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� NieS Gibbs energy diagram systematizes understanding of sulfur interaction with Ni.
� Whenever sulfur chemical potential is increased, deactivation by sulfur is greater.
� Increasing current density increases the degree of sulfur poisoning of Ni catalyst.
� Current density effect becomes remarkable at fuel utilizations >90%.
� Thermodynamic results are in agreement with recent experimental evidences.
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a b s t r a c t

Thermodynamics of sulfur poisoning in SOFCs is revisited in the present study, aiming at contributing to
the understanding of the effects of different operating parameters on deactivation by sulfur. NieS Gibbs
energy diagram shows that, whenever sulfur chemical potential is increased, the catalyst poisoning
becomes greater, due to increase in nickel sulfide activity, which is a strictly increasing function of sulfur
coverage on Ni surface. For studying current density effect, simulations are carried out in the range of
0 (OCV) e 1 A cm�2, at 1123 K, considering methane as a fuel. At 10 ppm H2S, an increase in current
density from 0 (OCV) to 0.5 A cm�2 results in a slight increase in the nickel sulfide activity from
3.0 � 10�6 to 1.2 � 10�5; however, at 1 A cm�2, nickel sulfide activity is 25.000 times higher than at
0.5 A cm�2. At 1 A cm�2, H2 and CO are almost entirely converted to H2O and CO2 by electrochemical
reaction. Therefore, the effect of current density becomes remarkable when fuel utilization approaches
100%. These theoretical findings are corroborated by the recent experimental evidences related to the
detrimental influence of current density on SOFC performance during sulfur poisoning.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

A great challenge for the commercialization of Solid Oxide Fuel
Cells (SOFCs) is the low tolerance of Ni-based anodes to poisonous
gases, such as hydrogen sulfide (H2S), present in hydrocarbon fuels
(e.g. biogas, natural gas) [1e3]. In this context, sulfur poisoning of
SOFCs has been extensively studied for different fuels, such as
hydrogen [4e10], methane [2,11,12] and biogas [13,14]. As
mentioned by Cheng et al. [3], the factors that critically influence
va).
the impact of sulfur on SOFC anodes are H2S concentration in the
fuel, temperature, fuel composition, current density and anode
material. Regarding the effect of H2S concentration and tempera-
ture on the degree of sulfur poisoning of SOFC anodes, one can see a
general consensus in literature: an increase in H2S concentration
results in a greater anode degradation [4,8], and a decrease in
operating temperature leads to a greater deactivation of catalyst
[4,5,7,9]. On the other hand, the effect of current density on the
impact of sulfur on SOFC anodes is controversially discussed in
literature: while several experimental and theoretical studies
[6,15e17] suggest that the increase in current density helps to
alleviate the sulfur poisoning effect on the anode because of the
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Nomenclature

G total Gibbs energy of the system
G0
i Gibbs energy of species i at its standard state

m0i chemical potential of species i at its standard state
Dm change in chemical potential
Dm change in chemical potential determined from NieS

Gibbs energy diagram
ni number of moles of species i
n

�
i inlet molar flow rate of species i

xi molar fraction of species i
ai activity of species i
R gas constant (8.31434 J K�1 mol�1)
T temperature of the system
P total pressure of the system
pi partial pressure of species i
M, N total number of components and species, respectively

dik number of atoms of kth component present in each
molecule of species i

bk total number of atomicmasses of kth component in the
system

lk Lagrange's multipliers
q sulfur coverage on Ni surface
a fitting parameter used in Temkin-like isotherms
DH change in enthalpy
DS change in entropy
Rx reaction (x)
D driving force for the formation of a condensed phase
K equilibrium constant
Uf fuel utilization
j current density
F Faraday constant (96,485.34C mol�1)
W power output
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higher supply of O2� ions, which contributes to desorption of
chemisorbed sulfur from the triple-phase boundary (TPB), a recent
experimental investigation carried out by Hagen et al. [18] shows
exactly the opposite trend; that is, under internal reforming con-
ditions, the operation at higher current loads results in a greater
degradation of SOFC performance during sulfur poisoning. In fact,
some previous studies also show that the increase in current den-
sity leads to an increase in the detrimental impact of sulfur on the
anode. Xia and Birss [10], for example, verified that, for an SOFC
operating on wet hydrogen containing 10 ppm H2S at 1073 K, the
degree of sulfur poisoning of anode was greater under current load
than during OCV (open-circuit voltage) operation.

