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Abstract

Solid Oxide Fuel Cells (SOFCs) represent an option to provide bridging technology for
energy conversion (coal syngas) as well as a long-term technology (hydrogen from
biomass). Whether the fuel is coal syngas or hydrogen from biomass, the effect of
impurities on the performance of the anode is a vital question. The anode resistivity
during SOFC operation with phosphine-contaminated syngas was studied using the insitu Van der Pauw method. Commercial anode-supported solid oxide fuel cells (Ni/YSZ
composite anodes, YSZ electrolytes) were exposed to a synthetic coal syngas mixture
(H2, H2O, CO, and CO2) at a constant current and their performance evaluated
periodically with electrochemical methods (cyclic voltammetry, impedance spectroscopy,
and polarization curves). In one test, after 170 hours of phosphine exposure, a significant
*
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degradation of cell performance (loss of cell voltage, increase of series resistance and
increase of polarization resistance) was evident. The rate of voltage loss was 1.4 mV
hour-1. The resistivity measurements on Ni/YSZ anode by the in-situ Van der Pauw
method showed that there were no significant changes in anode resistivity both under
clean syngas and syngas with 10 ppm PH3. XRD analysis suggested that Ni5P2 and P2O5
are two compounds accumulated on the anode. XPS studies provided support for the
presence of two phosphorus phases with different oxidation states on the external anode
surface. Phosphorus, possibly in negative and positive oxidation state, was observed in
the anode active layer. Based on these observations, the effect of 10 ppm phosphine
impurity (or its reaction products with coal syngas) is assigned to the loss of performance
of the Ni/YSZ active layer next to the electrolyte, and not to any changes in the thick
Ni/YSZ support layer.

Keywords: SOFC, Van der Pauw method, syngas, phosphine, degradation, and anode
resistivity.

1. Introduction

The promise of coal syngas as a fuel for solid oxide fuel cells is mitigated by the effects
of syngas contaminants on the Ni/YSZ anode [1-3]. Recent research has focused on the
effect of volatile phosphorus species in syngas, especially phosphine (PH3), on the long
term performance of the Ni/YSZ anode [4-6]. While debate exists on the chemical nature
of compounds formed on the anode and current collector (phosphides or phosphates),
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there is general agreement on two points. Concentrations of phosphine in the ppm range
in synthetic syngas mixtures cause immediate and irreversible loss of performance of the
SOFC, and nickel metal migrates to the external surface of the anode and to cavities
within the anode structure [7-9].

Nickel migration could cause part of the performance loss through two mechanisms: i)
increased resistance of the current collection part of the Ni/YSZ anode (especially in an
anode-supported cell), and ii) loss of nickel (loss of TPB) in the active layer of the anode.
One approach to distinguishing these two mechanisms is to measure the anode resistivity,
ρ, (conductivity) in-situ, before, during and after exposure to syngas with phosphine
contaminant. In a typical commercial anode-supported SOFC, the anode is constructed of
a thick support layer and a thin active layer next to the electrolyte. Standard
electrochemical methods for measuring the ohmic resistance of a SOFC cannot
distinguish between ohmic losses in the two layers of the anode.

Van der Pauw (VdP) methods [10] are the standard for measuring sheet resistance
without error due to contact resistance. Sheet resistance on the sample can be calculated
by using Van der Pauw equation:

exp (-πRvertical / RS) + exp (-πRhorizontal / RS) = 1

RS is the sheet resistance, Rvertical is vertical resistance and Rhorizontal is horizontal
resistance. Rvertical and Rhorizontal are calculated from series of measurements by using four
contacts on the anode surface. In the Van der Pauw method, the contacts are located at
the edges of the conducting surface. Two adjacent electrodes are used to carry current
and the two other electrodes are used to measure voltage. The slope of voltage-current
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scan is used to calculate resistance on one of the combinations of electrode connections.
The average of two measurements on one combination of electrode connections with
changing the direction of current and voltage provides Rvertical and the average of
measurements on the other combination gives Rhorizontal. When four contacts on the
sample are symmetrically located with respect to the surface and the composition on the
sample is homogenous, both Rvertical and Rhorizontal should be very close. RS is calculated
from VdP equation using Rvertical and Rhorizontal. RS is multiplied by the thickness of the
sample to obtain the resistivity, ρ.

