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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Long-term tests on button SOFC with 
bio-syngas containing trace 
contaminants.

• Effect of DMS, COS and D5 on SOFC 
under realistic fuel conditions.

• Sulphur species cause fast degradation 
by increasing charge transfer resistance.

• D5 induces slower degradation, mainly 
affecting mass transport processes.

• EIS, ECM, and DRT distinguish time- 
dependent electrochemical degradation.
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A B S T R A C T

The energy valorisation of bio-syngas in Solid Oxide Fuel Cells (SOFCs) offers a highly efficient and sustainable 
alternative to conventional combustion-based systems. However, trace contaminants in syngas pose a challenge 
to long-term SOFC performance and durability (higher than in conventional ICEs). While most of previous works 
focused on hydrogen sulphide, other sulphur- and silicon-containing impurities, commonly found in bio-syngas, 
remain largely unexplored. This study investigates the impact of dimethyl sulphide (DMS), carbonyl sulphide 
(COS), and decamethylcyclopentasiloxane (D5), on the electrochemical performance of an anode-supported 
button-type SOFC operated with simulated bio-syngas at 750 ◦C. The degradation behaviour was assessed 
through periodic Electrochemical Impedance Spectroscopy (EIS), at different contaminant levels. Data were 
analysed using both equivalent circuit models and the Distribution of Relaxation Times (DRT) to distinguish 
degradation processes. Results reveal that sulphur-containing compounds significantly accelerate deterioration, 
primarily through increased charge transfer resistance associated with active site poisoning. In contrast, D5 
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causes a more moderate degradation trend, attributed to increased mass transport limitations at low frequencies. 
This comprehensive study provides valuable insights into the degradation mechanisms induced by representative 
syngas contaminants and highlights the critical need for effective syngas purification strategies to enable the 
reliable deployment of SOFC systems in biomass-integrated energy applications.

1. Introduction

A Solid Oxide Fuel Cell (SOFC) is an electrochemical device that 
directly converts the chemical energy of a fuel into electricity through a 
high-efficiency, high-temperature process [1]. SOFCs are widely regar
ded as a highly efficient and versatile energy conversion technology, 
capable of operating with a variety of fuel sources, including hydrogen, 
natural gas, syngas and biomass-derived biogas [2]. The term bio-syngas 
refers to gas mixtures which can be obtained either from reforming of 
biogas (e.g. from anaerobic digestion) or from biomass gasification. In 
this context, gaseous biofuels are particularly attractive for power gen
eration as controllable renewable energy sources when sourced from 
low-environmental impact feedstocks such as organic wastes, agricul
tural residues and manure. Reformed syngas, in particular, represents a 
promising fuel option due to its high hydrogen content and potential for 
integration with renewable energy systems. However, one of the main 
challenges associated with bio-syngas utilization in SOFCs is the pres
ence of contaminants (e.g. sulphur and silicon compounds), which can 
lead to performance degradation and long-term operational instability 
[3]. A previous study by the authors [4] presented a comprehensive 
review of the impact of such contaminants across various energy con
version systems, with specific attention to their effects on SOFCs and 
other end-use applications. That work provided a broad overview of 
contaminant sources, types, and mitigation strategies, setting the foun
dation for the experimental investigation presented in this paper.

Sulphur-containing compounds are among the most critical con
taminants in syngas, as they can poison the anode and significantly 
reduce the electrochemical activity of the cell, reacting with metal-based 

catalysts to form sulphides [4,5]. Several studies [6–8] have contributed 
to a deeper understanding of degradation mechanisms in SOFC anode, 
particularly in the presence of hydrogen sulphide (H2S) and syngas as 
fuel. Additionally, several comprehensive reviews have addressed H2S 
poisoning in SOFCs, summarizing the underlying mechanisms, recovery 
behaviour, and mitigation strategies [9,10]. Therefore, the present work 
does not aim to reproduce that extensive body of research. As shown in 
Table 1, only a selection of the most representative studies on H2S is 
reported, particularly those involving bio-syngas compositions and 
similar electrochemical techniques, such as Electrochemical Impedance 
Spectroscopy (EIS), Distribution of Relaxation Times (DRT), and 
equivalent-circuit fitting.

Hagen et al. [11] conducted an experimental work to systematically 
study the impact of part per million (ppm) level H2S in 
methane-containing fuels on SOFC anode performance and microstruc
ture. They found that poisoning of the methane reforming reaction and 
anode electrochemical activity starts at low ppm levels of H2S and 
worsens with increasing concentration, affecting particularly cell 
voltage and anode reaction sites. Hauch et al. [12] focused on the 
long-term H2S exposure, demonstrating that low levels of contaminant 
cause reversible performance losses when operating at low anode 
overpotentials. On the other hand, at high overpotentials, irreversible 
long-term active sites that progressively occupy active sites essential for 
electrochemical reactions. Specifically, their study quantified the impact 
of this process on performance losses, correlating sulphur coverage with 
nickel deactivation.

Some other works have been conducted, and many of them identify 
2 ppm of H2S exposure as the maximum tolerable limit for the cell [3,7,

Table 1 
Studies about experimental tests on SOFC with contaminants.

Author Year Contaminant analysed Techniques Cell Reference

Hagen et al. 2011 H2S 2–24 ppm Voltage tracking 
SEM

ASC [11]

Sasaki et al. 2011 H2S 5 ppm 
Cl2 5–1000 ppm 
D5 10 ppm

Voltage tracking 
FESEM

ESC [17]

Weber et al. 2013 H2S 0.5–15 ppm Voltage tracking 
EIS 
DRT

ASC [18]

Hagen et al. 2013 H2S 2–8 ppm Voltage tracking 
EIS

ASC [19]

Hauch et al. 2014 H2S 2 ppm Voltage tracking 
EIS 
DRT 
SEM

ASC [12]

Madi et al. 2015 D4 0.6–5 ppm Voltage tracking 
EIS 
EDX

ASC [16]

Papurello et al. 2018 H2S 0.84–6.4 ppm 
HCl2 1–1000 ppm 
D4 0.11–1.92 ppm

Voltage tracking ASC [7]

Pongratz et al. 2021 H2S 1–10 ppm EIS 
SEM and EDX

ESC and ASC [6]

Kim et al. 2021 H2S 0.5–1 ppm EIS 
Raman

ASC [20]

Yu et al. 2025 H2S 3–5 ppm 
DMS 3–5 ppm

EIS 
DRT 
ECM

ESC [14]

This work 2025 DMS 1–3 ppm 
COS 1–3 ppm 
D5 0.7–2 ppm

Voltage tracking 
EIS 
DRT 
ECM 
SEM and EDX

ASC ​
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13], with exposure beyond this point leading to irreversible degrada
tion. Yu et al. [14] are among the first to consider the effect of dimethyl 
sulphide (DMS), alongside the more commonly studied H2S, in their 
analysis of SOFC and recover. Nevertheless, studies focusing specifically 
on DMS remain scarce.

