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a b s t r a c t

The performance and stability of La0.9Sr0.1Ga0.8Mg0.2O3-�-electrolyte supported solid oxide fuel cells with
composite LaSr2Fe2CrO9-�–Gd0.1Ce0.9O2 anodes were studied in wet H2 and coal syngas containing phos-
phine impurity. Introduction of 5–20 ppm PH3 into the fuels caused an initial slow cell performance
degradation followed by a very rapid complete cell degradation that initiated within 11–24 h – earlier
at higher PH3 concentration. There was no recovery after removing PH3 impurity from the fuels. Elec-
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trochemical impedance analysis suggested that the initial gradual performance degradation was due
to conductivity loss of the oxide anode due to chemisorption and reaction of phosphine. X-ray diffrac-
tion analysis showed the formation of FePx and LaPO4 compounds. The rapid degradation presumably
occurred when most or all of the Fe initially present in the LaSr2Fe2CrO9−ı was consumed. Thermody-
namic calculations confirmed that Fe is highly reactive with PH3 at 800 ◦C, even at concentrations below
1 ppm.
hosphine

. Introduction

There is a widespread reliance on coal in the electrical power
ndustry. However, cleaner and more CO2-neutral methods of
tilizing coal are required in order to make use of abundant world-
ide coal reserves. Solid oxide fuel cells (SOFCs) are being actively
eveloped for clean and fuel-efficient stationary electrical power
eneration; they are of particular interest for coal-based genera-
ion [1,2] since they oxidize coal-derived syngas with pure oxygen,
roducing a CO2-rich product that allows for easier and lower
ost sequestration compared to N2-rich air-combustion products.
n additional advantage of SOFCs is their ability to utilize fuels
ontaining various species in addition to hydrogen, such as CO,
ydrocarbons, and impurities. Thus, SOFC-based power plants can

e designed with reduced fuel processing and clean-up require-
ents compared to other fuel cells, reducing power plant cost.
Coals contain a large number of different impurities. A recent

tudy examined the coal impurities expected to be present in
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the syngas after gasification with warm-gas clean-up and found
H2S, PH3, and AsH3 to be the most problematic due to their
reactivity with typical Ni-based SOFC anodes [3]. Degradation of
Ni-cermet anode performance has been shown to occur at ppm
levels of H2S, and more serious damage at higher levels. Recent
studies have shown that Ni-YSZ anodes are rapidly attacked by
AsH3 and PH3 at few ppm levels, resulting in the formation of
NiAsx and NiPx compounds [4,5]. More extensive syngas clean-
up is possible, but not without additional system costs and loss
in system efficiency [3,6]. Thus, alternative anode materials with
improved tolerance to fuel impurities are of interest. Perovskite
oxides, some of which are mixed ionic and electronic conductors
(MIEC), have been shown to have superior resistance to carbon
deposition and sulfur poisoning when compared to Ni-cermets
[7–10]. Several perovskite and perovskite-related anodes, such as
La0.75Sr0.25Cr0.5Fe0.5O3 [11], La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) [12],
Sr2Mg1−xMnxMoO6−ı [13], and LaSr2Fe2CrO9−ı (LSFeCr) mixed
with Gd0.1Ce0.9O2 (GDC)[14] have been demonstrated with hydro-
gen and/or methane fuels, exhibiting electrochemical performance

that was good but usually inferior to that of nickel cermets. In
some cases, good tolerance to H2S impurities has been demon-
strated [15]. However, little is known about the performance and
stability of oxide anodes in the presence of ppm levels of PH3, and
AsH3.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xingbo.liu@mail.wvu.edu
dx.doi.org/10.1016/j.jpowsour.2009.12.117
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Nyquist diagrams. Cell polarization resistances (Rp) were taken as
the difference between the low frequency and the high-frequency
real-axis intercepts of the impedance curves. After testing on PH3-
laden fuel, cells were tested again in dry H2. Cells were cooled in
N2 after testing.

Table 1
Summary of testing conditions for CG-Fe cells.

Sample ID Test conditions

CG-P0 T = 800 ◦C, j = 0.25 A cm−2, coal syngas mixture
CG-P20 T = 800 ◦C, j = 0.25 A cm−2, coal syngas mixture with
014 M. Gong et al. / Journal of Pow

In the present report, SOFCs with LSFeCr–GDC composite anodes
ere evaluated for operation in simulated coal syngas containing

–20 ppm PH3, and humidified H2 for comparison. SOFC per-
ormance degradation and anode phase transitions caused by
H3-poisoning were investigated.

. Experimental

.1. Cell description

The SOFCs consisted of La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM)
lectrolyte supports with ≈10-�m-thick La0.4Ce0.6O2 (LDC)
ayers on the anode side, LSFeCr–GDC composite anode,
a0.6Sr0.4Fe0.8Co0.2O3−ı (LSCF)–GDC cathode, and LSCF cathode
urrent collector. The LDC layer was used to prevent any reaction/
nterdiffusion between the LSGM and LSFeCr during anode firing.
he fabrication and performance of these cells was similar to that
escribed previously [14].

