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1. Introduction 

Due to its ability to generate electrical energy through chemical reaction without combustion and mechanical 

processes, Solid oxide fuel cell (SOFC) has created a spark in research, making it a green energy [1]–[3]. SOFC 

consists of three major components, cathode, anode and electrolyte. The fuel cell can operate at around 600°C to 

1000°C at high temperatures to allow electrochemical reactions to occur. Most SOFC application needs to be 

developed in stacks to meet the power requirements of the application operation. The SOFC is connected via 

interconnects to operate. Interconnects conduct electricity between the cell and separate the combustion of fuel and gas 

oxide [4]. 

Electricity conductivity and excellent heat expansions behaviour, while low price, are commonly applied as 

interconnections [5]–[8]. Nevertheless, the use of Cr-containing stainless steel has two primary drawbacks. The 

chromium evaporation induced by water vapor response and also the gradual oxidation decreases the efficiency of steel 

interconnections [9]–[12]. Ceramic coatings, particularly perovskite and spinel type, are commonly used in surface 

protection, but the low thermochemical stability of perovskite ceramics due to the diffusion of chrome cations is 

difficult. [6], [13], [14]. Spinel coatings with comparatively excellent conductivity, by comparison, have a low 

migration rate of Cr. The layer of the spinel is usually produced by means of sol-gel dip [15], slurry coating [14], 

aerosol deposition [6] and electrophoretic deposition (EPD) [8]. In this case, EPD is the most suitable spinel coating 

Abstract: The interconnect that is applied with protective coating which is (MnCO)3O4 spinel coated stainless 

steel is crucial to enhance solid oxide fuel cell (SOFC) performance. In this research, commercial manganese 
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technique used for stainless steel interconnect. EPD offers simple control of the thickness and morphology of the 

deposited coating through basic change of the deposition time and applied deposition voltage [16]. 

EPD is a colloidal method in which a ceramic structure consists directly of a stable electric DC colloid suspension. 

[17]. The deposition electrode is in the form of the necessary goods and facilitates the release of the deposit. DC is used 

for moving charge particles to and from the opposite loading electrode [18]. EPD is a mixture of two procedures of 

electrophoresis in which the movement of loaded particles in suspension under the impact of the electrical field and the 

deposition in which the coagulation of particles occurs at a thick mass [11]. 

There are a number of variables that should be considered for the incorporation of EPD coating techniques which 

are the suspension stability, the correlation of pH scales and the interaction between particles in the suspension and the 

mechanism of EPD and the kinetics of electrophoretic deposition [19]. In this study, deposition voltage plays a huge 

role in determining the suitable parameters for spinel coated SS430 type stainless steel. The deposition voltage used are 

30V, 35V, 40V, 45V, 50V with deposition time of 20s. The EPD testing included in this study are the SEM which 

includes surface morphology, the coating thickness and the EDS, the area specific resistance (ASR) via NOVA 1.11 

Autolab for 100 hour. Through this, a study on the effect of voltage deposition will be discussed in this paper. 

 

2. Materials and Method 

2.1 Material selection 

A commercial (MnCO)3O4 was used for protective coatings for which the steel interconnect or substrate used are 

SS430. The steel substrates are cutted into 1.5 × 2 mm2 sizes and are polish by using sand paper before cleaning it in 

acetone bath by ultrasonic for 30 minutes with temperature of 50°C. 

 

2.2 Electrophoretic Deposition 

Suspension of 400ml are prepared which consists of 50% ethanol (200ml), 50% deionized water (200ml) and also 

4 g of (MnCO)3O4. Suspension ratio is 1000 ml: 10g. The suspension are kept at a constant pH of 5 it provides the 

suitable stability for the suspension. The suspension is sonicated until the suspension is homogenous and there are no 

sediments below the beaker. The substrates are prepared by wiping the surface with ethanol and also nitric acid. The 

EPD set up must consists of steel substrate connected to the positive terminal and the U-shaped counter substrate 

connected to the negative terminal. Placed the steel substrate in between the U-shaped counter substrate proportionally 

then submerged in aqueous suspension. The procedure continues with the EPD of steel substrate with voltage 

deposition of 30V to 50V with the deposition time duration of 20s. Gently removed the coated samples and air dried 

them before sending them off for sintering process. The sintering profile are 800ºC for 90 minutes with rate of 

increment of 2ºC/min with starting temperature of 30ºC. 

