(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/089880 A1l

1 June 2017 (01.06.2017) WIPOIPCT
(51) International Patent Classification: (74) Agents: KOCHER, Klaus-Peter ct al.; Daimler AG, Intel-
HOIM 8/0234 (2016.01)  HOIM 8/04225 (2016.01) lectual Property, Trends & Innovation, RD/RI - H512,
HOIM 8/0245 (2016.01)  HOIM 8/1018 (2016.01) 70546 Stuttgart (DE).
HOIM 8/04746 (2016.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/IB2016/001646 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. . BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
(22) International Filing Date: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
21 November 2016 (21.11.2016) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(25) Filing Language: English KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(26) Publication Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(30) Priority Data: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
62/260,095 25 November 2015 (25.11.2015) Us g‘fv TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(71) Applicants: DAIMLER AG [DE/DE]; Mercedesstrasse . L
137, 70327 Stuttgart (DE) FORD MOTOR COMPANY (84) Des1gnated States (unless otherwise lndlcated, fO}" every
[US/US]; One American Road, Dearborn, MI 48126 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Inventors: HAAS, Herwig; 307 Fourth Ave., New West- TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
mister, BC V3L IN8 (CA). BERRETTA, Francine; 3215 TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
27th Avenue West, Vancouver, BC V6L 1W7 (CA). CHU, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
Yin-Chi; 2586 Tempe Knoll Drive, North Vancouver, BC LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
V7N 4J1 (CA). LEE, Alvin; 948 E 55th Avenue, Van- SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
couver, BC V5X IN9 (CA). RONASI, Sima; 830 East GW, KM, ML, MR, NE, SN, TD, TG).
12th Street, North Vancouver, BC V7L 2L1 (CA). Published:

with international search report (Art. 21(3))

(54) Title: IMPROVED DURABILITY OF FUEL CELL BY USE OF SELECTIVELY CONDUCTING ANODE AND FAST HY -
DROGEN FILL ON STARTUP

C
: LAl S 3
0.8 - AN
¥ Mmes%c) .8
0.7 4 B
06 -
3 05 4 < 8C 2um
E :
Q <
> 04-- hmmmm e
A
0.3 -
021 4
0.1 © SC 10pm; B(50%C)4um
0

05 075 1

125

15 175 2 225 25

wo 2017/089880 A1 | P00 OO 0O O

Fill time (s)

FIG. 4

(57) Abstract: In the development of solid polymer electrolyte fuel cell stacks for commercial purposes, it has been difficult to sim -
ultaneously achieve acceptable performance, start-up and shutdown durability, and tolerance to voltage reversal. The present inven -
tion resolves this problem by employing an appropriate selectively conducting layer composition in the anode combined with use of
a fast hydrogen fill time in the anode components and flow fields during start-ups.



10

15

20

25

30

WO 2017/089880 PCT/IB2016/001646

IMPROVED DURABILITY OF FUEL CELL BY USE OF SELECTIVELY CONDUCTING
ANODE AND FAST HYDROGEN FILL ON STARTUP

BACKGROUND
Field of the Invention

The present invention pertains to solid polymer electrolyte fuel cells and particularly to fuel cells intended
for automotive applications. Further, the invention pertains to methods and constructions for improving

tolerance to voltage reversal while maintaining performance and durability.
Description of the Related Art

Improving the durability of solid polymer electrolyte fuel cells is one of the challenges preventing the
broader commercialization of such fuel cells. A significant problem in this regard is the loss of performance
which can be experienced during repeated on-off cycling. During start-up and shutdown events, severe
degradation of the carbon supported platinum catalyst which is typically used in such cells can occur.
Consequently, such degradation can lead to an unacceptable loss in performance when such fuel cells are
subjected to repeated start-up and shutdown cycles. The degradation can be further exacerbated when using
low catalyst loadings in the electrodes for cost reduction purposes. Often, there is a trade-off between

durability and performance in the fuel cell.

