
- 1 - 
 

Utilization of Bio-Syngas in Solid Oxide Fuel Cell Stacks: Effect of 

Hydrocarbon Reforming.  

Hyeondeok Jeong (1), Michael Geis (4), Felix Fischer (4), Maximilian Hauck (4), Sandra Lobe (1), Roland Peters 

(2), Christian Lenser (1), Norbert H. Menzler (1), Olivier Guillon (1, 3) 

 

 

(1) Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, Materials Synthesis and Processing 

(IEK-1), 52425 Jülich/Germany  

(2) Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, Electrochemical Process 

Engineering (IEK-3), 52425 Jülich/Germany  

(3) Jülich Aachen Research Alliance: JARA-Energy, 52425 Jülich/Germany 

(4) Technische Universität München, Chair of Energy Systems, Boltzmannstr 15, 85748 Garching/Germany 

 

 

Abstract 

 

 We report on state-of-the-art JÜLICH (Forschungszentrum Jülich) stack with anode-supported solid 

oxide fuel cells (AS-SOFCs) that have been tested in bio-syngas derived from wood pellets. The sulfur 

and chlorine were removed after gasification, but the tars were not reformed in the bio-syngas to study the 

influence of these tars on the degradation of SOFC stack. The total tar content during test was 3.5 g/Nm3 

including benzene, toluene, phenol, m-cresol, naphthalene, and minor traces of undefined tars. The test 

result shows considerable performance degradation in tar-contaminated syngas. Moreover, the test was 

stopped after 5 hours of operation due to an increase of the pressure drop in the stack. A post-test analysis 

was carried out, and heavy carbon deposition was found at the cell anode-support surface and the Ni mesh 

current collector. Carbon was identified by SEM as numerous carbon fibers. The change of support 

microstructure was also observed near and under the carbon deposition area, and the dusting of Ni metal 

was observed in the support and Ni mesh current collector.  
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1. Introduction 

 

 Solid oxide fuel cell (SOFC), an energy conversion device that converts chemical energy into electricity, 

is a promising technology for the transition to renewable and clean energy sources. Recently, they have 

shown commercially applicable performance and stability (1). A planar SOFC stack run at 

Forschungszentrum Jülich (JÜLICH) shows the longest operation time reported so far (93,000 h) (2, 3) 

with 0.6 %/1000h average voltage degradation rate overall, and a recent result with a 4 layer stack shows 

over 34,000 h operation with only 0.3 %/1000h overall voltage degradation rate using 20 % humidified 

hydrogen as fuel (2). Their initial operation performance was approximately 0.4 W/cm2 (~ 0.8 V at 0.5 

A/cm2), which is high enough for scaling up to 5-20 kW system (2, 4). SOFC power generation systems 

are receiving more attention due to their high energy conversion efficiency and low emission of 

greenhouse gases.  

 However, there are problems still to be overcome before a wide use of the SOFC systems can be 

achieved: the absence of a hydrogen infrastructure, relatively high manufacturing costs of the whole 

system (including balance-of-plant). In the case of hydrogen, which is currently the most preferred fuel, is 

mainly produced by reforming fossil fuels (5). Since fossil fuels are limited and emit greenhouse gases 

during the reforming process (6), it is in conflict with the aim of using SOFC systems to produce clean 

energy. There are alternative ways of hydrogen production, such as water splitting or electrolysis. 

However, these require an additional energy source such as wind or solar generators, so the cost is 

nowadays still more expensive than fossil fuel reforming (6, 7).  

 An alternative fuel is biomass, which is renewable, easily produced, and carbon neutral. The gasified 

biomass fuel (bio-syngas) can be applied directly to SOFCs due to their high operating temperature (650-

950 °C) (8-11). Therefore, a system of coupling a gasifier producing bio-syngas and SOFCs has been 

suggested by many authors with their simulation works (12-15), tested with simulated syngas (16-20) and 

with actual bio-syngas (21-23). A system using actual bio-syngas needs an additional reformer for 

cleaning the bio-syngas because it includes impurities such as tars (16-20), sulfur (24-26), and 

phosphorus (27, 28) causing significant mechanical and electrochemical degradation. This additional 

reformer makes the system more complex and expensive. Moreover, the reformer also shows poisoning 

and degradation (29). Thus, internal reforming of the tar and sulfur in SOFCs with an alternative anode 

material would be more favorable. 

