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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

• DMS poisoning investigated in a six-cell 
SOFC short stack.

• DMS exposure under load causes con
centration- and time-dependent losses.

• EIS, DRT and ECM identify the main 
affected processes.

• DMS-induced degradation is largely 
reversible after contaminant removal.

• Sulphur coverage correlates linearly 
with voltage loss under load.
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A B S T R A C T

Biomass-derived fuels enable low-carbon power generation through solid oxide fuel cells (SOFCs); however, 
sulphur species present in biogas can severely degrade Ni-based anodes. Although H2S poisoning has been 
extensively studied in single cells, the impact of other sulphur compounds at stack level and realistic load 
conditions remains poorly understood.

This study exposes a six-cell Ni-anode SOFC short stack to dimethyl sulphide (DMS) under biogas-relevant condi
tions, probing degradation through IV curves, electrochemical impedance spectroscopy (EIS), distribution of relaxa
tion times (DRT) analysis, and equivalent circuit modelling (ECM). Tests were performed at 750◦C, 0.4 Acm− 2 and 65% 
fuel utilisation.

Under load, DMS poisoning (0.5, 1, 2.5 and 5 ppm) reveals voltage degradation trends consistent with con
centration- and time-dependence, though not fully separable from exposure history. Electrochemical analysis 
shows that the anode charge-transfer process is selectively and substantially impaired, while gas-diffusion 
impedance evolves more gradually. Recovery upon contaminant removal confirms this degradation remains 
largely reversible within the investigated time window. Sulphur surface coverage, estimated using a Temkin-type 
adsorption model, correlates linearly with voltage loss, suggesting a coverage threshold of almost 0.7, below 
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which degradation remains negligible. Together, these operando descriptors provide a preliminary, model- 
dependent framework for interpreting DMS poisoning trends at stack scale.

1. Introduction

Solid Oxide Fuel Cells (SOFC) are high-temperature electrochemical 
energy devices that directly convert the chemical energy of a fuel into 
electricity and useful heat [1]. SOFCs exhibit exceptional fuel flexibility 
and can electrochemically oxidise not only hydrogen but also carbon 
monoxide, while hydrocarbons such as methane may be internally 
reformed and then electrochemically utilized. This versatility makes 
SOFCs particularly attractive for integration with biomass-derived fuels 
(biogas and bio-syngas), which have been widely investigated as po
tential feeds for SOFC systems [2,3]. Several studies have reported high 
electrical efficiencies for SOFCs operating on such fuels, approaching 
55% [4,5], highlighting their potential as efficient conversion technol
ogies for renewable gaseous resources.

Despite these advantages, the practical use of bio-syngas is strongly 
constrained by the presence of trace contaminants, which can adversely 
affect both catalytic reforming reactions and electrochemical activity at 
the anode. Among the various impurities, sulphur-containing species are 
generally regarded as the most detrimental [6], including hydrogen 
sulphide (H2S), carbonyl sulphide (COS), dimethyl sulphide (DMS), 
mercaptans, and thiophenes. Their concentrations depend on feedstock 
type, gasification and clean-up pathway, and operating conditions: H2S 
can span a very wide range up to hundreds or even thousands of ppm in 
poorly cleaned streams, whereas other sulphur-compounds are often 
present at lower levels but may still cause significant performance losses 
even at sub-ppm concentrations [7,8].

Most of the available literature on sulphur poisoning in Ni-based 
SOFC anodes has focused on H2S [9–13], which is often used as a 
model contaminant due to its prevalence in practical gas streams. As a 
result, a number of mechanistic and semi-empirical descriptions have 
been developed primarily for H2S, linking performance losses to sulphur 
concentration and recovery [14–16].

Sulphur poisoning of Ni-based SOFC anodes is often described as a 
two-stage process [17–19]. A first, rapid degradation phase is typically 
observed immediately after H2S introduction and is commonly attrib
uted to the dissociative chemisorption of H2S on nickel, which forms 
adsorbed sulphur species that progressively occupy electrochemically 
active Ni sites. This surface coverage reduces the availability of reaction 
sites at or near the triple-phase boundary (TPB), thereby increasing the 
anode polarisation losses associated with fuel oxidation.

At longer exposure times and sufficiently high sulphur activities, a 
second, slower degradation regime may develop, which has been linked 
to the onset of bulk processes such as the formation of nickel sulphide 
phases (Ni3Sx) and sulphur-induced microstructural changes [18]. These 
processes can alter the anode morphology and reduce the effective TPB 
length and percolation pathways, resulting in a more persistent perfor
mance decay. Importantly, the extent to which the anode behaviour is 
reversible depends strongly on operating conditions and exposure his
tory: at low H2S levels and short durations, performance recovery upon 
sulphur removal is frequently observed, whereas higher concentrations 
or prolonged exposure can lead to incomplete recovery consistent with 
deeper structural or phase-related changes [20].

Nevertheless, real biomass-derived fuels may also contain significant 
fractions of other sulphur species, whose poisoning behaviour can differ 
from that of H2S because it may involve additional decomposition, 
reforming, or conversion steps before sulphur becomes available for 
adsorption on Ni. Among these compounds, some studies have investi
gated thiophene as a representative sulphur contaminant, reporting 
measurable performance degradation even at low concentrations and 
highlighting the role of operating conditions in governing both the ki
netics and reversibility of poisoning [21,22].

DMS represents a particularly challenging case compared with H2S 
because its poisoning action is not governed solely by a simple adsorp
tion equilibrium at the anode and its presence leads to a remarkable 
degradation [23]. Yu et al. [24] have hypothesised a two-stage 
poisoning mechanism on Ni-GDC cells: firstly, the DMS covers the 
active sites on the GDC surface, then it cracks into H2S and CH4. The 
reaction between CH4 and H2O is preferred and hinders the adsorption 
of H2S on the active sites, ensuring negligible irreversible degradation. 
Moreover, compared with the extensive body of work on H2S, often 
conducted on single cells under well-defined conditions, systematic 
analysis of DMS poisoning in stack level remains more limited.

In this work we move beyond the H2S centric view of sulphur 
poisoning by providing, to the best of our knowledge, one of the first 
systematic stack level datasets on DMS exposure, spanning multiple 
concentrations (0.5-5 ppm) under controlled operating conditions. The 
novelty is twofold. First, the contaminant investigated is an organo- 
sulphur species whose poisoning pathway is intrinsically less straight
forward than H2S, because it may involve in situ conversion before 
sulphur becomes available for adsorption on Ni; consequently, concen
tration alone is often an insufficient descriptor and reliable tolerance 
limits remain scarce. Second, experiments are carried out on a six-cell 
SOFC stack, rather than on a single cell, thereby capturing the practical 
features that dominate real operation. In addition, the work explicitly 
addresses the reversibility of DMS-induced losses by tracking perfor
mance recovery after contaminant removal. Finally, to enable compari
son with established sulphur metrics while accounting for stack operating 
conditions, the results are interpreted through a Temkin-like effective 
sulphur coverage index, and a compact correlation between performance 
drop and sulphur coverage is proposed to identify onset thresholds and 
practical contaminant limits. Taken together, these elements provide a 
new experimental and modelling framework for DMS poisoning that is 
directly relevant to SOFC deployment on biomass-derived fuels.