Jiang and Chan reviewed the effects of nickel content and microstructure on Ni/YSZ
composites [11]. Few in-situ conductivity measurements have been reported for SOFC
electrodes during operation [12, 13]. A typical Ni/YSZ composite structure with a
thickness of 0.6 mm has a resistivity of 1 700 – 2 500 µΩ.cm at 800oC [12]. We report
here in-situ measurements of sheet resistance, RS, and resistivity of the anode of a
commercial SOFC during prolonged exposure to wet hydrogen, then clean syngas, and
then syngas with 10 ppm phosphine. The effect of the prolonged exposure of the anode to
phosphine with current flow was investigated using extensive post-mortem analyses.

2. Experimental Methods

A SOFC obtained from MSRI was mounted as shown in Fig. 1. Four 2x2 mm contacts
were formed using flattened gold wire and gold paste in a square array. The contacts lie
inside of the mica gaskets and alumina flange that seal the anode side. The Van der Pauw
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equation is based on the assumption that four point contacts are made at the very edge of
a conducting sheet [10]. Consequently, the sheet resistances obtained by this
configuration are not accurate, but changes in the sheet resistance are measurable. The
cathode current collector is gold mesh with gold paste on the periphery. A currentcarrying wire and a voltage-sensing wire were connected to the gold mesh.

Details on the furnace and gas handling system are given in the previous paper [9]. The
furnace temperature was ramped to 800oC over 7 hours while exposing the anode to a dry
H2 (30 sccm)-N2 (200 sccm) gas mixture and the cathode to air (200 sccm). The assembly
was kept at 800oC overnight to make sure NiO completely reduced to Ni. Next, the
nitrogen flow was cut while the flow rate of H2 was increased to 200 sccm and water
vapor at 3% concentration was provided by a humidifier. The flow rate of air to the
cathode was increased to 300 sccm. The cell was loaded with 0.5 A constant current
while monitoring voltage for a day. All electrochemical measurements were acquired
using a Solartron SI 1287 potentiostat. Impedance spectra were acquired using a
Solartron SI 1260 impedance/gain-phase analyzer with AC amplitude of 20 mV at
frequencies ranging from 100 kHz to 0.1 Hz. Cell polarization curves, VdP
measurements and impedance spectra were completed every day. The SOFC was exposed
to the following sequence of fuel mixture: (i) 194 sccm (97%) H2 with 6 sccm (3%) water
vapor for 70 hours; (ii) 60 sccm (30%) H2 plus 88 sccm (44%) N2 with 52 sccm (26%)
water vapor to mimic syngas mixture without CO/CO2 for 2.5 hours; (iii) syngas (60
sscm (30%) H2, 52 sccm (26%) H2O, 46 sccm (23%) CO, and 44 sccm (21%) CO2) for
170 hours; (iv) syngas with 10 ppm PH3 for 170 hours. The SOFC was cooled to room

5

temperature in 5 hours with the anode exposed to 20 sccm (10%) H2 with 180 sccm
(90%) N2 to minimize air oxidation.

For convenience, the four contacts to the anode are labeled 1 through 4 clockwise. The
Solartron potentiostat provides four connections to the SOFC, the current-carrying
working (WE) and counter (CE) leads, and the voltage-sensing reference leads (RE1 and
RE2). To load the cell, to measure the cell performance and to collect electrochemical
impedance spectra (EIS) on the cell, wires 1 and 3 were connected to the WE lead and
wires 2 and 4 were connected to the RE2 lead on the potentiostat. The two cathode leads
were connected to the CE and RE1 leads on the potentiostat. To acquire Van der Pauw
(VdP) resistance measurements, the four leads on anode side were connected to the
Solartron potentiostat so that two adjacent contacts carried the current and the other two
adjacent contacts measured a voltage. For example, the first measurement has the
following connections: 1-RE1, 2-RE2, 3-WE, 4-CE. The connections to the potentiostat
were rotated (1234, 2341, 3412, and 4123) and the VdP measurement repeated. The VdP
measurement consisted of a current scan from 0 to 0.5 A to -0.5 A to 0 A. Because of the
low sheet resistance of the reduced Ni/YSZ anode, voltage measurements did not exceed
1 mV.

