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Abstract 

The purpose of this study was to develop a method and software based on the Fourier Transform Infrared 

Spectroscopy for the in-situ, quantitative analysis of the composition of outlet gases from Solid Oxide Fuel Cell 

(SOFC). The calibration procedure performed at the beginning of the experiment indicated a polynomial 

dependence between the concentration of a calibrating gas (CO, CO2, CH4) and the corresponding integrated 

absorbance in particular wavenumber ranges. Further, it allowed determining a concentration of CO2, CO, CH4 

and H2 in the outlet gas stream of the Ni–YSZ anode supported Direct Internal Reforming-SOFC fuelled by 

synthetic biogas (mixture of CO2 and CH4 in a volume ratio 2:3). The analysis was performed for over 90 h. Based 

on calculated concentration the conversion rates for both CH4 and CO2 gases were calculated, as well as the yields 

and selectivities of CO and H2. Also, the carbon balance was determined. In order to predict the direction of 

particular reforming reactions, a non-equilibrium analysis was performed. Namely, a thermodynamic probability 

of solid carbon formation was obtained based on calculations of carbon activity coefficients. Obtained results 

indicated degradation of a fuel cell and corresponded well with electrical measurements where a decrease of power 

density in wet synthetic biogas was observed. 

Keywords: biogas reforming, direct internal reforming, carbon deposition, SOFC, FTIR, reaction quotient, 

carbon activity coefficient 

1. Introduction

Finite sources of fossil fuels and a continuously growing world’s demand for energy have attracted 

considerable attention for alternative power sources. Thus, a significant research effort is devoted to the 

development of systems which utilize a wide variety of hydrocarbon fuels. Among them, Solid Oxide Fuel Cells 

(SOFCs) [1-8] and Molten Carbonate Fuel Cells (MCFCs) [9-11] can operate with alternative fuels, e.g. biogas. It 

is produced from anaerobic residual digestion of biomass [12,13] and is considered as a promising and 

environmental-friendly fuel because of its availability and renewability. Typically, it has a composition of 

approximately 50-80% CH4 and 30-50% CO2 with traces of H2S, O2, N2 [13]. 

In the case of the biogas fed cells operating at high temperature (above 700 °C), the reforming process can be 

performed directly in the fuel cell leading to the production of H2, CO and CO2. In contrast, at low temperatures, 

the reforming should be performed before the gas reaches the fuel cell (external reforming). Since this process 

takes place outside the fuel cell, it requires an external heat source [11,14] extending costs of such a system. 

Currently, many groups are working on economically efficient direct internal reforming SOFC (DIR-SOFC) [15-

21]. In that case, few reactions (Eg.1)-(Eq.10) occur in parallel within the anode volume. The main reforming 

reactions are steam reforming (Eq. 1) and dry reforming (Eq. 2). In steam reforming, the water, in a vapour state, 

is mixed with the methane to form hydrogen and carbon monoxide, while in dry reforming, the CO2 reacts with 

the methane to form carbon monoxide and hydrogen [22-24]. 

CH4 + H2O ↔ CO + 3H2 ∆H = 206,2kJ/mol (1) 

CH4 + CO2 ↔ 2CO + 2H2 ∆H = 247kJ/mol (2)
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This hydrogen can be utilized in a direct reaction with carbon dioxide in a reverse water-gas shift reaction (Eq.3) 

or methanation process (Eq.4).  

CO2 + H2↔ CO + H2O ∆H = 41 kJ/mol (3) 

CO2+4H2↔CH4+2H2O ∆H = -165 kJ/mol (4) 

The reverse water-gas shift (RWGS) reaction leads to the production of carbon monoxide and water, whereas 

within methanation water and methane are formed.  

Moreover, the produced H2, CO and supplied CH4 can be electrochemically oxidized according to reactions 

described by Eqs. 5-7 [25, 26]. 

H2 + O2− ↔  H2O + 2e−  ∆H = −242 kJ/mol     (5)

CO + O2− ↔  CO2 + 2e−  ∆H = −283 kJ/mol      (6)

CH4 + O2− ↔  2H2 + CO +  2e−  ∆H = −37 kJ/mol (7)

However, direct SOFC feeding with hydrocarbons has some major drawbacks. When a traditional Ni– YSZ 

anode is applied, then a coking process occurs. As a result, both anode surface, pores and voids may be filled with 

carbon. It leads to bursting of the anode structure as well as to a decrease of an amount of catalytically active sites 

[24, 27-29]. The main causes of carbon deposition are pyrolysis (cracking) (Eq. 8), Boudouard reaction (Eq. 9) 

and carbon monoxide reduction (Eq. 10) [26]. 