2. Experimental set up

2.1. Test bench and cell configurations

The SOFC test bench is designed to supply the stack with well- 
controlled fuel mixtures, including optional contaminants, and a sepa
rately regulated air stream, while ensuring appropriate humidification and 
thermal conditioning before entry into the hot zone. On the fuel side, in
dividual gas lines (e.g., H2, CO, CH4, CO2, N2, plus a dedicated impurities 
line for contaminant dosing) are each equipped with a shut-off valve and a 
mass flow controller (MFC), allowing the desired composition to be set by 
adjusting the corresponding flow rates. The metered streams are then 
combined in a common mixing manifold; the routing around the manifold 
includes valves and bypass sections used for line isolation, purging and 
operational switching. When steam is required, demineralized water is 
pumped to a humidifier placed on the fuel line, so that the inlet fuel can be 
delivered either dry or with a controlled water content. In parallel, the 
cathode supply is provided by an independent air line, also regulated by a 
valve and MFC to set the air flow rate. Fuel and air are subsequently fed to 
the furnace, where they pass through a preheating section to reach the 
target inlet temperature before entering the SOFC stack (fuel side/anode 
and air side/cathode). At the outlet, the exhaust stream is cooled in a 
condenser to remove water by condensation; the liquid is collected as 
condensate, while the remaining gas is routed to the exhaust line. A control 
unit of the test bench includes the computer, the uninterrupted power 
supply (UPS), the electronic load and the data acquisition.

The SolydEra short stack is the same as that the standardised Sol
ydEra G8 stack, but it is composed of six anode-supported cells. The cells 

L. Pera et al.                                                                                                                                                                                                                                     Journal of Power Sources 694 (2026) 241255 

2 



are rectangular with an active area of 80 cm2 (11.2 cm × 7.2 cm), where 
the fuel flow enters from the short side. Each cell exhibits a five-layer 
functional structure: Ni-YSZ/8YSZ/GDC/LSCF-GDC/LSC [25]. Seven 
voltage probes are welded on the six interconnects and on the top plate. 
As for the current collection, the negative and positive poles stand 
respectively outside and inside of the compression rods.

2.2. Test protocols

The fuel cell is operated in galvanostatic mode. After heat-up with a 
ramp between 60 and 100 ◦C/h, the six-cell short stack was operated at 
750◦C during the entire experimental campaign. The furnace heating rate 
was kept as low as possible to minimize the temperature difference be
tween the furnace and the fuel cell during start-up, thereby reducing 
thermal stresses associated with temperature ramping. The stack is first 
qualified under reference conditions by recording an I-V curve and per
forming electrochemical impedance spectroscopy (EIS) measurements. 
The stack is then polarised at steady current to establish a baseline under 
cold recirculation before reformer (CB) condition, as reported in Table 1. 
The CB composition involves cold-drying of the recirculated anode off- 
gas, promoting dry reforming of methane and resulting in CO-rich refor
mate. The contamination phase is carried out following a step-by-step 
procedure in which the sulphur concentration is increased every 20-145 h.

Sulphur is introduced by injecting a controlled flow of a 500 ppm DMS 
in H2 mixture through an additional mass flow controller. To keep the total 
inlet flow rate constant, the corresponding amount of hydrogen added via 
this line is compensated by reducing the setpoint of the main H2 mass flow 
controller by the same amount. No contamination tests are performed 
under reference conditions. In general, I-V curves and EIS measurements 
are acquired before and after any change in operating conditions. I-V 
curves and EIS measurements were performed using a Zahner ZENNIUM X 
Electrochemical Workstation equipped with two PAD4 cards, enabling the 
simultaneous voltage measurement of the six individual cells, and an 
external EL1000 electronic load/potentiostat capable of supplying up to 
1 kW. EIS spectra were acquired under galvanostatic conditions at an 
operating current density of 0.4 A cm− 2, by applying a sinusoidal current 
perturbation with an amplitude of 2 A over the frequency range from 
200 kHz to 50 mHz.

The stack is tested for about 2500 h: it is first maintained in CB 
conditions to establish the baseline and then subjected to a short expo
sure (also referred to as “Langnickel exposure” inspired by Langnickel 
et al. [26]) at DMS concentrations of 0.5, 1, 2.5, and 5 ppm. However, 
since the focus of this work is on the step-by-step test, the short exposure 
details and results can be found in the Supplementary Information.

The stack is later exposed to a step-by-step contamination protocol 
under polarisation, as outlined in Fig. 1. After an initial baseline, the 
sulphur impact is tested under polarised conditions (32.5 A). The 
sulphur levels are 0.5, 1 and 2.5 ppm. Then a recovery phase follows and 
when the repeating unit potentials reaches the previous initial perfor
mance, the contamination is continued with 2.5 and 5 ppm of DMS. The 
stack temperatures and pressures also stay stable and constant.

3. Data analysis

The data analysis is organised in three sequential steps via the open- 
source software, SOCEIS. First, the raw impedance data are processed 

using the linear Kramers-Kronig (KK) method, following the methodol
ogy described in our previous work [27]. The validity of each spectrum 
is assessed through the KK residuals provided by the SOCEIS software. A 
maximum KK residual threshold of 1.0% is adopted as acceptance cri
terion. Spectra not fulfilling this requirement are inspected and cor
rected by removing isolated non-physical points associated with 
external disturbances. The remaining data are subsequently smoothed 
and completed through KK-based extrapolation to obtain a uniform 
dataset.

The second step concerned the distribution of relaxation times 
(DRT), reconstructed following the positive Tikhonov regularisation 
approach described by Boukamp [28] by minimizing: 

x= argmin
(
||Ax − b||2 + λ2||Lx||2

)
(1) 

where the first term minimizes the residual between the measured and 
reconstructed impedance spectra, while the second term penalizes oscil
latory solutions. The regularisation parameter (λ) controls the balance 
between fitting accuracy and smoothness of the reconstructed distribution.

The regularisation parameter was selected using the L-curve criterion, 
which identifies the optimal compromise between the residual norm and 
the norm of the regularised solution. Based on the range of optimal values 
obtained for the different spectra, a fixed value of λ = 0.01 was adopted 
throughout the study. This value provided a satisfactory compromise 
between excessive smoothing and noise amplification while ensuring 
consistent comparison of the DRT spectra under all operating conditions. 
Prior to DRT reconstruction, all impedance spectra were validated 
through the Kramers–Kronig consistency test, ensuring that only physi
cally consistent spectra were analysed.

Finally, the equivalent circuit model (ECM) is defined based on the 
number of characteristic time-scale of the processes identified from the 
DRT (Fig. 2), using a corresponding set of RQ elements. The circuit pa
rameters, such as process resistances, characteristic time constants, and 
dispersion factors, are then estimated by complex non-linear least-squares 
(CNLS) fitting of the impedance spectra with cross validation via DRT peak 
distribution.