The surface and cross-section analysis of the cell anode were studied with a Hitachi S4700 SEM. XRD (Panalytical X’Pert PM-3040 PRO) and XPS (PHI 5000 VerasProbe
XPS Microprobe) were employed to analyze the composition of the anode.
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3. Results and Discussion

The long term performance data of the cell under 0.5 A constant current load is displayed
in Fig. 2. During the first 3 days, the cell voltage under H2 with 3 % water is constant at
0.80 V. When the water content is increased to 26 % and H2 content decreased to 30 %
(balanced with 44 % N2), the voltage drops to 0.72 V in 30 minutes. During the 7 days of
operation under syngas, the cell voltage fluctuates around 0.7±0.02 V. However, as soon
as 10 ppm PH3 is added to the syngas mixture, the cell voltage under load starts
decreasing at the rate of ~1.4 mV hour-1. After 7 days (170 hours) operation with 10 ppm
PH3 the voltage decreased to 0.47 V (~33 % overall degradation). Marina et. al. [6] used
1-5 ppm PH3 as the impurity in syngas mixtures and observed degradation rates of 1.01.4 mV hour-1.

The polarization curves for different fuel compositions are illustrated in Fig. 3. As seen in
Fig. 2 and also Fig. 3, 97 % H2 with 3 % water has the best performance (highest voltage
at 0.25 A cm-2, highest power density at 0.2 W cm-2) over 3 days. When hydrogen is
diluted with nitrogen and water vapor, performance decreases by 10%. When current
densities compared at 0.7 V potential, syngas performance is ~10 % less than H2 with
high water content, despite the potential presence of extra hydrogen due to the water gas
shift reaction with CO and steam. Over 7 days of operation under syngas with 10 ppm
PH3, current density decreases 30 % with respect to initial syngas current density at 0.7 V
potential.
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The open circuit voltage (OCV) value for H2 with 3 % water is around 1.08 V, which is
30 mV lower than OCV predicted by the Nernst equation (1.10 V). This discrepancy is
commonly attributed to small leaks in the electrolyte and in the anode seals. When more
water is added to the fuel stream with a lower H2 concentration, the OCV decreases to
~0.97 V. The predicted Nernst OCV for 30% H2 + 26% H2O + 21% O2 is 0.948 V. The
expected OCV for 23% CO + 21% CO2 + 21% O2 is 0.949 V, implying near equilibrium
for the water gas shift reaction under OCV conditions. The measured OCV of 0.97 V
suggests that the ratio of hydrogen to water is higher than expected. In half-cells with two
half-reactions, the mixed potential tends to be dominated by the half-reaction with faster
kinetics, in this case the H2/H2O half-reaction [14]. The OCV value of the syngas mixture
is initially close to 0.97 V for 2-3 days; however, it drops to ~0.96 V over 7 days. The
initial OCV of syngas with 10 ppm PH3 is very close to the OCV of the pure syngas
mixture; however, it also drops 10 mV to ~0.95 V over 7 days. The cause for the drop in
OCV implies either a change in the leak rate with time, or changes in the H2/H2O ratio in
the anode gas stream with time.

Electrochemical Impedance Spectroscopy (EIS) data for different fuel compositions at
OCV and 400 mV overpotential are shown in Fig. 4 and 5. Series and polarization
resistances from the impedance plots are summarized in Fig. 5. Rohmic is the ohmic
resistance, which is acquired from the intercept on high frequency side of real impedance;
RP is the polarization resistance, which is the difference between the low frequency
intercept and Rohmic. As shown in Fig. 4, the ohmic resistance, Rohmic, values are virtually
the same between OCV and 400 mV overpotential under same conditions, hence, this is
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the reason to show one type of Rohmic for OCV and 400 mV for long time in Fig. 5.
Similarly, Rohmic values of 0.2 Ω.cm2 do not change between two different water contents.
Rp measured at OCV decreases with a higher water-to-hydrogen ratio in the fuel stream
[15] [16]. We have observed that Rohmic and Rp values increase slightly in 2-3 days under
syngas mixture, but these values become stable afterwards. One data point at 0.5 Ω. cm2
at around 170th hour is believed to be an outlier in this data set. Rohmic and Rp values
increase when 10 ppm PH3 is added to the fuel stream. These resistance changes are more
evident after 170 hours. These changes account for the degradation in the cell
performance. Since Rohmic values increase during exposure to the phosphine, the question
arises as to the location of the increase in the series resistance. To answer this question,
in-situ Van der Pauw measurements are performed [10].

