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Metal-supported solid oxide fuel cells operating with reformed natural gas and sulfur

Martha M. Welander, Boxun Hu, Michael C. Tucker*

Energy Conversion Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Abstract

The performance, long-term durability, and thermal cycling tolerance of metal supported

solid  oxide  fuel  cells  (MS-SOFCs)  operating  with  natural  gas  reformate  fuels  is  assessed.

Symmetric MS-SOFCs with composite SDC-Ni anode catalysts and PrOx cathode catalysts are

operated with simulated natural gas steam-reformate and partial-oxidation-reformate fuels with 1

ppm and 5 ppm of sulfur. Cells are operated for 1000 hours with initial degradation rates similar

to humidified H2, and initial performance differences attributed to the lower H2 concentration in

reformate fuels. Additionally, cells tolerate many aggressive thermal cycles with sulfur present,

with minimal impact on performance. Post mortem analysis suggests that Ni particle coarsening

and  Cr  deposition  are  sources  of  degradation,  while  carbon  and  sulfur  deposition  are  not

observed. Overall, MS-SOFCs operate successfully with reformed natural gas.       
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1. Introduction 

Fuel flexibility differentiates high temperature solid oxide fuel cells (SOFCs) from their

low temperature counterparts such as polymer electrolyte membrane fuel cells (PEMFCs) that

must use high-purity H2 to avoid poisoning the precious metal catalyst.  To leverage this fuel

flexibility  SOFCs need to  maintain  high  performance  and durability  under  operation  with  a

variety of carbon-based fuels such as methane, natural gas (NG), and biogas. As the least carbon

intensive fossil fuel with abundant resources, NG has the ability to bridge current and future

energy infrastructures. Because SOFCs offer more efficient conversion of NG than is possible by

thermoelectric power generation, their operation with NG is of particular interest [1–4]. 

Symmetric metal supported SOFCs (MS-SOFCs) offer several advantages over state of

the  art  (SoA) anode-  or  electrolyte-supported SOFCs including:  inexpensive  materials,  rapid

start-up capability, increased mechanical strength, and excellent tolerance to thermal and redox

cycling  [5–9]. MS-SOFCs are well-suited for fast-start  portable,  mobile,  or backup generator

applications  enabled  by  their  rapid  thermal  ramp  capability  [10].  The  use  of  NG for  these

applications motivates this work. A specific scenario of interest is a residential back-up generator

fueled by pipeline NG that can start up quickly in the event of an electric grid shut-down. To

keep the system simple and cost-effective, a small battery would provide instantaneous power

while the MS-SOFC stack quickly ramps up to operating temperature, NG would be reformed

simply with air or water, and minimal or no desulfurization would be used. This requires the MS-

SOFC  to  tolerate  carbon  and  sulfur  at  typical  levels  present  in  pipeline  NG  during  both

operation, and heat-up and cool-down ramps. 



MS-SOFCs  have  shown  comparable  performance  to  conventional  cells  (>1  W cm-2)

under operation with H2 [11–14] but only a few studies with carbon-containing fuels have been

reported  [6,15–18]. MS-SOFCs are subject to similar limitations as SoA cells in hydrocarbon

fuels.  Ni-based  anode  catalysts  are  highly  effective  at  activating  C-H  bonds  and  therefore

operating conditions must be carefully managed to avoid carbon accumulation or “coking” on

the  anode surface,  which  can  impede gas  transport  and block  catalytic  sites.  Approaches  to

mitigate carbon formation include reforming the hydrocarbon fuel upstream of the fuel cell, and

modifying the catalyst composition in the anode [19–22]. A recent report on internal reforming

with MS-SOFCs suggest that the performance is inferior to SoA cells and operation with pre-

reformed fuels is therefore recommended  [17]. As an example, Ceres Power has demonstrated

moderate performance and excellent stability over many thousand hours and multiple start-stop

cycles with externally steam-reformed fuels [8,16]. Fuel reforming can be categorized according

to the oxidizer used in the process  [23]. Common reforming processes for NG include steam

reforming and partial oxidation (POX). POX reforming involves the partial oxidation of gas with

air and can result in simpler systems with advantages for small-scale systems where air and gas

can be mixed with a venturi or other simple mixing valve. A main drawback of POX reforming

is the dilution of product H2 with nitrogen. Steam reforming involves the catalytic reaction of

fuel  with  steam to produce H2.   As  it  requires  addition  of  water,  steam reforming  leads  to

somewhat more complicated system. This drawback is offset by production of more H2 per mole

of fuel than POX reforming [24–26]. 

