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Abstract
Internal dry reforming of methane is envisaged as a possibility to reduce on capi-
tal and operation costs of biogas fuelled solid oxide fuel cells (SOFCs) system by 
using the CO2 present in the biogas. Due to envisaged internal dry reforming, the 
requirement for biogas upgrading becomes obsolete, thereby simplifying the sys-
tem complexity and increasing its technology readiness level. However, impuri-
ties prevailing in biogas such as H2S have been reported in literature as one of the 
parameters which affect the internal reforming process in SOFCs. This research 
has been carried out to investigate the effects of H2S on internal dry reforming 
of methane on nickel- scandia- stabilised zirconia (Ni- ScSZ) electrolyte supported 
SOFCs. Results showed that at 800°C and a CH4:CO2 ratio of 2:3, H2S at concen-
trations as low as 0.125 ppm affects both the catalytic and electric performance of 
a SOFC. At 0.125 ppm H2S concentration, the CH4 reforming process is affected 
and it is reduced from over 95% to below 10% in 10 h. Therefore, future biogas 
SOFC cost reduction seems to become a trade- off between biogas upgrading for 
CO2 removal and biogas cleaning of impurities to facilitate efficient internal dry 
reforming.
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1  |  INTRODUCTION

Biogas is one of the most common energy carriers recov-
ered from waste. It is mainly composed of CH4 and CO2. 
In the presence of heat and a catalyst, CH4 reacts with CO2 
to form H2 and CO which are potential SOFC fuels. SOFCs 
operate often with Ni- based anodes at temperatures be-
tween 600 and 1000°C.1 Ni can catalyse CH4 and CO2 re-
forming reaction at temperatures as low as 400°C.2 SOFCs 
are reported to be tolerant to CO- containing fuels.3 This 
provides an opportunity for internal reforming in SOFCs, 
since Ni is also a catalyst for CH4 reforming.4 Hence, there 
is a possibility to use biogas as a fuel for SOFCs.5 However, 
there are still technical challenges such as carbon deposi-
tion, thermal stress and gas contaminant poisoning for di-
rect biogas- fuelled SOFCs.6 Therefore, currently research 
is being directed to develop more efficient Ni- based cata-
lysts for electro- catalytic reforming.7

Possibilities of methane internal dry reforming in 
SOFCs were investigated by Goula et al.8 Authors ob-
served that internal dry reforming is indeed feasible in 
SOFCs. However, full dry reforming is still a challenge 
especially if Ni- based SOFC anodes are used due to the 
risk of carbon deposition and nickel re- oxidation in the 
H2- lean portions of the anode.9 The possibility for inter-
nal dry reforming can greatly reduce the overall system 
costs by 6% if external reformers can be eliminated from 
the system.10 Also, Schubert and Kusnezoff11 reported that 
direct internal reforming of SOFCs fuelled with biogas is 
preferred due to its foreseeable cost reduction in the over-
all plant investment. It is important to note that currently 
the major drawback of SOFC application in the energy 
sector is high upfront capital expenditures.12 Therefore, 
for small- scale systems, internal dry reforming could also 
reduce the overall system costs, which is critical especially 
for systems less than 10 kW capacity.

However, gas impurities are generally considered to 
be detrimental to the reforming process and general op-
eration of the SOFC system.13 Among the impurities in 
the biogas, H2S is considered as the most detrimental and 
thermodynamically stable gas at the common operating 
conditions of SOFCs.14 It is generally agreed that H2S 
may have an influence on both the chemical and electro- 
chemical reaction on the Ni anodes.15,16 These effects can 
be potentially influenced by a number of parameters rang-
ing from fuel composition to materials from which SOFC 
anodes are developed.17 In SOFCs, biogas dry reforming 
would be preferred to steam reforming since it is seen as a 
possible mechanism of cost and system complexity reduc-
tion.18 Moreover, small- scale SOFCs are being promoted 
by a number of companies19- 21 and such system would be 
suitable for internal dry reforming if they are to be fuelled 
by biogas.