VdP measurements and slopes (as resistance) for 97 % H2 with 3% water vapor are
shown in Fig. 6. All of such data plots are linear with zero intercept, consistent with pure
ohmic behavior and no distortion due to local differences in the potentials across the
Ni/YSZ composite. These resistances from the slopes from all four scans are inserted into
the van der Pauw to obtain the sheet resistance. The resistivity, ρ, is calculated from the
sheet resistance multiplied by the thickness of anode, 0.080 cm, which measured by
scanning electron microscope (SEM). Resistivity values (Table 1) range in between 575
to 610 µΩ.cm. The uncertainty of each value is estimated to be 5 %, and the relative
standard deviation of all values given in parenthesis (Table 1) is in 0.5-2 % range, so the
resistivity is constant within the uncertainty of the measurements. The average value is
598 (± 13) µΩ.cm. This resistivity value is consistent with a prior report for an anode
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supported cell [12]. To understand the discrepancy between this observation and the
increase in the ohmic resistance during phosphine exposure, a comprehensive postmortem analysis of the anode is described below.

The XRD analysis of the PH3-poisoned Ni-YSZ anode surface is illustrated in Fig. 7.
YSZ, Ni5P2, P2O5, and Ni peaks are labeled in XRD spectrum. It is confirmed by XRD
spectrum that Ni3(PO4)2 is not produced on surface [17, 18]. The five YSZ peaks at
30.00o, 34.69o, 50.10o, 50.30o and 59.57o appear clearly in XRD spectrum [19]. Although
Ni5P2, Ni3P, Ni8P3 and Ni12P5 peaks can overlap in various diffraction values of XRD
spectrum, the 45.81o and 47.56o peaks are consistent with Ni5P2 [20]. This phase has been
reported in a previous paper [9]. Trembly et. al. [2] and Xu et. al [9] show that Ni5P2
would be the main product according to thermodynamic equilibrium calculations for the
fuel combination of 2 ppm and 10 ppm PH3 in syngas, respectively. Recent studies
conducted by Marina et al. [6] on a Ni-YSZ anode supported cell exposed to 2 ppm PH3
in syngas report the formation of Ni3P on both the anode surface and the metallic Ni
current collector. The weak peak at 40.17o is attributed to P2O5, which is also a possible
product under SOFC operation conditions [21]. Ni peaks appear at 44.16o and 51.98o but
no NiO peaks are observed.

The SOFC was fractured and different points for XPS analysis are displayed in Fig. 8.
The sample points are labeled as following: 1) Black-brown spot on anode surface, which
is co-linear with the gas inlet tube; 2) Shiny grey spot on anode surface; 3) Grey spot
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under mica gasket; 4) On the cross-section of the cell near to active anode layer (the XPS
beam size is adjusted to 20µm to focus on only active anode region).

The first point on brown spot is analyzed with XPS (Fig. 9). The Y and Zr peaks are
absent, indicating that a coating lies over the YSZ/Ni composite. Fe 2p3 and P 2p binding
energy region scans are shown in the inset. Fe2+ [22] on XPS is observed on the anode
surface. We speculate that the iron arises from volatile iron carbonyls from CO gas tank
or the gas transfer lines. The inset showing the P 2p detail scan clearly indicates the
presence of one type of P with a binding energy around 134.2 eV. This binding energy
value is consistent for phosphorus with a +5 oxidation state, for which phosphates and
P2O5 compounds are possibilities [22, 23]. Since no phosphate compounds are observed
in XRD analysis, we hypothesize that P2O5 is the main reason of this peak.