CH4 ↔ C + 2H2     ∆H = 74 kJ/mol     (8)

2CO ↔ C + CO2         ∆H =  −172 kJ/mol    (9)
CO + H2 ↔ C + H2O      ∆H =  −131 kJ/mol  (10)

The pyrolysis is a decomposition process which occurs under the influence of high temperature and is carried out 

without the participation of oxygen. In the case of methane, it disintegrates into hydrogen and carbon. The 

Boudouard reaction is also a decomposition reaction. Metals, such as nickel catalyse it, and therefore there is a 

high risk of carbon deposition on the Ni-YSZ anode [24, 30]. The quantity of deposited carbon is strongly affected 

by the operating temperature and the methane/steam ratio. Removal of this carbon can be performed mainly via a 

reverse of reaction (Eq. 8) (with the usage of hydrogen additionally supplied or produced in reforming process) or 

via electrochemical oxidation of solid carbon (Eq. 11) [31]: 

C + O2–  ↔ CO + 2e–  ∆H =  −110 kJ/mol (11) 

In order to analyse a reforming process deeper, knowledge about the composition of outlet gases is required. 

The gas analysis methods include Gas Chromatography (GC), Secondary Ion Mass Spectrometry (SIMS) and 

Fourier Transform Infrared spectroscopy (FTIR). 

Gas chromatography is an analytical technique based on the separation of complex mixtures. It was used i.a. 

by F. Santoni et al. [32] to study a gas composition on the anode site of operating SOFC. This approach proved to 

supply valuable information on the chemical and electrochemical reactions in SOFC utilizing CH4 as a fuel. A 

uniformity of reforming reactions along the anode surface was also shown [33,34]. Although this technique is 

accurate for such analysis, it requires expensive equipment and can probe a relatively small flow rate compared to 

overall fuel flow. Moreover, GC measurement is based on a rate at which molecules progress in a column. This 

leads to time-consuming measurement procedure and to low time resolution. Costs and low time response hinder 

the application of GC in future large scale SOFC projects.    

An alternative method is the Fourier Transform Infrared spectroscopy. It is absorption spectroscopy and is used 

to analyse oscillation spectra due to changes in the dipole moment during vibrations. The energy of the IR radiation 

is equal to the change in oscillatory levels, and the transitions are accompanied by changes in the quantum number 

of oscillations. To obtain the spectrum in the frequency domain from the spectrum measured by the interferometer, 

it is necessary to apply Fourier transform [35]. Thanks to the use of the adapter dedicated to a specific type of 

samples, it is possible to measure solids, liquids and gases with FTIR. The main advantages of FTIR over other 

techniques are the high selectivity achieved thanks to high resolution measurements as well as the possibility to 

simultaneously measure the content of many substances. Another advantage is the high sensitivity that allows the 

measurement of components at really small concentrations. Due to their construction, FTIR spectrometers allow 
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to significantly increase the signal-to-noise ratio by averaging interferograms from multiple spectral scanning. 

Besides, FTIR offers the possibility of continuous measurement “in situ” during the operation of the fuel cell, 

which is very hard with other measurement methods. Thanks to these advantages, this method has been used in 

this study. 

To quantitatively determine a composition of investigated substance using FTIR, e.g. an unknown 

concentration of a gas mixture [36-38], it is required to perform a calibration procedure at the beginning of the 

experiment. It assumes that the size of FTIR absorbance peaks can be directly related to a concentration of the 

investigated substance. An exemplary comparison of FTIR absorbance peaks for different concentrations of CO2 

is shown in Fig.1.  

Fig. 1: The FTIR spectra of CO2 with different concentration. 

Generally FTIR analysis bases on the Beer-Lambert law, which relates the light absorption to the material 

properties and indicates a linear dependence between the absorbance and a substance concentration, but in practice, 

it is fulfilled only for dilute solutions. At concentrations exceeding about 0.01 M, the average distances between 

ions or molecules of the absorbing sample are diminished to the point where each particle affects the charge 

distribution of its neighbours. The occurrence of this phenomenon causes deviations from the linear relationship 

between absorbance and concentration [39]. Moreover, there are also some technical limitations caused mainly by 

the relatively low spectral setting of the instrument (in our experiment 4 cm-1 which is a compromise between high 

scan speed and a reasonable resolution) compared to the molecular spectral line-width of the measured gases (≈0.1 

cm-1) [40]. Therefore, a calibration procedure should be performed at the beginning of the experiment. As reported

by Bak and Larsen [40], the observed nonlinearity can be modelled by a specific chemometric method. Among

quantitative methods, the most precise are the multivariate techniques based on response at several wavenumbers.