 

2.3 Elemental Distribution 
Energy Dispersive Spectroscopy (EDS, JSM 6380LA-JEOL, Japan) was performed to identify elemental 

distribution of the (MnCO)3O4 spinel coated steel substrate. 

 

2.4 Surface Morphology and Thickness 
Deposition morphology and thickness were examined by Scanning Electron Microscopy (SEM) (JSM-6380LA 

JEOL, Japan). 

 

2.5 Area Specific Resistance 
The area specific resistance are examined by using NOVA 1.11 Autolab with each sample prepared into size of 

1.0cm2.  

3. Results and Discussion 

3.1 Elemental Distribution 

Based on the results obtained from EDS shows the spinel coating contains several fixed elements. The elemental 

distribution for (MnCO)3O4 is shown in Figure below. All the elements in (MnCO)3O4 were detected in EDS. 
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Table 1 - Elemental distribution (MnCO)3O4 of composites 

Elements Atomic (%) 

C 3.92 

O 60.96 

Si 0.18 

Cr 5.45 

Mn 14.15 

Fe 0.98 

Co 14.36 

Total 100 

 

3.2 Surface Morphology 

      The micrograph of (MnCO)3O4 spinel coating deposited at 30V, 35V, 40V, 45V and 50V are shown in Figure 1. 

The coating deposited on (a) 30V, (b) 35V and (e) 50V shows a non-uniform spinel deposition on which occurs 

because of the electrolysis of water and the poorly distributed particles [20]. Coatings on the surface of (c) 40V and (d) 

45V shows a uniform deposition with denser microstructure. In order to increase homogeneity and produce uniform 

surface structure, higher deposition is a priority creates a more packed and dense coating structure [21], [32].  

The lower the voltage deposition, the lower the particle mobility energy which contributes to the non-uniform 

surface coating on 30V and 35V samples. The particles possesses less energy for the particles to deposit evenly on the 

steel substrate. The comparatively brief period of thermal conversion and consequently incomplete interdiffusion may 

be associated with non-uniformity. Only insular voids, which was much lower in dimension than (MnCo)3O4 particles, 

were in the converted coating layer. This implies that Mn and Co cations ' dispersal rates are very probable of the same 

size order in the layer [22]. When voltage deposition is too high (50V) being applied, the surface coating becomes non-

uniform as the particles mobility energy becomes more energized thus faster movement of particles deposited on the 

steel substrate [23], [31]. As the deposition of particles on the steel is fast, the random particles arrangement does not 

spread widely and evenly enough as the voltage is high and the coating duration (20s) is short. High voltage may also 

results in turbulence in the suspension and will cause bubbles which will affect the coating surface and depositions 

[24], [33]. 40V and 45V gives out a more uniform coating surface as to compare to the other three samples. This is 

probably because the voltage deposition is sufficient for the particles to stick evenly unto the steel and to spread widely 

across the steel surface.  
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Fig. 1 - (a) 30V; (b) 35V; (c) 40V; (d) 45V; (e) 50V 

 

3.3 Coating Thickness 

       The cross section of (MnCO)3O4 spinel coating thickness deposited at 30V, 35V, 40V, 45V and 50V are shown in 

Figure 2. The maximum thickness of deposition (26.3µm) of 30V was produced at 20s duration and 33.6µm maximum 

thickness deposition for 35V was produced for duration of 20s. It is found out that the surface morphology for 30V for 

20s and 35V for 20s were non-uniform. The maximum thickness achieved for 40V for 20s was 49.1µm. As for the 

maximum thickness (78.8µm) of 45V was produced at 20s duration. The highest voltage applied at 50V for 20s 

obtained a thickness deposition of 46.3µm. However, the deposition thickness decrease as voltage is higher and the 

deposition becomes longer. By comparing between the morphology and thickness, 40V, 45V and 50V for duration of 

20s produces a more homogenous, dense, better uniformity and has achieved EPD coating thickness requirement which 

is below 100µm [25].  