As clearly seen in Fig. 8, there is a shiny metallic region on anode surface exposed to fuel
stream, in contrast to the dull gray region underneath the mica gasket. XPS survey scan
of the second point is shown in Fig. 10. Again, the Y and Zr peaks are absent, indicating
the presence of a new layer of material on the exposed anode surface. No Fe 2p3 peak is
observed in this shiny metallic area. The Ni 2p3 region scan (inset) shows a peak at 852.8
eV, which is the signature peak for nickel metal [22, 24] and also for Ni-P alloys [25].
The P 2p binding energy region scan (inset) shows two different P 2p peaks, a doublet at
130.4 eV and a single peak at 134.2 eV. The peaks at 130.4 eV are attributed to
phosphorus with either a zero or negative oxidation state [26, 27]. In this case, the most
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likely phosphorus compound is Ni5P2, in agreement with the XRD analysis. The other
peak at 134.2 eV is assigned to P2O5 (+5 oxidation state phosphorus form).

The XPS spectra of the third point under the mica gasket are shown in Fig. 11. Ni 2p3
and Si 2p scan are also displayed inset of Fig. 11. All of the Si, Y, Zr and Ni peaks are
clearly seen in survey scan. The Ni 2p3 binding energy region scan shows the Ni peak at
852.8 eV. Detailed scan on Si 2p region shows a peak at 104.0 eV [22]. Si can be easily
transferred at this temperature range and the only known source of Si is the mica gasket.
No P peaks are detected, which is expected because the mica gasket seals against the fuel
stream.

The most useful XPS analysis is a 20 micron spot scan on the cross-section of the anode
active region, in order to address the issues about the phosphorus migration to the
interlayer between anode and electrolyte (Fig. 12). C, O, Ni, Fe, Y, Zr, and P detailed
scans are also obtained. Only Ni and P scans are displayed in the insets of Fig. 12. At this
interlayer between anode and electrolyte, Fe is not observed, which indicates no Fe
migration through the Ni-YSZ anode support. However, the detailed scan on P 2p
binding energy range shows a peak at 134.2 eV. As explained above, this peak is
attributed to P2O5 in this interlayer. Hence, phosphorus migration through the anode
support layer is confirmed. There is no evidence for phosphide (e.g., Ni5P2) in the P 2p
binding energy region. However, a more detailed and longer scan would be needed to
observe other types of phosphorus compounds.
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It is helpful to summarize all of the observations. SOFC performance degrades
immediately and continuously upon addition of 10 ppm of phosphine gas to a syngas
mixture. The degradation coincides with an increase in the ohmic resistance and an
increase in the polarization resistance of the SOFC both at OCV and at 400 mV
overpotential. However, van der Pauw measurements show no significant change in the
resistivity of the anode over the entire measurement period. Post-mortem XRD analysis
indicates the presence of nickel phosphide and P2O5 phases. XPS analyses in various
areas on the anode external surface show the presence of two coatings that cover up the
YSZ/Ni composite layer. Directly beneath the anode gas inlet is a dark spot which
contains iron in the +2 oxidation state and phosphorus in the +5 oxidation state. The rest
of the exposed anode has a metallic luster. XPS analysis of this layer indicates the
presence of Ni (+2) and two forms of phosphorus, both P (+5) and P (-2). Underneath the
mica gaskets, XPS detects the presence of Y and Zr phases, and a silicon impurity
attributed to contamination by the gasket. A spot analysis of the active layer of the anode
detects phosphorus in the +5 oxidation state.

In our previous paper [9], we conclude that metallic nickel migrates to the surface of the
anode and the void spaces inside the anode structure. The surface layer of nickel accounts
for the absence of Y and Zr peaks in the XPS spectrum of the exposed anode surface. The
XPS analysis suggests that the surface of the external nickel layer may contain both
nickel phosphide and phosphorus oxide phases. The presence of a surface layer of nickel
may account for the absence of a change in the anode resistivity, even though nickel is
migrating out of the percolation network in the Ni/YSZ support. However, the VdP
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measurement is likely to be controlled by 800 micron thick the support layer of the
anode-supported SOFC. Consequently, we tentatively assign the increase in ohmic
resistance (from EIS measurements) to loss of nickel from the active layer of the anode.
This loss would also reduce the TPB length and lead to an increase in the polarization
resistance. Similarly, the presence of phosphorus oxide in the active layer suggests that
increases in polarization resistance can be also attributed to poisoning of the nickel
surface.