In addition, though the literature on H2S is quite exhaustive, few 
studies focused on the degradation due to the presence of siloxanes. 
Among them, Papurello et al. [7] concluded that siloxanes reduce the 
anode porosity, and D4, taken as model siloxane, already acted at units 
of part per billion (ppb) levels on SOFC performance. Madi et al. [15,16] 
studied the degradation and recovery of anode-supported Ni-YSZ when 
fed with 5 ppm of D4, confirming that even trace contamination can 
affect the SOFC Ni-based anode. A summary list of the main experi
mental works about contaminant investigation on SOFC is shown in 
Table 1.

As shown in Table 1, to date, most studies on SOFC contamination 
have concentrated on the effects of hydrogen sulphide and D4, providing 
valuable insights into their adsorption behaviour and the resulted 
electrochemical degradation. In contrast, the effects of other sulphur- 
and silicon-containing compounds commonly found in bio-syngas, such 
as dimethyl sulphide (DMS), carbonyl sulphide (COS), and deca
methylcyclopentasiloxane (D5), remains largely unexplored. Although 
typically present at lower concentrations than H2S, these species may 
still significantly compromise SOFC durability due to their persistence 
and complex interactions with cell materials [15].

This study addresses this research gap by presenting a systematic 
investigation into the impact of DMS, COS, and D5 on SOFC degrada
tion, providing mechanistic insights into how these contaminants in
fluence processes, thereby supporting the development of mitigation 
strategies for real syngas applications. The novelty of the work lies not 
only in the selection of these specific underexplored compounds, but 
also in the comprehensive analytical approach adopted. The experi
mental campaign begins with a preliminary electrochemical character
ization aimed at assessing the initial performance of a button cell (active 
area 2 cm2) fed with simulated reformed syngas derived from biomass 
gasification. The fuel delivered to the anode is a pre-reformed, H2/CO- 
rich stream model mixture (H2/CO/CO2/H2O/N2). This composition 
was selected because the resulting molar fractions fall within the typical 
ranges reported in the literature for biomass-derived gas after reforming. 
The chosen mixture thus represents a generic, post-reforming syngas 
suitable for reproducible SOFC testing [21]. All tests are conducted on 
the same cell under realistic syngas conditions, operating at 750 ◦C 
under a constant current density of 0.5 A/cm2. Each test is extended over 
a 120-h period. A comprehensive operando electrochemical character
ization is carried out, by continuous voltage monitoring and measuring 
EIS spectra at discrete time intervals. The analysis of the spectra through 
DRT techniques to track the degradation dynamics under exposure to 
different contaminants and concentration levels is conducted. An 
equivalent circuit model is also applied to interpret impedance evolution 
and gain insight into the underlying electrochemical processes.

By clarifying the degradation mechanisms induced by these impu
rities, the findings provide critical insight into SOFC performance under 
practical conditions. This contribution supports the development of 
more robust fuel cell systems and highlights the importance of targeted 
purification strategies for real-world applications.

The paper is structured as follows. Section 2 details the methodology, 
explaining the experimental procedure and including electrochemical 
techniques employed for the tests. Section 3 presents and discusses the 
results obtained from exposure to each of the selected contaminants 
(DMS, COS and D5), including performance trends, impedance evolu
tion, and the outcomes of equivalent circuit modelling. This section 
concludes with a post-mortem analysis of the cell carried out via Scan
ning Electron Microscopy (SEM), which supports the interpretation of 
the electrochemical results and provides insights into the underlying 
degradation mechanisms. Finally, Section 4 summarises the key con
clusions of the study.

2. Methodology

2.1. Experimental procedure

The experimental campaign utilises a test station equipped with 
advanced components to ensure precise operation and monitoring. The 
system includes a temperature-controlled furnace, Mass Flow Control
lers (MFCs) for managing gases, both at anode and cathode side. Anodic 
gas humidification is achieved using a Controlled Evaporator Mixer 
(CEM), which is coupled with a liquid flow controller. The system sup
plies the desired amount of superheated steam into the fuel stream. 
Water is supplied to the liquid flow controller from a reservoir pres
surized with nitrogen gas, ensuring stable and continuous operation.

Power management is facilitated by a BK precision 9201 power 
supply, while the electronic load is a BK precision 8600 DC, alongside a 
data logger and control software based on LABVIEW. Electrochemical 
Impedance Spectroscopy (EIS) is conducted using EC-Lab® software for 
Windows, developed by BioLogic for Potentiostat/Galvanostat 
instruments.

SOFC button cell sample is mounted on a cylindrical alumina support 
and fixed on top of it using a high-temperature refractory paste. After 
being thermally treated according to the manufacturer’s specifications, 
the paste ensures that the cell remains immobilised and effectively seals 
the air and fuel chambers, preventing gas leaks. The cell is held verti
cally, and two current collectors – one consisting of a nickel mesh for the 
anode side, and the other of a gold mesh for the cathode side – are placed 
in contact with the respective electrodes of the sample in an open- 
electrode configuration. A thermocouple for monitoring the cell tem
perature is positioned in the proximity to the sample. Each gas stream 
(N2, H2, CO2, CO) is regulated using a dedicated mass flow meter. 
Separate supply lines are employed for introducing trace contaminants, 
allowing precise dosing. All gases and contaminants are premixed before 
entering the system through the anode inlet. Fig. 1a provides a sche
matic representation of the test bench layout, while a summary of the 
methodology developed in this work is graphically summarised in 
Fig. 1b.