The LSGM was prepared via solid-state reaction. Appropriate
uantities of La2O3, SrCO3, Ga2O3, and MgO were mixed and cal-
ined at 1250 ◦C for 12 h. The resulting powder was mixed with
oly(vinyl butyral) (PVB), ground, and pressed into 19 mm diame-
er pellets weighing 0.45 g. The resulting pellets were bisque fired
t 1200 ◦C for 10 h. The LDC layer was then applied by drop-coating
colloidal solution of LDC to the bisque fired pellets. The resulting

tructures were sintered at 1450 ◦C for 6 h.
LSFeCr was prepared by solid-state reaction. Stoichiometric

uantities of La2O3, SrCO3, Cr2O3, and Fe2O3 were mixed and cal-
ined at 1200 ◦C for 6 h. The resulting powder was ball milled in
thanol with GDC (1:1 weight ratio) for 24 h. The resulting slurry
as dried, sieved, and mixed with a vehicle (Heraeus V-737) using
three roll mill. The LSCF–GDC cathode ink was prepared by mixing
ommercial LSCF powder (Praxair) and GDC (1:1 weight ratio) and
dding a vehicle, whereas the current collector ink was prepared
ith pure LSCF. The thick-film LSFeCr–GDC anodes were applied
ith the doctor blade technique and fired at 1200 ◦C for 3 h. The

athodes and cathode current collectors were applied in a similar
anner and fired at 1000 ◦C for 3 h. Au current collector grids were

pplied to both electrodes by screen printing Au ink (Heraeus Inc.,
A). The resulting fuel cells had a diameter of ∼1.5 cm, and elec-
rode thicknesses of 20–30 �m. The anode and cathode areas were
oth 0.5 cm2 and defined the cell active area.

.2. Fuel cell testing setup

A schematic of the cell test setup is presented in Fig. 1. Pt meshes
ere attached to both the anode and the cathode surface using

t paste. Ag wires were then welded to the Pt meshes to provide
urrent supply and voltage measurement leads respectively. The
utton cell assembly was mounted between two alumina flanges
ith compressive mica gasket as seals. This cell setup was then
laced between two alumina tubes inside a vertical furnace. The
node-side tube confined the fuel and the cathode-side tube con-
ned the air. The mica seal was softened/sealed in situ prior to
ell operation at 800 ◦C. The air flow was maintained at a constant
evel of 300 standard cubic centimeter per min (sccm). Humidi-
ed hydrogen (3% H2O) or surrogate coal syngas was applied as
he fuel at 200 sccm. Fuel mixtures were controlled with mass
ow controllers from Alicat Co. (AZ, USA). The surrogate syn-
as mixture was obtained by blending the wet H2 with CO and

O2. The resulting coal syngas mixture contained 30% H2, 26%
2O, 23% CO, and 21% CO2. Thermodynamic calculations (FACT-
AGE v5.4) for this composition indicated that the water gas shift
eaction (CO + H2O → CO2 + H2) was at equilibrium at 1073 K. A sim-
lar calculation also predicted the present fuel composition, with
Fig. 1. Sketch of the cell testing setup.

a steam/carbon (S/C) ratio of 0.62, did not favor coke formation
[8].

2.3. PH3 testing procedure

The stability of LSFeCr–GDC in the presence of PH3 was studied
as a function of fuel type and impurity concentration. Cells were
tested in surrogate syngas and humidified hydrogen containing
0 ppm, 5 ppm, or 20 ppm of PH3. It should be noted that coal syn-
gas, after clean-up, typically contains ∼1 ppm PH3 [3]. The present
phosphine concentrations are significantly higher and therefore the
anode degradation should occur at an accelerated rate. The specific
testing conditions for each sample are summarized in Table 1.

The LSFeCr–GDC cells were heated in air to 800 ◦C and then
supplied sequentially with 10%H2/90%N2, 50%H2/50%N2, and then
dry H2. Afterwards, the fuel was switched to 200 sccm humidified
H2 or the surrogate coal syngas and was allowed to stabilize at
an operating voltage of ∼0.7 V. The PH3 impurity was then intro-
duced into the fuel flow and the cell performance and stability
were monitored by measuring the cell voltage, AC impedance and
current–voltage characteristics. Electrochemical measurements
were carried out with an electrochemical interface SI-1287 and an
SI-1260 impedance analyzer (Solartron Instruments, Hampshire,
UK). Impedances of the cell at open circuit voltage (OCV) and under
DC biases were taken at frequencies ranging from 10−1 Hz to 105 Hz
with an AC signal amplitude of 20 mV. The series resistance (Rs) of
the cells was obtained from the high-frequency intercept on the
20 ppm PH3; total exposure time in PH3 = 10 h
H2-P20 T = 800 ◦C, j = 0.5 A cm−2, 97%H2/3%H2O with 20 ppm

PH3; total exposure time in PH3 = 15 h
H2-P5 T = 800 ◦C, j = 0.25 A cm−2, 97%H2/3%H2O with 5 ppm

