




















































