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Abstract

The impact of open circuit voltage (OCV) on the performance and degradation of polybenzimidazole—phosphoric acid (PBI-H;POy,) fuel cells
operated at 180 °C was investigated. The OCV showed an initial quick increase in the first few minutes, followed by a much slower increase, and
peaked after about 35 min. It then started an exponential and monotonous decline. Along with the decline of OCV, the performance of the fuel
cell also declined. Operating the fuel cell with a load of 0.2 A cm™2 could temporarily boost the OCV and the fuel cell performance, but it could
not recover the lost performance permanently. Electrochemical impedance spectroscopy (EIS) indicated significant loss of catalyst activity and
increase in mass transport resistance due to the relatively high potential at OCV. X-ray diffraction (XRD) measurement showed that the cathode

Pt crystallite size increased by as much as 430% after a total of 244.5 h of exposure to OCV.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Operating a fuel cell at high temperatures provides several
system design and operational advantages. First, it reduces the
complexity of a fuel cell system and thus enables higher system
reliability and reduced materials and system assembly costs. For
example, for a PBI-H3PO;, fuel cell operated at 180 °C, which
can tolerate about 10,000 ppm CO, the low temperature shift
(LTS) reactor and the preferential oxidation unit (Prox), which
are required for a lower temperature proton-exchange mem-
brane fuel cell, can be eliminated. Second, a PBI-H3PO4 fuel
cell does not need aggressive humidification of the reactants, so
there are few water management issues, and the humidifiers and
related water pumps and manifolds required for lower tempera-
ture fuel cells are not needed. Third, high temperature fuel cells
generate higher quality waste heat, so the size and the capac-
ity of heat exchangers can be significantly reduced. The fuel
cell’s combined electrical and thermal efficiencies could be over
90%.
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Conventional phosphoric acid (PA) fuel cells use silicon car-
bide (SiC) to host the phosphoric acid electrolyte. A lot of
groundbreaking work was done at UTC fuel cells, and their
work laid the foundation for the phosphoric acid fuel cells
[1-4]. In early 1990s, Savinell and his research team at Case
Western Reserve University started using PBI to host the phos-
phoric acid electrolyte [5-10]. PBI is an engineering material
with good chemical/electrochemical stabilities and mechanical
strength at high temperatures and in the presence of acids. The
PA-doped PBI membranes were prepared by either imbibing a
PBI membrane with PA or casting directly from a solution of
PBI dissolved in a mixed acid solvent such as trifluoroacetic
acid and PA. PA doping levels ranging from 3 to 16 mol of
PA per PBI repeating unit were achieved. It was found that
the mechanical properties of the membranes at high PA dop-
ing levels became poor and unsuitable for membrane-electrode
assembly (MEA) fabrication. They suggested that the appropri-
ate PA levels be between 3.5 and 7.5 mol of PA per repeating
PBI unit.

More recently, Benicewicz and his research team at Rens-
selaer Polytechnic Institute (RPI) developed a sol-gel process
to fabricate PBI-H3PO4 membranes [11-12]. This process is
termed as the PPA process. The polymerization process to pro-
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duce PBI was carried out using polyphosphoric acid (PPA) as
both the polycondensation agent and the polymerization sol-
vent, starting from materials such as tetraaminobiphenyl (TAB)
and pyridine dicarboxylic acids. After polymerization, the PBI
solution in PPA (PPA is a good solvent for PBI) was directly
cast at 200-220 °C without separation or re-dissolution of the
polymer. Upon casting, the hydrolysis of PPA to PA (PA is not a
good solvent for PBI) by moisture absorbed from the surround-
ing environment induced a sol-gel transition that resulted in
PA-doped PBI membranes. The resulting membranes displayed
PA doping levels up to 25 mol of PA per repeating PBI unit,
ionic conductivity as high as 0.2 S cm~!, and stable mechanical
properties at elevated temperatures.

PBI-H3POy fuel cells still face several key challenges. One
challenge is the low performance due to the adsorption of phos-
phate anions onto the catalysts [2]. The adsorption blocks a
significant portion of the catalyst sites, and thus the activa-
tion overpotential loss is quite high for both the reduction of
oxygen at the cathode and the oxidation of hydrogen at the
anode. Methods that can weaken the adsorption of phosphate
anions should be able to effectively improve the fuel cell per-
formance, but little progress has been made in this area so
far.