Therefore, a consistent theoretical analysis could be helpful for
improving the understanding of the effect of different operating
parameters (H2S concentration, temperature, current density, fuel
utilization) on the degree of sulfur interaction with Ni. A new
thermodynamic study could be particularly useful for clarifying the
controversial effect of current density on SOFC anodes during sulfur
poisoning. In this way, the present study evaluates, by means of the
construction of NieS Gibbs energy diagrams, the influence of
different operating variables on the interaction of H2S with Ni
catalyst. In our previous work [19], it was demonstrated by using
NieSeH Gibbs energy diagrams that the incorporation of oxides
into Ni-based anodes decreases the sulfur chemical potential and
hence lowers the degree of sulfur poisoning of Ni catalyst. From the
SeH face of the Gibbs energy diagram, one can see that, due to the
shape of the curve of Gibbs energy of the gas phase, even very small
variations in the H2S content are able to produce tangent lines with
very different slopes, which significantly alters the values of sulfur
chemical potential. In the present research, the analysis is focused
on the construction of NieS Gibbs energy diagrams, which are
explored in greater detail. This kind of diagram allows one to
quantify the interaction of sulfur with Ni, which can occur via
chemisorption or bulk transformation of the anode by the forma-
tion of the nickel sulfide phase. It is worth mentioning that, in the
past, some thermodynamic analyses were carried out to investigate
the interaction between sulfur and Ni-based anodes [5,20]. These
previous analyses were based on the construction of predominance
area diagrams. Even though these diagrams can be used for pre-
dicting the stability of SOFC anode materials over a range of partial
pressure of sulfur and oxygen, predominance area diagrams do not
allow quantifying the interaction between Ni and sulfur occurring
via chemisorption. In these diagrams, all the lines are two-phase
boundaries, and the areas represent single phase fields. In order
to explain electrochemical impedance spectroscopy (EIS) results
using predominance area diagrams, Lohsoontorn et al. [5] consid-
ered the movement of the operating points relative to the phase
boundary between Ni and nickel sulfide. For example, increasing
H2S concentration generates a movement upwards within the
stability region of Ni, shifting the operating point to a position
closer to the Ni/Ni3S2 phase boundary. According to these authors,
this movement mirrors the trend for the H2S to have an increasing
impact on the anode as manifest through the EIS measurement.
Therefore, the degree of sulfur poisoning is analyzed in a qualitative
way from predominance area diagrams; that is, the closer to the Ni/
Ni3S2 phase boundary, the stronger the interaction of sulfur with Ni
catalyst. Aiming at providing a more comprehensive and quanti-
tative analysis, thermodynamics of sulfur poisoning of Ni-based
anodes is revisited in the present study. The present research
aims to:

� Systematize the understanding of sulfur poisoning of Ni-based
anodes through the construction of NieS Gibbs energy dia-
grams. These diagrams show the effect of operating parameters
(H2S concentration, temperature, current density and fuel uti-
lization) on chemical potentials, nickel sulfide activity and
driving force for the nickel sulfide phase formation; the present
study elucidates the relationship between these thermody-
namic quantities and the degree of sulfur poisoning of Ni
catalyst.

� Contribute for clarifying the role of current density and fuel
utilization in deactivation by sulfur; theoretical results are
compared with the recent experimental findings reported by
Hagen et al. [18].

It is believed that the present study in combination with our
previous work [19] can provide a fairly comprehensive framework
related to the sulfur poisoning of Ni-based anodes. While our
previous study was focused on anode materials, the present
research focuses on the effect of operating variables on sulfur
poisoning of Ni-based anodes.

2. Methodology

2.1. Theoretical background

The Gibbs energy minimization method (non-stoichiometric
approach) has been widely used to determine the equilibrium
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compositions, as can be seen in several works [19,21,22]. The main
advantage of this method is that there is no necessity of knowing
the exact reactions involved. The total free energy of the system,
composed of an ideal gas phase and condensed phases (pure sub-
stances, liquid or solid), may be expressed as:

G
RT

¼
 XN

i¼1

ni

"
G

�
i

RT
þ lnðxiPÞ

#!
gas

þ 1
RT

 XN
i¼1

niG
�
i

!
condensed

(1)

For the ideal gas phase, i 2 {H2, H2O, CH4, CO, CO2, H2S, S2}; for
the condensed phases, i 2 {Ni, Ni3S2, C(graphite)}.

The problem consists in finding the different values of ni and xi
that minimize the objective function given by Eq. (1), subject to the
elemental mass balance constraints, Eq. (2):

XN
i¼1

nidik ¼ bk k ¼ 1; :::::; M (2)

When an SOFC is producing a current, there is a net input of
oxygen ions (O2�) to the anodic compartment that changes the
equilibrium conditions of the system. Thus, moles of oxygen must
be added to the elemental mass balance of oxygen (O), as shown in
Eq. (3). While bO corresponds to the moles of oxygen in the system,
obtained from the inlet feed mixture at the anode, bechemO is the
extra number of moles of oxygen due to the electrochemical reac-
tion [21]:

XN
i¼1

nidiO ¼ bO þ bechemO (3)

From Faraday's Law, one can calculate the number of moles of
oxygen available at the anode, considering a complete diffusion of
oxygen ions from the cathode to the anode through the dense
electrolyte [21]:

bechemO

�
mol cm�2s�1

�
¼ j

2F
(4)

where j is the current density in A cm�2 and F is Faraday's constant.
For a fuel mixture composed of CH4, H2 and H2O, fuel utilization

(Uf) can be calculated as follows:

Uf ð%Þ ¼
 

bechemO
4n�

CH4
þ n�

H2

!
� 100 (5)

Combining Eqs. (4) and (5), current density can be related to fuel
utilization:

j ¼
2FUf ð%Þ

�
4n

�
CH4

þ n
�
H2

�
100

(6)

Thermodynamic calculations were carried out using the FactS-
age program (version 6.3) and the Equilib module. The SGPS data-
base was employed in our thermodynamic simulations. A detailed
description of Factsage thermochemical software and databases can
be seen in Refs. [23e25]. Thermodynamic analysis is carried out in
the temperature range of 867e1123 K. In this way, the phase
transition for nickel sulfide (Ni3S2), from solid to liquid at 1062 K, is
considered. Besides, P ¼ 101.3 kPa throughout this work.
2.2. Equilibrium sulfur coverage on Ni surface

Sulfur chemisorption on Ni surface can be described by the
following equilibrium isotherm [26]:
pH2S
pH2

¼ exp

 
DH

�
� ð1� aqÞ
RT

� DS
�

R

!
(7)

withDH
�
� ¼ �289 kJ mol�1,DS

� ¼ �19 J mol�1 K�1, and a¼ 0.69. DH
�
�

is the enthalpy of adsorption for q ¼ 0, and DS
�
stands for the en-

tropy of adsorption, which is independent of q. The surface
coverage q is defined by Rostrup-Nielsen et al. [26] as the ratio
between the actual (s) and the saturation (s0) amounts of adsorbed
sulfur (q ¼ s/s0).

The standard Gibbs energy of adsorptionDG
�
ads, can be written

for a Temkin-like isotherm as:

DG
�
ads ¼ DH

�
� ð1� aqÞ � TDS

�
(8)

Note that this model predicts a linear increase in the enthalpy of
chemisorption as a function of coverage, through the fitting
parameter a. In this way, Eq. (7) can also be written as:

pH2S
pH2

¼ exp

 
DG

�
ads

RT

!
(9)

As shown in our previous work [19], by rearranging Eq. (7), one
can calculate the sulfur coverage on Ni surface as follows:

q ¼
DH

�
�

RT � DS
�

R � ln
�
pH2S
pH2

�
aDH�

�
RT

(10)

After each equilibrium calculation, the computed pH2S/pH2 ratio
can be substituted into Eq. (10), enabling one to determine the q

value.
2.3. Activity of a pure condensed phase: determination from
optimization theory and stoichiometric reactions

The activity of a given species i can be related to the Lagrange's
multipliers through a mathematical relationship given by Eq. (11)
[27]:

ln ai ¼
 
�G

�
i

RT

!
þ
X
k

�
lk
RT

�
dik (11)

In this work, the focus is on the activity of a chemical compound
(bulk nickel sulfide). Eq. (11) is particularly useful whenever the
equilibrium state is determined by a minimization algorithm. In
this case, activity is readily calculated from Lagrange's multipliers
even for complex multiphase multicomponent systems. Thermo-
chemical softwares, such as FactSage, which apply the Gibbs energy
minimization method, normally provide to the user, after the
completion of equilibrium computation, activity values for all the
phases, besides the number of moles and molar fraction of the
mixture constituents [19]. In the present study, the graphical
meaning of chemical potentials, activity and Lagrange's multipliers
will be widely explored through the construction of the NieS Gibbs
energy diagram.

The generic stoichiometric reaction (R1) for the bulk nickel
sulfide formation is described as follows:

ðy=zÞNiðsÞ þ H2SðgÞ4ð1=zÞNiySz þ H2ðgÞ (R1)

The bulk nickel sulfide can exist at the solid or liquid state,
depending on the temperature. For pure Ni, aNi ¼ 1. From stoi-
chiometric approach, nickel sulfide activity can be determined as
follows:
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aNiySz ¼
��

pH2S
pH2

�
$KNiySz;bulk

�z
(12)

with KNiySz ;bulk ¼ expð�DG
�
NiySz;bulk

=RTÞ.DG�
NiySz ;bulk

corresponds to

the standard Gibbs energy of formation of nickel sulfide.
Fig. 1. (a) Driving force for nickel sulfide formation and nickel sulfide activity as a
function of sulfur coverage on Ni surface. (b) DG

�
ads and DG

�
Ni3S2 ;bulk

as a function of
sulfur coverage on Ni surface. T ¼ 830 K.
2.4. Nickel sulfide activity and driving force for nickel sulfide
formation as a function of sulfur coverage on Ni surface

By combining Eqs. (9) and (12), the activity of the nickel sulfide
phase can be mathematically expressed as a function of the dif-
ference between the values of DG

�
ads and DG

�
NiySz;bulk

[19]:

aNiySz ¼
 
exp

 
DG

�
ads � DG

�
NiySz;bulk

RT

!!z

(13)