Electrochemical performance tests are conducted on commercial 
anode supported button cells with a 2 cm2 active area (details in 
Table 2).

Before starting the test with contaminated bio-syngas, the reduction 
of NiO to Ni in the anode is achieved by supplying a 5/95 %vol H2/N2 
gas mixture to the anode, gradually increasing the content of H2 up to 
100 %vol H2. The total gas flow rate is maintained at 150 ml/min. Prior 
to applying a constant current to the cell, its basic electrochemical 
performance and the impedance spectra are evaluated using a 50/50 % 
vol H2/N2 mixture.

Fuel cell is tested under ambient pressure and at constant operating 
temperature of 750 ◦C, with air supplied to the cathode. On the anode 
side, a model reformate gas mixture is provided to the cell [22], 
including H2, CO, CO2, H2O, N2 with the composition listed in Table 3. 
The total anode flow rate is 150 ml/min, whereas the air electrode re
ceives a steady flow of 300 ml/min of air, ensuring an oxygen surplus. 
The fuel electrode flow rate is intentionally maintained at a level 
significantly higher than the stoichiometric requirement associated with 
the applied current. This strategy ensures optimal operating conditions 
by preventing local fuel starvation and preserving stable cell perfor
mance throughout the test. To establish a reference baseline, a pre
liminary test is carried out using clean bio-syngas, so that any additional 
degradation observed in subsequent tests can be more confidently 
attributed to the presence of contaminants.

For contamination tests, the base bio-syngas is pre-mixed with a 
single contaminant species before entering the anode side. As shown in 
Fig. 1b, each contaminant is tested individually at two representative 
concentration levels, low and high. Specifically, DMS and COS are 
selected as representative sulphur-containing compounds, while D5 is 
used as a model siloxane. The corresponding concentrations are detailed 
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in Table 4.
The experimental campaign focuses on real-time electrochemical 

monitoring over an evaluation lasting 120 h, aimed at assessing mech
anism changes during long-term operation with contaminated bio- 
syngas under polarised conditions. The test maintains constant param
eters such as temperature, fuel electrode flow rate, and gas composition.

As illustrated in Fig. 1b, a combination of voltage tracking, IV 
characterization and EIS is employed to monitor the cell’s performance 
and degradation behaviour in detail. Throughout the experiment, the 
cell voltage is continuously tracked, while electrochemical impedance 
spectroscopy is performed every 24 h in order to appreciate the variation 
in time. Polarised EIS measurements are essential as they simulate the 
real operational environment of bio-syngas-fuelled solid oxide fuel cells 
in stationary use, avoiding harsher contamination effects due to Open 
Circuit Voltage (OCV) operation. In fact, the formation of water vapor 
limits irreversible contamination which may occur on the active surface 
of the fuel electrode [23], especially for species prone to hydrolysis re
actions. Moreover, anodic polarization acts as a limiting factor for 
sulphur-related poisoning processes. These operando measurements are 
performed under polarization of 1 A and use a four-probe connection 
involving a variation of 200 mA AC signal across frequencies ranging 
from 100 kHz to 10 mHz, with 10 data points collected per decade of 
frequency.

Polarization curves are carried out at the beginning and at the end of 

Fig. 1. a) Diagram of the test station, b) Methodology of the work.

Table 2 
Material and thickness of each cell layer.

Parameter Layer material Value

Fuel electrode thickness Ni/8YSZ 500 ± 20 μm
Electrolyte thickness 8YSZ 30 ± 10 μm
Barrier layer GDC 4 ± 2 μm
Air electrode thickness LSCF/LSC 8 ± 2 μm

Table 3 
Reference syngas operating conditions.

Anode

Components H2 CO CO2 H2O N2

Composition (%vol) 45 % 24 % 11 % 18 % 2 %

Cathode

Components O2 ​ ​ N2 ​
Composition (%vol) 21 % ​ ​ 79 % ​

Table 4 
Summary of tested contaminant levels.

DMS COS D5

Low High Low High Low High

1 ppm 3 ppm 1 ppm 3 ppm 0.7 ppm 2 ppm
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the test by increasing the current density stepwise, from OCV until the 
cell’s voltage drops below 700 mV in order to avoid the re-oxidation of 
the nickel. Each experiment is repeated until consistent electrochemical 
responses are obtained, and the data reported herein are representative 
of the most reproducible results. The testing sequence begins with clean 
syngas to establish a baseline, followed by exposure to DMS (1 and 3 
ppm), COS (1 and 3 ppm), and finally D5, maintaining identical oper
ating conditions throughout the entire campaign.

To further investigate degradation mechanisms, the electrochemical 
data are post-processed (Fig. 1b) through DRT and ECM, allowing the 
deconvolution and quantification of individual physicochemical con
tributions. Additionally, post-mortem analyses via SEM and EDX are 
conducted on the tested samples to assess possible structural changes or 
contaminant accumulation on the cell surface. These combined meth
odologies offer a comprehensive understanding of performance losses 
and their correlation with specific degradation phenomena.

2.2. Equivalent circuit model

As proposed by Boigue Muñoz et al. [24], experimental data from EIS 
spectra are fitted through an Equivalent Circuit Model (ECM) to simulate 
the cell operation from its electrochemical point of view. This circuit can 
be utilised for simultaneous Complex Non Linear Square (CNLS) fitting 
of experimental impedance data, enabling the determination of circuit 
element values and, consequently, the electrochemical parameters 
characterising the SOFCs examined in this study.

For experimental tests including contaminant in the feed, the cor
responding equivalent circuit model commonly used is shown in Fig. 2.

R0 represents the cell’s ohmic resistance, encompassing the various 
electronic and ionic resistances connected in series. However, the 
dominant factor influencing R0 is the conductivity of the electrolyte 
layer, as its resistance is significantly higher compared to that of the 
electrodes.