PH3; total exposure time in PH3 = 22 h
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.4. Post-test characterization

Anode surfaces and cell cross-sections were examined using a
itachi S-4700 scanning electron microscope (SEM). Energy dis-
ersive X-ray spectrometry (EDS) was completed using the SEM
ystem and was utilized to check for the presence of phosphorous
n the anode. X-ray diffraction (XRD) was carried out to determine
he phases present in the anode using an X-pert Pro 3040 PANa-
ytical system (Cu K� radiation at 45 kV). The XRD patterns of an
s-processed cell, baseline anode after clean syngas exposure, and
nodes tested with PH3-laden fuels were obtained at scanning rates
f 0.005–0.03◦ s−1. Phase identification was completed using the
’Pert Highscore Plus 2.0 software and the PDF2-2004 electronic
atabase.

X-ray photoelectron spectroscopy (XPS) tests were performed
sing a PHI 5000 Versa Probe system in order to analyze the ele-
ental electron state and chemical composition of the LSFeCr

node surface after PH3 exposure. A monochromatic Al K� radiation
ource (1486.6 eV) at an operating power of 300 W was used. The
t mesh was peeled off the anode surfaces prior to XPS measure-
ent. Since there was a peak drift due to surface charging, all of the

eaks were identified by shifting the C1s peak to 284.8 eV, which is
he standard peak for hydrocarbon species [16]. Both survey scans
nd element-specific scans were completed. Peak identification
as aided using the National Institute of Standard and Technology

NIST) XPS database.
To clarify the anode degradation mechanism from reaction with

H3, a thermodynamic analysis was carried out using FACTSAGE
.4. Possible phases that could form were calculated by minimiz-

ng the Gibbs free energy change for reactions involving the anode
onstituents and PH3. For compounds whose thermodynamic data
s not included in the FACTSAGE 5.4 database, calculation of the
ibbs free energy change was processed separately by using values
ollected from the literature.

. Results

.1. Electrochemical testing

.1.1. SOFC performance in pure fuels

Fig. 2 shows plots of cell voltage and power density versus

urrent density for a typical LSFeCr–GDC anode SOFC operated
t 800 ◦C in various fuel compositions and constant air flow
f 300 sccm. The OCVs were ≈1.08 V in dry H2 and 1.06 V in
7%H2/3%H2O. The latter value was slightly lower than the the-

Fig. 2. Cell performances as a function of feed fuel composition (CG-P20).
Fig. 3. AC impedance spectra at OCV of CG-P20 tested in 97%H2/3%H2O and simu-
lative coal syngas before/after PH3 addition.

oretical value of 1.10 V for wet hydrogen, but slightly higher than
measured OCV in wet H2 previously for similar SOFCs [14]. Thus,
gas leakage across the compressive mica sealant was relatively
minor. After switching the fuel to the surrogate syngas compo-
sition (30%H2, 26%H2O, 23%CO and 21%CO2), the OCV dropped
to 0.948 V, in good agreement with the theoretical OCV value of
0.949 V expected at 800 ◦C. The maximum power density ranged
from 355 mW cm−2 with 100 sccm of dry H2, to 341 mW cm−2 with
100 sccm of wet H2, and 218 mW cm−2 with 200 sccm of syngas
fuel. These results were typical of the cells measured in this study,
and similar to previously reported results for similar SOFCs [14].
Only one of the cells tested showed inferior performance, and this
was not used in the results below.

AC impedance Nyquist plots from a cell measured at OCV with
syngas and wet H2 are shown in Fig. 3. The high-frequency real-
axis intercept increased from 0.39 � cm2 to 0.47 � cm2 when the
fuel was switched from H2 to coal syngas The impedance spec-
tra showed two characteristic arcs at ∼102 Hz and ∼100 Hz that
were attributed to the anode because prior studies on these cells
suggested that the cathode resistance was relatively small [14].
The lower frequency electrode arc dominated the impedance spec-
tra, similar to the result reported previously for cells with the
LSFeCr–GDC anode. The overall cell polarization resistance (Rp)
increased from 0.32 � cm2 to 0.43 � cm2 on switching to coal gas.

3.1.2. SOFC performance in fuels containing PH3
Fig. 4 shows cell voltage versus time at a fixed current density

of 0.25 A cm−2 for cells operated in 200 sccm of simulated coal syn-
gas with and without 20 ppm PH3 impurity. Both cells had been
operated in wet H2 with a constant current load of 0.25 A cm−2

prior to the coal gas testing shown. The cell operated in clean coal
syngas showed an initial voltage of 0.68 V that decreased slightly
before stabilizing at ≈0.64 V. No significant performance/structural
degradation was observed in this cell during post-test characteriza-
tion, indicating that the LSFeCr–GDC composite oxide was generally
stable during syngas operation. The other cell was first tested in
phosphine-free syngas for 24 h, during which time it displayed good
stability. However, 4 h after the introduction of 20 ppm PH3 into the
syngas, the cell voltage began to drop rapidly, reaching zero in <5 h.
The cell performance did not recover after removing the PH3 from

the fuel supply. The inset in Fig. 3 shows the AC impedance spec-
trum measured after the cell failure. Both Rs and Rp increased by
orders of magnitude after PH3 exposure, indicating that the per-
ovskite anode had lost both its conductivity and electrocatalytic
activity.
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FeP and LaPO4 were slightly stronger at the higher concentration
of PH3 (20 ppm), while the P2O5 and FePO4 peaks were slightly
less prominent. Substantially increased product formation would
be expected at higher PH3 concentrations, but was probably mit-
igated by the 0.5 times shorter 20 ppm exposure compared to the
ig. 4. Cell voltage change in syngas for a baseline cell (CG-P0) and cell poisoned by
0 ppm PH3 (CG-P20).