Remembering that

DmNiySz ¼ RTlnaNiySz (14)

and that the driving force for the formation of a bulk phase is
essentially a difference in chemical potentials [28], one can see that
DNiySz≡DmNiySz, where DNiySz is the driving force for the formation of
the nickel sulfide phase. In this way, Eq. (14) can be rewritten as:

aNiySz ¼ exp
�DNiySz

RT

�
(15)

By combining Eqs. (13) and (15), the following relationship is
obtained:

DNiySz ¼ z$
�
DG

�
ads � DG

�
NiySz;bulk

�
(16)

One can see from Eqs. (13) and (16) that nickel sulfide activity
and driving force for nickel sulfide formation become a function of
q; this fact can be ascribed to the dependence of DG

�
ads on q, as

shown in Eq. (8). Typically, activity and driving force are thermo-
dynamic quantities that measure the thermodynamic instability of
a certain phase. When the activity of the nickel sulfide phase is
equal to unity, one can see from Eq. (14) that DmNiySz ¼ 0 and, thus,
DNiySz ¼ 0. In this case, the bulk nickel sulfide phase is thermody-
namically stable [29,30]; on the other hand, Eq. (14) shows that
DNiySz< 0 when aNiySz< 1. Consequently, the nickel sulfide phase is
thermodynamically unstable. The negative value computed for
DNiySz corresponds to the amount of Gibbs energy that would have
to be added to the phase to make it stable if all other conditions
remained unchanged [29]. For values of nickel sulfide activity
increasingly lower than unity, DNiySz becomes increasingly nega-
tive; as a result, the bulk nickel sulfide phase becomes increasingly
unstable [30]. From Eqs. (13) and (16), one can verify that the bulk
nickel sulfide phase is thermodynamically stable (aNiySz ¼ 1 and
DNiySz ¼ 0) when DG

�
ads ¼ DG

�
NiySz;bulk

; on the other hand, the bulk
nickel sulfide phase is unstable and cannot be formed under the
equilibrium conditions (aNiySz< 1 and DNiySz< 0) when
DG

�
ads <DG

�
NiySz ;bulk

. Fig. 1 illustrates, for the nickel sulfide phase
Ni3S2, at 830 K, the dependence of aNi3S2 , DNi3S2 and DG

�
ads on q. As q

increases, DG
�
ads also increases; at a sufficiently high value of q (1.13,

in this example), DG
�
ads equals DG

�
Ni3S2 ;bulk

, resulting in the forma-
tion of the nickel sulfide phase Ni3S2 ðaNi3S2 ¼ 1 and DNi3S2 ¼ 0Þ. For
q values lower than 1.13, nickel sulfide phase is unstable (aNi3S2 < 1
and DNi3S2 < 0); in this case, the interaction of sulfur with Ni occurs
via chemisorption. As illustrated in Fig. 1(a), nickel sulfide activity
and driving force for nickel sulfide formation are strictly increasing
functions of q; therefore, as the degree of sulfur coverage increases,
the nickel sulfide activity also increases. This fact is noteworthy,
because, even under conditions where the nickel sulfide phase is
unstable, the nickel sulfide activity can quantify the interaction
between Ni and sulfur that occurs via chemisorption. Thus, the
increase in nickel sulfide activity corresponds to a stronger inter-
action between Ni and sulfur, due to a higher degree of sulfur
coverage on nickel active sites; as consequence, fewer sites are
available for catalysis, which leads to an increase in the cell per-
formance loss. In this way, thermodynamic analysis based on nickel
sulfide activity allows one to evaluate the interaction between Ni
and sulfur that occurs via chemisorption (aNiySz< 1) or via bulk
transformation of the anode by the formation of the nickel sulfide
phase (aNiySz ¼ 1). According to previous works [3,4,18,31,32], the
interaction of sulfur impurities with Ni-based anodes occurs by
adsorption/chemisorption at active sites of Ni catalyst or by the
formation of the bulk nickel sulfide phase. Thus, the study based on
nickel sulfide activity is suitable for the investigation of the sulfur
poisoning behavior.
2.5. NieS Gibbs energy diagram and the graphical determination of
the nickel sulfide activity

In this section, the basic principles involved in the construction
of the NieS Gibbs energy diagram are discussed. This diagram is of
great relevance because it shows that the sulfur chemical potential
(mS) controls the nickel sulfide activity. Fig. 2(a) and (b) depicts a
schematic representation of the NieS Gibbs energy diagram at a
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fixed temperature. In Fig. 2(b), the sulfur chemical potential is high
enough to induce the formation of the bulk nickel sulfide phase. On
the other hand, as shown in Fig. 2(a), the sulfur chemical potential
is much lower, and, in this case, the formation of the bulk nickel
sulfide phase does not occur. The detailed explanation is provided
in the next paragraphs.