  Carbon based fuels furthermore contain chemical impurities such as sulfur, chlorine,

silicon, and phosphorous that impact cell stability. Sulfur compounds are especially notorious for



poisoning  the  Ni-based  anode  of  SoA  SOFCs[27,28].  Experimentally,  sulfur  is  typically

introduced into a H2 fuel stream through the addition of only H2S [29–31]. This is valid, as the

mercaptans and other sulfur compounds contained in NG are transformed into H2S under SOFC

anode  conditions  [27].  Sulfur  poisoning  via dissociative  adsorption  of  atomic  sulfur  blocks

catalytically  active  sites,  and is  largely  unavoidable  even at  low concentrations  [27].  Sulfur

poisoning studies are almost always performed with H2 fuel despite awareness that the presence

of carbon changes the effects of sulfur  [32]. The reforming process is also more sensitive to

sulfur  than  the  anode  electrochemical  reactions  [33] and  therefore  sulfur  poisoning  during

internal reforming of hydrocarbon fuels leads to greater cell degradation. The impact of sulfur-

contaminated externally reformed fuel on SOFC anode materials in real electrodes is not well

studied, nor is the impact of sulfur on MS-SOFCs.

This work directly assesses the performance,  durability,  and rapid-startup tolerance of

MS-SOFCs operating with reformed pipeline NG fuel containing carbon and sulfur. Specifically,

steam reformate and POX reformate with sulfur levels typical of or exceeding pipeline NG have

been tested for up to 1000 hours. The steam:carbon and air:carbon ratios of the reformates are

chosen to eliminate coking at the operating temperature. The symmetric MS-SOFC design used

here offers enhanced mechanical and thermal stability for temperature cycling  [34]. Extensive

thermal cycling is performed to quantify cell tolerance to carbon and sulfur species under rapidly

varying temperatures. The anode is expected to tolerate carbon and sulfur, as it consists primarily

of  doped  ceria  and  scandia  stabilized  zirconia  which  increase  ionic  conductivity  and  sulfur

oxidation ability  [8,35–39]. This work addresses two primary requirements that drive applied

research in high temperature energy conversion: cell performance and stability under long term



operation, and resilience of cells toward fuel contamination. To the authors’ knowledge, these

findings are some of the first to explore the effects of hydrocarbon fuels with sulfur for MS-

SOFCs. 

2. Material and methods

2.1 Cell fabrication and infiltration

Cells  used  for  this  work  were  symmetric  MS-SOFCs  consisting  of  a  thin  ceramic

scandia-ceria-stabilized  zirconia  (ScSZ) electrolyte (~ 10 µm thick),  ScSZ scaffold backbone

layers (20 – 30 µm thick) with infiltrated catalysts, and low cost P434L ferritic stainless steel

supports (200- 300 µm thick). Button cells were laser cut (Hobby model, Full Spectrum Laser)

from laminated green tapes and then debinded in air at 525 °C for 1 h. Cells were sintered at

1350 °C for 2 h in 2% H2 in Ar and pre-oxidized at 850 °C for 10 h in air to enhance durability.

The resulting cells were ~26 mm in diameter (5.3 cm2 total cell area). 

Cell edges were covered with acrylic paint mask (Liquitex), followed by infiltration with

metal nitrate catalyst precursor solutions under vacuum. Catalysts were infiltrated into the full

area  of  the  porous  ScSZ  backbones  [40].  Infiltration  solutions  were  prepared  by  mixing

stoichiometric amounts of metal nitrates (Sigma Aldrich) with Triton-X 100 (Sigma Aldrich) in

water. The anode electrocatalyst was 40 vol% Ni-Sm0.20Ce0.80O2-δ (SDCN40), followed by 2 cycles

of pure Ni infiltration, and the cathode electrode catalyst was Pr6O11 (PrOx). Cells were fired at

800 °C in air for 30 minutes to convert precursors into the appropriate oxide phases. Cathode and

anode catalysts were infiltrated 10 times each.  