 In this study, wood-derived bio-syngas was applied to a JÜLICH state-of-the-art SOFC stack. The bio-

syngas went through the sulfur and chlorine cleaning process, but tar was left in the syngas to study the 

effect of tar in the stack test as a preliminary work of direct coupling of bio-syngas and SOFCs. We 

mainly report on the post-test characterization of the materials and structural changes of the cell after 
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operation. More insights into the fundamental electrochemical characterization will be published 

elsewhere. 

2. Experimental 

 

2.1 Cell and stack configuration 

 A JÜLICH standard 4-layer stack was used in this study (2). The cells were commercially purchased 

(CeramTec GmbH, Germany). They consisted of a Ni/Y0.058Zr0.942O1.971 (3YSZ) anode support, 

Ni/Y0.148Zr0.852O1.926 (8YSZ) anode, 8YSZ electrolyte, Gd0.2Ce0.8O1.9 (20GDC) barrier, and 

La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF) cathode. The cells had a 100⨯100 mm2 support dimension and 90⨯90 

mm2 active cathode area. All interconnects, cell frames, top and bottom plates were based on Crofer 22 

APU (30). A MnCo1.9Fe0.1O4 (MCF) coating was applied on the interconnect surfaces facing the cathode 

side by atmospheric plasma spraying (APS) as a Cr-poisoning protection layer (31). For the contact 

between cell and interconnect, Ni mesh was used on the anode side, and a LaMn0.45Co0.35Cu0.2O3−δ 

(LCC10) coating was applied directly on the cathode side of the cell by screen printing. Type 87 ZYBF-2 

glass sealant was used for stack assembly (32) and the entire stack was held at 850 °C for 100 h to ensure 

glass crystallization and gas-tightness. The designation of cell and stack components is shown in Figure 1 

as a schematic diagram with direction of fuel gas flow. 

 

2.2 Stack test 

 The wood pellet feedstock was 8 mm in diameter and 6-12 mm in length with low moisture and ash 

content. A bubbling fluidized bed was used for gasification of biomass via a vibrating feeding system 

from the top. The superheated steam was supplied as oxidant gas from bottom. The gasifier was heated up 

electrically with two separated heating zones for the fluidized bed (790 °C) and the freeboard (600°C). In 

total 2 Liters of silica sand and 0.25 Liter of biomass char (from previous runs) were used as bed material. 

After the gasification, sulfur and chlorine were removed by ActiSorb S2 and ActiSorb Cl2 adsorbents 

(Clariant, Swiss). Still certain contents of hydrocarbon fuel such as CH4, C2-C5, and especially tars 

remained, so Ni-based catalyst was used for reforming of hydrocarbon fuels at 800 °C. The stack was 

operated with syngas after tar reforming during first 2 h, and when a stable operating point was reached 

the tar cleaning was bypassed and the tar containing syngas was fed to the stack. The composition of fuel 

and tar content is presented in Table 1.  
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 The stack was operated in an oven at 715 °C with temperature measurement in each interconnect and cell 

frame. Fuel gas and air are supplied from the bottom of the stack via an adapter plate. The test was carried 

out in galvanostatic operation mode with PLI 2106 controller (Höcherl & Hackl GmbH, Germany) at 0.25 

A/cm². Each cell voltage was measured and recorded individually using a 4-channel data logger (Onset 

Hobo) and the overall stack voltage was recorded via two rods made of Inconel and two sense cables. The 

current rods are screwed to the bottom and the top plate of the stack and the sense cables consist of 

platinum wires that are welded to the end plates and interconnects and extended by silver wires to the 

respective measurement devices. The pressure drops of fuel inlet and air outlet were measured, and the 

pressure drop of the entire stack was calculated by comparing inlet and outlet pressures.  

 

2.3. Macro and microstructure analysis 

 The microstructure of the cells was analyzed by scanning electron microscopy (SEM) using a Zeiss 

Gemini Ultra 55 electron microscope (Carl Zeiss NTS GmbH, Germany). The stack components were 

investigated in two different ways: surface and fractured cross-sectional images for morphology changes 

or surface carbon deposition, and polished cross sectional images for microstructural changes.  