After determining the equilibrium partial pressure of S2, the
value of mS can be readily calculated as follows:

mS ¼ 0:5m
�
S2 þ RT ln p0:5S2 (17)

The standard chemical potentials of pure Ni (m
�
Ni), nickel sulfide

(m
�
NiySz

) and sulfur (m
�
S ¼ 0:5m

�
S2
) are fixed at a given temperature. As

shown in Fig. 2(a), the value of 1
ðyþzÞm

�
NiySz

is represented by a circle.
Note also that the values of m

�
Ni and mS determine a straight line in

the NieS Gibbs energy diagram. The distance between this line and
the circle corresponds to the value of jDmj [19]:

Dm ¼ 1
ðyþ zÞmNiySz �

1
ðyþ zÞm

�
NiySz ¼

DmNiySz
ðyþ zÞ ;Dm<0 (18)
Fig. 2. Schematic representation of NieS Gibbs energy diagram at a fixed temperature,
for two cases: (a) bulk nickel sulfide phase NiySz is thermodynamically unstable, and
(b) bulk phase NiySz is thermodynamically stable under equilibrium conditions.
aS2 ¼ pS2 =P

�
, where P

�
corresponds to the standard-state pressure (101.3 kPa).
Note that jDmj is evaluated at xS ¼ z/(yþ z). The value of 1/(yþ z)
mNiySz belongs to the straight line that connects m

�
Ni withmS. In this

way, this term can be calculated by Eq. (19):

1
ðyþ zÞmNiySz ¼ xSmS þ ð1� xSÞm

�
Ni (19)

Combining Eqs. (14) and (18), the activity of NiySz can be
determined as follows:

aNiySz ¼ exp
�ðyþ zÞDm

RT

�
(20)

In Fig. 2(a), the sulfur chemical potential is very low; thus, the
straight line connecting m

�
Ni withmS passes below the circle. Since

Dm< 0, one can verify from Eq. (20) that aNiySz< 1 (nickel sulfide
phase is thermodynamically unstable). In Fig. 2(b), mS is so high that
it causes the straight line connecting m

�
Ni and mS to cross the circle;

thus, Dm ¼ 0. In this case, one obtains from Eq. (20) that aNiySz ¼ 1,
which indicates that nickel sulfide phase is thermodynamically
stable. Since a constant temperature is assumed in our schematic
representation, one can state that the increase in mS results from the
increase inpS2. Interestingly, one can see from Eq. (11) that, for an
elemental species, the Lagrange's multiplier corresponds to the
chemical potential, with dik ¼ 1. In this way, lS ¼ mS and lNi ¼ m

�
Ni. It

is worthwhile highlighting the relevance of Eq. (11), which corre-
lates Lagrange's multipliers, from mathematical optimization, to
chemical potentials, allowing representing Lagrange's multipliers
in a Gibbs energy diagram.

It is worth noting that the nickel sulfide activity can be deter-
mined bymeans of the graphical analysis applied to the NieS Gibbs
energy diagram, as explained in this section, or directly through
other methods, such as the sensitivity analysis from the optimiza-
tion theory (Eq. (11)) or stoichiometric reaction (R1). Independently
of the method, the values are essentially the same; however, the
graphical determination from the NieS Gibbs energy diagram is
advantageous because it allows one to see how the sulfur chemical
potential controls the nickel sulfide activity, and, as a consequence,
the driving force for the formation of the nickel sulfide phase. The
proposed diagram allows observing the effect of different operating
variables (H2S concentration, temperature, fuel composition, cur-
rent density and fuel utilization) on mS. In the next sections, the
nickel sulfide activity analysis is focused on the phase Ni3S2. Other
nickel sulfides could have also been considered in this study (e.g.,
NiS, Ni3S4, Ni6S5, NiS2).

3. Results and discussion

3.1. Effect of H2S concentration and temperature on the degree of
sulfur interaction with Ni for hydrogen-fueled SOFC

The NieS Gibbs energy diagram from Fig. 3 shows the effect of
H2S concentration (1, 100 and 1300 ppm) on sulfur chemical po-
tential for an SOFC operating on a mixture of hydrogen and steam
(97% H2, 3% H2O) at 867 K. The line corresponding to the H2S
concentration of 3 ppm (Case II) was not shown in order to ensure a
better clarity of the graphical representation. All numerical data are
provided in the table presented together with the diagram. As H2S
concentration in the inlet gas is increased from 1 to 100 ppm, the
value of jDmj decreases due to the increase inmS; as a consequence,
nickel sulfide activity and driving force for the formation of the
Ni3S2 phase become greater, suggesting a stronger interaction be-
tween Ni and sulfur. At 1300 ppm, mS is high enough to ensure the
formation of the bulk Ni3S2 phase e in this case, jDmj ¼ 0, which
results in aNi3S2 ¼ 1 and DNi3S2 ¼ 0. The value of q also increases with
increasing H2S concentration. In theory, the poisoning of Ni catalyst