Cell assembly and testing



Platinum  wires  connected  to  platinum  mesh  were  spot-welded  onto  the  anode  and

cathode sides of the cell for electrical connection. Cells were then mounted onto 410 stainless

steel rigs and hermetically sealed using 2 layers of glass paste consisting of 80% glass powder

GM31107 (Schott) and 20% ink vehicle (Fuel Cell Materials) forming an exposed active cell

area of ~ 3 cm2. Following assembly, test rigs were placed into tube furnaces and heated to 200

°C at 2 °C/min and to 700 °C at 10 °C/min. Cathodes were exposed to static air. Anodes were

flushed with N2 followed by initial reduction in humidified H2 (3% H2O). Cells were considered

fully reduced when the open circuit  voltage stabilized (~1.10V), usually within minutes,  and

were left at OCV for 1 hour. Once the anode was fully reduced, the catalysts were pre-coarsened

for 4 h at 750 °C prior to operation at 700 °C. Simulated NG reformate fuels were custom dry

gas mixtures (Praxair) delivered through heated water bubblers and heat-traced lines (Fuel Cell

Technologies)  to  produce  the  final  reformate  compositions  including  H2O.  Reformate

compositions  at  700  °C  were  calculated  using  thermodynamics  in  Cantera  version  2.4,  see

Supporting Information. Steam-to-carbon and oxygen-to-carbon ratios were selected to prevent

coking  on  the  anode  surfaces.  The  steam reformate  mixture,  representing  a  fully  reformed

mixture of 2:1 H2O:NG, was 62.6% H2, 16.1% H2O, 13.6% CO, 5.6% CO2, 1.6% CH4 and 0.5%

N2.  The partial  oxidation (POX) reformate mixture,  representing a fully reformed mixture of

3.34:1 air:NG, was 27.6% H2, 8.6% H2O, 12.6% CO, 6% CO2, 0.3% CH4, and 44.9% N2. For

experiments with sulfur, 75ppm H2S in H2 (Praxair) was added to the reformate fuel through a

second fuel tube with mixing occurring in the hot zone of the test rig (>650 °C) to avoid sulfur

gettering by any carbon deposited in cooler sections of the test rig. For thermal cycling, cells

were cooled from 700 °C to <100 °C in 3 to 4 h and quickly re-heated at 40 °C/min to 700 °C.

The cooling  time and heating  ramp rate  were limited  by the furnace maximum heating  and



cooling  rates.  Total  heat-up  time  averaged  17.5  minutes  for  all  cells.  Electrochemical

measurements  were  performed  with  a  VMP3 multi-channel  potentiostat  and  current  booster

(Biologic). Linear sweep voltammetry (LSV) recorded the I-V polarization curve with a sweep

rate of 10 mV/s between voltage limits of 100% and 30% of the measured OCV in order to avoid

cell damage at very low voltage. Electrochemical impedance spectroscopy (EIS) measurements

were collected with an AC voltage amplitude of 5 mV over a frequency range of 200 kHz to 100

mHz.

2.2 Ex-Situ Analysis

Field emission scanning electron microscope (FESEM) images were collected using a

Zeiss Gemini Ultra-55 instrument. An energy dispersive X-ray analysis (EDAX) detector was

used for EDS analysis with a beam energy of 20 kV. Raman spectra were collected using a

Renishaw inVia Qontor with 488 nm light and 5 acquisitions per scan. 

3. Results & Discussion

The performance, durability, and thermal cycling tolerance of MS-SOFCs operating with

reformed NG fuels (steam reformate and POX reformate) were assessed. Both types of fuels

were tested under various operating conditions including galvanostatic hold at 700 °C, thermal

cycling between < 100 °C and 700 °C, and performance assessment with 5 ppm and 1 ppm of

H2S.  Operating conditions were carefully chosen to maximize performance and avoid carbon

deposition by choosing steam:carbon and air:carbon ratios that are a small margin outside of the

thermodynamically favorable regions for carbon formation. 



Compared to baseline performance with H2 fuel, performance with sulfur-free reformate

fuels was lower. This lower performance is a result of hydrogen dilution and increased partial

pressure of oxygen accompanying oxidized species (CO2, H2O) in the reformates. These features

are apparent in the reduced OCV and increased concentration polarization seen in Figure 1a. The

mass  transport  limitation  observed  in  the  polarization  curves  below  ~0.5  V  is  especially

pronounced  for  POX reformate  due  to  the  low hydrogen  concentration  (27.6% H2 in  POX

reformate vs. 62.6 % H2 in steam reformate). Peak power density was ~0.1 Wcm-2 lower for POX

reformate  than steam reformate because POX produces less H2 per mole of fuel  than steam

reforming  [26] and electrochemical oxidation of H2 is kinetically preferred over CO  [41,42].