Another challenge is the high corrosion rate of the amor-
phous carbon catalyst support such as Vulcan XC-72 [2,13]. Its
corrosion can weaken the interaction between carbon supports
and the catalyst particles, or even result in the complete detach-
ment of the catalyst particles from the supports. This will in turn
accelerate the agglomeration of catalyst particles and a reduction
in the number of effective catalyst-H3PO4-reactant three-phase
sites. Carbon corrosion/oxidation also causes the carbon surface
to become more hydrophilic [14-16]. A highly hydrophilic sur-
face will be more readily flooded by H3PO4, and result in higher
mass transport resistance. The third challenge is the high disso-
lution and sintering rates of a catalyst such as Pt due to the high
temperature [2,13,17-22]. Ferreira et al had a very thorough
review on this topic [17]. Also, phosphate anions may be able
to form complexes with Pt cations that could further accelerate
the Pt dissolution process.

These challenges put more stringent demands on the fuel cell
system operating algorithm. For example, during the lifetime of
a fuel cell, it will experience both loaded and unloaded states.
When power is required, the fuel cell is loaded to generate elec-
tricity. When power is not required, the fuel cell is not needed
to generate electricity, and it is likely to be in an unloaded or
no-load state. Without a load, the fuel cell will experience an
open circuit voltage (OCV), which is close to 1V per cell if
there is fuel at the anode and air at the cathode, respectively. It
is therefore necessary to figure out whether the OCV has any
negative effect on cell performance and degradation, and how
severe it is and how it changes with time if there is one. The
result is then used to guide the design of the fuel cell system
operating algorithm in order to achieve the highest stability and
durability of the fuel cell system.

This article reports our investigation into the OCV effect on
PBI-H3POy4 high temperature fuel cells operated at a cell tem-
perature of 180 °C.

2. Experimental
2.1. Membrane-electrode assembly (MEA)

Experimental and proprietary MEAs with an active area of
45 cm? were obtained from suppliers. Vulcan XC-72 was used
as the catalyst support, and the total Pt loading on anode/cathode
was around 1.0 mg cm™2. Carbon cloth-type materials were used
as the catalyst layer backing. Each MEA was nicely packed in
a sealed bag to prevent both exposures to air and adsorbing
of water moisture. The bag was opened right before the cell
assembly step, and the entire assembly process took no more
than 10 min.

2.2. Open circuit tests

Single fuel cell tests were performed using a homemade
45 cm? active area test fixture. The test fixture was composed
of a pair of graphite plates with serpentine flow-fields. Heating
tapes were attached to the outside of both the anode and cathode
end plates and the entire cell hardware was wrapped with thick
insulating materials in order to warm up the cell quickly and to
maintain its operating temperature.

Hydrogen and air at ambient pressure were used as the reac-
tants at the anode and cathode, respectively. Unless otherwise
stated, the cell temperature was controlled at 180 °C, and air
entered the cell without any additional humidification, while
hydrogen was humidified to a 52 °C dew point.

During the open circuit tests, the cell was kept at open circuit,
and the OCV was recorded. The air flow rate was controlled at
1.35 times stoichiometric for a current density of 02Acm™2,
while the hydrogen flow rate was about 0.5 SLM that was well
over stoichiometric due to the use of a high flow mass flow
controller. Periodically, fuel cell performance at current densi-
ties of 0.02, 0.2 A cm~2, and the entire polarization curve were
collected with constant air stoichiometry of 1.35 or 4.0.

2.3. Electrochemical impedance spectroscopy (EIS)

EIS was performed using a Hewlett Packard 6050 A system
dc electronic load coupled with a Solartron SI 1250 frequency
response analyzer. A perturbation of 50 mV was used during
the measurement. A current density of 0.20 A cm ™2 was applied
to the fuel cell by the HP load bank, and the reactants flowed
through both the anode and the cathode at the same stoichiometry
as that used during normal fuel cell operation. In order to shorten
the measurement process, each point at frequencies greater than
1000 Hz, between 1000 and 1 Hz, and less than 1 Hz was an
average of 200, 10, and 2 measurements, respectively.