Such an approach gives a high signal-to-noise ratio. However, for concentrations above 0.5 vol.% of measured

gases, the univariate techniques are sufficient and give satisfactory results. In general, they rely on modelling the

relationship between absorbance values and concentrations by peak heights of the spectral lines or the integrated

absorbances of the entire band. Bak and Larsen [40] found that the relation between the absorbance and

concentration values for CO has the same functional form for the integrated absorbance calculated in a selected

wavenumber region as the absorbance at a single wavenumber. Therefore both approaches are acceptable.

However, the one with integrated absorbance performs better in the low concentration limit, because a sum of

absorbance values over several wavenumbers is less sensitive to noise. Moreover, due to a higher sensitivity to a

baseline shift in calculations at a single wavenumber, an approach with absorbance integration in selected

wavenumber regions is recommended.

Therefore, in this paper the integrated absorbance areas were calculated in determined wavenumber ranges

according to Eq.12:

𝐼 = ∫ 𝐴(
𝑣̃2

𝑣̃1

𝑣̃)𝑑𝑣̃  (12)

where 𝐴 is the measured absorbance, 𝐼 the integral value, 𝑣 ̃1and 𝑣 ̃2 are the wavenumber ranges for integration.

The objective of this work was to develop a method to analyse a composition of outlet gases from a DIR-SOFC 

fuelled by synthetic biogas. These measurements performed continuously during SOFC operation, allow 

investigating a process of internal reforming of hydrocarbons. Combined with results of electrical measurements 
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allow better understanding a degradation of a fuel cell and predicting a predominance of particular reforming 

reactions depending on conditions in a fuel cell chamber at a particular time. 

2. Experimental

2.1. Calibration 

In the calibration procedure, the system shown in Fig. 2 was used. The calibration mixture was composed of a 

dilution gas (Ar) mixed with CO2, CO or CH4. The concentration of these gases was varied using two mass flow 

meters. Such setup allowed obtaining particular calibration points. 

Fig. 2: Schematic view of the system used to obtain calibration curves.

The resulting mixture was delivered directly to the FTIR cell. The measurement was carried out using the 

PerkinElmer Spectrum 100 spectrometer with a 10 cm path length gas cell and ZnSe windows. The spectra were 

collected at 4 cm-1 resolution. At the beginning of the investigation, the FTIR cell was purged with argon. Then 

the desired mixture of gases with a total flow of 30 ml/min was supplied to FTIR for 10 minutes in order to reach 

a stable gas composition. Next, ten spectrograms were collected at every 2 minutes. The procedure was repeated 

for CO, CO2 and CH4 gases (of a concentration up to 70%). Graphical summary of this procedure is shown in 

supplementary materials (Fig.S1 left). 

For the calculations of integrated absorbance, the peaks that do not change its shape with increasing 

concentration were chosen. Additionally, if the compound had several peaks, the ones that do not overlap with 

H2O bands and with other measured gases were preferred. The selected wavenumber ranges were: 3760-3520 cm-

1 for CO2, 2226-2143 cm-1 for CO, 3250-2650 cm-1 for CH4. They are depicted by vertical dashed lines in an FTIR 

spectrum of biogas shown in Fig.3. Although hydrogen was not visible in FTIR spectra, its concentration was 

calculated as a difference between 100% and a sum of concentrations of CO2, CO and CH4. The water was not 

present in a gas mixture, because it was trapped in a water condensing unit installed before the FTIR inlet.  

Fig. 3: The FTIR spectrum of biogas. Vertical dashed lines mark the wavenumber ranges used for quantitative analysis of particular gases. 

2.2. SOFC measurements system 

To measure the composition of outlet gases from SOFC, a system was modified. A scheme of this system is 

presented in Fig. 4.  
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Fig. 4: Schematic view of the system for quantitative analysis of outlet gases from SOFC.

The fuel cell was fed with synthetic biogas which was a mixture of CO2 (Linde, N5.0) and CH4 (Linde, N5.5) 

in a volume ratio 2:3 with the addition of approximately 3% of water. Water concentration was controlled by 

feeding dry fuel through a gas humidifier kept at a constant temperature 23°C and pressure 1 atm. Its value was 

calculated according to the Antoine equitation for a steam (Eq. 13) [41]. 

log 𝑝𝑠𝑎𝑡[𝑏𝑎𝑟] = 3.56 −
1838.68

𝑇[𝐾] − 31.74
 (13)

Gases forming synthetic biogas were supplied using the line I and II. Line III was used to supply 

interchangeably neutral gas (Ar) or H2 as a fuel. The flow of each gas was controlled by a corresponding mass flow 

meter. The inlet gases were always passing through the humidifier, and then they were directed to the measurement 

rig presented in Fig. 5. The temperature was controlled by a thermocouple placed beside a fuel cell. The fuel cell 

was spring loaded to the alumina tube and sealed by a silver paste preventing gas leakage from the anode side. 