During the start-up and shutdown of fuel cell systems, various corrosion enhancing events can occur. In
particular though, transitions between air and fuel in the anode flow fields are known to cause localized
high cathode potentials, thereby resulting in carbon corrosion and platinum dissolution in the cathode
catalyst layer. Such temporary high cathode potentials can lead to significant performance degradation. To
mitigate this problem, the industry needs to either find more stable and robust catalyst materials or find

other means to avoid or slow the associated performance degradation.

The performance degradation problem due to start-up and shutdown cycling is a key obstacle in the
commercialization of solid polymer electrolyte fuel cells. A number of approaches have been suggested in
the art for solving this problem, including use of higher catalyst loadings, valves around the stack to prevent
air ingress into the anode, and carefully engineered operational start-up and shutdown strategies. Some

suggested systems incorporate a nitrogen purge and nitrogen/oxygen purges to prevent damaging gas
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combinations from being present during these transitions (e.g. U.S. Pat. No. 5,013,617 and U.S. Pat. No.
5,045,414).

Some other concepts involve fuel cell stack start-up and shutdown strategies involving fast reactant gas
flows to minimize potential spikes. For example, U.S. Pat. No. 6,858,336 and U.S. Pat. No. 6,887,599,
disclose disconnecting a fuel cell system from its primary load and rapidly purging the anode with air on
shutdown and with hydrogen gas on start-up respectively in order to reduce the degradation that can
otherwise occur. While this can eliminate the need to purge with an inert gas, the methods disclosed still
involve additional steps in shﬁtdown and start-up that could potentially cause complications. Shutdown and

start-up can thus require additional time and extra hardware is needed in order to conduct these procedures.

Still, a more efficient, simple and cost effective method needs to be developed for the industry to overcome
the degradation problem. Recently, in PCT patent application serial number W0O2011/076396 by the same
applicant, it was disclosed that the degradation of a solid polymer fuel cell during start-up and shutdown
can be reduced by incorporating a suitable selectively conducting component in electrical series with the
anode components in the fuel cell. The component is characterized by a low electrical resistance in the
presence of hydrogen or fuel and a high resistance in the presence of air (e.g. more than 100 times lower in

the presence of hydrogen than in the presence of air).

It was noted in WO2011/076396 however that the presence of a selectively conducting component or layer
could adversely affect a cell’s tolerance to voltage reversal along with its performance. It was shown that
these adverse effects can be mitigated against in certain ways. For instance, as disclosed in
US2014/0030625 by the same applicant, improved voltage reversal results can be obtained by employing
a selectively conducting component which comprises a layer of a selectively conducting material and a
carbon sublayér in contact with the side of the anode opposite the solid polymer electrolyte. Further, as
disclosed in US2015/0325859 by the same applicant, improved voltage reversal results can be obtained by
employing a selectively conducting component which comprises a mixed layer comprising a mixture of a
selectively conducting material and carbon in contact with the side of the anode opposite the solid polymer
electrolyte. The disclosures of WO2011/076396, US2014/0030625, and US2015/0325859 are hereby

incorporated by reference in their entirety.

However, improving voltage reversal tolerance using either of the aforementioned approaches can result in
a trade-off with regards to the protection obtained against start-up and shutdown degradation. While such

a trade-off can be acceptable, it is nonetheless desirable to minimize any trade-off in cell performance, start-
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up/shutdown durability, and/or voltage reversal tolerance. The present invention addresses this need and

provides other benefits as disclosed below.
SUMMARY

Use of a selectively conducting layer component in the anode of a solid polymer electrolyte fuel cell
desirably improves start-up/shutdown durability. But it has been found to be difficult to simultaneously
achieve commercially acceptable voltage reversal tolerance and commercially acceptable performance as
well as start-up/shutdown durability in this way. For instance, applying a selectively conducting layer only
to a portion or portions of an anode component (i.e. partial coverage of selectively conducting layer) can
improve voltage reversal tolerance but at the expense of start-up/shutdown durability. Alternatively,
incorporating a carbon sublayer can provide a solution for voltage reversal tolerance, but it can involve a
trade-off in performance and/or durability. In yet another alternative, incorporating a mixed layer of a
selectively conducting material and carbon material can provide a preferred solution for addressing the
voltage reversal tolerance problem. However, in all these approaches, a trade-off still exists between
durability and other fuel cell functionalities such as voltage reversal tolerance and performance, and all of

these need to be balanced.