An RC parallel is commonly employed to describe the EIS response 
associated with charge transfer at the Three-Phase Boundary (TPB) 
interface. However, under non-ideal conditions, such as distributed 
surface reactivity, surface inhomogeneity, roughness, or fractal geom
etry, a constant phase element (CPE) is preferred over a traditional 
capacitor for fitting purposes. The CPE effectively captures deviations 
from ideal capacitive behaviour in the EIS response by incorporating an 
exponential factor, n, where 0 ≤ n ≤ 1 [25]. Two anodic processes 
(charge transfer reaction and ionic transport) and a cathodic process are 
represented with a parallel RCPE [26,27]. The parameters Rct,an,1 and 
Rct,an,2 correspond to the charge transfer and ionic transport resistances 
at the anode, while Rct,cat is the charge transfer resistance at and cathode 
TPB. CPEct,an and CPEct,cat represent the double-layer capacitances at the 
interfaces between the electronic and ionic conducting phases in both 
the anode and cathode.

The diffusion of gaseous species within a solid porous structure is 
typically modelled using a finite-length Warburg (FLW) diffusion 
impedance [28]. In ECM, Wan and Wcat represent the gas diffusion 
through anode and cathode porous matrix, respectively. In most cases, 
particularly when normal or oxygen-enriched air is supplied to the 
cathode, the impact of diffusion process at cathode is minimal or 
obscured by other overlapping contributions [29]. As a result, its 
impedance Wcat has been disregarded in our work.

Regarding the process which corresponds to the water-gas shift re
action occurring exclusively when syngas is used as fuel, previous 

studies indicate that its behaviour is primarily governed by gas con
version rather than by gas diffusion [22]. Consequently, for fitting 
purposes, a parallel R-CPE circuit provides a more accurate represen
tation than a distributed element.

Lastly, an inductive element L0 is included to account for the high- 
frequency inductive impedance caused by instrumental electrical 
artifacts.

Each circuit element value is determined through the ZView software 
[30] through complex nonlinear least squares fitting. In particular, the 
extracted values of the resistances correspond to distinct physicochem
ical processes identified in the DRT analysis. By tracking these re
sistances over time, it is possible to identify which processes are most 
affected during cell operation.

3. Results and discussion

As a preliminary step, a Long Term clean Syngas (LTS) test was 
performed to establish a reference benchmark for all subsequent tests 
involving contaminants. The main outcomes of this baseline experiment 
are reported in the Supplementary Material, as the primary objective of 
the study is to evaluate the effects induced by specific impurities. 
Nonetheless, it is worth highlighting that, in the absence of contami
nants, the cell exhibited a rather stable voltage profile, with only a minor 
drop of approximately 5 mV observed in the final phase of the test, after 
90 h of operation. This slight degradation can be justified by considering 
that our test duration was limited to 120 h, whereas other long-term 
experimental studies [31,32] have reported fluctuations in both posi
tive and negative directions, with a more pronounced initial decay 
occurring within the first hours of operation, typically followed by sta
bilisation. Alternatively, the slight voltage loss may also be associated 
with carbon deposition phenomena, potentially linked to the Boudouard 
reaction [33,34]. The resistances of each process are constant in time, 
and no variation is pointed out from EIS plot during the test duration.

3.1. Operando results

Fig. 3a illustrates the temporal evolution of the voltage variation 
(ΔVoltage) expressed in millivolts (mV) as a function of time, measured 
in hours (h), under two different concentrations of DMS: 3 ppm and 1 
ppm. The blue curve corresponds to the measurements obtained at a 
concentration of 3 ppm, while the red curve represents the data 
collected at 1 ppm. The voltage variation is plotted relatively to the 
initial voltage value, registered as the contaminant is injected, enabling 
a direct comparison of the electrochemical behaviour under the two test 
conditions. Both data series exhibit a general downward trend over time, 
which may be associated with the degradation of the electrochemical 
system, or the evolution of specific reactions influenced by the presence 
of DMS. At the onset of the experiment, the voltage drop is particularly 
steep for the 3 ppm case, suggesting a more rapid response to the 
presence of DMS at higher concentrations. This initial sharp decline 
(from 0 to 5 h of operation) is followed by a slower, more gradual decay 
phase, as observed also by Yu et al. [14]. In contrast, the 1 ppm curve 
exhibits a less pronounced and more stable decline, indicative of a more 
controlled electrochemical behaviour. Overall, the trend suggests that 
increasing the concentration of DMS accelerates the voltage decay 
process. After 120 h of operation, the voltage degradation with 1 ppm is 
20 % lower than the 3 ppm case. These observations could imply a 
concentration-dependent mechanism influencing the electrochemical 

Fig. 2. Equivalent circuit model.
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characteristics, such as adsorption kinetics, reaction pathways, or 
degradation processes.

More information on the DMS-related degradation mechanisms for 
the two samples arise from the analysis of the EIS spectra (Fig. 3d and g). 
For the sake of clarity in graph interpretation, although the EIS mea
surements were taken every 24 h, only four have been selected to clearly 
illustrate the trend. At the initial time (0 h), the Nyquist plot for the 1 
ppm test exhibits an arc at high frequency and a smaller one at low 
frequency. As the exposure time increases, the ohmic resistance is 
reduced by the improvement of the material conductivity [7] and there 
is a progressive enlargement of the high frequency arc. Notably, sig
nificant changes appear after 24 h of exposure, with the impedance 
spectrum at 24 h showing marked differences compared to the initial 
state. In contrast, the spectra at 96 ad 120 h exhibit similar trends to that 
at 24 h, suggesting that the degradation process tends to stabilize or 
reach a saturation state beyond this point at the tested DMS concen
tration. This trend indicates a temporal increase in the charge transfer 
resistance. The maximum of the semicircle also shifts slightly toward 
higher values on the real axis over time, reinforcing the interpretation of 
increased resistance. The imaginary part of the impedance likewise in
creases, suggesting more pronounced capacitive behaviour as degrada
tion progresses.

The comparison with the corresponding EIS results obtained under 3 
ppm DMS exposure reveals a similar qualitative evolution, showing a 
leftward shift of the spectra along the real axis likely due to conductivity 
improvement. This decrease in ohmic resistance may be explained by a 
progressive enhancement of the electrical contact between the current 
collector and the outer Ni layer on the anode surface. When the cell is 
operated at a given current density for a certain time, the local tem
perature rise induced by the Joule effect promotes stronger adhesion 
between the current collector and the Ni phase, especially in a horizontal 
setup such as ours, where the initial contact is not favoured by gravity. 
Such an effect is particularly evident after the first 24 h, suggesting that 

the cell might not have been allowed sufficient time to fully stabilize 
before the start of the measurement campaign.