Fig. 3. NieS Gibbs energy diagram showing the effect of H2S concentration on sulfur
chemical potentials for the cases I, III and IV. Relevant numerical data are provided
along with the diagram. Fuel: wet hydrogen (97% H2 þ 3%H2O). T ¼ 867 K. The length
of the arrow (h) represents the value of jDmj; the gray and blue arrows correspond to
the cases I and III, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. NieS Gibbs energy diagram showing the effect of temperature on standard
chemical potentials and sulfur chemical potentials for the cases II and III. Relevant
numerical data are provided along with the diagram. Fuel: wet hydrogen (97% H2 þ 3%
H2O) containing 1 ppm H2S. The length of the arrow (h) represents the value of jDmj;
the blue and gray arrows correspond to the cases II and III, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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will be greater at higher values of q, due to a lower availability of
sites for electro-catalysis. Thus, it is expected that the performance
loss increases with the increase in the value of q. In fact, by raising
the H2S content from 1 to 3 ppm, Lohsoontorn et al. [5] experi-
mentally verified that the extent of the polarization impedance
(DRp) increased from 1.4 to 4.8 Ucm2, which is consistent with the
increase in the q value from 0.87 to 0.91. Note that at q ¼ 1.13, the
bulk nickel sulfide phase Ni3S2 can be formed. Based on q definition,
one could infer that when the actual amount of adsorbed sulfur is
13% greater than the sulfur saturation, the nucleation of Ni3S2 phase
occurs at 867 K in wet hydrogen atmosphere. It is worth pointing
out that, depending on the value of sulfur chemical potential, the
interaction between sulfur and Ni can occur via chemisorption
(cases I, II and III) or bulk transformation by the formation of the
new phase Ni3S2 (case IV).

The NieS Gibbs energy diagram in Fig. 4 shows the effect of
temperature on chemical potentials for an SOFC operating on wet
hydrogen (97%H2, 3%H2O) containing 1 ppm H2S. As shown in the
diagram, the reduction of the operating temperature of SOFC in-
creases mS, leading to a decrease in the value of jDmj, which results
in an increase in the nickel sulfide activity. Reducing operating
temperature affects mostly mS; the standard chemical potentials of
Ni and Ni3S2 are only slightly increased with decrease in temper-
ature. In this way, the interaction between Ni and sulfur is stronger
at lower temperatures mainly due to the remarkable increase in the
mS value. The value of q increases as the operating temperature is
reduced, which is in agreement with the increase in the polariza-
tion impedance reported by Lohsoontorn et al. [5] (cases I and II). It
is alsoworth noting that, unlike aNi3S2 , pS2 decreases as temperature
is lowered. Actually, pS2 follows the same trend as aNi3S2 only when
temperature is held constant (see Figs. 3 and 6). Therefore, the
partial pressure of S2 should not be used alone to quantify the
degree of sulfur poisoning of Ni catalyst; the interaction of sulfur
with Ni should be quantified by nickel sulfide activity or q.
Fig. 5 depicts the effect of H2S concentration and temperature on

nickel sulfide activity (a), driving force for nickel sulfide formation
(b), q (c) and experimental values of relative power output drop,
DWr (DWr ¼ (W � Ws)/W, in which W and Ws are power output
before and after initial quick sulfur poisoning, respectively) (d). As
one can see, the experimental and simulation values exhibit similar
trends: at a fixed temperature, they increase first rapidly, for H2S
concentrations lower than 1 ppm, and then gradually as H2S con-
centration is increased from 1 to 10 ppm. Note that, in all the cases,
the curves are moved upwards with decrease in temperature,
indicating that the sulfur poisoning effect is more pronounced at
lower temperatures.
3.2. Effect of H2S concentration and current density on the degree of
sulfur interaction with Ni for methane-fueled SOFC

The NieS Gibbs energy diagram in Fig. 6 shows that, for an SOFC
operating on methane fuel (29% CH4, 58% H2O and 13%H2) con-
taining 20 ppm H2S, at 1123 K, the increase in current density leads
to an increase in mS and hence in aNi3S2 . Increasing current density
means that a higher influx of oxide ions (O2�) is made available at
the anode; in this way, mS increases as a result of the increase in pS2.
Interestingly, when current density is increased to 1 A cm�2, nickel
sulfide activity reaches its maximum value, indicating a bulk
transformation by the formation of the nickel sulfide phase. Thus,
even at a relatively high temperature and at very low H2S con-
centration, the formation of Ni3S2 phase occurs due to the increase
in current density. This fact is noteworthy, because it is normally
accepted that the formation of the nickel sulfide phase requires
very high sulfur concentrations and low operating temperatures
[3]. Indeed, as previously shown in Fig. 3, the formation of the bulk
phase Ni3S2 requires a very high H2S concentration (1300 ppm) at a



Fig. 5. Simulated values of aNi3S2 (a), DNi3S2 (b) and q (c) as a function of H2S concentration, for T ¼ 973, 1073 and 1173 K. Experimental values reported by Zha et al. [4] for relative
power output drop as a function of H2S concentration, for T ¼ 973, 1073 and 1173 K (d). Fuel: H2þH2S mixture.