4. Conclusion

The effect of 10 ppm PH3 as impurity in syngas mixture has been studied. After addition
of 10 ppm PH3 the cell voltage at constant current linearly degrades with the rate of 1.4
mV hour-1, in excellent agreement with published results (reference). In-situ Van der
Pauw measurements are used to track the resistivity of the Ni-YSZ anode during
exposure to various fuel mixtures at 800oC. These in-situ VdP measurements reveal that
resistivity values under different fuel compositions, even with 10 ppm PH3 impurity in
syngas, are constant with an uncertainty of ~5%. Electrochemical impedance
spectroscopy (EIS) measurements indicate that an increase in both the ohmic resistance,
Rohmic and polarization resistance, Rp are caused by PH3 exposure. Analyses using XRD
and XPS suggest that Ni5P2 and P2O5 phases form on the anode surface. XPS data are
also show that Fe appears on the anode surface. The iron is attributed to iron carbonyls in
the syngas, possible from the CO tank and steel tube transfer lines. Both Ni migration out
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of the active layer and the formation of P2O5 phase in the anode active layer are stated as
the main reason of the cell performance degradation.
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Figure captions

Fig. 1. Experimental setup; a) four Au leads on anode surface; b) anode side after putting
in alumina flanges; c) Au grid on cathode surface; d) cathode side after putting in
alumina flanges.

Fig. 2. Long term performance as voltage data under 0.5 A (0.25 A cm-2) constant current
load i) 97 % H2 with 3% water; ii) 30 % H2 with 26 % water and 44 % N2; iii) Syngas; iv)
Syngas with10 ppm PH3.

Fig. 3. Performance curves for different fuel compositions, i) 97 % H2 with 3% water; ii)
30 % H2 with 26 % water and 44 % N2; iii) Syngas; iv) Syngas with10 ppm PH3.

Fig. 4. EIS data for different fuel compositions a) at OCV and b) at 400 mV overpotential
(◊: 97 % H2 with 3% water; □: 30 % H2 with 26 % water and 44 % N2; ∆: Syngas; and
○: Syngas with 10 ppm PH3).

Fig. 5. EIS data summary for different fuel compositions,: i) 97 % H2 with 3% water; ii)
30 % H2 with 26 % water and 44 % N2; iii) Syngas; iv) Syngas with10 ppm PH3
(♦: Rohmic; ■: Rp at 400 mV overpotential; ▲: Rp at OCV).

Fig. 6. VdP data as a current-voltage scan for H2 with 3 % water (All four combinations,
1234, 2341, 3412, and 4123, are shown and are virtually identical).
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Fig. 7. XRD analysis on Ni-YSZ anode supported cell surface after 170 hours of syngas
with 10 ppm PH3 exposure (♦: YSZ; ■ Ni5P2; ▲: P2O5; ●: Ni).

Fig. 8. XPS sample places: 1) Black-brown spot on anode surface; 2) Shiny grey spot on
anode surface; 3) Grey spot under mica gasket; 4) On the cross-section of the cell near to
active anode layer (adjusted spot size is 20µm).

Fig. 9. XPS survey spectrum on black-brown spot (1st point); inset: left is detail scan on
Fe 2p3 range and right is detail scan in P 2p range.

Fig. 10. XPS survey spectrum on shiny grey area (2nd point) spot; inset: left is detail scan
on Ni 2p3 range and right is detail scan in P 2p range.

Fig. 11. XPS survey spectrum under mica area (3rd point); inset: left is detail scan on Ni
2p3 range and right is detail scan in Si 2p range.

Fig. 12. XPS survey spectrum on the cross-section of the cell near to active anode layer
(4th point); inset: left is detail scan on Ni 2p3 range and right is detail scan in P 2p range.
Table captions
Table.1
The resistivity, ρ, analysis using VdP measurements (Standard deviations are 1-2 % and
given as ± after data).
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Table.1

Resistivity
(µΩ.cm)

H2 with
3% water

H 2 with
26% water

Syngas
after 24 h

Syngas
after 96 h

Syngas
after 170 h

575 ± 3

585 ± 4

588 ± 3

608 ± 8

610 ± 3
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Syngas+PH3 Syngas+PH3
after 24 h
after 96 h

606 ± 7

605 ± 6

Syngas+PH3
after 170 h

608 ± 3