In parallel, the spectra also show an increase in the arc radius at high 
frequency as a function of operation time. In particular, the effects are 
more pronounced in 3 ppm case, particularly between 0 and 24 h, where 
the semicircle enlargement is noticeably greater. This indicates a more 
significant degradation at higher DMS concentration, likely driven by a 
more rapid and aggressive interaction with the catalyst layer. Despite 
this, both concentrations appear to exhibit a form of degradation plateau 
beyond 96 h, as evidenced by the minimal changes between the 96-h and 
120-h spectra. The similarities in the later-stage behaviour at both DMS 
concentrations may suggest that the system approaches a limiting state 
of degradation, beyond which further performance loss becomes 
marginal.

Overall, the evolution of EIS response over time provides clearly 
evidence of degradation. The immediate increase in high frequency arc, 
is caused by the release of sulphur-containing fragments which then 
strongly adsorb onto the nickel catalyst, blocking the active sites [14]. 
This effect appears within the first few hours of operation and pro
gressively diminishes with longer exposure. As observed for low level 
DMS, also for the high level test the slight decrease in ohmic resistance 
observed during the DMS exposure is attributed to improved electrical 
contact between cell and collectors, rather than to the contaminant it
self. This effect likely reflects a stabilisation of the cell assembly, which 
can vary slightly among samples due to the vertical configuration of the 
setup.

Similar to the behaviour observed with DMS, COS exposure also 
leads to a voltage drop during the initial hours of operation (Fig. 3b). In 
the 3 ppm test, the initial decline is more pronounced (24 mV within the 
first 5 h of operation), followed by a period of relative stability. How
ever, after approximately 70 h, the voltage begins to gradually decrease 
again. In contrast, the 1 ppm test exhibits a more subtle (17 mV within 
the first hours of operation) and continuous decline over the entire test 

Fig. 3. Temporal evolution of voltage variation: a) Tests with DMS = 3 ppm and DMS = 1 ppm, b) Tests with COS = 3 ppm and COS = 1 ppm, c) Tests with D5 = 2 
ppm and D5 = 0.7 ppm. EIS recorded for test with: d) low level concentration of DMS, e) low level concentration of COS, f) low level concentration of DMS, g) high 
level concentration of DMS, h) high level concentration of COS, i) high level concentration of D5.
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duration.
The EIS spectra (Fig. 3e and h) closely reflect these trends, showing 

an initial rapid increase in charge transfer resistance within the first 24 
h, followed by a slower but steady rise in total polarization resistance. In 
both cases, the ohmic resistance remains essentially unchanged, as 
indicated by the stable high-frequency intercept across all spectra. This 
suggests that the electrolyte, current collectors, and interfacial contacts 
maintain consistent conductivity throughout the 120-h test.

The lower total resistance observed at 3 ppm compared to 1 ppm is 
attributed to slight differences in cell assembly and contact quality, 
which affect the initial ohmic resistance. Minor misalignment of the 
collectors or imperfect sealing of the ceramic adhesive may cause small 
H2 leakages and alter the initial EIS shape. These effects are purely 
mechanical and do not reflect the influence of the contaminant con
centration. Nevertheless, both COS and DMS tests at higher concentra
tion show a larger increase in polarization resistance over time, 
confirming the stronger impact of contaminant exposure.

Given that COS belongs to the same chemical class as DMS and 
produces comparable electrochemical responses, it is reasonable to infer 
that sulphur-induced degradation likely follows a similar mechanism, 
primarily involving the blockage of active sites at the anode. However, 
COS exposure induced a dynamic response, with multiple changes in the 
slope of the voltage curve. This can be attributed to the dual behaviour 
of COS: it can both adsorb directly on Ni forming Ni–S bonds and un
dergo hydrolysis [35] in the presence of steam to form H2S + CO2. The 
latter reaction is catalysed by Ni surfaces and is promoted at high tem
perature and steam content. While this pathway generates H2S, which is 
a stronger poison for Ni catalysts, it is also known that steam can 
contribute to the partial removal of adsorbed sulphur [36]. By pro
moting the desorption of H2S and preventing its deposition as sulphate 
or elemental sulphur, H2O helps maintain catalyst activity and stability 
[37]. The resulting interplay between formation of H2S and potential 
sulphur desorption introduces a dynamic equilibrium that manifests in 
the transient performance. In contrast, DMS (CH3–S–CH3) lacks the 
polarised C=O bond present in COS and is therefore less prone to hy
drolysis. Its behaviour can be mainly described as surface-mediated 
dissociative adsorption on Ni, releasing sulphur atoms that form Ni–S 
bonds and methane as a by-product, as also reported under H2-rich 
reducing conditions [14]: 

(CH3)2S+H2 → H2S + 2CH4 (1) 

This mechanism leads to a rapid saturation of Ni active sites by 
sulphur and thus to a quasi-steady degree of deactivation, more similar 
to that induced by H2S at comparable concentrations.

Although thermal decomposition of both COS and DMS is thermo
dynamically possible, it is not expected to play a major role under the 
present conditions. The contaminants are introduced at ppm levels into 
a reactive gas mixture (H2, H2O, CO, CO2, N2) with very short residence 
time before reaching the anode, which makes homogeneous gas-phase 
decomposition kinetically limited. Instead, the observed behaviour can 
be attributed primarily to surface-mediated reactions (adsorption, hy
drolysis, and dissociation) occurring at the Ni anode.

The D5 voltage graph in Fig. 3c shows the progressive decline in cell 
voltage over time for both curves. With respect to the DMS and COS 
voltage trends, the voltage drops relatively moderate and linear [7], 
with only minor fluctuations throughout the duration of the test. A 
difference in the voltage decay profiles between the two concentrations 
is observed, revealing the concentration-dependent impact on SOFC 
performance.