Fig. 5: Measurement rig for SOFC investigations, adapted from [2].

The concentration of gases determined from FTIR data allowed calculating other catalytic parameters: the 

conversion rates X of CH4 and CO2 (Eqs. 14 and 15, respectively), the selectivities S of CO and H2 (Eqs.16 and 

17, respectively) and the yields Y of CO and H2 (Eqs. 18 and 19 respectively). 

𝑋𝐶𝐻4
=

𝑛𝑖𝑛𝐶𝐻4
− 𝑛𝑜𝑢𝑡𝐶𝐻4

𝑛𝑖𝑛𝐶𝐻4

∙ 100%   (14)
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𝑋𝐶𝑂2
=

𝑛𝑖𝑛𝐶𝑂2
− 𝑛𝑜𝑢𝑡𝐶𝑂2

𝑛𝑖𝑛𝐶𝑂2

∙ 100%   (15)

𝑆𝐶𝑂 =
𝑛𝑜𝑢𝑡𝐶𝑂

(𝑛𝑖𝑛𝐶𝐻4
− 𝑛𝑜𝑢𝑡𝐶𝐻4

) + (𝑛𝑖𝑛𝐶𝑂2
− 𝑛𝑜𝑢𝑡𝐶𝑂2

)
∙ 100%    (16)

𝑆𝐻2
=

𝑛𝑜𝑢𝑡𝐻2

2(𝑛𝑖𝑛𝐶𝐻4
− 𝑛𝑜𝑢𝑡𝐶𝐻4

)
∙ 100%   (17)

𝑌𝐶𝑂 =
𝑛𝑜𝑢𝑡𝐶𝑂

𝑛𝑖𝑛𝐶𝑂2
+ 𝑛𝑖𝑛𝐶𝐻4

∙ 100%    (18)

𝑌𝐻2
=

𝑛𝑜𝑢𝑡𝐻2

𝑛𝑖𝑛𝐻2𝑂 + 2𝑛𝑖𝑛𝐶𝐻4

∙ 100%   (19)

where 𝑛𝑖𝑛𝐶𝐻4
,𝑛𝑖𝑛𝐶𝑂2

,𝑛𝑖𝑛𝐻2𝑂and 𝑛𝑜𝑢𝑡𝐶𝐻4
, 𝑛𝑜𝑢𝑡𝐶𝑂2

, 𝑛𝑜𝑢𝑡𝐶𝑂 , 𝑛𝑜𝑢𝑡𝐻2
are the inlet and outlet molar concentrations of

respective gases. 𝑋, 𝑆 and 𝑌are expressed in percentages. Conversion (X) gives us an information about how much 

of an initial fuel was utilized in a fuel cell chamber (both within reforming and electrochemical processes). The 

yield (Y) parameter shows how much of a desired product (CO or H2) was found in the outlet stream with respect 

to the theoretical amount calculated from the chemical reactions, whereas selectivity (S) indicates how much of 

desired product was formed in ratio to the utilized fuel. All calculations have been done assuming that no leakage 

of inlet or exhaust gases was present. 

Moreover, the carbon balance in time was determined as an average rate of carbon deposition during 

dwell time. It was calculated as a difference between the moles of carbon in the inlet and the outlet stream of gases 

(Eq.20): 

𝐶𝑏𝑎𝑙𝑎𝑛𝑐𝑒(𝑡) = 𝑛𝑖𝑛𝐶𝐻4
+ 𝑛𝑖𝑛𝐶𝑂2

−  𝑛𝑜𝑢𝑡𝐶𝐻4
− 𝑛𝑜𝑢𝑡𝐶𝑂2

− 𝑛𝑜𝑢𝑡𝐶𝑂 (20) 

The electrical properties of the fuel cell were measured using the HAMEG 8143 power supply. Gold wires, 

which do not act as reforming catalysts, were connected to the anode side. The cathode was coated with a platinum 

interconnector to improve the connection with a current collector. Then it was spring loaded by a gold covered 

alumina grating, which allowed free flow of atmospheric air to the cathode site.  

Due to strong IR bands of water in a measured wavelength range, the outlet gas was dehumidified using 

condensing unit set (water trap) operating at 3°C. Then, outlet gases were transferred to the FTIR cell. FTIR data 

was collected by the Spectrum™ TimeBase software. Additionally, an application was created in the MATLAB™ 

environment to facilitate the analysis of gathered FTIR data. During prolonged measurements (above 5 h) spectra 

baseline deterioration was observed. To correct this error, an additional baseline correction Savitzky-Golay filter 

was used before all calculations [42,43]. 