It has been reported that H2S content in the gas as low 
as 2 ppm already has an effect on the internal SOFC steam 
reforming process.15,16 However, this effect could be differ-
ent during dry reforming process in the presence of CO2.22 
Moreover, even with reformed gas, H2S as low as 0.5 ppm 
has been reported to affect the electro- chemical perfor-
mance of SOFCs at 750°C.23

Under syngas operation, nickel- gadolinium- doped 
ceria (Ni- GDC) anode material showed good performance 
as compared to other materials like nickel- yttria- stabilised 
zirconia (Ni- YSZ).24 Ni- GDC has been reported to have an 
enhanced tolerance of H2S in the presence of hydrocarbon 
(H/C) fuels, and this is attributed to CeO2 which enhances 
reforming and as well as H2S tolerance.17 Also, addition 
of Cu to Ni anodes could stabilise the active surface of 
the anode by limiting the rate of carbon deposition.25 
Therefore, the effect of H2S on dry reforming could also be 
influenced by material composition of the anode.9

Under steam reforming conditions, H2S has been re-
ported to have a larger effect on reforming activity than on 
the electro- chemical activity even at H2S concentration of 
2– 4 ppm levels.16 This is also in agreement with Aravind 
et al.26 This could be due to the different reforming and 
electro- chemical sites within the cell. H2S has been re-
ported to decrease the rate of the water gas shift reac-
tion.23 Therefore, the effect of H2S on the performance of 
SOFCs generally depends on material composition of the 
anode and operating parameters such as temperature.27- 29 
H2S effect on the catalytic performance of a catalyst var-
ies depending on the material composition.30 Hence, in 
the presence of reforming gases, H2S could have an effect 
on both chemical and electro- chemical process and this 
effect would vary depending on the specific operational 
conditions of the SOFC, its material composition and fuel 
gas composition.31

Highlights
• Impact of H2S on the reforming process de-

pends on the catalyst, operating conditions and 
the gas composition.

• Experimental investigation of the effect of H2S 
on internal dry reforming in the presence of a 
catalyst.

• Experimental investigation of effect of H2S on 
dry reforming without the catalyst.

• H2S concentration as low as 0.125 ppm in biogas 
is found to affect the internal dry reforming.

• Stringent gas cleaning is needed for biogas SOFC 
systems undergoing internal dry reforming
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The effect of H2S on dry reforming was investigated by 
Shiratori et al.32 In their experiment, they used an electrolyte 
supported Ni- ScSZ cermet SOFC of 8 × 8 mm2. A simulated 
biogas of CH4/CO2  =  1.5 at SOFC operating temperature 
of 1000°C was used at a current density of 200 mA cm−2. 
Under these conditions, a 9% drop in voltage and 40% drop 
in reforming reaction rate was observed during poisoning of 
the cell by 1 ppm of H2S. They observed that under these 
conditions, a concentration of 1 ppm H2S is feasible during 
internal dry reforming. With real biogas, a constant voltage 
above 0.9 V was attained during the 50 h of operation with 
no observation of carbon deposition. Attempts to study the 
effect of H2S on dry reforming by Xu et al.33 were hindered 
by carbon deposition; therefore, no results were yielded from 
the experiment. Johnson et al.22 studied the effect of H2S on 
dry reforming under catalytic conditions. They found out 
that the effect of H2S was more severe under steam reform-
ing as compared to dry reforming. This is also re- affirmed by 
Lakshminarayanan et al.34 Also, it was reported that H2S ap-
pears to increase the chances of carbon deposition.35 Table 1 
represents H2S tolerance for different anode materials with 
varying gas composition and experimental conditions from 
selected literature.

It is generally agreed that H2S may have an effect on 
the dry reforming process depending on the type of cat-
alysts and operating conditions.36,37 But detailed analysis 
is still required to investigate the H2S concentration limit 
for SOFCs and the performance of the cell close to real 
operating conditions of normal- sized SOFCs. Therefore, 
this research has given focus on investigating the effects of 
H2S on dry reforming under both current load and open- 
circuit voltage (OCV) operating conditions of SOFCs. To 
the authors knowledge, no attempt has been done to in-
vestigate the effects of H2S on dry reforming under typical 
SOFC operating conditions (800– 850°C) of relatively large 
surface area SOFC (close to real operating conditions of 
normal- sized SOFC) under current and OCV. Moreover, 
the boundary limit of H2S concentration in fuel gas at a 
typical SOFC operational condition of 800– 850°C with in-
ternal dry reforming has not been investigated.