4. Results and discussion

4.1. Voltage characterisation

As previously described, the step-by-step test protocol consists of 
sequential exposures to 0.5, 1 and 2.5 ppm of DMS, followed by a re
covery phase, and finally a second exposure to 2.5 ppm and to 5 ppm. It 
should be noted that this is a stepped exposure protocol rather than a set 
of independent concentration-response tests: each contamination step 
(with the exception of the first) starts from a stack state already influ
enced by prior DMS exposure, recovery extent, and possible incremental 
ageing. As a result, concentration, exposure time, poisoning history, and 
recovery state are not fully separated in this dataset, and trends reported 
below with respect to DMS concentration should be interpreted as 
apparent trends observed within this sequential protocol rather than as 
an independently validated concentration-dependence law.

Fig. 3 reports the temporal evolution of the voltage of each of the six 
cells composing the stack during the different contamination and re
covery phases.

Table 1 
Gas compositions of the test conducted, including fuel utilisation (FU) and total inlet gas flow rates.

Anode Cathode

FU H2 CO CO2 H2O CH4 N2 Flow AU Air Flow

[%] [%] [%] [%] [%] [%] [%] [NL/min] [%] [%] [NL/min]

Ref cond. 75 60 - - - - 40 2.879 17 100 32
CB 65 60 0 29 10 1 0 3.264 17 100 32
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The first introduction of 0.5 ppm results in the largest single-step 
voltage decrease. Once the system stabilizes and 1 ppm is injected, the 
additional voltage drop is significantly smaller. A similar behaviour is 
observed when increasing to 2.5 ppm. Despite the different degradation, 
in all three cases the voltage tends to stabilise at a new quasi-steady 
level, indicating that an equilibrium sulphur coverage is reached at 
each DMS concentration.

The following recovery phase, implemented between the two 
2.5 ppm exposures, lasted approximately 150 h, as shown in Fig. 3b. 
During this period, the average stack voltage gradually recovered an 
average of 36.0 mV, eventually reaching the pre-contamination level 

before the subsequent contamination step. This complete restoration 
confirms that, within the investigated operating window, the degrada
tion and voltage losses induced by DMS are predominantly reversible 
under the tested conditions.

The full recovery suggests that the dominant mechanism responsible 
for the initial exponential voltage drop is sulphur adsorption on active Ni 
sites, reducing the electrochemically active surface area. Upon DMS 
removal, sulphur species desorb and the active sites become available 
again, restoring the original electrochemical performance. No persistent 
electrochemical signature of irreversible degradation was detected within 
the investigated concentration range and exposure time, consistent with a 

Fig. 1. Timeline of step-by-step degradation tests.

Fig. 2. Equivalent circuit model consisting of one inductor (L1), one resistor (Rohm or R2), six RQ elements, where the bigger number corresponds to the lower 
frequency process.

Fig. 3. Voltage trend for a) 0.5,1,2.5 ppm DMS exposure b) DMS removal, c) 2.5, 5 ppm DMS exposure.
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dominant reversible sulphur-adsorption mechanism rather than irrevers
ible catalytic damage. As no post-test microstructural or phase charac
terisation was performed, subtle irreversible changes (e.g., Ni coarsening, 
local sulphide formation) cannot be excluded.

The second exposure at 2.5 ppm (after recovery #1) shows a mark
edly larger degradation. It should be noted that the voltage drops re
ported for each exposure step are evaluated relative to the voltage 
immediately preceding that specific step. Consequently, the first 
2.5 ppm exposure, performed after the 1 ppm step, represents only the 
incremental response from an already partially poisoned state, whereas 
the later 2.5 ppm exposure starts from a different initial condition after 
recovery. For this reason, the two stepwise ΔVexp values should not be 
interpreted as two independent repetitions of the same exposure from an 
identical initial electrode state.

Nevertheless, although this contamination starts from a higher initial 
stack potential due to voltage recovery, the final potentials reached in the 
two 2.5 ppm tests are comparable (762.7 mV and 761 mV). Moreover, the 
cumulative voltage loss at the end of the first 2.5 ppm exposure (34.3 mV) is 
only about 3 mV lower than the voltage loss measured in the second 
exposure. This indicates that, within the investigated experimental win
dow, the final stack performance under a given sulphur level tends to 
converge towards a similar equilibrium value despite the different elec
trochemical state of the stack prior to contamination. Such behaviour 
supports the hypothesis that, at a fixed DMS concentration, a quasi- 
equilibrium sulphur coverage is reached. It should be noted, however, 
that this conclusion is based on the two 2.5 ppm exposure cycles investi
gated in the present work, and long-term irreversible degradation mech
anisms may alter this behaviour over extended operating times.

For the final contamination stage at 5 ppm, it can be observed that 
the initial drop occurs rapidly, consistent with a faster surface coverage 
at higher sulphur partial pressure.

Recovery following the final 5 ppm exposure was also monitored via 
voltage, showing a substantial increase consistent with the reversible 
behaviour observed at lower concentrations (Figure S.1, Supplementary 
Information). However, this recovery phase was not characterised by 
EIS; complete electrochemical reversibility at 5 ppm should therefore be 
regarded as not fully confirmed by the present data.

For all contamination steps, the voltage evolution exhibits the 
characteristic behaviour already observed in cells exposed to sulphur 
compounds: an initial rapid, quasi-exponential voltage decay followed 
by a slower, approximately linear degradation regime. This two-stage 
response can be consistently identified at both stack and single-cell 
level, although the absolute voltage differs slightly among the six cells.

The initial exponential-like drop is here quantified by the parameter 
ΔVexp and by the time required to reach this drop, which represents the 
duration of the transient regime before the onset of linear degradation. 
Physically, this stage is generally associated with the rapid adsorption of 
sulphur species on the active Ni sites, leading to a progressive reduction 
of the electrochemically active surface area. According to sulphur 
coverage theory, the voltage loss is expected to scale with the fraction of 
catalyst surface covered by sulphur, while the characteristic time of the 
drop is linked to the adsorption kinetics and contaminant concentration.

Fig. 3 shows that the time required to reach ΔVexp decreases as the 
DMS concentration increases. For instance, 0.5 ppm leads to a 22.3 mV 
drop over 64 h, whereas 2.5 ppm (first exposure) produces a 6.4 mV drop 
in only 7 h, and 5 ppm causes a 5.1 mV drop within 6 h. This trend is 
consistent with faster surface coverage at higher sulphur partial pressure.

In addition, in order to provide a physically consistent descriptor of the 
transient degradation stage, the voltage drop was analysed using the time 
constant concept commonly adopted in control theory [29,30]. Assuming 
a first-order response, the time constant τ is defined as the time required 
for the voltage to reach the 63.2% of the total steady state drop. The 
transient voltage decay was described using a generalized two-term 
expression combining adsorption kinetics and linear degradation: 

V(t)=V0 − ΔVexp
(
1 − e− t/τ) − δl⋅t (2) 

where ΔVexp represents the adsorption-driven voltage loss, τ the char
acteristic adsorption time constant, and δl the long-term linear degra
dation rate. The calculated τ values (see Table 2) decrease with 
increasing DMS concentration, confirming faster adsorption dynamics at 
higher DMS partial pressure. In particular, τ decreases markedly from 
the 0.5 ppm step to the 2.5 ppm exposure, highlighting the strong 
dependence of surface coverage kinetics on contaminant concentration.