Additional life tests were carried out with wet H2 fuel laden
ith 5 ppm and 20 ppm PH3. Fig. 5 shows that both cells oper-

ted stably in the wet H2. Similar to Fig. 4, the cells continued to
perate stably for several hours after introduction of PH3 but then
apidly degraded. For 20 ppm, the delay was ∼4 h; comparison with
ig. 4 indicates that the fuel composition (H2 or coal gas) did not
ffect the time before rapid degradation. For 5 ppm, the stable cell
erformance was sustained for a longer period of 7 h after con-
aminant introduction, and the subsequent degradation occurred
t a slower rate −96 mV h−1 versus −65 mV h−1 for 20 ppm. In both
ases, the cell performance did not recover after removing the PH3.
hus, the anode was destroyed by both PH3 concentrations, but the
egradation took longer for the lower PH3 level.

Fig. 6 presents the AC impedance spectra taken at 5 h, 6 h, 18 h
nd 20 h after the introduction of 5 ppm PH3, as indicated by the
rrows in Fig. 5. The spectra taken 5 h and 6 h after PH3 introduc-
ion were only slightly changed from the pre-PH3 spectrum. The
rimary change was an increase in the high-frequency intercept.

n contrast, after serious cell degradation (18 h and 20 h after PH
3
ntroduction), both Rs and Rp were substantially larger.

ig. 5. Cell voltage change in 97%H2/3%H2O for cells poisoned by 20 ppm PH3 (H2-
20) and by 5 ppm PH3 (H2-P5).
Fig. 6. AC impedance change at OCV of H2-P5 cell tested in 97%H2/3%H2O
before/after 5 ppm PH3 addition

3.2. Material characterization

3.2.1. XRD analysis
XRD patterns were recorded from the anodes after cell testing

in order to identify changes in the phases present. In each case
with PH3 exposure, the test was continued until the cell voltage
went to zero, as illustrated in Fig. 5. Fig. 7 shows the XRD pat-
terns for an un-tested anode and cells tested in wet hydrogen and
exposure to 5 ppm PH3 for 22 h and to 20 ppm PH3 for 15 h. The
humidified H2 case showed only the expected phases – LSFeCr,
GDC, and LSGM – along with Au from the anode current collec-
tors. After PH3 exposure, additional XRD reflections were observed
and tentatively identified as new oxide (FeO, Fe2O3, Sr2CrO4, and
P2O5), phosphate (LaPO4 and FePO4), and phosphide (FeP) phases.
The strongest peaks were those identified as FeP, FeO, Fe2O3, FePO4,
Sr2CrO4 and P2O5. Note that there was considerable overlap of the
various impurity phase reflections, such that these identifications
have some uncertainty. Note that intensity from the Pt current col-
lector (peaks appearing at 39.7◦, 46.2◦ and 67.4◦) may also have
been present, but a definitive identification could not be made since
these overlapped with other peaks. The results for the two PH3 con-
centrations were similar, except that the main peaks belonging to
Fig. 7. XRD spectra of cells tested with 97%H2/3%H2O and different levels of PH3

impurity.
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Fig. 8. XRD spectra of cells tested in syngas with and without PH3 impurity.

ppm exposure time. No phases were detected that would indicate
eactions of Pt or Au with phosphorus, indicating that the current
ollector did not degrade in the presence of PH3.

Fig. 8 displays the XRD spectra for cells tested in syngas. After
yngas exposure for 40 h, peaks corresponding to Sr2CrO4 were
etected, and weak peaks identified as FeO were also present. This
howed that a slight anode phase evolution occurred during the
yngas operation, although there was no apparent effect on anode
lectrical performance (Fig. 4). For the CG-P-20 cell operated in syn-
as with 20 ppm PH3, all the peaks of impurity phases belonging to
he phosphides and phosphates previously identified for cells oper-

ted in H2 and PH3 were sharper and clearer, and the perovskite
eaks were weaker. Thus, the anode reaction may have been more
omplete for PH3 exposure in syngas compared to hydrogen.

ig. 9. Cross-sectional SEM pictures of a cell (a) anode operated in wet H2 with 5 ppm PH3

0 ppm PH3.
Fig. 10. Cross-section EDS spectra of H2-P5 cell after 5 ppm PH3-poisoning in
97%H2/3%H2O recorded at (a) the LSFeCr–GDC anode and (c) near the LDC layer.
The inset (b) is a close-up of the P(K�) and Au(M�) line position.