Despite differences in initial performance, durability over 200 h was similar for all fuel types,

Figure 1b. Current density dropped 35 to 40% with the majority of the degradation consistently

occurring in the first 100 h. Due to low Ni loading [43], catalyst coarsening during the break in

period (~100 h) is expected to reduce performance  [44]. Because steam-to-carbon and air-to-

carbon  ratios  were  chosen  outside  of  the  thermodynamic  coking  regions,  carbon-containing

species in the fuel did not accelerate degradation under operation with reformates. 

                                              

  

Figure  1. Performance with reformate fuels at 700 °C.  (a) Baseline polarization curves and

(b)  initial  durability  of  cells  operating  with  100  sccm  H2,  steam  refromate  (SR),  or  POX

reformate at 0.75 V. 

The MS-SOFCs tolerate sulfur content representative of pipeline NG. Addition of 1 ppm

and 5 ppm of sulfur minimally impact the initial performance with reformate fuels, Figure 2.



These sulfur levels in the reformed fuels represent 5 ppm (typical) and 18 ppm (abnormally high)

sulfur, respectively, in the NG pipeline and exceed typical sulfur-tolerance levels, ~1 ppm, of

ceramic  SoA SOFCs  [38,45,46].The  pipeline  sulfur  is  significantly  diluted  as  the  reforming

reactions create additional moles of gas, for example complete oxidation of 1 mole of methane

yields 3 moles of carbon dioxide and water. There is minimal difference in the performance with

no sulfur and 1 ppm sulfur. A moderate performance drop was observed for addition of 5 ppm

sulfur. The addition of sulfur does not significantly impact short-term durability, Figure 3. The

small Ni particle  size and intimate mixing between Ni and SDC in the infiltrated MS-SOFC

anode, and oxidation during polarization[27,38] are thought to enable the high sulfur tolerance.

Additionally, Ni particles in the metal support may getter S without impacting performance, as

the stainless steel, not the Ni, acts as the electrical conductor.

                                         

Figure 2. Performance with reformate fuels and sulfur. Baseline polarization curves of cells

operating with (a) steam reformate (SR), and (b) POX reformate with no sulfur present in fuel

stream, 1 ppm sulfur present in fuel stream, and 5 ppm sulfur present in fuel stream at 700 °C.

                                            

Figure  3. Cell degradation behaviour with and without sulfur.  Degradation with (a) steam

reformate and (b) POX reformate with 0, 1, and 5 ppm sulfur at 0.75 V and 700 °C.

MS-SOFCs were found to tolerate rapid thermal cycling under reformate fuels with 5

ppm sulfur. The presence of carbon and sulfur species did not accelerate cell degradation relative



to previous thermal cycling work with H2  [47]. This is a significant finding, as the presence of

sulfur is known to damage Ni in SoA cells during cooling via formation of a low-melting Ni-S

phase[48,49] . We presume the tolerance observed here is due to the low Ni content, small Ni

particle size, and intimate mixing with ceria. While some solid carbon was thermodynamically

expected at lower temperatures during thermal cycling this was possibly kinetically limited, see

Supporting Information. Repeated thermal cycling with rapid heat-up (17.5 min) was done with

steam and POX reformate with 5 ppm sulfur for 40 and 25 thermal cycles respectively, Figure 4.

The cells tolerate this aggressive thermal cycling, with only moderate irreversible degradation

part of which is attributed to hold time at operating temperature. Peak power density for steam

reformate dropped 11% between the first  and 40th thermal cycle with less than 0.02 W cm-2

difference at the expected operating voltage of 0.75 V. Peak power density for POX reformate

dropped 12% between the first and 25th thermal cycle with no change observed at 0.75 V. Under

both fuels, the majority of the performance decline was observed in the first 10 thermal cycles

and can be attributed to break in, similar to the rapid degradation observed in the first 24 h of

potentiostatic operation, Figure 3. The OCVs do not change, confirming that the cells and seals

are mechanically robust towards thermal cycling. Cell impedance was characterized with EIS

before and after thermal cycling. For steam reformate the polarization resistance increases by 0.4

Ω cm2 and a small increase in ohmic impedance occurs, Figure 4c. For POX reformate the high-

frequency polarization arc is  slightly elongated after cycling and noise in the low frequency

region obscures any changes, Figure 4f. The negligible change in ohmic impedance confirms that

connectivity between the electrolyte, electrode, and support layers remains intact after thermal

cycling.  