Comparing the different contamination steps, it is evident that the first 
introduction of 0.5 ppm induces the largest single-step performance loss, 
whereas subsequent increases in concentration do not cause proportion
ally larger drops. After the first severe degradation observed at 0.5 ppm, 
subsequent exposures at 1 ppm and at the first 2.5 ppm level result in 
smaller ΔVexp values (5.6 and 6.4 mV, respectively). This behaviour sug
gests that a fraction of the active sites might already be blocked or altered 
during the first contamination, reducing the number of sites available for 
further rapid poisoning. In other words, the system appears to approach a 
progressively lower “effective” active surface, so that additional sulphur 
causes a faster but not proportionally larger voltage drop.

After the initial drop, a linear degradation regime is observed. This stage 
is characterized by ΔVlinear, the exposure time, and the corresponding 
degradation rate (mV/kh). The linear regime is likely and partially irre
versible degradation processes. Possible mechanisms include microstruc
tural evolution of the fuel electrode, such as Ni coarsening, gradual loss of 
TPB length, or other cumulative chemical and morphological changes 
beyond simple reversible sulphur adsorption. Since no post-test micro
structural characterization could be performed in the present work, these 
mechanisms should be regarded as plausible interpretations rather than 
direct experimental observations. The degradation rates vary significantly 
with concentration: from 7.5 mV/kh at 0.5 ppm up to 41.5 mV/kh at 5 ppm. 
The apparently high rate observed at the first 2.5 ppm level (33.3 mV/kh) is 
strongly influenced by the short exposure time (9 h), which amplifies the 
calculated slope. Within this stepped protocol, higher nominal DMS con
centrations are associated with faster long-term linear degradation, 
although this trend cannot be fully isolated from exposure history.

Overall, the voltage characterisation is consistent with a two-stage 
degradation mechanism under DMS exposure: a fast adsorption-driven 
voltage drop, whose rate appears to increase with nominal DMS concen
tration within this stepped protocol, followed by a slower linear degrada
tion likely associated with cumulative and partially irreversible processes.

Gas chromatography (GC) analysis of the anode outlet was per
formed. The analysis revealed that H2S is consistently identified. This 
observation indicates that DMS undergoes decomposition leading to the 
formation of hydrogen sulphide as the active sulphur species reaching 
the anode. This finding supports the consistency of the poisoning 
behaviour with previously results on Ni-GDC electrolyte-supported cells, 
where DMS-induced performance loss is governed by reversible surface 
adsorption on nickel active sites [24].

4.2. Electrochemical impedance spectroscopy

The impedance spectra provide further insight into the mechanisms 
underlying the voltage behaviour observed during DMS exposure. In 

Table 2 
Mean potential loss during DMS exposure. Exponential and linear drops with 
corresponding times and time constants.

DMS 
concentration 
[ppm]

ΔVexp 

[mV]
ΔVlinear 
[mV]

Linear degradation 
rate δl [mV/h]

Time 
constant τ 
[h]

0.5 21.6 0.7 7.5 × 10− 3 23.6
1 5.7 0.6 11.8 × 10− 3 5.1
2.5 6.4 0.3 33.3 × 10− 3a 2.5
2.5 36.2 0.7 12.3 × 10− 3 7.1
5 5.1 0.4 41.5 × 10− 3a 0.9

a Linear degradation to be considered indicative since the exposure lasted few 
hours.
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Fig. 4a, the solid line represents the average stack response, while the 
shaded region corresponds to the envelope of the individual cell spectra. 
The latter is included to illustrate the cell-to-cell variability within the 
short stack and should not be interpreted as a statistical confidence in
terval or measurement uncertainty. During the first contamination 
sequence (0.5 → 1 → 2.5 ppm), a progressive enlargement of the high- 
frequency arc is clearly visible, accompanied by an increase in the 
low-frequency contribution, while the high-frequency intercept remains 
essentially unchanged. The stability of the ohmic resistance indicates 
that neither the electrolyte nor the electrical contacts are affected by the 
contaminant, confirming that the impact of DMS is confined to the 
electrode processes, primarily at the anode. The growth of the high- 
frequency arc is consistent with a reduction of the electrochemically 
active Ni surface due to sulphur adsorption, leading to an increase in 
anodic charge transfer resistance. More pronounced, however, is the 
enlargement of the low-frequency arc, which suggests a significant in
fluence on processes coupled to gas conversion and chemical equilibria, 
such as the water-gas shift reaction. The inhibition of catalytic activity 
by sulphur likely alters the local gas composition and slows down 
chemical conversion, thereby amplifying mass-transport-related or 
conversion-related impedance contributions.

The recovery phase implemented between the two 2.5 ppm expo
sures provides decisive information on the reversibility of these effects 
(Fig. 4b). After DMS removal, the impedance spectrum returns almost 

completely to its pre-exposure shape, with both the high- and low- 
frequency arcs recovering to values comparable to the initial state and 
no detectable change in ohmic resistance. This behaviour demonstrates 
that the dominant degradation mechanism under the tested conditions is 
reversible sulphur poisoning rather than permanent structural damage. 
The data are therefore consistent with a dynamic adsorption-desorption 
process of sulphur species on Ni active sites, without significant loss of 
triple phase boundary or microstructural deterioration within the 
investigated exposure times.

During the subsequent re-exposure at 2.5 ppm and the final contami
nation at 5 ppm (Fig. 4c), the same qualitative behaviour is observed, but 
with a more pronounced increase in the low-frequency arc at higher 
concentration. In particular, the 5 ppm condition leads to a substantial 
enlargement of the low-frequency contribution, indicating that higher 
sulphur partial pressures intensify the limitation associated with gas 
conversion and coupled chemical reactions. The high-frequency region is 
also affected, though to a lesser extent, again pointing to surface site 
blocking as the primary mechanism. Overall, the EIS analysis corroborates 
the voltage characterisation results: DMS exposure induces an increase in 
anodic polarisation resistance that scales with nominal DMS concentra
tion across the stepped protocol and it is dominated by reversible surface 
poisoning and by secondary effects on gas conversion kinetics, while the 
electrolyte and ohmic response of the stack show no measurable change 
within the explored operating window, indicating no persistent electro
chemical signature of degradation at the cell-hardware level.

In addition to the average stack behaviour, the short-stack configu
ration allows the analysis of cell-to-cell variability along the fuel flow 
direction. Figure S.2. in Supplementary information reports a compari
son of impedance spectra for selected cells located at different positions 
within the stack. A systematic trend is observed: the cell closest to the 
fuel inlet (cell 1) exhibits a larger increase in anodic polarisation resis
tance during DMS exposure compared to downstream cells. This 
behaviour is consistent with the higher sulphur partial pressure 
encountered at the inlet, prior to any conversion or dilution effects along 
the channel. This confirms that the degradation mechanism is directly 
linked to sulphur availability in the fuel stream and further supports the 
interpretation of adsorption-driven poisoning at the anode.