 

2.3 Raman spectra 

 An inVia Raman Microscope (Renishaw, UK) was used for collecting Raman spectra using a 532 nm 

laser, a grating with 1800 lines/mm and a CCD Detector. A piece of cell was taken from the vicinity of 

the gas inlet and carbon mapping was carried out on the fractured cross section within an 90 µm wide area 

and running from the electrolyte layer to the surface of the support. Step size for the cross section 

measurements was 1 µm. The laser power was set to 10 % (about 2.5 mW) and the exposure time was 10 

s. If necessary, the live track function (auto focus software solution) was applied.  

 To analyze collected carbon from the cell surface and the contacting Ni mesh, carbon powder was 

removed and subsequently Raman spectra were measured with a glass holder. The data was collected 

from 496 points (cell) and 656 points (Ni mesh), respectively with the same exposure time of 10 s but 

reduced laser power of 0.5 %. 

 Data processing for the cross section included cosmic ray removal and a background subtraction. The 

mappings were generated by direct least square analysis of the signal by using a carbon spectrum 

generated from anode side data collection. Cosmic ray removal and integration to normalized signal was 

also applied for the data of the collected carbon powder before averaging the different data points.  



- 5 - 
 

 

 

 

3. Result 

 

3.1 Stack test results  

 The stack test results are presented in Figure 2, showing voltage, current and the pressure drop across the 

stack as a function of time. The test was started with clean-syngas (bio-syngas with removed tar, sulfur, 

and chlorine). The open-circuit voltage (OCV) was almost identical for all four cells (0.97 V) which is a 

lowered value by diluting of fuel with N2, CO2 and a higher steam fraction compared to the OCV value of 

1.05 V under 20 % humidified hydrogen at 700 °C . During operation at a current density of 0.25 A/cm², 

cell 1 shows a lower voltage (0.75 V) than the other three cells (0.84 V) during the test. This is a well-

known feature of the JÜLICH stacks (33), but the reason is not fully understood yet. One possible reason 

is the cell 1 is located at the bottom position in the stack where the temperature is always lower than for 

the other layers shown in Figure 1. The lower temperature reduces the ionic conductivity of the 

electrolyte and increases the activation polarization of the electrodes. The performance of all cells was 

stable with clean-syngas for an operation time of 2 hours. After the test with clean-syngas, a mixture of 

H2/N2 was applied at the anode side for one hour under OCV and an I-V curve was recorded for 

electrochemical characterization. As shown in Table 2, the cell voltages show almost identical values at 

0.25 A/cm2 before and after clean-syngas test. The syngas with tars (with removed sulfur and chlorine, 

but tar reformer bypassed; called tar-syngas from here on) was then applied to the stack. Before the test, 

the tar species were identified through the solid phase adsorption (SPA) method (34) as total content of 

3.5 g/Nm3 including benzene, toluene, phenol, naphthalene, m-cresol, and minor traces of undefined tars 

as shown in Table 1. In the tar-syngas test, cell 1 shows again lower initial voltage than the others as same 

manner in clean-syngas test. Cell 1 also shows higher degradation than the other cells after test in I-V 

curve under dry hydrogen (see Table 2) The cell power output was about 2.5 % lower at 0.25 A/cm2 

under dry hydrogen compared to the power output before test under same conditions, while the other cells 

show about 1 % lower power. The power loss was not high, but it is a considerable value in the short 

operation time of only about 5 h. The test was terminated since an increase of the pressure drop across the 

stack triggered an overpressure-safety valve in the gas supply line to open.  

 

3.2 Macroscopic  
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Figure 3 shows optical photographs of cells with frames and interconnects after test and disassembly. In 

Figure 3a, the entire cell No. 1 with gas manifolds and the whole frame and from the other three layers 

only the fuel-in manifold areas of the cells are presented. All four cells show heavy carbon deposition on 

the support surface near the fuel inlet. Since carbon deposition was not observed after stack operation 

using syngas with the tar removed (see supplementary Figure S1), the tar is estimated as the cause of 

carbon deposition. This carbon deposition was more pronounced at the edge of the cells. Another visible 

change of the cell is a discoloration on the support surface downstream from the area where carbon was 

deposited (more light grey). The image of cell 1 appears slightly different since all carbon powder was 

removed for micro structure analysis. Figure 3b shows the photo of an interconnect in the stack with Ni 

mesh current collector. Similar to what is observed in the cells, carbon deposition is also observed on the 