2.3. Measurement procedure 

The investigated 1-inch anode supported SOFC was fabricated as described in our previous paper [44] and 

consisted of Ni-YSZ anode, YSZ electrolyte and LSM-YSZ cathode (of surface area 1.13 cm2). Two types of 

electrical measurements were performed: a current density versus voltage measured every 24 h and a current 

density versus time under a constant load of 0.65 V collected every 0.5 min. FTIR spectra were collected every 10 

min. 

Flowchart of SOFC operation and data gathering procedure is shown in supplementary materials (Fig.S1 right). 

Initially, the fuel cell was slowly (3°C/min) heated up to 800°C in an argon atmosphere. Afterwards, a nickel oxide 

was reduced to a metallic form in 40 ml/min hydrogen flow for 30 min. Next, the temperature was decreased down 

to 750°C, and the fuel cell was operating for 24 h with pure hydrogen fuel. The current density was measured for 

a reference. Further, hydrogen was replaced by synthetic biogas with 3% steam, which flow was set to 21 ml/min. 

The fuel cell was operating in biogas for 96 h. During this step, the current density and FTIR spectra of outlet 

gases were measured.  

2.4. Chemical equilibrium analysis and carbon activity coefficient 

Due to water removal from measured output mixture (it was trapped in a water condensing unit installed 

before the FTIR inlet), its amount was estimated according to a mass-atom balance of hydrogen and oxygen. It 
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was assumed, that from every two unbalanced atoms of hydrogen and one unbalanced atom of oxygen one 

molecule of water is formed.  

An amount of unbalanced H and O atoms was calculated as a difference between the moles of these elements in 

the inlet and the outlet stream of gases. Moreover, the additional source of oxygen were oxygen ions pumped 

during SOFC operation through electrolyte into the anode reaction area in order to oxidize i.e. CO, CH4 and H2. 

The total flux of these oxygen ions (𝑛𝑂2−) was calculated from the Faraday equation (21) and also taken for mass-

atom balance calculations: 

𝑛𝑂2− =
𝑆

2𝑁𝐴𝑒
∫ 𝑗(𝑡)𝑑𝑡   (21) 

where j(t) is a current density measured at a particular time, and S is an active cathode area. 

Therefore general formulae for calculations of unbalanced H and O atoms are represented by (Eq.22) and (Eq.23) 

respectively: 

∆𝐻 = 4𝑛𝑖𝑛𝐶𝐻4
+ 2𝑛𝑖𝑛𝐻2𝑂 − 4𝑛𝑜𝑢𝑡𝐶𝐻4

− 2𝑛𝑜𝑢𝑡𝐻2
(22) 

∆𝑂 = 𝑛𝑂2− + 𝑛𝑖𝑛𝐻2𝑂 + 2𝑛𝑖𝑛𝐶𝑂2
− 2𝑛𝑜𝑢𝑡𝐶𝑂2

− 𝑛𝑜𝑢𝑡𝐶𝑂 (23) 

The calculated amount of unbalanced H and O atoms was concerned to form water molecules removed before 

FTIR analysis. Estimation of water amount was undertaken to provide information for further non-equilibrium 

analysis in order to predict the direction of particular reforming reactions.  

Several approaches concerning equilibrium calculations for methane reforming were already mentioned 

in other publications [45-48]. In order to determine the behaviour of each from series of mentioned reactions, a 

time-dependent thermodynamic analysis was performed using reaction quotients (Qr) [45,46,49], which represent 

a ratio between an actual non-equilibrium constant and equilibrium constant of a specific reaction. Qr value aids in 

figuring out the momentary direction in which reactions are likely to proceed. Mathematically Qr is calculated 

from Eq.24 as a ratio of actual overall partial pressures pi of species "i" raised to the power of stoichiometric 

coefficient xi (positive for products and negative for reactants) and equilibrium constant Kp,r of discussed reaction. 

Each of the mentioned reactions was taken into account separately for Qr value estimation in order to simplify the 

calculation method while providing sufficient enough data for further analysis of equilibrium shifting. All 

theoretical equilibrium constants Kp were taken from the HSC Chemistry software.  

𝑄𝑟(𝑡)
=

(∏ 𝑝𝑖(𝑡)
𝑥𝑖

𝑖 )𝑟

𝐾𝑝,𝑟

 (24) 

Quotient indicates if the mentioned reaction goes to the right (for Qr<1) or to the left (for Qr>1). When Qr=1 

reaction has reached an equilibrium point. It is commonly approved that Qr~10-3 stands for the situation when 

mostly reactants are present in reaction area, while  Qr~103 when nearly all substances are products and finally if 

10-3<Qr<103 then significant amounts of both reactants and products are visible [50].