2  |  MATERIALS AND METHOD

It is hypothesised that the effect of H2S on dry reforming 
will vary depending on operating conditions. Hence, experi-
ments were conducted under different operating conditions.

2.1 | Experimental setup

Experiments have been conducted to evaluate the perfor-
mance of a SOFC under dry reforming in the presence of 

H2S at 800°C. The setup used is shown in Figure 1. In this 
experiment, commercial Ni- ScSZ electrolyte- supported 
cells with an active area of 81 cm2 were used.

The gases were supplied from gas bottles. Composition 
and flow rate were varied using mass flow controllers 
(MFC) (Bronkhorst High- Tech BV). The inlet gas to the 
anode was trace heated to 130°C. Temperature of the 
oven was maintained by 4 electrical heaters controlled 
by the furnace control unit. The performance of the cell 
was analysed by Gammry FC- 350. Outlet gas composi-
tion was analysed by micro gas chromatograph device. 
The anode outlet gas was dried using silica gel for anal-
ysis in Agilent 490 micro- GC columns (Molsieve 5A and 
PoraPLOT U). The cell temperature was measured by the 
k- type thermocouple (RS PRO, −50°C/+1200°C) closely 
placed at the anode side. The cells were placed between 
two ceramic blocks. To ensure gas tightness, mica (ther-
miculite) sheets were placed in the anode side and in the 
cathode side. To enhance gas sealing, extra weights were 
added on the top of the block as represented in Figure 1. 
For further details of the set- up, the reader is referred to 
Saadabadi et al.45

2.2 | Experimental procedure

The cells were preheated by heating the furnace to 1000°C 
at a ramp rate of 50°C h−1 with N2 gas flowing at a rate of 
1200 ml min−1 to the anode and cathode. At 950°C, the 
NiO of the anode was reduced by feeding H2 to the anode 
and simulated air (O2 and N2) to the cathode. During 
cell reduction, the concentration of H2 gas was gradually 
increased from 2% to 100% in 4  h. The current- voltage 
measurements were carried out after the cell reduction 
procedure.

The cells were fed with CH4, CO2 and N2 mixture 
with different compositions. H2S injection was carried 
out by including H2S in the gas mixtures which was 
in N2 bottle. The concentration of H2S in the fuel gas 
was varied by changing the flow from H2S/N2 (H2S con-
centration of 50 ppm) bottle and compensating it with 
the flow from N2 bottle to maintain a total of 1200 Nml 
min−1. The ratio of CH4:CO2 in this experiment was 2:3. 
The ratio was chosen to have enough CO2 which can 
suppress carbon deposition.46,47 After poisoning with 
H2S, the cells were recovered using pure H2 balanced 
with N2 gas for 12 h.

To determine the effect of H2S on dry reforming 
under current conditions using a Ni- ScSZ cell, a con-
stant current of 2 A (250  A m−2) was drawn from the 
cell using CH4:CO2 of 2:3 as fuel at 800°C. Starting with 
H2S concentration of 0 ppm, the cell was poisoned with 
0.125  ppm and the percentage of CH4 reformed was 
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monitored by samples analysed in the Agilent 490 mi-
cro- GC columns until the cut- off voltage of 0.6 V which 
was monitored by Gammry FC- 350. The percentage of 
CH4 reformed was calculated based on the carbon bal-
ance of outlet gas composition described in Saadabadi 
et al.45 The experiment was repeated by increasing the 
H2S concentration to 0.5 ppm and 1 ppm. To determine 
the effect of H2S on dry reforming under OCV condi-
tions (purely dry conditions), the experimental condi-
tions were maintained and the cell was poisoned by H2S 
concentration of 0.125 ppm.

In order to determine the contribution of the cell 
material (catalyst) to the H2S effects on reforming, the 
experiment was repeated using dummy cell mica (ther-
miculite) sheet. The effect of H2S on reforming was 
evaluated at CH4:CO2 of 2:3 and at 800°C dummy cell 
temperature.