In the case of 0.7 ppm D5, the curve exhibits a relatively gradual 
decline over time, indicative of a mild degradation process. Conversely, 
the cell exposed to the higher concentration (2 ppm) shows a more 
pronounced voltage decline, especially in the last hours of operation. 
While the degradation of SOFCs exposed to siloxane-contaminated fuels 
is clearly time-dependent [38,39], exhibiting progressive performance 
losses with increased operation duration, it is also influenced by the 

contaminant concentration. Higher D5 levels result in more severe 
degradation [15], although beyond a certain threshold the marginal 
effect of increasing concentration diminishes, pointing toward a com
plex interplay between time-dependent surface poisoning and 
concentration-driven adsorption kinetics.

The EIS data for the 0.7 ppm D5 test (Fig. 3f) reveal subtle but 
progressive modifications in the impedance response over time, 
reflecting the evolving impact of siloxane exposure on the cell’s elec
trochemical performance. At the initial stage (0 h), the impedance arc 
presents the lowest magnitude, indicating minimal polarization resis
tance. As the operating time increases, a gradual enlargement of the 
intermediate-to-low frequency arc is observed. The shapes of the arcs 
remain relatively consistent, implying that the overall cell structure and 
transport pathways are not drastically altered within the first 120 h.

Comparable trends to those observed at lower concentrations can be 
identified also for the 2 ppm test (Fig. 3i); however, a notable difference 
lies in the behaviour of the high-frequency intercept with the real axis. 
Specifically, a rightward shift is observed after 24 h of operation, fol
lowed by a gradual increase over the subsequent hours, reaching a 
higher value by 120 h.

As reported by Haga et al. [40], the precipitation of silica can 
significantly reduce the active TPB areas. This reduction leads to a 
simultaneous increase in both non-ohmic anodic polarization and ohmic 
resistance on the anode side. In addition, results from SOFCOM project 
have shown that silica may also deposit on metallic surfaces such as 
interconnects or current collectors, thereby increasing the ohmic resis
tance [3]. Evidence of this behaviour can be observed in the EIS data 
from test conducted with 0.7 ppm of D5, where the gradual increase in 
the x-axis intercept indicates a rise in ohmic losses over time. The for
mation of SiO2(s) occurs through the following reactions: 

[(CH3)2SiO]5(g) +25H2O → 5Si(OH)4(g) +10CO + 30H2 (2) 

Si(OH)4(g)→ SiO2(s) + 2H2O (3) 

According to Madi et al. [15], siloxanes rapidly decompose upon 
entering the anode chamber of the fuel cell, leading to the deposition of 
silica on the anode surface and extending to the electrolyte interface. 
Their work focused on evaluating the durability of Ni-YSZ anode-
supported cells exposed to D4 impurity using a simulated-reformate 
fuel. The study showed irreversible degradation associated with silica 
formation, supported by thermodynamic calculations that identified two 
possible pathways for partial volatilization of the deposited SiO2(s) as 
SiO(g).

Although the two compounds (D4 and D5) differ slightly in molec
ular weight and volatility, they share similar chemical structures and 
decomposition mechanisms, leading to the formation of Si-containing 
intermediates such as Si(OH)4 and SiO2 under high-temperature and 
steam-rich conditions. Therefore, the mechanisms proposed by Madi 
et al. can be reasonably extended to D5. In the presence of reformed 
biogas, deposited SiO2(s) can undergo a reduction reaction, forming 

Table 5 
Voltage variation (ΔVoltage) for test with contaminant at low and high 
concentrations.

Initial degradation 
(5 h)

Long-term degradation 
(5–120 h)

Total degradation 
(0–120 h)

DMS
low 11 mV 69 mV 80 mV
high 60 mV 40 mV 100 mV

COS
low 17 mV 49 mV 66 mV
high 24 mV 55 mV 79 mV

D5
low 1 mV 14 mV 15 mV
high 2 mV 22 mV 24 mV
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volatile SiO gas [16], as shown below: 

2SiO2(s)+H2(g)+CO(g)→ 2SiO(g)+H2O(g) + CO2(g) (4) 

Although this reaction has not been directly evidenced in our ex
periments, it represents a plausible pathway for partial silica volatili
zation under the reducing conditions of SOFC operation. This volatile 
SiO could be transported further into the fuel stream and the porous 
anode structure. Despite this possible volatility, silica accumulation is 
still expected to occur locally, reducing the active TPB area and hin
dering gas diffusion, as reflected in the EIS by the enlargement of the 
second arc, indicating increased mass-transport limitations.

Table 5 summarises the voltage degradation observed for each 
contaminant at both concentration levels. Notably, sulphur-containing 
compounds at high concentrations exhibit a pronounced drop during 
the initial hours of operation. In contrast, D5 leads to a more gradual and 
less severe decline over time. Initial and final OCV values of each test can 
be found in the Suppementary Material.

3.2. Resistances evolution

The temporal evolution of each resistance is summarised in 
Table B.1. Since each test was performed on a different cell, the absolute 
values of the resistances should not be directly compared, as they can be 
influenced by several factors such as differences in cell assembly, elec
trode contact quality, sealing conditions and microstructural variability.

The resistance trends and error bars over time for tests with indi
vidual contaminants at high concentrations are shown in Fig. 4, while 
low concentrations trends are reported in Supplementary material. 
Notably, the dominant limitation to cell performance under DMS and 
COS exposure is consistently the anodic charge transfer resistance (Rct, 

an), which shows the highest variation over time (light-blue line in 
Fig. 4a–b). Other contributions from the anode side, such as gas diffu
sion through the porous electrode (yellow line) and the water-gas shift 
reaction (red line), remain relatively stable. Similarly, the cathodic 
charge transfer resistance (green line) remains constant over time, while 
the ohmic resistance R0 (blue line) slightly decreases, in agreement with 
trends observed in the impedance spectra. Notably, the fitting of the 
anodic charge transfer resistance is segmented into two parts. This 
choice is justified by the evolution observed in the impedance spectra, 
particularly within the first 24 h of operation. After 24 h, the arc’s shape 
and size become more stable, as seen in the 96 and 120-h curves, which 
supports the observed stabilisation of Rct,an in the resistance fit over 
time. This rapid initial increase suggests an early degradation or 
poisoning mechanism affecting the anode side, likely due to sulphur 
species from DMS and COS.