Figure 4. Thermal cycling of reformate fuels with 5 ppm sulfur. (a-c) Steam reformate with 5

ppm sulfur and (d-f) POX reformate with 5 ppm sulfur.  (a,d) OCV and peak power density

during thermal cycling. Initial and final (b, e) polarization curves and (c,f) EIS spectra at 700 °C.

Cells operated successfully for 1000 h with steam and POX reformates containing 1 ppm

sulfur,  Figure  5.  The  majority  of  degradation  occurred  in  the  first  200  h,  after  which  the

degradation rate stabilized. For steam reformate, degradation was 60% over 1000 h, with 32%

occurring in the first 100 h and 8% in the last 500 h, Figure 5a-d. The degradation rate was 44%/

kh for the last 500 h. For POX reformate, degradation was 54% over 1000 h, with 25% occurring

in the first 100 h and 14% in the last 500 h, Figure 5e-h. The degradation rate was 36%/kh for the

last  500  h.  Performance  was  monitored  regularly  by  LSV and  EIS  measurements  at  OCV.

Polarization curves for both fuels evolve rapidly in the first 300 h, transitioning from a convex

polarization curve with significant  concentration polarization at  high current  density  to more

linear polarization behavior. Both ohmic and polarization resistances increased for both fuels,

Fig  5(c,  g).  For  steam  reformate,  ohmic  resistance  increased  0.29  Ω  cm2 and  polarization

resistance increased 0.75 Ω cm2. For POX reformate, ohmic resistance increased by 0.27 Ω cm2

and polarization resistance by 0.48 Ω cm2.  While ohmic resistance increased in both cases, the

polarization resistance increase is significantly larger. This suggests degradation is dominated by

electrode reactions rather than electrolyte structure or composition evolution, and is consistent

with previous work that correlates increased polarization resistance with catalyst coarsening [6].

Increased  ohmic  resistance  is  likely  due  to  catalyst  structure  evolution  including  Ni

agglomeration (Figure 6b), and decreased conductivity as a result of Cr reaction with the cathode



catalyst  [50]. A small change in the OCV at the end of steam reformate operation likely arises

from damage to the seal, or possibly an electrolyte pinhole.

Figure 5. Long term operation with reformate fuels and 1 ppm sulfur at 700 °C. (a-d) Steam

reformate  and  (e-h)  POX  reformate  with  1  ppm  sulfur.  (a,  e)  Potentiostatic  operation  for

approximately 1000 h at 0.75 V. Initial, intermediate, and final (b, f) polarization curves and (c,

g) EIS spectra. (d, h) Quantified OCV, peak power density, ohmic impedance, and polarization

impedance. 

Post mortem analysis confirmed Ni coarsening at the anode to be the primary degradation

mode during  1000 h  tests.  Catalyst  particle  coarsening  was observed from FE-SEM images

collected inside the catalyst-coated pores of the active electrodes. The anode and cathode catalyst

structures after 1000 h testing with steam reformate were compared to a fresh cell that was held

at OCV for 2 h with H2 fuel to reduce the anode catalyst, Figure 6. Severe Ni particle coarsening

was observed on the anode after 1000 h.  Individual  Ni particles  up to ~0.5 µm in diameter

evolved  from  the  dispersed  submicron-scale  catalyst  network.  This  particle  coarsening  is

consistent with the increased EIS polarization impedance discussed above. Compared to previous

long-term testing of MS-SOFCs, these Ni particles are dramatically larger [47,51]. The increased

size can in part be attributed to additional pure-Ni infiltration cycles used for this work. While

the role of steam content, sulfur, and carbon species on coarsening should be investigated in

more detail, previous work suggests that sulfur can impact the percolation of Ni particles at high

overpotentials  [52].  More  pronounced cathode catalyst  particles  were  observed after  1000 h

operation although significant cathode coarsening did not occur. Compared to the anode particle



coarsening, cathode evolution was much less severe and its contribution to cell degradation is

therefore considered to be minor. Similar degradation modes were observed after 1000 h testing

in POX reformate. 

                             

Figure 6. Evolution of catalyst nano-structure upon long-term operation.  FE-SEM images

of (a, b) anode and (c, d) cathode after (a, c) 2 h at OCV or (b, d) 1000 h operation with steam

reformate with 1 ppm sulfur. 