In order to analyse a carbon deposition process reactions (8), (9) and (10) can be described additionally 

by carbon activity coefficient αC,r, which is a reciprocal of Qr and can be calculated according to Eq. 25.  

𝛼𝐶,𝑟 = 𝑄𝑟
−1      (25)

Parameter αC,r defines whether carbon formation is thermodynamically possible. It is generally accepted that 

carbon activity coefficient equals 1 at equilibrium. In case when αC,r>1 solid carbon formation is promoted [49,51]. 

Values of coefficient αC,r were used to describe how specific reaction influences the coking process.  

3. Results and discussion

3.1. Calibration curves 

Fig. 6-8 show the calibration curves obtained for CO2, CO and CH4, respectively. In these figures also the 

polynomial functions modelling the relationship between the concentrations (C) of particular gases and the 

integrated absorbance (A) calculated in selected wavenumber regions both with the coefficients of determination 

(R2) are presented. All curves show nonlinear deviation from the Beer-Lambert law. The 3rd order polynomials 

expressed the C(A) relationships for all CO2, CO and CH4 gases. Such high polynomial orders are in agreement 

with literature reports. Bak and Larsen [40] performed a calibration procedure for CO gas and found that even a 

5th polynomial gave a sufficiently high degree of accuracy in the relation between the concentrations of the 

calibration gas against the integrated absorbance C(A).  
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Fig. 6: Calibration curve for CO2 within 3760-3520 cm-1 wavenumber range. 

Fig. 7: Calibration curve for CO within 2226-2143 cm-1 wavenumber range. 

Fig. 8: Calibration curve for CH4 within 3250-2650cm-1 wavenumber range. 

3.2. Electrical tests and analysis of SOFC outlet gases 
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The investigation of long-term electrical stability was performed during initial SOFC feeding with hydrogen 

(for 30 h) and further with biogas (for 90 h). The obtained results are presented in Fig.9a as a plot of current density 

vs time and in Fig.10 as the I-V curves. The moments in which the I-V measurements were carried out are marked 

in Fig.9a. The obtained results indicate that when the SOFC was fuelled by hydrogen, its current density, as well 

as a maximum power density increased due to an ongoing nickel reduction process. After 10-15 h the stable current 

density was obtained. Sometimes, once a maximum current density is reached, a further decrease of this parameter 

may be observed [52]. This may be explained by e.g. ordering of metallic nickel in the structure of the anode or 

the segregation of impurities. However, it has not been observed in this investigation. The OCV values measured 

both at the beginning and at the end of the operation in hydrogen were equal to 1.02 V, which is slightly lower 

than the theoretical value predicted by the Nernst equation.  

In the next step, the fuel supplied to the SOFC anode site was switched to synthetic biogas. As a result, a rapid 

current density drop of ca. 10% was noticed. Then, during the first 12 h of operation in biogas, a further decrease 

(5%) of current density was observed. After this time a system stabilized and no significant changes of current 

density were observed till the 65th hour of biogas supplying. Since then a further current density decrease began, 

which became significantly rapid after 75 h of biogas feeding. The total decrease in current density compared to 

hydrogen was 20% after 90 h of operation in biogas fuel. The OCV value measured after this time was also lower 

(~1 V) than in hydrogen. Since not only electrochemical oxidation of hydrogen (Eq.4) is possible in the system, 

but also CO, CH4 and solid carbon can be oxidized (Eqs. 6,7,11), the theoretical OCV in biogas is a combination 

of the different reactions taking place at the anode surface and it might be different than in pure hydrogen [53,54]. 

However, a decrease of OCV comes rather from H2 dilution within CO2, CO and CH4 gases. It correlates well with 

a decrease of CH4 and CO2 conversion rates (less fuel is utilized) in time and is in agreement with literature reports. 

Hagen et al. also found [55] that OCV for the biogas fueled SOFC decreased when more inlet fuel passed 

unconverted through the SOFC as a result of H2S poisoning.  

An analysis of outlet gases composition was also performed simultaneously with the electrical 

measurements. A plot presenting concentration of CH4, CO2, CO and H2 gases as a function of time is shown in 

Fig.9b. It indicates that at the beginning (first 12 hours of operation in biogas) an initial biogas mixture (58 vol.% 

of CH4, 39 vol.% of CO2 and 3 vol.% of H2O) is partially converted into CO and H2, whereas an amount of 

unconverted gases increases (to 27% for CH4 and to 21% for CO2). This increase leads to a slight decrease of 

reforming products amount which acts as a direct fuel for SOFC and correlates well with a decrease of current 

density shown in Fig.9a. Within the next 20 hours (from 12 to 32h) one can see a further increase of non-reacted 

methane which is correlated with a simultaneous depletion of CO in exhaust gases mixture. An amount of carbon 

dioxide and hydrogen remains almost constant in that period of time. After 42 hours of operation in biogas, a 

concentration of CH4 in the outlet stream starts to exceed an amount of produced H2. Also a concentration of CO 

decreases in time as well as the amount of not utilized CO2 increases allowing to conclude that reforming process 

becomes less and less efficient. However, no significant changes can be found in the current density plot (Fig.9a) 

at this time. After 65 hours of operation in biogas, a concentration of CO and CO2 in the outlet stream stabilizes 

(~24% for CO2 and ~20% for CO).  