2.4. Cyclic voltammetry (CV)

An EG&G Potentiostat (model 273 A) was used to perform
the cyclic voltammetry of the cathode at a cell temperature of
180 °C. During the measurement, the cathode was taken as a
working electrode, and was supplied with nitrogen at a flow rate
of 0.3 SLM; the anode was supplied with pure hydrogen at a



1128 Z. Qi, S. Buelte / Journal of Power Sources 161 (2006) 1126—1132

flow rate of 0.5 SLM and functioned as the counter and reference
electrode. The potential was scanned between 0.05 and 0.50 V
at20mV s~

2.5. X-ray diffraction (XRD)

XRD measurement was performed using a Scintag X-ray
diffractometer with a Cu (K) radiation source at 1.54 A with a
goniometer resolution of 0.02°. It uses a Peltier-cooled Si (Li)
solid state detector, and can measure samples in the form of pow-
ders, thin films, or crystals. In this experiment, both the anode
and the cathode were first peeled off of the membrane, and the
anode and cathode samples were cut to a size of approximately
1 cm? before they were subjected to the XRD analyses sepa-
rately. The samples were scanned at an angle range of 10-80°,
with 0.03° of step size, and lasting 10s at each step. After the
scan was complete, the data were exported in .txt format and
plotted using Microcal Origin Software. The peaks were fitted
to calculate the full width at half maximum (FWHM) and the
Debye—Scherrer equation was used to calculate the particle crys-
tallite size.

3. Results and discussion

Fig. 1 shows the OCV change of a fuel cell during about
a total of 350h of testing (with 244.5h at OCV). The OCV
increased initially before it started an exponential and mono-
tonic decline. The inset illustrates the OCV during its initial
increase. The increase was quickest in the first few minutes, but
showed down after about 5 min, and peaked after 37 min. For
regions A and B (circled by dotted lines), the fuel cell was set at
0.2 Acm™2 for 7.5 and 96 h, respectively. In region A, the OCV
did not show any apparent decline after the fuel cell was oper-
ated at 0.2 A cm™2 for 7.5h (0.915 V versus 0.914 V). In region
B, the OCV increased from 0.844 V (before setting the cell at
0.2 Acm™2) to 0.875 after setting the cell at 0.2 A cm ™2 for 4 h,
and the OCV did not show apparent change during the 96 h at
0.2 A cm™2. When the cell was returned to open circuit after 96 h
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Fig. 1. OCV change with time when the cell was set at open circuit. The inset
shows the OCV increase during the first 37 min. The fuel cell was operated at
0.2 Acm~2 for 7.5 and 96 h in the circled regions A and B, respectively.

0.70
—B— Air stoich 1.35

o = A= Air stoich 4.0

£

[&]

<€

jal] Cell was set at 0.2 L7 3 ————

2 e

e ' Acm™ for 7.5 hours ,f‘" - AT -a A- A 0.618 V

© { § . 3

= 0.60 AL -A . 50.507 Vg '.. o

=l 5 T e, 8y, 0588 v

- - A . T e z

% 0.583 .

[o] Mo A

% Cell was set al 0.2 0.567 V

> 0.55 = oA Acm? for 96 hours

= 0.547V

[ ul

(&) 0.582 V

0.50
50 100 150 200 250 300 350 400

Total Time (hr)

Fig. 2. Change of fuel cell voltage at 0.2 A cm~2 with time at open circuit with
1.35 (solid line) and 4.0 (dashed line) air stoichiometry, respectively. The fuel
cell was operated at 0.2 A cm~2 for 7.5 and 96 h in the circled regions A and B,
respectively.

at 0.2 A cm~2, the OCV quickly declined from 0.875 to 0.826 V
in 22 h, returning to the original OCV decline trend line. The
OCYV measurements shown in regions A and B were carried out
by unloading the cell for about 1 min and then reloading it with
a current density of 0.2 A cm™2.

The fuel cell performance change during the 350 h of oper-
ation is shown in Fig. 2. The performance was periodically
measured by momentarily interrupting the OCV test process
with the application of a load for about 1 min. The higher and
lower performance curves represent the results at air stoichiome-
try of 4.0 and 1.35, respectively. The trend of the curves is similar
to the OCV curve shown in Fig. 1, except that the performance
decline began immediately. The decline rate was fastest in the
beginning of the OCV tests and most of decline occurred in the
first 45h.