Fig. 6. NieS Gibbs energy diagram showing the effect of current density and fuel
utilization on sulfur chemical potentials for the cases I, II and III. Relevant numerical
data are provided along with the diagram. Inlet H2S concentration: 20 ppm. Anode
inlet condition: n

�
CH4

¼ 1.17 � 10�6, n
�
H2O

¼ 2.34 � 10�6 and n
�
H2

¼ 5.24 � 10�7

[mol cm�2 s�1]. T ¼ 1123 K. The length of the arrow (h) represents the value ofjDmj; the
gray and blue arrows correspond to the cases I and II, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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relatively low operating temperature (867 K). From the results
shown in Fig. 6, one can see that, when the current density is
increased to 1 A cm�2, mS becomes high enough to promote the
formation of the bulk nickel sulfide phase Ni3S2; in this case,
jDmj ¼ 0 and aNi3S2 ¼ 1. On the other hand, the value of jDmj de-
creases only slightly as a result of the increase in current density
from 0 (OCV) to 0.5 A cm�2; consequently, nickel sulfide activity
also increases moderately. It is worth noting that the fuel utilization
at 1 A cm�2 is nearly 100%, suggesting that high values of fuel
utilization strongly enhance the interaction between Ni and sulfur.
In our simulations, the inlet molar flow rate was selected in such a
way that the fuel utilizationwas approximately 100% at the current
density of 1 A cm�2 (see Figs. 6 and 7). Fig. 7 shows that as fuel
utilization increases, H2 and CO are consumed by the electro-
chemical reactions producing H2O and CO2. Nickel sulfide activity
increases first gradually for fuel utilizations lower than 90%, and,
then, very steeply as fuel utilization is increased from 90 to 100%. In
this way, under fuel starvation conditions (very low concentrations
of H2 and CO due to high fuel utilizations), nickel sulfide activity is
greatly increased, indicating a strong interaction between Ni and
sulfur, which can lead to severe deactivation of Ni. As expected, the
values of q follow the same trend as the nickel sulfide activity.
When fuel utilization is approximately 100%, nickel sulfide activity
becomes equal to unity, and the formation of the bulk Ni3S2 phase is
feasible; under these conditions, the q value is 1.1, which means
that, at a super-saturation of adsorbed sulfur of 10%, the nucleation
of the Ni3S2 phase may occur. From the results shown in Figs. 6 and
7, one can see that the increase in current density and fuel utili-
zation does not alleviate the sulfur poisoning of Ni catalyst; on the
contrary, when fuel utilization increases, a greater degree of anode
degradation should be expected, due to the enhanced interaction
between Ni and sulfur. In addition, the results show that the effect



Fig. 7. Molar fraction of species (H2, H2O, CO, CO2), nickel sulfide activity and sulfur
coverage on Ni surface as a function of current density and fuel utilization. Inlet H2S
concentration: 20 ppm. Anode inlet condition: n

�
CH4

¼ 1.17 � 10�6, n
�
H2O

¼ 2.34 � 10�6

and n
�
H2

¼ 5.24 � 10�7 [mol cm�2 s�1]. T ¼ 1123 K.

Fig. 8. Simulated values of aNi3S2 (a), DNi3S2 (b) and q (c) as a function of H2S concentration,
1 A cm�2 (Uf ¼ 99.6%). Experimental values reported by Hagen et al. [18] for initial voltage d
conditions: n