4.3. Distribution of relaxation times

The use of DRT as a complementary tool to conventional EIS analysis has 
attracted increasing attention because it enables the deconvolution of 
overlapping electrochemical processes without requiring an a priori 
equivalent circuit [31]. In contrast to the Nyquist representation, where 
overlapping arcs may mask the contribution of distinct mechanisms, the 
DRT deconvolution resolves the total polarisation resistance into discrete 
peaks, each associated with a characteristic relaxation time and therefore 
with a specific coupled process. Six recurrent peaks are consistently iden
tified over the entire experimental campaign. Their attribution, summarised 
in Table 3, is based on a combination of literature interpretations [32,33], 
comparison with our previous single-cell investigations, and the physical 
consistency of the observed response to DMS poisoning. The proposed 
assignment is primarily based on the framework of Caliandro et al. [34]. In 
our previous Ni-YSZ single-cell study [25], the lowest-frequency contribu
tion was attributed to gas conversion processes. However, the analysis of the 
present stack-level measurements suggests that the region below 10 Hz may 
contain two phenomena: intrinsic gas conversion and a slower conversion 
-diffusion contribution. In electrolyte-supported cell (ESC) configurations, 
where the fuel electrode is significantly thinner, the sub-hertz con
version-diffusion is often weak or not distinctly resolved, as reported for 
Ni-GDC based electrolyte-supported cells by Yu et al. [27]. In such systems, 
the low-frequency region is typically dominated by intrinsic gas conversion. 
In contrast, in anode-supported cells and, even more, at stack level, the 
thicker porous anode enhances spatial concentration gradients and 
chemical-electrochemical coupling, leading to the emergence of a slower 
conversion-diffusion process that becomes experimentally distinguishable 

Fig. 4. EIS with mean value and error band for a) 0.5,1,2 ppm DMS exposure b) 
recovery phase, c) 2.5, 5 ppm DMS exposure.
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from intrinsic gas conversion. The proposed assignments are consistent with 
additional dedicated gas-composition experiments performed by the au
thors. Since those experiments are part of a separate study specifically 
devoted to peak attribution, they are not discussed further here.

Here, the lowest-frequency contribution (P8, 0.05-0.5 Hz) is attrib
uted to a fuel-side water-gas shift (WGS) conversion-diffusion process 
associated with coupled electrochemical consumption and internal 
chemical equilibration in reforming mixture. In fact, under current load, 
at the anode TPB the electrochemical reactions consume reducing spe
cies and consequently the local oxygen chemical potential increases 
because H2O and CO2 are produced. On the other side, chemical re
actions such as the WGS and the diffusion of species through the porous 
anode act to restore equilibrium. Chemical reactions and diffusion in 
porous media are slow processes with large characteristic times; in 
particular, the mass transfer of CO toward the electrode interphase is 
expected to be rate-limiting, since the diffusion coefficient of CO is 
significantly lower than that of H2 (due to its higher molecular mass and 
collision diameter). Therefore, their relaxation time corresponds to 
frequencies typically below 1 Hz [35].

The adjacent low-frequency peak (P7, 0.5-10 Hz) is associated with 
gas conversion phenomena at the fuel electrode. This process reflects the 
coupling between electrochemical hydrogen consumption and the 
replenishment of reactants through internal reforming and chemical 
conversion. Variations in this peak indicate changes in the effective 
catalytic activity and in the ability of the electrode to maintain local 
equilibrium under load. Because sulphur adsorption reduces the number 
of active sites available for heterogeneous reactions, this contribution is 
expected to be strongly influenced by DMS presence.

In the intermediate frequency domain (P6, 10-100 Hz), the peak is 
attributed to fuel-electrode gas diffusion combined with oxygen-electrode 
surface reaction kinetics. The mixed attribution arises from the partial 
overlap of time constants in this region. On the fuel side, diffusion limitations 
within the porous structure and through the boundary layer contribute to 
the impedance response, while on the air side the surface exchange reaction 
may exhibit comparable characteristic times. The sensitivity of P6 to 
contamination is therefore indicative of indirect effects of sulphur poisoning 
on mass transport and interfacial reaction rates rather than on bulk ionic 
transport. Although P5 cannot be clearly resolved as an independent peak in 
the DRT spectra, previous single cells investigations [25,34] have consis
tently located this contribution in the 50-500 Hz range. In the current 
analysis, it most likely appears as a shoulder or as a broadening of the P6 
feature, reflecting overlapping processes with partially similar time con
stants. Based on its characteristic frequency domain and earlier experi
mental evidence, P5 is tentatively associated with oxygen electrode 
transport and charge-transfer phenomena. The statistical justification for 
retaining a dedicated element for this contribution, together with the asso
ciated parameter uncertainty, is reported in the Supplementary Information.

At higher frequencies, P4 (0.5-5 kHz) is assigned to fuel-electrode 
charge transfer. This process corresponds to the electrochemical oxida
tion of hydrogen at the triple phase boundary and is directly linked to the 
density of active Ni sites. Sulphur adsorption reduces the effective active 
area, leading to an increase in the associated polarisation resistance.

Finally, the highest-frequency contribution (P3, >5 kHz) is attributed 
to solid-state processes, mainly charge accumulation or depletion at solid- 
solid interfaces and possibly fast interfacial phenomena at the electrode- 
electrolyte interface. The relatively high frequency and typically limited 

sensitivity of this peak to fuel composition confirm that it is largely in
dependent of sulphur poisoning and instead governed by intrinsic mate
rial properties.

The peak assignments summarised in Table 3 represent our proposed 
interpretation of the DRT/CNLS results, consistent with the observed 
electrochemical behaviour, the equivalent circuit analysis, and com
parison with previous single-cell studies, rather than a definitive iden
tification of each individual process.

The DRT analysis allows the evolution of the individual electro
chemical processes to be followed more clearly than in the Nyquist 
representation. Fig. 5 shows the DRT results for the three steps. As for 
EIS graph, the solid line represents the average DRT response of the six 
cells, whereas the shaded region encompasses the individual responses 
measured on each cell.

When DMS is introduced at 0.5 ppm, the peaks that show the most 
pronounced change are those associated with gas conversion (P7) and 
anode charge transfer (P4). Even at this relatively low concentration, 
sulphur species can adsorb on the Ni surface and form nickel-sulphur 
bonds, which reduce the catalytic activity of the fuel electrode. As the 
most active sites of the electrode become progressively blocked, the 
electrochemical oxidation of the fuel becomes less efficient and the 
charge transfer resistance increases. This contribution, represented by 
P4, is generally attributed to the kinetics of the electrochemical re
actions occurring at the triple phase boundary. When sulphur covers 
part of the Ni surface, the density of available reaction sites decreases, 
forcing the electrochemical reaction to occur on a smaller active area. As 
a consequence, the effective path for ionic and electronic transport to
ward the remaining active sites becomes longer and the associated 
activation polarisation increases [16]. This evidence is coherent with the 
study of Madi et al. [22], who found that another sulphur compound 
(thiophene) mainly affected the high frequency relaxation process 
around 500 Hz, attributed to the charge transfer process.