The present invention improves on the above and reduces the trade-off that would otherwise be required
between these functionalities. The present invention employs an appropriate selectively conducting layer
composition in the anode combined with use of a fast hydrogen fill time in the anode components and flow
fields during start-up events. Based on actual and modelling results appearing in the Examples below, such
an embodiment would be predicted to enjoy the cell performance and voltage reversal tolerance benefits
associated with use of the selectively conducting layer composition, while also enjoying substantially

improved durability towards the potential degradation associated with start-up events.

Specifically, a fuel cell system of the invention comprises a fuel cell stack comprising a series stack of solid
polymer electrolyte fuel cells in which each fuel cell comprises a solid polymer electrolyte, a cathode, anode
components, a cathode flow field adjacent the cathode, an anode flow field adjacent the anode components
and comprising an inlet and an outlet, and a subsystem for supplying hydrogen to the anode flow fields in
the stack. Further, the anode components comprise an anode, an anode gas diffusion layer, and a selectively
conducting layer composition. The selectively conducting layer composition comprises a selectively
conducting material and a carbon material, and the electrical resistance of the selectively conducting
component in the presence of hydrogen is more than 100 times lower than the electrical resistance in the

3
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presence of air. The subsystem for supplying hydrogen is configured to flow an amount of hydrogen equal
to the void volume of the anode components and the anode flow fields in a predetermined fill time during
start-up of the system. The fuel cell system is characterized in that the resistance of the selectively

conducting layer composition in the presence of air and the fill time are selected such that the local cell

voltage near the anode outlets is a maximum of 0.4 V over the initial 80% of the fill time during start-up.

In one embodiment, the selectively conducting layer composition comprises a carbon sublayer in contact
with the side of the anode opposite the solid polymer electrolyte and a selectively conducting layer
comprising the selectively conducting material. In another embodiment, the selectively conducting léyer
composition comprises a mixed layer in contact with the side of the anode opposite the solid polymer
electrolyte wherein the mixed layer comprises a mixture of the selectively conducting material and the

carbon material.

In exemplary embodiments, the resistance of the selectively conducting layer in air can be greater than
about 0.27 ohms. Further, the predetermined fill time can be in the range from about 0.1 to about 2.5
seconds, and particularly in the range from about 0.1 to about 1.0 seconds. An exemplary subsystem capable

of achieving such fill times can comprise a jet pump.

The related method of the invention reduces the degradation during start-up while increasing the tolerance
to voltage reversal of an aforementioned fuel cell system and importantly comprises selecting the resistance
of the selectively conducting layer composition and the fill time such that the local cell voltage near the

anode outlets is a maximum of 0.4 V during start-up.

Being directed to voltage reversal tolerance and performance, the invention is particularly intended for fuel
cell stacks and particularly for those in fuel cell systems which will be subjected to numerous start-up and
shutdown sequences over the lifetime of the system (e.g. over 10,000) because the accumulated effects of
degradation will be much more substantial. For instance, thé invention is particularly suitable for
automotive applications in which the fuel cell system is the traction power supply for the vehicle and the
primary load is the drive system for the vehicle. As discussed in the Examples below, it is expected that
the benefits of the invention would be obtained in a relevant fuel cell system which is characterized in that
the resistance of the selectively conducting layer composition in the presence of air is less than about 0.1

ohms and the fill time is less than about 50 milliseconds.
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The use of a selectively conducting layer composition in a fuel cell anode component, combined with use
of relatively fast hydrogen fill times on start-up, provides the advantages of significant protection against
start-up stress, system simplification, and cost reduction. Less additional system components are needed,
e.g. stack seals, isolation valves, electrical shorting devices, etc. Reductions in catalyst loading may be
contemplated since the durability problem can be spfﬁciently addressed. The use of reactant gases at start-

up may be reduced by omitting unnecessary purging, and specialty gases (e.g. nitrogen) are not required.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic illustration of the transient hydrogen gas distribution in an individual solid

polymer electrolyte fuel cell along with the local electrochemical reactions potentially taking place therein

during start-up.