�
CH4

¼ 1.17 � 10�6, n
�
H2O

¼ 2.34 � 10�6 and n
�
H2

¼ 5.24 � 10�7 [mol cm�2 s�1]
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of current density on the degree of sulfur poisoning (quantified by
the values of q and aNi3S2 ) becomes noteworthy when fuel utiliza-
tion approaches 100% (fuel starvation conditions). These thermo-
dynamic findings can be closely related to the recent experimental
results reported by Hagen et al. [18]. At current densities up to
0.5 A cm�2, these authors observed onlymoderate cell performance
losses; at 1 A cm�2, however, they observed very large cell voltage
drops. According to Hagen et al. [18], it is likely that fuel utilization
close to 100% has been achieved during the operation at 1 A cm�2;
based on this possibility, they concluded that deactivation by sulfur
is more severe under conditions where fuel starvation is highly
likely. Fig. 8 shows the results obtained from thermodynamic
analysis (aNi3S2 , DNi3S2 and q) along with the experimental values of
voltage drop reported by Hagen et al. [18]. As one can see, the
experimental and simulation values exhibit similar trends: at a
fixed current density, they increase with the increase in H2S; for
OCV, 0.25 and 0.5 A cm�2, both theoretical and experimental curves
tend to level off for higher H2S concentrations (a similar behavior
was also observed in Fig. 5). It is worth noting that, while the
theoretical curves are very close to each other for current densities
in the range of 0 (OCV) to 0.5 A cm�2, at 1 A cm�2, the theoretical
curve is well above the other curves. For example, Fig. 8(a) shows
that, at 10 ppm H2S, nickel sulfide activity is slightly increased from
for j ¼ 0 A cm�2 (OCV, Uf ¼ 0%), 0.25 A cm�2 (Uf ¼ 24.9%), 0.5 A cm�2 (Uf ¼ 49.8%) and
rop as a function of H2S concentration, for j ¼ 0, 0.25, 0.5 and 1 A cm�2 (d). Simulation
. T ¼ 1123 K.
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3.0 � 10�6 to 1.2 � 10�5 when current density is increased from
0 (OCV) to 0.5 A cm�2; however, a further increase in the current
density to 1 A cm�2 results in a dramatic increase in the value of
nickel sulfide activity to 0.3. Thus, it is noteworthy that, at a fixed
inlet H2S concentration, nickel sulfide activity can be increased
25.000 times due only to the increase in current density from 0.5 to
1 A cm�2. In this way, since the interaction between Ni and sulfur is
maximized at 1 A cm�2, deactivation by sulfur must be much
greater under this condition. In fact, Fig. 8(d) shows that, at 10 ppm
H2S, the voltage dropmoderately increases from 40 to 70mV due to
the increase in current density from 0 (OCV) to 0.5 A cm�2 (note
that the curves are also very close to each other); however, at
1 A cm�2, the voltage drop steeply increases to 140 mV, indicating
severe deactivation by sulfur. A further increase to 20 ppm H2S
during the experiments at 1 A cm�2 would lead to a voltage drop
even greater, possibly resulting in irreversible performance losses
owing to the formation of Ni3S2 phase. It is known that the effect of
sulfur poisoning is reversible (or fully recoverable) when the
interaction between nickel and sulfur occurs via adsorption/
chemisorption (that is, before Ni is converted to nickel sulfide
phase Ni3S2) [32]. Fig. 8(a)e(c) show that, in the range of
20e100 ppmH2S, nickel sulfide phase is stable (aNi3S2 ¼ 1,DNi3S2 ¼ 0
and q ¼ 1.1).

It is worth pointing out that our thermodynamic results are also
corroborated by the experimental findings reported by Xia and
Birss [10]. These authors verified that anode degradation is
enhancedwhen exposure to H2S occurs under a load and the higher
the current density, the more rapid the loss of performance.

It is also worth mentioning that the ceramic phase of the anode
may influence the interaction between Ni and H2S [32]. In our
previous work [19], for example, it was found that the formation of
other sulfides, such as Ce2O2S, decreases the value of nickel sulfide
activity and hence the degree of interaction of sulfur with nickel; in
addition, it was shown that Ce2O2S can be regenerated to CeO2 by
means of the reaction with O2� ions. In this way, thermodynamics
show that the presence of oxide phase CeO2 in the anode could
alleviate the sulfur poisoning of Ni catalyst, which is in agreement
with experimental works [33e35]. Thus, the sulfur poisoning
behavior of Ni-based anodes is closely related to the degree of
interaction of sulfur with Ni; by comparing theoretical results with
the experimental trends reported in literature, one can see that
whenever nickel sulfide activity decreases, deactivation by sulfur
also decreases. In the present work, the analysis was focused on the
effect of operating parameters (H2S concentration, temperature,
current density and fuel utilization) on the degree of interaction of
sulfur with Ni; in this way, the interaction between the ceramic
phase and sulfur was not considered. The study of the effect of the
operating parameters on sulfur chemical potential and nickel sul-
fide activity allows one to understand and interpret experimental
results reported in literature.

4. Conclusions

NieS Gibbs energy diagram rationalizes, in a systematic way,
experimental observations related to sulfur poisoning of Ni-based
SOFC anodes. This diagram shows that the degree of sulfur
poisoning of Ni is indeed controlled by the sulfur chemical poten-
tial: nickel sulfide activity, which is a strictly increasing function of
sulfur coverage on Ni surface, increases as the sulfur chemical po-
tential becomes less negative. Since the fuel cell performance loss is
directly related to the degree of sulfur coverage on nickel active
sites, it is evident that, whenever a change in the operating con-
dition leads to an increase in the value of the sulfur chemical po-
tential, deactivation by sulfur is expected to be greater. It is found
that sulfur chemical potential increases when H2S concentration in
fuel increases and temperature decreases, indicating that the
interaction between Ni and sulfur is enhanced under these condi-
tions, which is in agreement with several experimental studies.
When H2S concentration and temperature are held constant, an
increase in current density leads to a higher sulfur chemical po-
tential. Thus, deactivation by sulfur also becomes greater as current
density increases. At fuel utilizations lower than 90%, the increase
in current density modestly increases the degree of sulfur inter-
action with Ni. The effect of current density becomes, however,
noteworthy at fuel utilizations close to 100%, when the system is
composed essentially of H2O and CO2 (fuel starvation conditions);
in this case, the interaction between Ni and sulfur is so strong that
bulk nickel sulfide phase Ni3S2 can be formed even at very low
contents of H2S (around 20 ppm) at the relatively high temperature
of 1123 K. The present results are in agreement with the recent
experimental evidences related to the detrimental effect of current
density during sulfur poisoning. In this way, thermodynamic
analysis contributes to the understanding of the effect of different
operating parameters on deactivation by sulfur.
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