3.2.2. SEM and EDX analysis
Fig. 9 shows cross-sectional SEM images of the anodes after

tests. It can be found that anodes exposed to 20 ppm PH3 in either

H2 (Fig. 9b) or syngas (Fig. 9c) had become densified as compared
to the one exposed to 5 ppm PH3 (Fig. 9a), a change presumably
associated with the various reactions and new phases shown in
Figs. 7 and 8.

, (b) anode operated in wet H2 with 20 ppm PH3, (c) anode operated in syngas with
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ig. 11. XPS spectra of a survey scan of the H2-P5 cell anode surface after 5 ppm
H3 testing in 97%H2/3%H2O.

Fig. 10 shows EDS spectra obtained from the cross-sectioned
urfaces of the anode layer (a and b) and the LDC interlayer (c) after
peration in 5 ppm PH3. The spectra showed all of the expected
eaks in each case, with the addition of a strong P peak in the anode

ayer. The inset shows a magnified view of the region around the
peak, clarifying that a strong P peak was indeed present. On the

ther hand, only a trace amount of P was observed in the LDC inter-
ayer, in agreement with the above XRD results that showed no
hange of LDC peak before and after PH3 testing.

.2.3. XPS analysis
Fig. 11 shows a survey XPS spectrum from the anode that had

een tested in 5 ppm PH3 in H2. Again, peaks are identified from
ach of the anode constituents, along with P. The O 1s, Sr 3d and
2p peaks were relatively strong compared to the Fe 2p, Cr 2p, La
d and Ce 3d peaks; taking into account the elemental sensitivities
rom the XPS handbook, this suggests that the anode surface was
nriched with Sr and P. The P 2p peaks were overlapped with the Sr
d peaks at 130–135 eV, but the presence of surface P and Sr were
onfirmed separately by the P 2s and Sr 3p peaks.

Fig. 12 shows magnified views of the 130–135 eV region for the
node tested in 20 ppm PH3 in syngas (Fig. 12a) along with the
ppm PH3 in H2 case (Fig. 12b). The Sr 3d and P 2p peaks combined

o yield an apparent double peak. Fig. 12 also shows that excellent
ts to the combined Sr/P peaks were obtained in both cases by
econvoluting the spectra into coupled electron peaks, using the
ultipack XPS software carried by the Versa Probe testing system.

he identified peak positions for P 2p and Sr 3d high-spin electrons
re listed in Table 2.

The P 2p3/2 electron in the XPS spectrum for the anode poi-
oned by 5 ppm PH3 showed binding energies of 133.7 eV, which
orresponded well to the phosphorous state in phosphate, accord-

ng to the NIST XPS database [17]. For the 20 ppm PH3 case two
alence states were identified for surface phosphorus with binding
nergies of 133.4 eV (P1) and 131.4 eV (P2). The former value indi-
ates a phosphate state, while the latter value falls between that of
eP (129.5 eV) and the reported value for oxidized phosphorus in

able 2
2p, Sr 3d and Fe 2p XPS peaks of anodes after exposure to 5 ppm and 20 ppm PH3.

Sample Peak position

P 2p3/2 peak 1 (eV) P 2p3/2 pea

CG-P20 (20 ppm PH3) 133.4 131.4
H2-P5 (5 ppm PH3) 133.7 –
Fig. 12. Original (raw) and deconvoluted Sr3d and P2p XPS spectra for an (a) anode
after exposure to 20 ppm PH3 in simulated syngas (CG-P20) and (b) anode after
exposure to 5 ppm PH3 testing in 97%H2/3%H2O (H2-P5).

a phosphide (132.7 eV). Phosphorous oxidation may have resulted
from exposure of the sample to air after testing [18]. Preservation
of the lower electron state for phosphorus in the sample exposed
to 20 ppm PH3 may have resulted from enhanced reaction with the
perovskite anode due to higher PH3 concentration. Additionally,
exposure of the 20 ppm sample to hydrogen during the attempt
to recover cell performance likely contributed to the formation of
low-valence phosphorus in the sample.

The Sr 3d5/2 peak in the spectrum of the 5 ppm PH3-poisoned
anode was located at 133.0 eV, close to the reported value of the Sr
cation in perovskite oxides [19]. This peak shifted to a lower binding
energy of 132.1 eV in the spectrum for the anode exposed to 20 ppm
PH3, in agreement with Sr found in SrO1−x (132.2 eV) [20]. A simi-
lar valence state change for the Fe cation was observed in Fig. 13,
where the binding energies corresponding to the Fe 2p3/2 and
2p1/2 electrons also became smaller for the 20 ppm PH3-poisoned
anode compared to the 5 ppm case. In general, for higher PH3 con-
centration, the valence state change of Sr and Fe cations may be
related to the increased reaction of metal components in the per-
ovskite structure with higher concentration of phosphorus at the
anode surface, as electron binding energy tends to decrease when
such metal ions bond with P, with lower electronegativity than
oxygen.