At the same time, the gas conversion peak (P7) also increases 
noticeably. This behaviour can be explained by the strong coupling 
between electrochemical fuel consumption and catalytic reactions 
occurring at the anode, such as the water–gas shift reaction and other 
gas conversion processes that maintain the local equilibrium of the fuel 
mixture. When sulphur species adsorb on Ni, the catalytic activity of the 
electrode for these reactions is reduced. As a result, the gas mixture 
cannot rapidly re-equilibrate to compensate for the electrochemical 
consumption of hydrogen and carbon monoxide at the triple phase 
boundary. Sulphur poisoning modifies the kinetics of the existing gas- 
conversion process by reducing the catalytic activity of the Ni surface 
and altering the local H2/H2O/CO/CO2 composition. Consequently, the 
increase in P7 is interpreted as an amplification of the intrinsic gas- 
conversion resistance. When the DMS concentration is increased from 
0.5 ppm to 1 ppm and subsequently to 2.5 ppm, the same processes 
remain dominant. The height of P7 continues to increase, although the 
change becomes progressively smaller at higher concentrations. In 
contrast, P4 remains approximately constant after the first contamina
tion step. This suggests that the initial exposure to sulphur already 
blocks a significant fraction of the most active catalytic sites on the Ni 
surface. Further increases in contaminant concentration therefore do not 
substantially increase the intrinsic charge transfer resistance, as the 
electrochemical reaction has already adapted to the reduced active area. 
Instead, additional sulphur primarily affects processes linked to gas- 

Table 3 
Peaks classification for different electrochemical processes.

P8 P7 P6 P5 P4 P3

Process WGS conversion-diffusion at 
low pO2 transport

Gas 
conversion

Fuel electrode diffusion and 
oxygen electrode reaction

Oxygen electrode transport and 
oxygen charge transfer

Fuel electrode 
charge transfer

Solid state 
process

Frequency 0.05-0.5 Hz 0.5-10 Hz 10-50 Hz 50-500 Hz 0.5-5 kHz >5 kHz
Related 

electrodes
Anode Anode Anode and cathode Cathode Anode Electrolyte
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phase conversion and chemical equilibrium within the porous electrode. 
A small increase is also observed for the lowest-frequency peak. Since 
this process depends on the catalytic activity and gas transport, the 
presence of sulphur can indirectly affect it slowing down the chemical 
reactions that assures equilibrium in the mixture and increasing the 
related resistance. Similarly, also in the intermediate-frequency peak P6 
a moderate increase is detected. The slight increase suggests that the 
modification of the catalytic activity and the consequent change of the 
local gas composition may influence mass transport within the anode.

The recovery phase provides further confirmation of the reversible 
nature of the poisoning mechanism. As already observed in the EIS 
analysis, the DRT spectrum measured after DMS removal overlaps almost 
perfectly with the initial curve obtained before any contamination. All 
peaks return to their original magnitude and position, indicating that the 
electrochemical processes are fully restored. This behaviour suggests that 
sulphur species are mainly adsorbed reversibly on the Ni surface and can 
desorb once the contaminant is removed from the fuel stream, allowing 
the catalyst to recover its initial activity.

In the final stage of the experiment, DMS is reintroduced at 2.5 ppm 
and subsequently increased to 5 ppm. The same trend observed during 
the first contamination sequence is detected again: both P4 and P7 in
crease with respect to the clean baseline, confirming that fuel-electrode 
charge transfer and gas conversion remain the processes most sensitive 
to sulphur contamination. However, similarly to the earlier steps, the 
increase in P4 becomes less pronounced once the initial poisoning has 
occurred, while P7 continues to grow slightly with increasing contam
inant concentration.

4.4. CNLS fitting

To complement the EIS and DRT analyses, the impedance spectra 
were also fitted by CNLS using the equivalent circuit described in Fig. 2. 
Differently from DRT approach, which aims at separating overlapping 
processes and assigning each peak to a specific physicochemical phe
nomenon, the CNLS analysis directly provides an estimate of the re
sistances associated with each contribution and a quantification of their 
evolution under DMS exposure.

Fig. 6 shows the fitted resistive trends of cell 3 and cell 4, which are 
the central cells of the stack. This choice was made to clearly show the 
trend of the most representative cells of the stack, to simplify the visu
alisation. Similar behaviours are found for the other cells.

As shown in Fig. 6a, the resistance related to the anode electrochemical 
process (R4) increases sharply upon the first DMS addition and then tends 
to level off as the contaminant concentration is further increased. This 
behaviour supports the hypothesis that the most active Ni sites are already 
affected during the initial exposure, so that subsequent sulphur addition 
produces only limited further changes in the intrinsic electrochemical ki
netics. By contrast, the gas-conversion-related resistance (R7) continues to 
increase with contaminant concentration, indicating that the ability of the 
fuel electrode to maintain local chemical equilibrium becomes progres
sively more hindered as sulphur coverage rises.

The CNLS fit also highlights smaller variations in the remaining con
tributions. In particular, the low-frequency resistance (R8) associated with 
the slowest fuel-side relaxation process shows a moderate change during 
contamination and returns to its initial value after DMS removal, indicating 
that this contribution is also governed by reversible changes in catalytic 
activity and local gas composition. Similarly, the intermediate contribution 
R5 and R6 exhibits limited changes, suggesting that transport-related ef
fects are secondary with respect to the dominant modifications in charge 

Fig. 5. DRT results with peak recognition to compare the behaviour of different contaminant concentrations. All measurements are taken before switching the 
contaminant composition.

Fig. 6. Resistance of different elements from CNLS fit for a) 0.5,1,2 ppm DMS 
exposure b) recovery phase, c) 2.5, 5 ppm DMS exposure.
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transfer and gas conversion. The highest frequency resistance (R3) and 
ohmic terms remain essentially unchanged throughout the tests, confirm
ing that the electrolyte and cell hardware are not significantly affected by 
DMS in the investigated operating window.

An important outcome of the CNLS analysis is that, after the recovery 
phase (see Fig. 6b), all fitted resistances return close to their clean-baseline 
values. This quantitatively confirms the reversibility already suggested by 
both the voltage evolution and the DRT results, and indicates that the 
observed impedance increase originates mainly from reversible sulphur 
adsorption on the Ni catalyst, with no electrochemical signature of irre
versible degradation detected within the investigated time window. This 
does not rule out subtle microstructural changes below the sensitivity of the 
electrochemical techniques used here, since no post-test characterisation 
was performed. In the final contamination sequence (Fig. 6c), the same 
pattern is recovered: the gas-conversion-related resistance continues to 
show the strongest sensitivity to increasing DMS concentration, whereas 
the charge-transfer term remains comparatively less affected once the 
initial poisoning has occurred. Overall, the CNLS results provide a consis
tent parameter-based confirmation of the mechanistic interpretation 
derived from DRT.