Ni mesh near the area of the fuel inlet. It is obvious that Ni plays the role of catalyst for carbon formation 

since there was no carbon deposited on the stainless steel interconnect surface. Carbon deposition in the 

Ni meshes was found in each layer. Figure 3c shows cross section optical microscope image of the mesh 

structure. A clear boundary as observed between carbon (darker area) and polymer resin (brighter area) 

which was used for sample preparation. The carbon deposition shows thick and dense structure which 

seems to be enough to hinder the fuel gas flow and cause the pressure drop of the stack. Additionally, 

both, cell frame and interconnect show discoloration near the fuel inlet area. It is estimated to be a Cr- and 

Mn-oxide scale, which appears after test with not only hydrocarbon fuel but also pure hydrogen. 

Therefore, this discoloration seems to be not a result of tar addition in the fuel, but the oxidation behavior 

of the interconnect material itself. 

 

3.3 Carbon deposition and microstructural changes  

From the cell photographs, the cell support surface shows two visible changes: carbon deposition and 

discoloration. For the microstructural analysis, SEM is used at three different areas: optically unchanged 

area (1), discolored area (2), and the area with accumulated carbon (3), which are indicated in Figure 3. 

SEM images of these areas are presented in Figure 4 with different magnifications. The unchanged area 

image (Figure 4a) shows a typical Ni/YSZ anode surface morphology. On the other hand, the SEM image 

of discolored area (Figure 4b) shows structural changes that include the loss of connectivity between 

particles, as well as seemingly coarsened particle sizes. A similar result of structural changes and 

discoloration of the anode support was reported in a previous study about single cell tests with phenol in 

simulated syngas (35, 36). The SEM image of the area with strong carbon deposition (Figure 4c) shows a 

complete surface coverage by carbon fibers. Several studies reported similar results of carbon-fiber 

formation in the anode or anode support after dry hydrocarbon fuel tests (16, 37, 38), but it is unusual in 
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steam reforming tests, especially with such heavy surface deposition. As shown in the high magnification 

images of the carbon fibers, Ni particles were also observed at the tip of carbon fibers. This type of 

carbon growth has been reported in studies of methane reforming with a Ni catalyst (39-41). The size of 

the Ni particle at the tip of the fibers was significantly reduced compared to initially.  

 Figure 5 shows polished cross-sectional SEM images of the anode support and their EDX element 

mapping images for Ni and Zr (representing YSZ). The image of the unchanged area in Figure 5a (area 1 

in Figure 3) shows a porous Ni/YSZ microstructure with strong connectivity between particles. The EDX 

mapping images show a relatively homogeneous distribution of both Ni and YSZ particles. The 

discolored area in Figure 5b (area 2 in Figure 3) shows a different microstructure compared with the 

unchanged microstructure of the sample displayed in Figure 5a. It shows less connectivity between 

particles, with a large amount of pores (dark area). The discoloration can be explained by a change in the 

optical reflectivity through a roughening of the surface. Structural changes are mainly caused by a 

coarsening of the Ni particles as shown in Figure 5b, while there was no considerable change in the YSZ 

microstructure. The microstructure in the area showing heavy carbon deposition (area 3 in Figure 3) is 

presented in Figure 5c. In the cross-section, carbon deposition on the material surface is not visible since 

a carbon-based polymer resin was used for sample embedding, which is almost indistinguishable from the 

carbon deposited during the stack test. However, the thickness of the carbon deposition layer is estimated 

to about 40 to 50 µm by the distribution of Ni and YSZ particles which are detached from the support. 

These detached particles in the deposited carbon layer indicate that the carbon has not simply 

accumulated on the support surface, but is caused by interaction with Ni and/or YSZ. The EDX mapping 

images show a smaller quantity of Ni than YSZ and reduced size of Ni particles compared to the 

unchanged image (corresponding with Ni particles at the tip of carbon fibers in Figure 4c). It seems then 

that Ni acts as catalyst for carbon fiber growth and the connecting Ni network is disintegrated in to loose 

particles which is defined in literature as metal dusting behavior (42-44), while YSZ particles were 

physically pushed away from the support by carbon fiber growth, the YSZ particles do not show any 

changes of size or shape.        

Figure 6 shows SEM images of the contacting Ni mesh between cell anode supports and interconnect. 