When the cell was operated at 0.2 A cm™2 for 7.5 h in region
A, the performance increased from 0.630 to 0.657 V and from
0.600 to 0.632V at 4.0 and 1.35 times stoichiometric air flow,
respectively. In region B, where the fuel cell was operated at
0.2 Acm™2 for 96 h, the performance initially increased from
0.583 to 0.621V and from 0.547 to 0.597V at 4.0 and 1.35
times stoichiometric air flow, respectively, in the first 4 h. During
the remaining 92 h, the fuel cell performance declined slightly
(3-9mV). When the fuel cell was set at open circuit again, the
performance quickly declined from 0.618 and 0.588 V to 0.567
and 0.532 V at 4.0 and 1.35 times stoichiometric air flow, respec-
tively.

Clearly, setting a fuel cell at open circuit had significantly
negative impact on its OCV and performance. Although oper-
ating the cell with a load of 0.2 A cm™2 did temporarily boost
the OCV and the performance, it did not seem to have any per-
manent effect because the OCV and the performance returned
to their decline trend lines once the cell was set at open circuit
again. However, running a cell with a load of 0.2 A cm™2 did
not cause any apparent OCV loss, and the performance only
declined slightly.

Figs. 1 and 2 indicate that both the OCV itself and the fuel
cell performance at 0.2 A cm™~2 declined the most in the first 45 h
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Fig. 3. Polarization curves after different number of hours at open circuit voltage
(all solid lines). The dashed line shows the polarization curve after operating the
cell at 0.2 A cm™2 for 7.5 h following a previous 17.5 h of open circuit voltage.

or so. Afterwards, the decline became much slower. Therefore,
the experiment was stopped after a total of 350 h of testing.

The polarization curves at 1.35 times air stoichiometric after
different hours of OCV are shown in Fig. 3. The hours shown in
the legend are accumulated number of hours at OCV. Clearly, the
performance loss occurred throughout the entire current density
region, and most of the loss occurred in the first 33.5 h. After-
wards, the performance decline rate slowed down significantly.

The dashed line shown in Fig. 3 is the polarization curve after
the fuel cell was set at 0.2 Acm~2 for 7.5h following 17.5h
of OCV. The entire polarization curve became higher than that
after 17.5h of OCV. However, when the fuel cell was set at
OCYV again, the polarization curve decreased faster, giving up
all the gain achieved from running at 0.2 A cm~2, similar to that
observed in Figs. 1 and 2.

During the OCV testing process, electrochemical impedance
spectra were taken periodically in order to monitor the changes
of the cathode kinetic activity and the mass transport resistance.
Fig. 4a shows the EIS obtained at a fuel cell current density of
0.2 A cm~2 with 1.35 times stoichiometric air flow after 1.5 and
244.5h of OCYV, respectively. Both spectra show two distinct
arcs in the high and low frequency regions, representing the
electrode activation resistance and the mass transport resistance,
respectively. Clearly, both the activation resistance and the mass
transport resistance increased significantly after 244.5 h of OCV.

Fig. 4b shows the EIS with 4.0 times air stoichiometry.
Although there are still two arcs in high and low frequency
regions, the arcs at the lower frequency region almost disap-
peared. This indicated that the fuel cell performance loss due
to mass transport resistance were insignificant when the air sto-
ichiometry was as high as 4.0. Meanwhile, the arc in the high
frequency region was significantly larger after 244.5h of OCV
than that after 1.5 h of OCV, pointing to the loss of catalyst activ-
ity that was observed with the results obtained at 1.35 times air
stoichiometry (Fig. 4a).

The (projected) intercepts of the lowest frequency at the real
impedance axis after 244.5 h of OCV were about 1.16 (Fig. 4a)
and 0.69 Q cm? (Fig. 4b) at 1.35 and 4.0 air stoichiometry,
respectively. If we assume that the activation resistance was
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Fig. 4. EIS after 1.5 and 244.5 h of open circuit voltage with 1.35 (a) and 4.0
(b) air stoichiometry, respectively.

not significantly affected by the air stoichiometry change, the
difference between the two intercepts, which was 0.47 cm?
(1.16-0.69), represented the difference in mass transport resis-
tance between at 1.35 and 4.0 times air stoichiometry. Referring
to Fig. 2, the difference in cell voltage at 0.2 A cm™2 between
1.35 and 4.0 times stoichiometry after 244.5h of OCV tests
was 35mV (0.567-0.532V). So, it can be roughly estimated
that a difference of 0.47  cm?” in mass transport resistance led
to 35mV cell voltage drop at a current density of 0.2 A cm™2,
However, multiplying 0.47 Q2 cm? with the current density of
0.2 A cm~2 results in 94 mV, which is much larger than the mea-
sured 35mV loss. So, the mass transport resistance obtained
from EIS cannot be directly translated into cell voltage drop
by multiplying it with the current density. In this case, the result
from the simple multiplication was nearly as three times large as
the actual cell voltage drop due to the mass transport resistance.