Figure S.5 in the Supplementary Information presents the charac
teristic time constants associated with each DRT peak under contami
nation and recovery conditions. The processes remain well separated 
over several orders of magnitude in relaxation time. While DMS expo
sure significantly affects peak amplitudes, the corresponding time con
stants remain largely unchanged, indicating that sulphur poisoning 
modifies the intensity of existing electrochemical and transport rather 
than the relaxation times. Fig S6 in Supplementary information shows 
instead the dispersion factor.

The present results are consistent with our previous investigation per
formed on a Ni-GDC electrolyte-supported single cell exposed to DMS 
under processed biogas conditions [24,25]. In both studies (see Table 4), 
DMS poisoning was found to be largely reversible following contaminant 
removal in both cell configurations. Despite these common trends, the 
present work significantly extends the previous single-cell investigation by 
demonstrating the behaviour of a six-cell short stack under realistic oper
ating conditions. In particular, the stack configuration enables the analysis 
of spatial heterogeneity along the fuel-flow direction, revealing cell-to-cell 
differences in poisoning severity that cannot be captured in single-cell 
experiments. These results therefore bridge the gap between funda
mental single-cell studies and practical stack operation.

4.5. Effect of sulphur poisoning

Hansen [36] proposed a relationship between SOFC performance 
degradation and the surface coverage of sulphur species on nickel. In his 
work, sulphur coverage was estimated through the Temkin-like 
isotherm originally proposed by Alstrup et al. [37], which describes 
the equilibrium adsorption of sulphur on Ni surfaces. According to this 
formulation, the sulphur coverage (θS) can be calculated as follows: 

θS =1.45 − 9.53 ⋅ 10− 5T+ 4.17 ⋅ 10− 5T⋅ln

(
pH2S

pH2

)

(3) 

When Eq. (3) is used to correlate the impact of sulphur on SOFC per
formance, it is essential to consider the actual partial pressures of 
hydrogen sulphide (pH2S) and hydrogen (pH2 ) at the TPB, together with 
the local operating temperature (T). These parameters determine the 
equilibrium between adsorbed sulphur species and the gas phase, which 
ultimately governs the fraction of Ni active sites blocked by sulphur.

However, when complex fuel mixtures are used, the effective 
hydrogen partial pressure is not always straightforward to determine. For 
this reason, Papurello et al. [38], working with biogas-fed SOFCs, intro
duced the concept of equivalent hydrogen partial pressure. In this 
approach, methane and carbon monoxide are considered additional 
hydrogen sources because they can be converted to hydrogen within the 
fuel electrode through reforming and water-gas shift reactions. Methane 
therefore counts as four hydrogen equivalents, while carbon monoxide 
contributes one. This correction provides a more realistic estimation of the 
reducing potential of the fuel mixture and of the effective hydrogen partial 
pressure governing sulphur adsorption. Using this methodology, they 
calculated the sulphur surface coverage and correlated it with the 
experimentally observed performance loss (P) according to the following 
relation: 

P= k⋅(θS − θmin) (4) 

where θmin represents a minimum threshold coverage below which the 
performance drop is negligible.

A similar approach was adopted by Madi et al. [22] to evaluate the 
impact of thiophene (C4H4S) on Ni-YSZ SOFC anodes. In that study, Eq. 
(3) was also used to estimate sulphur surface coverage, based on the 
assumption that thiophene decomposes under SOFC operating condi
tions to form hydrogen sulphide, which then acts as the actual poisoning 
species.

Following the same rationale, the Temkin-type framework can also be 
applied to DMS contamination. Although DMS is not itself hydrogen sul
phide, previous gas chromatography (GC) measurements performed 
within our research group under the same processed biogas conditions 
showed that DMS is almost completely converted into H2S at SOFC oper
ating temperatures, with no measurable residual DMS detected within the 
experimental uncertainty (see Supplementary Materials Figure S.7.). This 
observation is further supported by the decomposition pathway proposed 
by Yu et al. [24], who indicates that DMS decompose or reform at SOFC 
operating temperatures on Ni-based catalysts, ultimately producing H2S as 
the predominant sulphur-containing species. The present approach there
fore assumes that DMS conversion is sufficiently fast compared with the gas 
residence time, so that the local H2S partial pressure can be reasonably 
approximated by the equilibrium value throughout the stack. Although 
local deviations from this assumption, particularly in the inlet region, 
cannot be completely excluded due to spatial concentration gradients, they 
are expected to be limited under the investigated operating conditions. 
Therefore, under the operating conditions investigated in the present work, 
sulphur poisoning is expected to be governed by H2S adsorption on the Ni 
surface. On this basis, the equilibrium sulphur coverage can be reasonably 
estimated using the Temkin-type isotherm originally developed for H2S. 
Accordingly, Eq. (3) is employed to estimate the equilibrium sulphur sur
face coverage associated with the investigated DMS concentrations and to 
correlate it with the experimentally observed performance losses. The 
calculated equilibrium sulphur coverage should therefore be interpreted as 
a model-derived estimate, obtained under the assumption of complete DMS 
conversion to H2S, rather than as a directly measured surface quantity.

In the present study, the effective hydrogen partial pressure used in 
Eq. (3) is not taken directly from the inlet composition but is instead 
derived from the expected gas composition along the fuel electrode 
under the operating conditions of the stack. During SOFC operation, the 

Table 4 
Comparison between single cell and short stack work.

Feature Yu et al. [24] Present work

Cell architecture Electrolyte-supported Ni- 
GDC

Anode supported Ni-YSZ

Device Single cell 6-cell short stack
Fuel Processed biogas Processed biogas
Contaminant DMS (+H2S) DMS
Main affected DRT 

processes
Gas conversion + O2−

surface exchange
Gas conversion + anode 
charge transfer

High-frequency 
processes

Nearly unchanged Nearly unchanged

Reversibility Nearly completea Nearly completea

a Based on electrochemical recovery (voltage, EIS, DRT, CNLS); no post-test 
microstructural or phase characterisation was performed in either study.
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electrochemical consumption of hydrogen continuously modifies the gas 
composition between the inlet and outlet of the anode channel. As a 
consequence, the hydrogen partial pressure at the triple phase boundary 
cannot be accurately represented by the inlet value alone. To obtain a 
more representative value, the inlet hydrogen partial pressure pH2 ,in was 
calculated from the feed composition, while the outlet hydrogen partial 
pressure pH2 ,out was estimated using thermodynamic equilibrium calcu
lations performed with Cantera under the same operating conditions. 
The effective hydrogen partial pressure was then approximated using 
the geometric mean of the inlet and outlet values: 

pH2 ,eff =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅pH2 ,in⋅pH2 ,out

√ (5) 

This formulation is equivalent to taking the average of the logarithms 
of the partial pressures along the anode channel and is consistent with 
the logarithmic dependence appearing in the Temkin adsorption 
isotherm. Since Eq. (3) contains the term ln

(
pH2S /pH2

)
, the geometric 

mean provides a physically meaningful estimate of the hydrogen partial 
pressure experienced by the catalyst surface along the electrode. In other 
words, it approximates the average thermodynamic driving force gov
erning sulphur adsorption in a system where the gas composition varies 
continuously along the flow path. This approach therefore offers a more 
realistic estimation of the effective reducing environment at the fuel 
electrode compared to using either the inlet or outlet value alone. For 
completeness, the Supplementary Information includes a plot of sulphur 
coverage versus contaminant concentration comparing the two pro
cedures used to define pH2 ,eff . Specifically, the curve obtained with the 
method proposed by Papurello et al. [38] is shown alongside the one 
derived using the present approach based on the geometric mean of inlet 
and outlet hydrogen partial pressures. Both methods yield nearly iden
tical trends, with the present approach predicting slightly higher sulphur 
coverages (corresponding to a difference below 6%).