The clean Ni mesh images of Figure 6a were taken from area 4 in Figure 3 as a reference. It shows 

smooth surface without any secondary phase or dirt particles. In the case of the carbon covered Ni mesh 

(Figure 6b), loose carbon was removed by compressed air before SEM observation because the carbon 

structure was too thick to allow observation of the Ni mesh surface. The surface image shows carbon 

deposition and blister formation on the Ni mesh surface and the high magnification image shows 

distribution of tiny Ni particles, indicative of metal dusting behavior (42-44) similar as observed in the 
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anode support. These changes are significant considering the short-term test period of 5 h. Figure 6c 

shows cross sectional image of single wire of the contacting Ni mesh. The image shows the delamination 

of the outer part of the wire as a layer which is corresponded with blisters in Figure 6b. The high 

magnification Ni EDX mapping image of single wire shows not only layered delamination but also small 

Ni particle detachment from wire surface.        

 

3.4 Raman spectroscopy on the cell  

Raman micro-spectroscopy was applied to a fractured cell to examine the carbon deposition throughout 

the support and anode layers. A small piece of sample was taken from heavy carbon deposited area of 

Cell 2 for the measurement as a representative area. Figure 7a shows a mapping of the carbon distribution 

in the fractured cross-section of the cell, taken through a mesh of Raman point measurements. Carbon 

deposition is denoted as red color, and the brightness corresponds to the spectral intensity of the carbon 

signal. The result shows a high intensity of carbon deposition at the surface of the anode support and a 

considerable depth into the support covered with carbon, up to about 100 µm deep inside of support. 

There are a few points of carbon signal in the area near the anode, but not in the anode layer itself. Figure 

7b shows SEM images of the fractured cross–section of the cell, taken from the anode layer and near the 

surface of the support. The anode layer shows the typical anode microstructure with clean particles, but 

the support shows small contamination and fibers, which cannot be observed in the support after a test 

with pure H2. However, no specific structure related to carbon could be found by SEM, despite the strong 

carbon signal obtained by Raman from the same area. It seems that the operation time was too short to 

form a visible carbon structure, and carbon is only deposited on the particle surface in a thin layer. Figure 

7c shows Raman spectroscopy of carbon powder which was achieved from the surface of anode support 

and Ni mesh. The Raman result shows spectra pattern of the D band at 1350 cm-1, G band at 1580 cm-1, D’ 

band at 1620 cm-1, 2D band at 2700 cm-1, and D+G band at 2940 cm-1. The D and D’ bands are induced 

by disordered carbon species such as amorphous carbon (D band) and nano-crystalline graphite (D’ band), 

the G band on the other hand is induced by graphene or layered graphene structure (graphite, carbon 

nanotube, and carbon fiber) (45). The 2D band is an overtone of the D band and D+G band is a 

combination of D and G bands. The Raman result indicates that the carbon grows as both ordered and 

disordered structure during the operation. The ordered carbon was already shown in Figure 4c as carbon 

fibers, while the disordered carbon species cannot easily be detected by SEM. It is clearly shown in the 

Figure 7c that the carbon powder from Ni mesh has more disordered structure than carbon on the support. 
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It seems that the Ni particle size governs the carbon growth: the small Ni particles are more suitable for 

one directional (ordered) carbon growth like tubes and fibers, but bulk wire does not.  

  

4. Discussion  

 

 It is well known that the carbon deposition is possible without tar when the syngas has too low steam to 

carbon ratio (46, 47).  However, syngas composition in this study shows a C-H-O ratio that does not favor 

carbon formation according to thermodynamic calculations (48). As a confirmation, no carbon deposition 

could be observed on the stack run on syngas with the gas cleaning system enabled (see supplementary 

Figure S1). Raman spectroscopy result did not detect carbon related spectra like D and G bands (see 

supplementary Figure S2), and the chemical analysis result shows a lower carbon content compared to the 

test using clean syngas (see supplementary Table S1). Since the tars were not removed but reformed, the 

tar-syngas has same C-H-O composition as clean-syngas. Therefore carbon deposition was not expected 

in the short time of stack operation. Additionally, the high steam content (~ 42 % H2O) facilitates tar (1) 

and CH4 (2) steam reforming and the water gas shift (WGS) reaction (3) (49). 