EDS mapping of the cathode after 1000 h steam reformate operation confirmed that some

chromium poisoning of the praseodymium oxide catalyst occurred. This phenomenon has been

studied in detail previously and contributes to cell degradation for both MS-SOFCs and anode-

supported SOFCs with chromium-containing stainless steel interconnects  [51,53]. The atomic

ratio of Cr to Pr observed at several sites in the cathode active area was in the range of 4 to 10 at

%, far  below that  seen in  previous  studies  [37,  39].  The rapid,  high temperature  infiltration

procedure used in this study is thought to result in a denser, lower surface area catalyst coating

on the  stainless  steel  which  blocks  Cr  evaporation  and may explain  this  relatively  mild  Cr

poisoning.  Cr  poisoning  of  the  Pr  catalyst  is  therefore  considered  a  secondary  degradation

mechanism in this study. 

Sulfur and carbon deposition were not detected on the anodes after 1000 h of reformate

operation.  With EDS, sulfur  was not  observed and the  small  carbon background signal  was

similar to that normally observed on MS-SOFCs operated with hydrogen, Figure 7a [51]. Lack of

sulfur  adsorption  detection  could  be  explained  by  instrument  detection  limits  [48] and  the

1 µm 1 µm

1 µm



relatively  low  sulfur  concentration  used.  Carbon  deposition  was  not  thermodynamically

predicted, and its absence was confirmed using ex-situ Raman analysis, Figure 7b. The anode

surface  showed  clear  signals  from  zirconia  species  but  no  indication  of  the  carbon  bands

typically  observed  as  a  result  of  coking  such  as  highly  ordered  graphite  at  ~1560  cm -1 or

disordered graphite at 1350 cm-1. The lack of spectroscopically observable carbon ex-situ after

flushing  the  anode  chamber  with  hydrogen  and  cooling  down,  however,  does  not  exclude

possible carbon accumulation during operation [54].

                                            

Figure 7. Post mortem analysis of sulfur and carbon deposition. Representative post mortem

EDS and Raman analysis of ceramic anode layer. No evidence of sulfur or carbon adsorption is

observed.  

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
o
lta
ge
 (
V
)

H2

SR

0

0.1

0.2

0.3

0.4

0.5

P
o
w
er
 D
en
si
ty
 (
W
 c
m

-2
)

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

H2

SR

POX 

(
a
)

(
b
)

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
g
e 
(V
)

SR

SR + 1ppm S

SR + 5ppm S

0

0.1

0.2

0.3

0.4

0.5

P
o
w
er
 D
e
ns
ity
 (
W
 c
m

-2
)

0 0.2 0.4 0.6 0.8

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
g
e 
(V
)

POX 

POX + 1ppm S

POX + 5ppm S

0

0.1

0.2

0.3

P
o
w
er
 D
e
ns
ity
 (
W
 c
m

-2
)

(
a
)

(
b
)

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
o
lta
ge
 (
V
)

H2

SR

0

0.1

0.2

0.3

0.4

0.5

P
o
w
e
r 
D
en
si
ty
 (
W
 c
m

-2
)

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

H2

SR

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
u
rr
en
t d
e
ni
st
y 
(A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

SR

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
u
rr
en
t d
e
ni
st
y 
(A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

POX

(
a
)

(
b
)

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

SR

SR + 1ppm S

SR + 5ppm S

0

0.1

0.2

0.3

0.4

0.5

P
ow
er
 D
en
si
ty
 (
W
 c
m

-2
)

0 0.2 0.4 0.6 0.8

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

POX 

POX + 1ppm S

POX + 5ppm S

0

0.1

0.2

0.3

P
ow
er
 D
en
si
ty
 (
W
 c
m

-2
)

0 10 20 30 40
0

0.5

1

1.5

Thermal Cycle

O
C
V

0

0.1

0.2

0.3

 P
ow
er
 d
en
si
ty
 (
W
 c
m

-2
)

0 0.2 0.4 0.6

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
g
e 
(V
)

Cycle 1

Cycle 40

0

0.05

0.1

0.15

0.2

0.25

P
o
w
e
r 
D
e
ns
ity
 (
W
 c
m

-2
)

0 0.5 1 1.5
0

0.5

1

1.5

 

 

-Z
" 
(O
hm

×
cm

2
)

Z' (Ohm×cm2)

Cycle 1
Cycle 40

(
a
)

(
b
)

(
c
)