The intercepts at the real axis at the highest frequency were
about 0.13 € cm? from both Fig. 4a and 4b. This resistance repre-
sents the total resistance of the membrane (ionic) and the contact
resistance among cell components (electronic) (e.g., between
gas diffusion media and current collecting plates). This total
resistance did not show any apparent change after 244.5h of
OCV tests.

Referring to Fig. 3, it may be seen that the performance drop is
essentially linear within the current density of 0.15-0.4 A cm ™2
for all the polarization curves. The slopes, calculated by AV/AI,
ranged from 0.39 to 0.66 €2 cm?, for the polarization curves after
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Fig. 5. Cathode cyclic voltammogram of the MEA tested at OCV for 244.5h.
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incubation and after 244.5 h of OCV test, respectively. Since the
total resistance did not change based on results from Fig. 4,
the increase in the slope according to the above calculation
(0.27=0.66 — 0.39 Q cm?) was due to both increased catalyst
activity loss and increased mass transport resistance. This has
several implications. First, using the slope of the linear region
of a polarization curve to estimate the total resistance (contact
plus ionic) will lead to an exaggerated result. Second, although
the linear decline of a polarization curve fits Ohm’s Law well
(i.e., IR drop), it actually also includes losses due to the mass
transport resistance and the activation overpotentials.

Hydrogen desorption peak area was used to estimate the elec-
trochemical active surface area of the cathode. Fig. 5 shows the
cathode cyclic voltammogram of the MEA after 244.5 h of tests
at OCV. At 180 °C, only one pair of adsorption and desorption
peaks were observed, in contrast to lower temperature PEM fuel
cells where two pairs of adsorption and desorption peaks are
normally observed. The lower potential limit for the cathodic
scan (higher to lower potential scan) is always difficult to deter-
mine for low catalyst-loaded electrodes, which surely introduces
more errors to the real peak areas that are related to hydrogen
adsorption and desorption instead of hydrogen evolution. We
determined the lower potential limits by trial and error, and only
intended to make relative comparisons. The integrated charge
under the hydrogen desorption peak (shaded area) was about
2.1C (per 45 cm?), which was 38% less than that of a fresh
MEA that normally has a charge of 3.4 C. So, significant elec-
trochemical active surface area loss occurred to the tested MEA.

X-ray diffraction was used to estimate the catalyst particle
crystallite size changes at both the cathode and the anode. The
electrodes were peeled off of the membrane and cut to a size of
about 1 cm?, and the anode and the cathode were measured sep-
arately. Three Pt peaks were observed at 39.8° (1 1 1, crystalline
facet),46.2° (200),and 67.6° (2 2 0). These peaks were all much
sharper for the tested cathode than the fresh cathode, indicating
that the Pt crystallite size increased in the tested cathode. Using
the Debye—Scherrer equation:

L 0.9
Crystallite size = ————— ()
FWHM cos 8

Table 1
Normalized cathode Pt crystallite size estimated by XRD measurement

Sample Pt peak position Normalized crystallite
(degrees =20) size (nm)
39.9°(111) 1.6
Fresh cathode 46.1°(200) 1.0
67.7°(220) 32
39.8°(111) 5.6
Tested cathode 46.2°(200) 5.3
67.7°(220) 7.7

where A, FWHM, and 6 are the X-ray wavelength, full width at
half maximum of the peak, and X-ray beam incidence angle,
respectively, the Pt crystallite sizes were estimated. Table 1
shows the results that are normalized by taking the smallest crys-
tallite size as 1.0. The Pt crystallite size increased by as much
as 430% after 244.5 h of testing at OCV.

For the anodes, the three Pt peaks did not show significant
difference between the fresh and tested MEAs. The estimated
Pt crystallite sizes were almost the same for the fresh and tested
anodes. Table 2 shows the normalized particle crystallite size
by taking the smallest one as 1.0. Obviously, the low potential
(~0V) and the absence of water either as liquid or vapor at the
anode provide a favorable condition for Pt crystallites not to
grow.