This correlation between resistance fitting and EIS data reinforces 
the interpretation that the anodic charge transfer process is the most 
affected in the presence of sulphur compounds and highlights the 
importance of time-resolved analysis for understanding degradation 
phenomena in fuel cells.

On the other hand, siloxanes exposure reveals distinct resistance 
trends (Fig. 4c). Rct,an demonstrates a gentle, gradual decrease over the 
entire duration. This behaviour aligns with impedance spectra exhibit
ing stable, slowly evolving arcs without abrupt changes. The absence of 
immediate and significant growth in anodic charge transfer resistance 
further indicates that siloxane primarily impacts diffusion processes, 
reinforcing the importance of contaminant-specific impedance analysis 
in distinguishing degradation mechanisms. Notably, an increase in the 
anodic diffusion resistance is observed, as previously discussed in the 
EIS analysis. The trend is also consistent with previous research by Tian 
et al. [38], who reported significant silica formation from D4 decom
position, causing pore blockage and thereby progressively increasing 
diffusion limitations at the anode. Our results are also in line with the 
observations of Sasaki et al. [17], who fed 10 ppm D5 to Ni-cermet 
SOFCs and recorded a gradual voltage decay. They attributed this per
formance loss to SiO2 precipitation concentrated near the gas-exposed 
surface of the porous anode, which progressively blocks gas pathways 
and mirrors the monotonic rise of Rdiff,an seen in the present study.

3.3. Distribution of relaxation times

The DRT spectra (Fig. 5) provide further insight into the electro
chemical processes already discussed in the previous sections. Each 
profile reveals the presence of at least five distinct relaxation processes, 
characterized by different frequency domains. Depending on the fuel 
composition and operating temperature, partial overlapping of pro
cesses may occur, especially when their characteristic frequencies differ 
by less than one order of magnitude. Overlapping between adjacent 
processes is expected, however, according to prior studies [27–29,41,
25] frequency regions can be generally attributed as follows: 

• 1 Hz: gas conversion under reforming gas operation and/or oxygen 
electrode adsorption/desorption;

• 1–10 Hz: fuel electrode gas diffusion in pores;
• 10–1000 Hz: oxygen electrode charge transfer and oxygen ions 

diffusivity;
• 1000–10000 Hz: attribution to fuel electrode charge transfer reac

tion and ionic transport;
• > 10 kHz: only seen for measurement conducted at high frequency, 

and no consensus exists in literature.
Fig. 4. Resistances evolution over time for test with: a) 3 ppm of DMS, b) 3 
ppm of COS, c) 2 ppm of D5.
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As shown in Fig. 5, for DMS (red curves), the most significant 
relaxation process occurs in the high frequency range (~1000–10000 
Hz), and it exhibits a clear and progressive increase in intensity over 
time. This trend suggests a growing contribution of charge transfer 
resistance at the fuel electrode, likely due to active site poisoning. COS 
(blue lines) displays a similar behaviour though the increase is slightly 
more gradual, with the main peak shifting slightly toward lower 
frequencies.

Conversely, the DRT spectra for D5 (green curves) remain mostly 
unchanged throughout the 120-h exposure, with peak intensities 
showing minimal variation. The only notable change is a subtle fluctu
ation in the low-frequency range (~10–100 Hz), potentially associated 
with mass transport limitations or diffusion phenomena. These findings 
confirm the significantly lower impact of D5 on the overall electro
chemical behaviour of the cell compared to sulphur-containing species.

3.4. Post-mortem characterization

A Tescan Vega 3-LaB6 Scanning Electron Microscopy (SEM) coupled 
with Edax Element Energy Dispersive X-ray Spectroscopy (EDX) was 
used for postmortem observation and analysis on the anode samples of 
the tested cells.

A cell tested only with Long Term Syngas (LTS) in the same condi
tions was used as benchmark. No microstructural modification nor 
detectable traces of sulphur or silicon were observed on the cells, 
regardless of the contaminant used (see Fig. 6). These findings suggest 

that the degradation observed during operation is not associated with 
strong chemisorption or the formation of stable reaction products on the 
anode. Instead, a physical adsorption mechanism (physisorption) is 
hypothesized, in which the contaminant species weakly interact with 
the anode surface. This is further supported by the cell shutdown pro
cedure, during which a prolonged flushing with clean hydrogen 
reducing atmosphere (10/90 % H2/N2) is carried out. It is likely that this 
step effectively removes physisorbed species and their effects, leaving 
the surface chemically unaltered.

4. Conclusions

In this work, an extensive experimental investigation has been con
ducted to evaluate the impact of sulphur-containing compounds and a 
representative siloxane on solid oxide fuel cell operating with simulated 
bio-syngas.

Initially, SOFC samples have been tested under clean syngas condi
tions in a long-term polarization experiment. The results confirmed the 
compatibility and stability of bio-syngas as a fuel, showing only minimal 
voltage degradation over extended operation. Subsequently, six long- 
term tests have been carried out under a constant current density of 
0.5 A/cm2 by systematically introducing three different contaminants 
(DMS, COS, D5) to the syngas at two different concentration levels. 
Voltage monitoring and EIS were employed as operando diagnostic 
techniques to track the electrochemical response over time and identify 
early degradation changes. The interpretation of impedance data 

Fig. 5. DRT for tests with 3 ppm of DMS, 3 ppm of COS, 2 ppm of D5. Red arrows show the main variations. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Micrographs at 10 kx magnification (50 μm sample field of view) of cells tested with LTS, DMS, D5 and COS respectively and X-ray emission spectra which 
show no presence of the contaminants.
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through equivalent circuit modelling and distribution of relaxation 
times provided deeper insights into the physicochemical processes 
driving performance loss.

The results clearly show that sulphur-containing species, even at low 
concentrations, induce a rapid degradation of electrochemical perfor
mance, primarily attributed to an increase in charge transfer resistance.

Although similar macroscopic behaviour is observed, it may be hy
pothesized that COS and DMS follow different degradation mechanisms, 
possibly related to their distinct molecular structures, since COS con
tains double bonds whereas DMS is composed only of single bonds.