0 5 10 15 20 25
0

0.5

1

1.5

Thermal Cycle

O
C
V

0

0.05

0.1

0.15

0.2

P
ea
k 
P
ow
er
 

(
W
 c
m

-2
)

0 0.1 0.2 0.3 0.4 0.5
0.2

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

Cycle 1

Cycle 25

0

0.04

0.08

0.12

0.16

P
ow
er
 D
en
si
ty
 (
W
 c
m

-2
)

0 0.5 1 1.5
0

0.5

1

1.5

 

 

-Z
" 
(O
hm

×
cm

2
)

Z' (Ohm×cm2)

Cycle 1 Cycle 25

(
d
)

(
e
)

(f
)

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
o
lta
g
e
 (
V
)

H2

SR

0

0.1

0.2

0.3

0.4

0.5

P
o
w
e
r 
D
e
ns
ity
 (
W
 c
m

-2
)

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

H2

SR

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
u
rr
e
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

SR

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
u
rr
en
t d
e
n
is
ty
 (
A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

POX

0 0.2 0.4 0.6

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

0

0.1

0.2

0.3

P
ow
er
 D
e
ns
ity
 (
W
 c
m

-2
)

Initial

850 h
950 h

300 h

0 0.4 0.8 1.2 1.6
0

0.4

0.8

1.2

1.6

 

 
-Z
" 
(O
hm

×
cm

2
)

Z' (Ohm×cm2)

Initial 300 h 850 h 950 h

0 200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

C
u
rr
e
nt
 D
e
ns
ity
 (
A
 c
m

-2
)

Time (h)

(
a
)

(
b
)

(
c
)

0 200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

C
ur
re
nt
 d
en
si
ty
 (
A
 c
m

-2
)

Time (h)
0 200 400 600 800 1000

0

0.2

0.4

0.6

0.8

1

1.2

O
C
V
 (
V
) 
/ 

P
ow
e
r 
de
ns
ity
 

(
W
/c
m

2
)
 /
 

R
e
si
st
an
ce
 

(
W

 c
m

2
)

Time (h)

OCV

Rp

RW

Power

0 200 400 600 800 1000
0

0.2

0.4

0.6

0.8

1

1.2

O
C
V
 (
V
) 
/ 

P
o
w
er
 d
e
ns
ity
 

(
W
/c
m

2
)
/ 

R
e
si
st
an
ce
 

(
W

 c
m

2
)
 

Time (h)

OCV

Rp

RW

Power

0 0.2 0.4 0.6 0.8

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

0

0.1

0.2

0.3

P
ow
er
 D
e
ns
ity
 (
W
 c
m

-2
)

Initial

300 h
800 h

1000 h

0 0.4 0.8 1.2
0

0.4

0.8

1.2

 

 

-Z
" 
(O
hm

×
cm

2
)

Z' (Ohm×cm2)

Initial
300 h 800 h 1000 h

(
d
)

(
e
)

(f
)

(
g
)

(
h
)

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
o
lta
ge
 (
V
)

H2

SR

0

0.1

0.2

0.3

0.4

0.5
P
o
w
er
 D
en
si
ty
 (
W
 c
m

-2
)

POX 

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

H2

SR

POX 

0 0.2 0.4 0.6 0.8 1 1.2

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
g
e 
(V
)

SR

SR + 1ppm S

SR + 5ppm S

0

0.1

0.2

0.3

0.4

0.5

P
ow
er
 D
e
n
si
ty
 (
W
 c
m

-2
)

0 0.2 0.4 0.6 0.8

0.4

0.6

0.8

1

1.2

Current Density (A cm-2)

V
ol
ta
g
e 
(V
)

POX 

POX + 1ppm S

POX + 5ppm S

0

0.1

0.2

0.3

P
ow
er
 D
e
n
si
ty
 (
W
 c
m

-2
)

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

SR

50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

C
ur
re
nt
 d
en
is
ty
 (
A
 c
m

-2
)

Time (h)

No S
1 ppm S

5 ppm S

POX

0 10 20 30 40
0

0.5

1

1.5

Thermal Cycle

O
C
V

0

0.1

0.2

0.3

 P
ow
er
 d
en
si
ty
 (W
 c
m

-2
)

0 0.2 0.4 0.6

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
ge
 (V
)

Cycle 1

Cycle 40

0

0.05

0.1

0.15

0.2

0.25
P
ow
er
 D
en
si
ty
 (W
 c
m

-2
)

0 0.5 1 1.5
0

0.5

1

1.5

 