The observed change of gases concentrations leads to a change of reforming parameters (conversion, 

yield, selectivity) shown in Fig.9c. Both CO2 and CH4 conversions decrease in a whole time of operation in biogas 

indicating that less and less fuel is utilized in a fuel cell chamber (both within reforming and electrochemical 

processes). Within a whole time of analysis, the conversion of CH4 is higher than that of CO2. Two other 

parameters, the yield of CO and H2, also decrease as a function of time. Only after 65 hours of operation in biogas 

they become almost constant, but at the end of the measurement, both of them are quite low (~20%). Finally, the 

selectivities of H2 and CO are quite stable in time. Although between 12th and 46th hour of biogas feeding one can 

see a kind of instability (CO selectivity decreases, H2 selectivity increases), but after 65 hours both these parameters 

become constant and equal to 43%.  

Both yields and selectivities refer to the amount of the desired product (CO or H2) that was found in the 

outlet stream. However, one should realize that CO and H2 concentrations taken for the calculations are the 

products which were not consumed in the electrochemical reactions. If more hydrogen is utilized within 

electrochemical oxidation according to the reaction (5), then less hydrogen will be found in the outlet stream and 

one will obtain lower H2 yield.  

However, despite changes in the reforming parameters, the current density between 12th and 75th hour of 

biogas supplying is almost constant. Therefore few hypotheses are possible to explain these differences. The first 

one suggests that a dominant electrochemical reaction is CO oxidation (5) and thus an almost constant CO 

concentration corresponds well with a constant current density in time. But since a rate of electrochemical 

oxidation of H2 is considerably faster than that of CO, the H2 concentration may be the key factor influencing the 
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electrochemical performance. The other possibility is that the changes in the ongoing electrochemical processes 

may compensate each other (an increase of CO oxidation may compensate any decrease in H2 oxidation). The last 

hypothesis It suggests that the amount of H2 and CO gases consumed within electrochemical oxidation remains 

constant. According to literature reports [56,57], these reactions (Eq.5 and 6) are supposed to be faster than the 

reforming reactions. Therefore they will occur as long as the fuel composition does not change significantly. 

However, one should remember that the hydrogen and carbon oxide found in the outlet stream is a non-utilized 

fuel which was not consumed in the electrochemical reactions. Even if the amount of hydrogen decreased in the 

outlet stream, its amount taken for reaction (5) could have been unchanged.   

Interestingly, when almost all reforming parameters stabilize (after 65 h), a current density starts to 

decrease. It may suggest that an anode structure could have been changed (e.g. due to coking) and a triple phase 

boundary could have been shortened. Then less active sites are accessible and the electrochemical performance of 

SOFC decreases.   

To sum up these divagations, it can be concluded that an internal reforming of biogas during SOFC 

operation is a very complex process realized by various phenomena taking place simultaneously. It is influenced 

by many factors, such as anode microstructure, gas composition, temperature, external current load, humidity of 

gas etc. Moreover, among possible reforming reactions occurring in particular conditions, some of them may be 

shifted towards products and some towards reactants. In order to predict the direction of particular reforming 

reactions, a non-equilibrium analysis was performed. The results are shown and discussed in the next section.  

Fig.9: (a) Current density as a function of time and (b) composition of outlet gases from SOFC fuelled by hydrogen and further by biogas 

at 750 °C; (c) Conversion rates of CH4 and CO2, selectivities of CO and H2, yields of CO and H2 and (d) carbon balance as a function of 

time during SOFC operation in biogas at 750 °C.  
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Fig. 10: The current density versus voltage (I–V) and current density versus power density (I–P) curves for SOFC at 750°C. The moments in 

which the I-V measurements were carried out are marked in Fig.9a. 