4. Discussion

The results presented above indicated that PH3 impurity at ppm
levels severely degrades the performance of LSFeCr SOFC anodes.
Structural/chemical analysis in Section 3 indicated the formation
of new phosphide and phosphate phases and decomposition of

the perovskite phase were accompanied by a densification of the
anode. The structural/chemical measurements were all taken after
cell tests in which the anode was exposed to PH3 until the cell volt-
age dropped to zero. This suggests that the degradation was nearly
complete, i.e., that the anode was approaching its equilibrium com-

k 2 (eV) Sr 3d5/2 peak (eV) Fe 2p3/2 peak (eV)

132.1 709.5
133.0 712.1



M. Gong et al. / Journal of Power Sources 195 (2010) 4013–4021 4019

F
a

p
c
t

e
a
(

4

t
t
i
o
t
f

2

F

F

F
a

ig. 13. Comparison of Fe2p XPS spectra of the H2-P5 cell anode and CG-P20 cell
node after PH3 testing in 97%H2/3%H2O.

osition and phase distribution. Thus, it should be reasonable to
ompare the experimental results with thermodynamic predic-
ions, at least qualitatively.

In the following, a thermodynamic analysis of the stable phases
xpected in PH3 is described (Section 4.1). The degradation mech-
nisms are then discussed in light of the thermodynamic results
Section 4.2), and compared with Ni-YSZ (Section 4.3).

.1. Thermodynamic calculations

The thermodynamic calculation aimed to determine the condi-
ions under which different phases were expected to form. Given
he above XPS and XRD results, where the new phases identified
ncluded Fe phosphides and phosphates, the calculations focused
n determining the Fe phases expected at varying PH3 concen-
rations and fuel oxygen partial pressure. The possible phosphide
ormation reactions between Fe and PH3 are:

Fe + 2PH3 < − > 2FeP + 3H2 (�G0,1073 K = −339.8 kJ) (1)
e2O3 + 2PH3 < − > 2FeP + 3H2O (�G0,1083 K = −325.6 kJ) (2)

The Gibbs free energy changes were calculated by FACTSAGE.
igs. 14 and 15 show the Fe–PH3–O2 predominance phase diagrams

ig. 14. Predominant phase diagrams of Fe–P–O–H system at 800 ◦C and 850 ◦C,
ssuming PH3 as reactant and pH2 = 0.97 bar.
Fig. 15. Predominant phase diagrams of Fe–P–O–H system at 800 ◦C and 850 ◦C,
assuming PH3 as reactant and pH2 = 0.31 bar.

that were calculated using the FACTSAGE software for the surrogate
syngas and wet H2 respectively. For the conditions of the present
H2/H2O experiments (Fig. 14) – PH3 pressure of 5 × 10−6 atm or
2 × 10−5 atm, T = 1073 K, and an effective oxygen partial pressure of
10−21.38 atm (wet H2) – the predicted phosphide phase was FeP for
5 ppm PH3 test and FeP2 for 20 ppm PH3, although the experimental
conditions were close to the FeP/FeP2 phase boundary. In contrast,
only FeP was observed experimentally by XRD; this discrepancy
may be due to the approximate nature of the calculation results,
where Fe was assumed to be present as pure Fe or Fe2O3, rather
than in the perovskite phase. In the syngas atmosphere, the oxygen
partial pressure was higher, PO2 = 10−19 − 10−18 atm as labeled in
Fig. 15, such that FePO4(s) could form.

Fig. 15 predicts that increasing the PH3 concentration above
∼100 ppm will favor the existence of FeP2 over FeP and FePO4. The
results also indicate that the PH3 concentration would have to be
reduced to quite low values, <1 ppb, in order to avoid the forma-
tion of phosphate or phosphide phases. The calculated results for
1123 K, also shown in Fig. 15, indicated that the phosphide region
extends to higher PO2 at higher temperature. These predictions are
not in complete agreement with the XRD results that showed both
phosphide and phosphate phases. However, the phosphide is less
stable at lower temperatures. Thus, the post-test XRD results may
reflect the tendency for phosphide to become oxidized during cool-
ing at the end of the cell testing. Note that the cells were cooled from
800 ◦C to room temperature in N2 within 2–3 h. This may explain
the presence of Fe2O3 with FeP in the XRD data. Under this more
oxidizing condition and with PH3 no longer present, it is reasonable
to expect partial oxidation of the FeP. This was previously observed
under similar conditions for the case of nickel phosphide formation
[5].