In line with previous studies, also in this work a strong linear correlation 
was found between the relative performance drop P and the sulphur 
coverage calculated using the Temkin-like expression. The performance 
loss data were fitted using Eq. (4), where θmin represents a minimum 
threshold coverage below which the performance drop is negligible. Under 
the specific operating conditions and modelling assumptions of this study, 
the regression yields θmin ≈ 0.678 (R2 = 0.9964). This value should be 
regarded as a preliminary, model-dependent correlation rather than a 
generalisable diagnostic threshold, given that it relies on an assumed 
complete DMS-to-H2S conversion and an approximated effective H2 partial 
pressure rather than direct TPB measurements (Fig. 7a). The introduction 
of θmin is physically meaningful. It suggests that a finite fraction of the Ni 
surface can be covered by sulphur species without producing a measurable 
impact on cell performance. This behaviour is consistent with the existence 
of active-site heterogeneity on Ni surfaces, where less active or geometri
cally less relevant sites may be poisoned first, while the sites governing 
charge transfer remain initially unaffected. Only when the sulphur 
coverage exceeds this critical value, the blockage begins to significantly 

interfere with electrochemical fuel oxidation, resulting in a detectable 
voltage drop. By inverting the Temkin-like expression, the corresponding 
DMS concentration associated with θmin was estimated as Clim ≈ 0.081 
ppm under the present operating conditions. This value represents the 
predicted DMS concentration below which sulphur poisoning is not ex
pected to induce measurable performance degradation. The identification 
of such a threshold is particularly relevant from an operational standpoint. 
Since this value lies below the lowest experimentally investigated con
centration (0.5 ppm), it represents a model-based extrapolation rather than 
an experimentally validated tolerance limit. This extrapolated value should 
not be interpreted as an experimentally validated tolerance limit or as a 
stack-scale diagnostic criterion. It is reported here only to illustrate the 
qualitative trend predicted by the model within the investigated operating 
window; quantitative use of this threshold requires dedicated sub-ppm 
experiments and, ideally, direct TPB gas-composition measurements.

The computed values of θS were plotted against the inlet DMS con
centration. Since the Temkin-like formulation is logarithmic in the 
contaminant-to-hydrogen partial pressure, the very low concentrations 
cannot be represented because of the mathematical singularity associated 
with ln (0). For plotting and interpolation purposes only, an additional 
“quasi-zero” concentration point was introduced (1 ppb = 10− 3 ppm) as 
lower bound. At this concentration, sulphur coverage was assumed 
negligible, consistent with the absence of measurable voltage loss once 
cell had stabilised under contaminant-free operation. To provide a map
ping within the investigated range, the concentration-coverage relation
ship was parameterised using in the following log-linear form: 

θS = a + b ln

(
pcont

pH2,eff

)

(6) 

where a and b are fitted coefficients for the present dataset. This 
parameterisation is not intended to represent a mechanistic adsorption 
isotherm for DMS; rather, it offers a practical interpolation tool that 
enables direct comparison between protocols and operating conditions, 
and facilitates the estimation of threshold concentrations once a 
performance-onset coverage index is identified from the P–θS correla
tion. The resulting curve shown in Fig. 7b exhibits a rapid increase at 
low concentration followed by a slower, logarithmic-like evolution at 
higher concentrations.

5. Conclusions

Clarifying the degradation and recovery behaviour of Ni-YSZ anode- 
supported cells in the presence of sulphur compounds is essential for 
advancing biogas-fed SOFC technology. In this work, dimethyl sulphide, a 
relevant sulphur species in biomass derived fuels, was investigated on a 
six-cell anode supported SOFC stack over a range of concentrations (0.5- 
5 ppm), providing stack scale evidence that sulphur compounds other 
than H2S can be detrimental even at the ppm level. The combination of 
KK-validated EIS, DRT reconstruction and ECM fitting enabled separation 

Fig. 7. a) Performance drop versus sulphur coverage calculated through Temkin-like isotherm; b) Concentration versus sulphur coverage to obtain new isotherm.
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of the main contributions to performance loss and provided operando 
descriptors of DMS-induced changes. The EIS and DRT analyses shows 
that the dominant impact of DMS is consistently observed in the anode- 
related contributions, particularly in the charge transfer and gas conver
sion processes.

Two distinct degradation behaviours were identified: (1) a rapid 
exponential performance drop upon DMS introduction and (2) a slower 
but continuous degradation with a comparatively low rate.

The strongest changes were consistently associated with the anode 
charge transfer and gas conversion contributions, suggesting that DMS 
primarily affects the availability of electrochemically active Ni-sites and 
the local gas chemistry at the anode (e.g., reforming/WGS-related path
ways). DMS is known to thermally decompose at SOFC operating tem
peratures even in inert environments, indicating that its primary cracking is 
not inherently dependent on electrochemical operation. However, as 
shown in the EIS and DRT results, under polarised conditions the local gas 
composition at the anode changes due to fuel consumption and steam 
formation, leading to a more H2-depleted and locally oxidising environ
ment. Such shifts may modify sulphur speciation and adsorption equilibria. 
The degradation behaviour observed under load therefore likely reflects a 
dynamic balance between sulphur adsorption and gas-phase speciation.

Upon contaminant removal, recovery of the measured resistive 
contributions was observed between the two 2.5 ppm exposures, indi
cating that, within the tested duration, the dominant component of DMS 
poisoning is reversible at the electrochemical level. A comparable 
voltage recovery was also observed following the final 5 ppm exposure, 
although this phase was not characterised by EIS, so complete revers
ibility at this concentration cannot be confirmed.

Finally, an effective sulphur coverage index was evaluated by adapting 
Temkin-like formulations commonly used for H2S. The performance- 
coverage correlation suggests an onset coverage θmin equal to 0.678 
below which the performance drop is negligible and provides an operating 
point which defines the contaminant threshold, offering a compact 
framework to compare protocols and conditions. Future work should 
extend exposure times and, where relevant, concentration windows to 
assess the emergence of irreversible effects, and combine electrochemical 

analysis with gas-phase speciation to better constrain the DMS-to-(H2S/ 
COS) conversion pathways and refine a DMS-specific coverage model 
across temperature, fuel utilisation, and current density.
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