It is believed that the cathode Pt crystallite size increase
resulting from operation at OCV is a major cause of permanent
OCYV decline and fuel cell performance loss. Several factors are
likely to contribute to the quick growth of Pt particles. First, the
high temperature (e.g., 180 °C) and potential (e.g., OCV) could
elevate Pt dissolution and re-deposition rates ([17] and refer-
ences therein). Since the anode catalyst crystallite size showed
almost no change, it demonstrated that potential has much higher
impact than temperature on the growth of the crystallites. Pt par-
ticles should also have higher mobility at higher temperatures,
so their agglomeration rate will be greater. Second, the high tem-
perature and potential could lead to a high corrosion rate of the
carbon catalyst support. Carbon corrosion could weaken or even
sever the attachment of Pt particles to the support, thus accel-
erating the Pt agglomeration rate as well ([13] and references
therein). Stabilizing the Pt particles by using Pt alloys [23-25]
and stabilizing the support by using graphitic carbon [26] should
slow down the growth of the Pt particles. Creating some physical
barriers against the movement of catalyst particles could also be

Table 2
Normalized anode Pt crystallite size estimated by XRD measurement

Sample Pt peak position Normalized crystallite
(degrees =20) size (nm)
39.8°(111) 14
Fresh anode 46.1°(200) 1.0
67.5°(220) 2.4
39.8°(111) 1.7
Tested anode 46.2°(200) 1.0
67.7°(220) 2.3




Z. Qi, S. Buelte / Journal of Power Sources 161 (2006) 1126—1132 1131

effective in reducing the growth of the particles. For example,
Kunz invented a method by depositing catalyst particles in pits
or dents that were purposely created on the surface of a carbon
support using a metal oxidizing agent before the fuel cell cata-
lyst deposition step [26]. The pits hindered the movement of the
fuel cell catalysts and thus reduced their growth rate. Jalan and
Bushnell invented a method of depositing porous carbon around
the supported catalyst particles to reduce the movement and thus
the growth of the particles [27].

Another major factor responsible for the performance loss is
the mass transport resistance increase as illustrated by the EIS
results shown in Fig. 4. The mass transport resistance increase
is most likely due to the surface oxidation of the carbon cat-
alyst support. The oxidation makes the surface of the support
more hydrophilic and thus it is more readily to be flooded by
the phosphoric acid. Although the carbon materials in the elec-
trode backing layer could also make some contributions to the
increased mass transport resistance, the impact is expected to
be minor due to the absence of catalysts in the backing layer to
catalyze carbon oxidation.

Itis speculated that the initial OCV increase in the first 37 min
(Fig. 1) is likely to be due to the following two reasons. First,
it could be due to the oxidation of the carbon catalyst-support
surface that caused the surface to be better wetted by phosphoric
acid when inadequate wetting of the catalyst support existed in
the very beginning of the fuel cell testing. Second, it could be due
to catalyst surface cleaning through an oxidation mechanism to
remove potentially existing adsorbents.

The discrepancy between the cathode electrochemical active
surface area loss (38%) and the cathode catalyst crystallite size
increase (2.4-5.3 times) can be attributed to several reasons.
First, XRD measures the crystallite size rather than the particle
size and a particle could contain many smaller crystallites. In
contrast, the electrochemical active surface area estimated by
cyclic voltammetry reflects the particle size rather than the crys-
tallite size. So, the two measurements are not supposed to give
the same results. Second, XRD determines the volume averaged
crystallite size, and it may undercount the smaller crystallites.
This kind of discrepancy was observed by Ferreira et al for
PEM fuel cells as well [17]. In addition, for the three types of
crystallites measured here, their relative distributions were not
determined.

It is clear from this investigation that a PBI-H3PO4 fuel cell
system should be operated in such a way that the open cir-
cuit voltage and the time at OCV are minimized or completely
avoided. This conclusion is in agreement wth previous stud-
ies on both PAFCs and PEMFCs [1-3,13,17]. Several methods
could be used to achieve this goal. First, the fuel cell should
be operated continuously whenever possible. When there is no
load demand, the fuel cell could be used to power some parasitic
load, and this additional load could be the fuel cell system itself
(including parasitic power requirements) to keep the fuel cell
warm. Keeping the fuel cell warm also enables faster restart of
the fuel cell system, and minimizes potential freezing of the lig-
uid electrolyte. Repeated freeze—thaw cycling of the electrolyte
could seriously damage the fuel cell due to the stress created by
the volume change.