LaPO4 was also identified in the present XRD scans. This is
similar to a prior report where the conversion of a LaCoO3 per-
ovskite catalyst to LaPO4 and La4(P2O7)3 secondary phases were
observed as a result of organophosphorus exposure in Ar atmo-
sphere [21]. The lack of thermodynamic data in the FACTSAGE
database prevented calculation of the predominant phase diagram
for the La2O3–PH3 system as a function of oxygen partial pressure
and PH3 concentration. Thermodynamic data for possible LaPO4

formation reactions [22,23] was thus used to calculate the Gibbs
free energy change (�G) of the reaction using:

�G = �G0,T + RT ln K (3)
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here T is temperature, R is the gas constant, and K the equilibrium
onstant. The standard Gibbs free energy change (�G0,T) was calcu-
ated from the formation enthalpy and entropy of each compound
nvolved in the reaction, and then substituted stoichiometrically
nto Eq. (3) to calculate K to get the overall Gibbs free energy change.
he resulting values with 2 × 10−5 atm PH3 are:

PH3 + 5
2 H2O + 1

2 La2O3 → LaPO4 + 4H2 (�G1073 K,wet H2

= −260.4 kJ; �G1073 K,syngas = −350.4 kJ) (4)

1/2)P2O5 + (1/2)La2O3 → LaPO4(�G298 K = −316.5 kJ) (5)

The calculation was based upon the assumption which views
he perovskite structure as a solution composed of simple oxides,
hich has been adopted in other research on stability of the per-

vskite anode [24]. The results showed that the formation of the
aPO4 phase at 800 ◦C is quite energetically favorable, and that
aPO4 is a thermodynamically stable phase at testing conditions.
dditionally, the formation of LaPO4 is expected to be more favor-
ble in the syngas atmosphere than in wet H2. The sample exposed
o 20 ppm PH3 in syngas did appear to degrade faster than the one
ested in wet H2 with same PH3 concentration. In addition, Eq. (5)
ndicates that LaPO4 can also be produced at room temperature
rom reaction of P2O5 and La2O3, thus a more detailed study would
e required to identify the true reaction mechanism of La2O3 in
erovskite with PH3.

An important question is whether LaPO4 forms because the
erovskite phase is first de-stabilized by the loss of Fe to FeP,
r whether it would form from a stable perovskite. Thus addi-
ional calculations were completed to estimate the stability of the
resent perovskite structure under exposure to PH3 at cell oper-
ting conditions. The characteristic thermodynamic data of LSFeCr
erovskite is unknown, hence stability of the anode was estimated
y using thermodynamic data recently reported for the simple
erovskite systems as LaCrO3 and LaFeO3 [25,26]. The Gibbs free
nergy change for dissociation reactions of the above perovskites
ere calculated as follows:

aCrO3 → (1/2)Cr2O3 + (1/2)La2O3(�G1073 K = +76.05 kJ) (6)

aFeO3 → (1/2)Fe2O3 + (1/2)La2O3(�G1073 K = +60.97 kJ) (7)

The combined Gibbs free energy change for reactions (4) and
6) together to form LaPO4 would be −184.35 kJ and −274.35 kJ
espectively for wet H2 and syngas. The values for the LaFeO3 sys-
em would be more negative considering further reaction of Fe2O3
ith PH3. Therefore, the above calculation shows it is energetically

avorable for the La and Fe, and La and Cr containing perovskite sys-
em to decompose under PH3 attack and form LaPO4. Experiments
ith (La,Sr)CrO3 anodes will be useful to identify the reactions

etween La and PH3. The results will be reported later.
Finally, a thermodynamic analysis similar to that outlined above

as performed to examine possible reactions between Cr2O3 and
H3. It was found that no reaction was expected for the present test
onditions. This agrees with the present XRD results that showed
o Cr phosphides or phosphates. Although a new Sr2CrO4 phase
as observed, this may have formed as a result of the loss of La and

e from the original LSFeCr perovskite phase.

.2. Anode reaction and degradation mechanisms

While the above thermodynamic predictions provided good
greement with the XRD results, they provided little information

bout the reaction sequence. It seems reasonable to suggest that La
nd Fe reacted with PH3, with the result that the perovskite phase
ecomposed, either directly to the phosphides/phosphates or via

ntermediates such as Sr2CrO4 (observed by XRD) or SrO (observed
y XPS).
urces 195 (2010) 4013–4021

The electrical testing results showed that the rapid cell degra-
dation occurred only after 4–7 h of PH3 exposure. EIS data (Fig. 6)
taken during the initial period of stable performance showed only
a slight increase in the first real-axis intercept, which was mainly
due to the LSGM electrolyte. However, slight variations in the cell
performance with time were also observed for cells tested without
PH3, so this change was not necessarily associated with anode poi-
soning. The cell polarization resistance did not change, indicating
that the active anode surfaces or three-phase boundaries were not
poisoned by PH3.