3  |  RESULTS AND DISCUSSION

3.1 | Effect of H2S on dry reforming on 
Ni- ScSZ under current

Using the Ni- ScSZ electrolyte- supported cell under a 
current of 2 A (250  A m−2) at 800°C cell temperature 
and CH4:CO2 ratio of 2:3, it was observed that with no 
H2S in the fuel gas (0  ppm), CH4 reforming was more 
than 95%. If H2S is gradually introduced in the gas, 
then the reforming efficiency (methane conversion) is 
reduced with time. Figure 2 shows how the concentra-
tion of H2S in the gas affected both the cell voltage and 
the dry reforming process. With H2S concentration of 
0.125  ppm in the gas, there was no effect observed in 
the percentage of CH4 reforming (XCH4) for 4  h. Also, 
the cell voltage was stable for the first 4  h. After 4  h, 

F I G U R E  1  Schematic of the 
experimental test station (Reproduced 
with permission from Saadabadi et al.45)
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F I G U R E  2  The effects of H2S on 
dry reforming (XCH4 is percentage of 
CH4 reformed) and performance of the 
Ni- ScSZ cell under current of 2 A at 800°C 
and CH4:CO2 of 2:3

0.00

0.20

0.40

0.60

0.80

1.00

0 2 4 6 8 10 12 14 16

 
 

Ce
ll 

Vo
lta

ge
 (V

)

Time(h)

0 ppm

0.125 ppm

0.5 ppm

1 ppm

CH4 > 95%CH4 > 95% CH4 > 95%

CH4 =10%
CH4 =13%

CH4 = 24%

CH4 =40%
CH4 =72%

CH4 =49%

CH4 =74-85%

CH4 > 95%



   | 7WASAJJA et al.

CH4 reforming started decreasing and a decrease in the 
cell voltage was observed. Between 4 and 10 h, a gradual 
decrease in the CH4 reforming process and a decrease 
in cell voltage were observed. At the cut- off voltage of 
0.6 V, CH4 reforming process had decreased to 10%. The 
decrease in cell voltage can be attributed to the decrease 
in CH4 reforming. These results suggested that the ef-
fect of H2S is more pronounced at the reforming sites. A 
similar trend was observed when the H2S concentration 
in the gas was increased to 0.5 ppm and 1 ppm but in a 
shorter period. This trend suggested that the decrease in 
cell voltage resulted from a reduction in H2 and CO due 
to the reduced percentage of CH4 reformed. It was re-
ported that sites for reforming (catalytic sites) are differ-
ent from electro- chemical sites.38 It seems that under dry 
reforming conditions, H2S is adsorbed to the reforming 
sites. Similar to steam reforming, H2S has an effect on 
the electro- chemical activity during dry reforming.16,38 
These results have a good agreement with what was re-
ported by Shiratori et al.32 They observed that H2S can 
affect the reforming and electro- chemical performance 
of the cell, but the performance of the cell was tolerant 
to 1 ppm at 1000°C. However, our present research has 
revealed that 1  ppm of H2S is not feasible in internal 
dry reforming at temperatures of 800°C. Results showed 
that H2S concentration in the gas as low as 0.125 ppm 

can affect the cell voltage and the internal dry reforming 
process in SOFCs operating at 800°C within only 4 h of 
operation.32

It was also observed that after poisoning the cell with 
0.125 ppm of H2S, the initial cell voltage slightly dropped 
(Figure 2). This can be attributed to incomplete sulphur 
desorption during cell recovery. The current- voltage 
(IV) curves were obtained with pure H2 after recovering 
the cell and before the next reforming process. The IV 
curves (Figure 3) showed that H2S caused a small drop in 
performance.

3.2 | Effect of H2S on dry reforming on 
Ni- ScSZ at OCV

The experiment was repeated when the cell was at OCV. 
A decrease in the CH4 reforming process was observed 
after two hours of injecting 0.125 ppm of H2S in the fuel 
gas (Figure 4). The CH4 reforming process and cell OCV 
decreased from 47% to 4% and 0.96  V to 0.85  V respec-
tively in 3 h. When H2S injection was stopped, methane 
reforming and OCV were recovered from 4% to more than 
41%. This is also in agreement with Chattanathan et al.36 
who observed that 0.5  mol% of H2S caused a decrease 
in dry reforming to 19% using a Reformax 250 catalyst 

F I G U R E  3  Current- voltage curves 
of the cell during different points of the 
experiment at 800 °C and CH4:CO2 of 2:3
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in a bed reactor. This research has revealed that even 
at purely catalytic conditions, H2S as low as 0.125  ppm 
causes a severe decrease in dry reforming at operating 
conditions of SOFCs. While Johnson et al.22 has reported 
that 25 ppm affects dry reforming on crashed anode cata-
lyst (Ni- ScYSZ and Ni- ScYSZ/Pd- CGO), we report that 
even 0.125  ppm can affect dry reforming on an electro- 
chemically performing complete solid oxide fuel cell with 
Ni- ScSZ anode.