0.9
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Fig. 6. Effect of cycling cell temperature between 160 and 30 °C on fuel cell
performance. 160 °C cell temperature and 1.2/1.35 hydrogen/air stoichiometry
when the fuel cell was loaded with 0.02 and 0.19 Acm™2 current densities;
nitrogen flowed in the cathode and a resistor was used to connect the anode and
cathode during the temperature cycling period at open circuit.

Second, if a shut down is unavoidable, the air in the cathode
should be completely consumed before the fuel cell is shut down.
This can be done by using a resistive load [28—30] or by purging
the cathode of the fuel cell with an inert gas such as nitrogen and
carbon dioxide immediately after shutdown. Without air in the
cathode, the cell potential will be far less than the normal OCV
even at open circuit.

The effectiveness of the last two methods was demonstrated
by the following experiments. Fig. 6 shows an experiment with
the cell temperature cycled from 160 to 30 C and back to 160 Cin
about 6.5 h. When the cycling was started, a resistor of 1 Q was
used to connect the anode and cathode before the last load, which
was 0.02 A cm™2, was disconnected. Immediately after the load
was removed, nitrogen was supplied to the cathode to displace
air, and the nitrogen flow was continued during the 6.5 h temper-
ature cycling process. The OCV of the cell was nearly 0 V during
this time. When the cell temperature returned to about 150 °C,
air was reintroduced into the cathode, and aload of 0.19 A cm ™2
was applied. The cell voltage was slightly lower in the beginning
(0.61 V versus 0.64 V), but once the temperature reached 160 °C,
the cell voltage became the same as that before the temperature
cycling started. Also, the cell voltage at 0.02 A cm™2 was the
same before and after the temperature cycling (0.77 V). There-
fore, although the cell was exposed to open circuit for 6.5h,
it did not lose any performance due to controlling the OCV to
about 0V through the use of a load resistor and an inert gas.

An example of an unavoidable interruption in fuel cell oper-
ation during endurance testing is periodic characterization by
various techniques in order to gain information about the cell at
different stages of the endurance test. One common characteriza-
tion technique is the electrochemical impedance spectroscopy.
Such a measurement gives information about the changes in
resistance, catalyst activity, and electrode mass transport resis-
tance. However, if the cell was not controlled properly, the
exposure to OCV will cause degradation of the cell. The per-
formance loss may be mistakenly attributed to the interruption
of EIS itself. Fig. 7 shows the performance of a fuel cell before
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Fig. 7. Effect of performing electrochemical impedance spectroscopy on fuel
cell performance. 160 °C cell temperature and 1.2/1.35 hydrogen/air stoichiom-
etry when the fuel cell was loaded with 0.19 A cm~2 current density.

and after a 30 min interruption to perform an EIS measure-
ment. Before the cell was interrupted for the connection of the
impedance analyzer, an adjustable resistor was used to connect
the anode and cathode so that the cell did not expose to OCV.
After the impedance analyzer was connected to the cell and read-
ied for the measurement, a current density of 0.19 A cm~2 was
applied to the cell by the impedance analyzer, and the resistor
was then disconnected. The EIS measurement was completed in
15 min, and the resistor was reconnected to the cell again before
the impedance analyzer was disconnected from the cell. Another
15 min elapsed before a load of 0.19 A cm™? was applied to the
cell again. During the entire 30 min interruption period, air flow
was maintained through the cathode but the cell voltage was
controlled at a value (0.668 V) less than that (0.673 V) at a load
of 0.19 A cm~2 by the adjustable resistor. No performance loss
was observed after the interruption.

4. Conclusions

It has been shown that allowing a PBI-H3PO4 high temper-
ature fuel cell to operate at OCV has a significantly negative
impact on OCV and the fuel cell performance. The decline was
exponential and most of the loss occurred in the first 50h of
exposure to OCV. Both the cathode activation resistance and
the mass transport resistance increased significantly in this pro-
cess. After 244.5h of OCV tests, the cathode Pt crystallite size
increased to as much as 5.3 times of its original value, while the
anode Pt crystallite size showed little change. Extended opera-
tion at OCV should be avoided to prolong the life of the high
temperature cells.
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