3.3. Reaction equilibrium and carbon deposition process analysis 

Non-equilibrium analysis of methane reforming reactions was performed using collected concentrations 

of exhaust gases. Time-dependent changes in Qr values are presented in Fig. 11 and describe how much given 

reaction is away from its equilibrium. It can be seen that both dry and steam assisted reforming reactions are shifted 

towards products. In case of working fuel cell, mentioned reactions will provide methane decomposition into H2 

molecules, while steam reforming is much more favourable concerning the existence of an observable amount of 

water in reaction atmosphere. Reverse water-gas shift reaction shows high reaction rate as it fast reaches 

equilibrium composition regions. It has been described in the literature [58] that RWGS has a near equilibrium 

composition of reactants and products in a wide range of temperatures and assumed that this reaction is at 

equilibrium point in the kinetic treatment. By this fact one can say that it has a secondary meaning in hydrogen 

production [58]. Methanation reaction can be considered fully shifted towards reactants and taking part in CH4 

decomposition.   

Fig.11: Time dependence of reaction quotients (Qr) for steam reforming, dry reforming, reverse water gas-shift (RWGS) and methanation 

reactions.  

The analysis of reactions responsible for solid carbon (Eq. 8-10) formation is depicted in Fig. 12 as values of 

calculated carbon activity coefficients αC,r at particular periods of time. Among them, only αC,r for methane 

pyrolysis reaction is significantly higher than unity. Therefore, it can be concluded that methane cracking is the 

main reason for fuel cell coking considering chosen fuel mixture composition, working parameters and a type of 
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SOFC. In two other cases, reactions proceed rather towards reactants, which implies that those do not promote 

carbon accumulation (αC,r <1). Taking into account a carbon balance plot (Fig.9d) it can be seen that the carbon 

deposition rate strongly depends on the gas composition and changes slightly within working time. Apart from 

solid carbon being a product of reforming reactions, one should also consider a decrease of anode's specific surface, 

which additionally limits carbon formation. Moreover, a part of solid carbon is electrochemically oxidized, 

because the flux of oxygen ions under the fuel cell operation the closed-circuit condition is fast enough to remove 

coke deposition [56]. Therefore, in order to prevent electrode coking, various factors, such as inlet gas 

composition, working temperature, current load and anode's functional layers need to be optimized.  

Fig.12: Time dependence of carbon activity coefficients (αc) for CH4 pyrolysis, CO reduction and Bouduard reactions. 

4. Conclusions

In this study, the Fourier Transform Infrared Spectroscopy for the in-situ, quantitative analysis of the 

composition of outlet gases from Solid Oxide Fuel Cell (SOFC) was described. The calibration procedure 

performed at the beginning of the experiment indicated a polynomial dependence between the concentration of a 

calibrating gas (CO, CO2, CH4) and the corresponding integrated absorbance in particular wavenumber ranges. 

Further, it allowed concentration determination of CO2, CO, CH4 and H2 in the outlet gas stream coming from the 

Ni–YSZ anode supported DIR-SOFC fuelled by synthetic biogas (mixture of CO2 and CH4 in a volume ratio 2:3) 

for over 90 hours.  

A constant increase in the amount of non-reacted fuel (CH4 and CO2) together with a decrease of 

reforming products (CO and H2) was observed during operation, confirming a decrease in the direct internal 

reforming process. Although both the conversion parameters of CO2 and CH4, as well as the yields of H2 and CO 

decreased, the selectivities of both CO and H2 remained almost constant in time.  

Basing on a comparison between a current density plot and the concentration/yield/selectivity of gases it 

was suggested that the H2 concentration might be the key factor influencing the electrochemical performance. 

Current density may remain constant as long as the fuel composition does not change significantly or as long as 

the changes in the ongoing electrochemical processes may compensate each other (an increase of CO oxidation 

may compensate any decrease in H2 oxidation). It was also concluded that the internal reforming of biogas during 

SOFC operation is a very complex process dependent on various phenomena taking place simultaneously. It is 

influenced by many factors, such as anode microstructure, gas composition, temperature, external current load, 

humidity of gas etc. 

From a non-equilibrium analysis, it was found that a steam reforming of methane is the most favourable 

direct internal reforming reaction due to the existence of the observable amount of water in a reaction atmosphere. 

On the other hand, methanation reaction is considered fully shifted towards reactants and taking part in CH4 

decomposition. Among reactions leading to carbon deposition, the CH4 pyrolysis seems to be a dominant one, 

because the carbon activity coefficient of this process was few orders of magnitude higher than for other reactions. 

Finally, it can be stated that applied FTIR quantitative method has proven to be reliable, with consistent 

results. It suggests that this analysis can be applied for investigation of SOFC fuelled by any gases (e.g. also by 

H2S contaminated biogas). The only requirement is to perform a suitable calibration process for particular gas 

previously. The gas parameters (concentration/conversion/yield/selectivity) in correlation with an analysis of 
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reaction quotients and measurements of electrical properties gives additional information about the process of 

biogas reforming taking place on the anode side of the SOFC. 
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Supplementary materials 

Fig. S1: Schematic view of the measuring procedure for the quantitative analysis of SOFC outlet gases.
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