 

-Z
" 
(O
h
m

×
c
m

2
)

Z' (Ohm×cm2)

Cycle 1
Cycle 40

0 5 10 15 20 25
0

0.5

1

1.5

Thermal Cycle

O
C
V

0

0.05

0.1

0.15

0.2

P
ea
k 
P
ow
er
 

(
W
 c
m

-2
)

0 0.1 0.2 0.3 0.4 0.5
0.2

0.4

0.6

0.8

1

Current Density (A cm-2)

V
ol
ta
ge
 (
V
)

Cycle 1

Cycle 25

0

0.04

0.08

0.12

0.16

P
ow
er
 D
en
si
ty
 (W
 c
m

-2
)

0 0.5 1 1.5
0

0.5

1

1.5

 

 

-Z
" 
(O
h
m

×
c
m

2
)

Z' (Ohm×cm2)

Cycle 1 Cycle 25

0 0.2 0.4 0.6

0.4

0.6

0.8

1

Current Density (A cm-2)

V
o
lta
ge
 (
V
)

0

0.1

0.2

0.3

P
ow
e
r 
D
e
ns
ity
 (
W
 c
m

-2
)

Initial

850 h
950 h

300 h

0 0.4 0.8 1.2 1.6
0

0.4

0.8

1.2

1.6

 

 

-Z
" 
(O
h
m

×
cm

2
)

Z' (Ohm×cm2)

Initial 300 h 850 h 950 h

0 200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

C
ur
re
nt
 D
en
si
ty
 (
A
 c
m

-2
)

Time (h)

0 200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

C
ur
re
nt
 d
en
si
ty
 (
A
 c
m

-2
)

Time (h)
0 200 400 600 800 1000

0

0.2

0.4

0.6

0.8

1

1.2

O
C
V
 (
V
) 
/ 

P
ow
er
 d
en
si
ty
 

(
W
/c
m

2
)
 / 

R
es
is
ta
nc
e 

(
W

 c
m

2
)

Time (h)

OCV

Rp

RW

Power

0 200 400 600 800 1000
0

0.2

0.4

0.6

0.8

1

1.2

O
C
V
 (
V
) 
/ 

P
ow
er
 d
en
si
ty
 

(
W
/c
m

2
)
/ 

R
es
is
ta
nc
e 

(
W

 c
m

2
)
 

Time (h)

OCV

Rp

RW

Power

0 0.2 0.4 0.6 0.8

0.4

0.6

0.8

1

Current Density (A cm-2)

V
o
lta
ge
 (
V
)

0

0.1

0.2

0.3

P
ow
e
r 
D
e
ns
ity
 (
W
 c
m

-2
)

Initial

300 h
800 h

1000 h

0 0.4 0.8 1.2
0

0.4

0.8

1.2

 

 

-Z
" 
(O
h
m

×
cm

2
)

Z' (Ohm×cm2)

Initial
300 h 800 h 1000 h

1
 
µ
m

ba

c d

A
n
o

d
e

C
a
th

o
d
e

2
 
h

1
0
0
0
 
h

(
a
)

(
b
)

500 1000 1500 2000
0

2000

4000

6000

8000

In
te
ns
tiy
 (
A
rb
. U
ni
ts
)

Wavenumber (cm-1)

Anode Ceramic Layer

C peaks not observed

0 2 4 6 8 10
0

500

1000

1500

C
ou
nt
s 
(e
V
)

Energy (keV)

AuNi
Cr

Ce
Sc

Zr
Au

Ni
Ce

Cr
Zr

 

Expected peaks
Carbon
 Sulfur



4. Conclusion

MS-SOFCs successfully  operate  with  steam reformate  and POX reformate  fuel,  with

sulfur levels relevant to pipeline NG. Cells were able to withstand repeated thermal cycles and

1000 h of operation. Post mortem analysis suggests that carbon accumulation did not occur on

cell anodes under the chosen operating conditions, as expected from thermodynamics. Addition

of 1 ppm sulfur does not impact performance.  Addition of 5 ppm sulfur moderately reduces

initial performance, but EDS analysis showed no evidence of sulfur accumulation post mortem.

Irreversible degradation occurring during 1000 h operation arises primarily from significant Ni

particle coarsening. Slight Cr poisoning of the cathode catalyst was also observed. This work

demonstrates the utility of MS-SOFCs for rapid-startup applications with NG fuel containing

sulfur. 
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