 

CxHyOz+(x−z)H2O→xCO+(x+y/2−z)H2                                                 (1) 

CH4+H2O ↔ CO + 3H2 (CH4 steam reforming)                     (2) 

CO + H2O ↔ CO2+H2 (water gas shift reaction)                                (3) 

 

 Despite these expectations, the analysis of the stack after operation with tar-contaminated syngas yields 

the following observations: 

  

i) Heavy carbon deposition was observed on the cell anode support and Ni mesh current 

collector after stack operation with tar containing syngas. 

ii) The anode support shows micro structural changes (Ni coarsening and connectivity loss 

between particles) under and near the carbon deposition area, and Ni shows metal dusting at 

the support and contacting Ni mesh. 

iii) Although the tar was supplied continuously, the carbon deposition and structure change were 

present in spatially confined area near to the fuel inlet. 

iv) The heavy carbon deposition in the Ni mesh and Ni-YSZ support acted as a constriction of 

the free volume for gas transport. Since the flux stayed constant during the stack test, the 
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pressure drop across the stack increased exponentially. Therefore, the stack test was 

terminated after 5 h of operation with tar-containing syngas due to the stack pressure drop.  

v) The I-V characteristics after the test with tar-containing syngas (measured with dry hydrogen) 

show an I-V behavior associated with a diffusion polarization on the fuel side for cell 1, 

which was found to have the strongest carbon deposition (see supplementary Figure S4). We 

suggest that the reason for this is the restricted gas flow on the fuel side due to the carbon 

deposition. 

 

Clearly, the present investigation offers insufficient information to form a complete picture of the 

degradation mechanism. However, we suggest the following hypothesis for the observed scenario: when 

the tar species are first introduced into the syngas, they are chemisorbed on the support and anode 

material surface near the fuel inlet area. The tar chemisorption deactivates the catalytically active surface 

area of the Ni catalyst, such as the three phase boundaries (TPB). The coverage of the Ni mesh as well as 

the Ni in the support and anode depends on the rates of adsorption and desorption, as well as the rate of 

reforming. Especially benzene and naphthalene are reported as tars with slow reforming kinetics(50). 

Supporting cell tests using only one tar in simulated syngas have confirmed that while light tars like 

phenol are reformed in the support and do not affect the electrochemical performance (i.e. they do not 

reach the anode) (35, 36), poly-aromatic tars such as naphthalene and phenanthrene decrease the 

electrochemical performance already at much lower concentrations and are therefore not completely 

reformed in the support (51, 52) (see supplementary Figure S3). It is also evident from the cell tests that a 

large part of the strong electrochemical degradation observed for naphthalene is reversible, but the 

recovery is much slower than the degradation. This may be interpreted as evidence that the adsorption of 

heavy tars on the active Ni surface (resulting in electrochemical degradation due to blocked active sites) is 

much faster than the tar reforming reaction or tar desorption under the investigated conditions. Our 

hypothesis corresponds well to a study of Rostrup-Nielsen, who reports that irreversible adsorption to the 

Ni surface and slow reforming reactions occur for higher hydrocarbons, which is also accompanied by 

thermal cracking at temperature above 600-650 °C (53).      

In such a scenario, the faster adsorption kinetics and the constant supply of tar lead to an accumulation of 

chemisorbed tar species close to the inlet area, which increases the carbon-to-steam ratio until the 

formation of carbon becomes thermodynamically favorable (48). This would explain why the carbon 

deposition is restricted to an area close to the inlet. In addition, the deterioration of the support structure 

(also observed in previous investigations (35, 36)) leads to both a depletion of Ni in the inlet area and a 

coarsening of the Ni particles. This microstructural change results in a decreased active surface area of the 



- 11 - 
 

Ni catalyst for tar reforming, and as a consequence, the poisoned area can slowly spread further into the 

cell. 

A second possible effect of the microstructural deterioration affects the local cooling of the reaction zone 

through the endothermic tar reforming reaction. While the Ni network in the support is highly thermally 

conductive and therefore prevents significant, local cooling effects, the deterioration of the Ni network 

leads to isolated Ni particles (see Figure 4 c). Without the high thermal conductivity of the Ni network, 

substantial local cooling may become possible, which in turn can be expected to enhance carbon 

deposition. This may explain why the carbon deposition is the heaviest in the region of the support that 

has deteriorated the strongest (see Figure 4).  

The above hypotheses are directly related with carbon deposition behavior because these changes 

deactivate the steam reforming and WGS reaction (1-3). Therefore, solid carbon formation can be 

activated by such reactions of CH4 decomposition (4) and Boudouard reaction (5) (54). 