At lower voltage, the coating thickness is thin and uneven. This happens because the particle mobility energy is less 

thus the particles in the suspension does not have enough energy to move effectively towards the steel surface. A higher 

voltage will contributes to a thicker coating [26] but if too high voltage is applied, coating thickness becomes lesser 

probably because of the high mobility energy of particles causes the particles to moves towards the steel surface at a 

fast rate and does not bind sufficiently [27]. This might be also be affected by the turbulence in the aqueous suspension 

and also the formation of bubbles in the suspension [23], [24], [31], [33].  

. 

 

(a) 

(b) (c) 

(d) (e) 
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Fig. 1 - Coating Thickness for 30V, 35V, 40V, 45V and 50V 
 

3.4 Area Specific Resistance 

The (MnCO)3O4 spinel coated stainless steel were tested for their electrical resistivity which is the ASR. The 

testing was conducted on each samples (30V, 35V, 40V, 45V and 50V) using NOVA Autolab with set temperature of 

800°C with duration of 100 hours.  

For 30V for 20s, the ASR reading during the beginning of testing is 0.071. As the temperature rises to 800°C, the 

starting ASR exceeds 0.1. After 32 hours, ASR value for 30V taken was 0.108 which is lower than the starting hour for 

800°C. The ASR value for 35V at the start of testing is 0.070𝛀.cm2 and as soon as the temperature rises to 800°C, 

ASR value is 0.108𝛀.cm2. The starting ASR value for 40V was 0.069𝛀.cm2 and the ASR value at temperature 800°C 

for 20hr is 0.117𝛀.cm2. As for 40V sample, the starting ASR value is 0.069𝛀.cm2. At 800°C for 20 hr, the ASR value 

is 0.114𝛀.cm2. For 50V sample, reading are taken from the starting until 72hr. The starting reading for ASR is 0.164 

which is very high compare to other samples. The reading then gradually lower down at the starting temperature of 

800°C with ASR value of 0.120𝛀.cm2. After 24hr, the ASR value continues to lower to 0.105𝛀.cm2. ASR value then 

continues to lower to 0.102𝛀.cm2 after 72hr.  

At the start of the testing, ASR value for 30V, 35V, 40V and 45V except for 50V is lower than 0.1𝛀.cm2. But the 

ASR gradually increases over time with increase in temperature except for 50V sample. But all sample exceeds the 

acceptable ASR value of 0.1𝛀.cm2 as soon as it reaches the set temperature of 800°C. The reason why the ASR value 

30V 

35V 40V 

45V 50V 

26.3µm 

33.6µm 49.1µm 

78.8µm 46.3µm 
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needs to be below 0.1𝛀.cm2 because interconnect needs to meet specific demands which one of it is to have ASR value 

to be below 0.1𝛀.cm2 in order to achieve excellent electrical conductivity [4], [28], [29], [31]. The (MnCO)3O4 spinel 

coating must have low ohmic resistance to maximize electrical efficiency [28], [30], [33]. Lower and acceptable ASR 

value also prevents chromium poisoning of the interconnects which will affect its electrical performance [21], [32]. 

  

Table 2 - ASR for (MnCO)3O4 interconnects 

Sample (V) Temperature 

(°C) 

Time 

(hr) 

ASR 

(𝛀.cm2) 

30 

Starting - 0.071 

800 Starting 0.113 

800 32 0.108 

35 
Starting - 0.070 

800 Starting 0.108 

40 
Starting - 0.069 

800 20 0.117 

45 
Starting - 0.069 

800 20 0.114 

50 

Starting - 0.164 

800 Starting 0.120 

800 24 0.105 

800 72 0.102 

 

4. Conclusion 

The spinel coated SS with deposition voltage of 30V, 35V, 40V, 45V and 50V under deposition duration of 20s 

were found to be not a suitable parameter for fabrication of SOFC interconnect as all did not achieved the required 

electrical resistance which is needed to satisfy interconnects excellent electrical conductivity besides avoiding the 

possibility of chromium poisoning. The most promising coating parameter for the SOFC interconnects is 40V and 45V 

as the surface morphology and the coating thickness satisfy the interconnect suitability demands. Based on the results, 

when the voltage increases, the coating thickness increases up to a certain point. Through this study, voltage deposition 

can be conclude to influence the performance of the steel interconnect electrical performance. 
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