3.3 | H2S effect on dry reforming 
with and without a catalyst

Reforming has been assumed to take place on the cell 
and to a small extent on the current collector.48 However, 
it is possible that other process equipment such as 

stainless steel may contribute to catalytic dry reforming.49 
Therefore, to test the catalytic reforming effect of H2S 
purely on the cell, the experiment was carried out using 
the mica sheet (dummy cell) and the real cell without a 
current corrector.

To test the reforming and the effect of H2S on reform-
ing without catalysts (Ni- ScSZ cell and Pt current collec-
tor), the experiment was conducted using a dummy cell 
(mica sheet) in a ceramic block without platinum mesh 
(as the current collector) at 800°C. The same procedure 
was repeated using a real cell in a ceramic block without 
platinum mesh for comparison. It was observed that even 
when the cell was taken out (with mica sheet as a dummy 
cell), CH4 dry reforming took place though lower than in 
presence of the cell. Figure 5 shows the effects of H2S on 
dry reforming with and without the cell. With a dummy 
cell, the percentage of CH4 reformed (XCH4) was 8%. When 
0.125  ppm H2S was injected, XCH4 decreased to 0.5% in 
1 h. These could imply that H2S could also affect the re-
forming reaction even without a cell. However, when H2S 
was stopped, the CH4 reforming was recovered. A similar 
trend was observed when a real cell (without platinum 
wire mesh) was used. A percentage of over 90% of CH4 
reforming was observed before injection of 0.125 ppm of 
H2S in the fuel gas. When H2S was injected, the XCH4 de-
creased to below 20% and it was recovered when H2S in-
jection was stopped.

From Table  1, it appears from different authors that 
1– 2 ppm H2S concentration is feasible for steam reform-
ing using carbon- containing fuels. Also, Johnson et al.22 
observed that dry reforming was more tolerant to H2S 
poisoning than steam reforming. However, from this re-
search, dry reforming is greatly reduced by H2S poisoning 
even at very low ppm levels, that is a 0.125 ppm H2S con-
centration in the gas resulted in a significant decrease in 
the reforming process. This suggests that H2S as low as 
0.125  ppm affects the catalyst on the reforming sites of 
SOFCs.

F I G U R E  4  The effect of 0.125 ppm 
H2S on dry reforming and performance 
of the cell with a Ni- ScSZ cell at OCV at 
800°C and CH4:CO2 of 2:3
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4  |  CONCLUSIONS

It has been observed that methane dry reforming in biogas- 
fuelled SOFC is affected by H2S even at concentrations as 
low as 0.125 ppm H2S in biogas with Ni- ScSZ cell. This H2S 
concentration is far below the threshold of 1 ppm which 
is normally reported in literature. H2S appeared to influ-
ence the reforming in the cell chamber even when the 
mica sheet (dummy cell) was used. Therefore, if biogas is 
to be used as fuel for SOFCs and internal dry reforming is 
envisaged, a stringent cleaning system is required, which 
can clean the gas to nearly zero ppm of H2S level. With up 
to over 2000 ppm of H2S concentration in biogas reported 
in literature, such a stringent gas cleaning system needs 
to be carefully designed to meet the conditions of internal 
dry reforming in SOFCs. Otherwise, an external reformer 
for dry reforming of CH4 is required.

While we present the results obtained by our experi-
ments, it appears that the influence of H2S on different 
types of anodes under different fuel conditions including 
dry reforming needs detailed studies. Therefore, further 
studies are required to investigate the effect of H2S in the 
presence of hydrocarbon fuels to facilitate SOFC systems 
design for real- life applications and material selection for 
systems components.
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