In contrast, D5 appears less reactive under the same conditions. The 
degradation induced by D5 is more gradual and largely associated with 
increased mass transport limitations. This suggests progressive 
obstruction of the porous structure, likely due to the deposition of silica- 
related species, hindering gas transport to the active reaction sites.

DRT analysis proved particularly effective in isolating individual 
processes and identifying contaminant-specific time-dependent effects.

Post-mortem characterization using SEM and EDX analysis revealed 
the absence of detectable sulphur or silicon accumulation on the anode 
surface, suggesting the hypothesis of physisorption-dominated in
teractions rather than chemisorption. This finding suggests the hy
pothesis that inert gas purging during shutdown may assist in desorbing 
weakly bound species, partially restoring cell conditions.

The results show that different sulphur compounds can follow 
distinct reaction pathways, leading to diverse electrochemical re
sponses. These findings may support the development of protection or 
regeneration strategies (e.g., desorption operations) and confirm that 
contaminant concentrations should remain below the levels tested, as 
even small amounts can affect cell performance under button-cell con
ditions (high flows, low fuel utilization, small area).

Further tests are planned to investigate the extent of reversibility and 
the potential for performance recovery following contaminant removal. 
In addition, future work will focus on investigating the combined effect 
of multiple contaminants, which is expected to provide further insight 
into real-world operating conditions and will be addressed in upcoming 

studies.

CRediT authorship contribution statement

Lucia Pera: Writing – original draft, Visualization, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Marta 
Gandiglio: Writing – review & editing, Visualization, Supervision, 
Methodology, Investigation, Conceptualization. Paolo Marocco: 
Writing – review & editing, Visualization, Supervision, Methodology, 
Investigation, Conceptualization. Davide Pumiglia: Writing – review & 
editing, Visualization, Supervision, Methodology, Investigation, Data 
curation, Conceptualization. Livia Della Seta: Writing – review & 
editing, Visualization, Supervision, Investigation, Data curation. Mas
simo Santarelli: Writing – review & editing, Supervision, Project 
administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

This research was funded by the European Union – NextGener
ationEU from the Italian Ministry of Environment and Energy Security, 
POR H2 AdP MEES/ENEA with the involvement of the CNR and RSE, 
PNRR - Mission 2, Component 2, Investment 3.5 ″Ricerca e sviluppo 
sull’idrogeno", CUP: I83C22001170006.

Authors would like to thank Laboratorio Idrogeno e nuovi Vettori 
Energetici (TERIN-DEC-H2V). In particular, authors gratefully 
acknowledge the ENEA HotLab research group for hosting all experi
ments and for their experience, expertise and technical support 
throughout the campaign.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2025.238967.

Appendix B

Table B.1 
Temporal evolution of resistances for each test

t = 0 h t = 24 h t = 96 h t = 120 h

DMS = 1 ppm
R0 (Ω) 0.135 0.133 0.129 0.129
Rct,an (Ω) 0.0460 0.0544 0.0616 0.0665
Rct,cat (Ω) 0.0177 0.0298 0.0300 0.0158
Rdiff,an (Ω) 0.0132 0.0111 0.0165 0.0192
Rwgs (Ω) 0.0108 0.0188 0.0107 0.0225

DMS = 3 ppm
R0 (Ω) 0.0742 0.0661 0.0600 0.0622
Rct,an (Ω) 0.0172 0.0547 0.0561 0.0559
Rct,cat (Ω) 0.00413 0.00658 0.00695 0.00314
Rdiff,an (Ω) 0.00940 0.0194 0.0212 0.0243
Rwgs (Ω) 0.0198 0.0287 0.0248 0.0289

COS = 1 ppm
R0 (Ω) 0.0838 0.0847 0.0871 0.0870
Rct,an (Ω) 0.0535 0.0563 0.0645 0.0613
Rct,cat (Ω) 0.0186 0.0197 0.0317 0.0195
Rdiff,an (Ω) 0.0105 0.0160 0.0123 0.0186
Rwgs (Ω) 0.0352 0.0391 0.0201 0.0303

(continued on next page)
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Table B.1 (continued )

t = 0 h t = 24 h t = 96 h t = 120 h

COS = 3 ppm
R0 (Ω) 0.0509 0.0514 0.0531 0.0531
Rct,an (Ω) 0.0567 0.0724 0.0809 0.0802
Rct,cat (Ω) 0.00338 0.00439 0.00668 0.00769
Rdiff,an (Ω) 0.0121 0.0156 0.00731 0.00973
Rwgs (Ω) 0.0291 0.0328 0.0360 0.0364

D5 = 0.7 ppm
R0 (Ω) 0.0535 0.0547 0.0574 0.0581
Rct,an (Ω) 0.0666 0.0617 0.0528 0.0565
Rct,cat (Ω) 0.0107 0.0233 0.0129 0.0177
Rdiff,an (Ω) 0.00442 0.00836 0.0132 0.0177
Rwgs (Ω) 0.0218 0.0115 0.0300 0.0119

D5 = 2 ppm
R0 (Ω) 0.0917 0.0925 0.0956 0.0971
Rct,an (Ω) 0.0465 0.0460 0.0410 0.0421
Rct,cat (Ω) 0.0329 0.0330 0.0300 0.0271
Rdiff,an (Ω) 0.0144 0.0154 0.0215 0.0225
Rwgs (Ω) 0.0202 0.0196 0.0202 0.0215

Acronyms

CEM Controlled evaporator mixer
CNLS Complex non linear square
COS Carbonyl sulphide
CPE Constant phase element
DMS Dimethyl sulphide
DRT Distribution relaxation times
ECM Equivalent circuit model
EDX Energy dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
FESEM Field emission scanning electron microscopy
GDC Gadolinium doped ceria
ICE Internal combustion engine
LSC (La0.6Sr0.4)CoO3-δ
LTS Long Term Syngas
MFC Mass flow controller
OCV Open Circuit Voltage
SEM Scanning electron microscopy
SOFC Solid oxide fuel cell
TPB Triple phase boundary
WGS Water gas shift
YSZ Yttria stabilized zirconia

Data availability

Data will be made available on request.
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