The delay prior to the rapid degradation could have a few expla-
nations. First, there may have been an incubation time prior to
nucleation of the new phosphide or phosphate phases. Second, the
growth of the new phases may have been relatively slow, such
that it took some time before sufficient LSFeCr was consumed to
deleteriously affect electrochemical processes. Prior studies have
shown that the out-diffusion of cation species from chromite anode
particles, i.e., Ru out of La0.8Sr0.2Cr0.82Ru0.18O3−ı [27] occur over
several hours at SOFC operating conditions. This process could have
limited the phosphide/phosphate growth rate. Another possibil-
ity is that the reaction occurred first at the outer surfaces of the
anode, having little impact on anode function until the reaction
front approached the electrolyte. Finally, the reaction may have
been limited by the supply of PH3. Given that the anode was 20 �m-
thick, 0.5 cm2 in area, ∼33% LSFeCr by volume, and the density
of LSFeCr is ≈6 g cm−3; there was 2.0 mg of LSFeCr (0.36 mg Fe,
0.45 mg La) in the anode. Thus, ≈0.8 mg of P would be needed
to react with these species according to the above phosphide or
phosphate formation reactions. At a flow rate of 200 sccm with
5 ppm PH3, the molar PH3 flow rate is 4.16 × 10−8 moles min−1

or 1.3 �g P/min. At this rate, it would take 620 [230 min] min
to fully react the La and Fe in the anode if a fraction of the
fuel does not interact with the anode in the test rig, in agree-
ment with the time observed for complete anode failure. For the
20 ppm PH3 case, the predicted time is reduced to 155 [58 min] min,
again in reasonable agreement with the observed degradation
times. These estimates suggest that PH3 is extremely reactive with
LSFeCr, such that the reaction is limited mainly by the supply of
PH3.

During the rapid degradation stage, both the ohmic and polar-
ization resistance portions of the EIS increased rapidly. This is
readily explained by the consumption of LSFeCr, which eliminated
surfaces and three-phase boundaries that contributed to electro-
chemical reactions, reduced the extrinsic anode conductivity, and
disrupted/densified the anode structure due to volume changes
from phosphide/phosphate formation.

4.3. Comparison with Ni-YSZ anodes

The present results can be compared directly with a recent
report on the operation of Ni-YSZ anode-supported SOFCs on syn-
gas containing 10 ppm PH3 [5]. A striking difference is the much
slower degradation of the Ni-YSZ anodes (≈0.5 mV h−1) compared
to the present anodes (≈100 mV h−1). This is despite the higher
reactivity of Ni with PH3; thermodynamic predictions suggested
that nickel phosphides form at PH3 partial pressures down to
10−13 atm compared to 10−11 atm for the LSFeCr anodes. A likely
explanation for the much slower Ni-YSZ anode degradation rate
was the much larger amount of Ni, ∼330 mg cm−2 or ∼400 times
the amount of La and Fe in the present anodes. The calculation in
the prior section indicated that the rate of anode phosphidization

was limited by the supply of PH3. Thus, the larger amount of Ni
resulted in a much slower degradation rate.

One might also suggest that Fe being in the stable perovskite
oxide might lend it greater stability against PH3 attack compared
to a metallic phase such as Ni. However, it has been noted previ-
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usly that Fe in LSFeCr is barely stable under SOFC anode conditions
ompared to metallic Fe. Thus, the activities of Fe in the metal-
ic and perovskite phases must be similar, and hence they should
ave similar reactivities with PH3.

. Summary and conclusions

The performance and stability of LSGM-electrolyte supported
OFCs with LSFeCr–GDC composite anodes were studied in coal
yngas and wet H2 fuels containing phosphine impurity. Several
onclusions can be drawn and future work is suggested.

. Introduction of 5–20 ppm PH3 into the fuels caused complete
cell performance degradation within 11–24 h, with no recovery
after removing PH3 impurity from the fuels.

. There was an initial period of 4–7 h where there was little change
in cell electrochemical performance, followed by a very rapid
decline in cell voltage at constant current. This suggests that
impurity-related chemisorbed species did not interfere with
electrochemical reactions.

. Rather, the degradation was associated with a decomposition
of the LSFeCr perovskite structure, with the formation of new
phases including FeP, FePO4, LaPO4, and Sr2CrO4. It seems likely
that the perovskite phase was de-stabilized by the removal of Fe
to form FeP and/or FePO4. It is not clear whether LaPO4 would
form from an otherwise stable perovskite, such as (La,Sr)CrO3.
This is an important question to be answered in future work, as it
will establish whether La-based anodes can be useful P-tolerant
anodes.

. The present results, combined with prior work on Ni-YSZ, sug-
gest that anodes containing transition metals that are highly
reactive with P will not be stable in ppm levels of PH3. Pre-
liminary thermodynamic calculations suggest that Mn may
be a better choice than Fe because it is less reactive, the
critical PH3 partial pressure to form a phosphide was much
higher, ∼100 ppm. Thus materials such as (La,Sr)(Cr,Mn)O3
and Sr(Mn,Mo,Mg)O3 should probably be tested with PH3-
containing fuels.

. Thermodynamic calculations were in reasonable agreement
with the experimental observations, predicting FeP, FeP2, FePO4,
and LaPO4 as stable reaction products under the SOFC anode
test conditions. The calculations also indicated that phos-
phide/phosphate formation was expected even for 1 ppb PH3
concentrations. Thus, it seems likely that similar degradation
will occur at the PH3 concentrations expected in coal syngas
(1–2 ppm), that are slightly lower than in the present experi-

ments.

. The time to anode failure, which increased for lower PH3 concen-
tration, agreed well with the time required to supply sufficient
PH3 to fully react with the La and Fe in the anode. This shows
that the LSFeCr was extremely reactive with PH3.
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