CH4 ↔ C + 2H2 (CH4 decomposition)         (4) 

2CO ↔ C+CO2 (Boudouard reaction)        (5) 

 The rea where carbon deposition occurs leads to a hindrance of the fuel gas flow before significant cell 

degradation can be observed. For the bio-syngas fuel utilization, tar cleaning with pre-reformer seems 

essential in current Ni-YSZ based anode support and Ni mesh current collector.  

  

5. Summary 

 

 We operated a planar 4 layer SOFC stack using wood bio-syngas fuel. The sulfur and chlorine was 

removed in bio-syngas, but tar species were remained. During the test, bottom cell shows lower 

performance and higher degradation behavior than others due to the lower actual temperature. Since the 

stack pressure drop increased during test, the test was terminated after 5 hour. There is massive and dense 

carbon deposition on the anode support and contacting Ni mesh, which is estimated to be the reason for 

pressure drop by hindrance of fuel gas flow. A structural change of the anode support surface was 

observed with carbon deposition and metal dusting of the Ni in the support and the contacting mesh. 

Although there was no significant performance degradation in short operation time, carbon deposition 

was detected not only on the surface but also inside the support by means of Raman spectroscopy.  
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Table 1: The composition of fuel and tar content 

 
After gasifier Clean-syngas Tar-syngas 

H2 v-% db* 23.9 36.4 26.9 

CO2 v-% db 11.3 11.5 14.1 

CO v-% db 8.7 9.5 7.3 

CH4 v-% db 3.6 0.2 3.7 

C2-C5
** v-% db 1.5 0.0 1.5 

N2 v-% db Bal. (51.0) Bal. (42.4) Bal. (46.5) 

H2S ppmv db 12.2 0.0 0.0 

Benzene g/Nm3
db 0.9 0 0.8 

Toluene g/Nm3
db 0.6 0 0.5 

Phenol g/Nm3
db 0.9 0 0.5 

m-Cresol g/Nm3
db 0.6 0 0.2 

Naphthalene g/Nm3
db 0.2 0 0.2 

Other tars g/Nm3
db 1.8 0 1.3 

H2O** v-% ~ 42.0 - - 

* dry basis,  ** not measured, average value in similar condition 

 

 

 

 

 

Table 2: Voltage values at 0.25 A/cm2 during I-V characterization for each cell with different test states  

 
Before test After clean-syngas test After tar-syngas 

Cell 1 0.834 V 0.839 V 0.804 V 

Cell 2 0.921 V 0.922 V 0.912 V 

Cell 3 0.918 V 0.919 V 0.914 V 

Cell 4 0.916 V 0.917 V 0.906 V 

at 715 °C, anode: 2 Nl/min H2 + 2.44 Nl/min N2, cathode: 8 Nl/min air 

 

 

 

Figure 1: Cross sectional SEM image of reduced cell structure and schematic diagram of stack structure with fuel flow  
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Figure 2: Stack test result with cleaned syngas (tar, sulfur, and chlorine removed) and tar-syngas (sulfur and chlorine 

removed) at 715 °C. Note: the voltage curves of cell 2 to 4 (yellow, green, and blue) overlap completely 
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Figure 3: The photo of cells with frame (a) and interconnect (b) after stack disassembly, and optical microscope of 

contacting Ni mesh (c) 
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Figure 4: Surface SEM images of anode support with low (upper images) and high (below images) magnification from 

different positions, the figure labels (a), (b), and (c) are correspond with the area of 1, 2, and 3 in Figure 3 

 

       
Figure 5: Polished cross sectional SEM images and EDX element mapping results of the cell supports, the figure labels (a), 

(b), and (c) are correspond with the area of 1, 2, and 3 in Figure 3  

 

  

Figure 6: SEM images of contacting Ni mesh on the interconnect with low (upper images) and high (bottom images) 

magnification, the clean Ni mess image of (a) was achieved from the area 4 and carbon covered mesh images of (b) and (c) 

were achieved from area 5 in Figure 3 
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Figure 7: Carbon distribution mapping result of fractured cell cross section by Raman spectroscopy (a), SEM images of 

fractured cell cross section (b), and Raman shift result of carbon from cell surface and contacting Ni mesh (c) 

 