FIG. 2 compares plots of voltage and current versus time across two illustrative cells in the Examples during

simulated start-ups.

FIG. 3 shows a schematic illustration of the equivalent electrical circuit representing the cell of FIG. 1 and
which was used to model start-up of several fuel cells in the Examples. FIG. 3a shows the waveform

assumed in the modeling.

FIG. 4 shows plots of the maximum local cell voltage near the anode outlet versus H; fill times during start-
up for fuel cells comprising selectively conducting layer compositions with varied resistance as determined

from the modeling in the Examples.

FIG. 5 shows plots of the external cell voltage and the local cell voltages near the anode inlet and outlet

versus time during start-up for an actual fuel cell in the Examples.
DETAILED DESCRIPTION

Herein, in a-quantitative context, the term “about” should be construed as being in the range up to plus 10%

and down to minus 10%.

The term “local cell voltage” refers to the voltage measured between the cathode and anode in the vicinity

of (i.e. “near”) a specified point in the fuel cell. More specifically, it is the voltage between the cathode
5
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catalyst and the anode catalyst in the vicinity of (near) the specified point. Thus, any significant voltage
drops across components such as gas diffusion layers, flow field plates, and selectively conducting layers
are not included in this voltage. Herein, in the context of “local cell voltage”, the term “near” is to be
construed according to the dimensions of the actual fuel cell under consideration. Specifically, “near” is to
be construed as meaning within a distance equal to 20% of the fuel channel length dimension between the
anode inlet and the anode outlet of the actual fuel cell under consideration. As disclosed in the Examples
below, local cell voltage can be measured in certain fuel cell stack designs by inserting small electrical
leads through the external seals of a fuel cell in the stack so as to contact the relevant components therein
(e.g. to contact either side of a catalyst coated membrane or CCM and so as to be located between the CCM
and the selectively conducting layer). In alternative but less preferred methods, suitable electrical contacts
may have to be included during manufacture or by disassembling and then reassembling the stack with the

contacts included.

The degrédation associated with start-up and shutdown is one of the most significant degradation problems
in solid polymer electrolyte fuel cells. FIG. 1 shows a schematic illustration of the transient hydrogen gas
distribution in an individual solid polymer electrolyte fuel cell 1 along with the local electrochemical
reactions potentially taking place therein during start-up. In FIG. 1, fuel cell 1 comprises solid polymer
membrane electrolyte 2 with anode 3 and cathode 4 adjacent to, but on opposite sides of, membrane
electrolyte 2. As shown, fuel cell 1 desirably incorporates porous selectively conducting layer 5
(abbreviated as SOx layer hereinafter) adjacent anode 3. Fuel cell 1 includes gas diffusion layers (GDLs)
for each electrode, namely anode GDL 6 adjacent SOx layer 5 and cathode GDL 7 adjacent cathode 4. In
addition, fuel cell 1 comprises fuel flow field plate 8 adjacent anode GDL 6 for distributing fuel to anode 5
and oxidant flow field plate 9 for distributing air oxidant to cathode 4. Anode inlet 10 and anode outlet 11

are also shown in FIG. 1 but to avoid clutter, other features of a typical fuel cell have been omitted.

Prior to start-up, the anodes and fuel flow fields in such fuel cells can be filled with air, either deliberately
for storage purposes or as a result of leakage. During a start-up event, H» fuel is supplied to the anode inlet
10 of fuel cell 1 and moves through the fuel flow fields in fuel flow field plate 8, displacing air and creating
a H, - Air front (indicated by dashed line 12 in FIG. 1) which is initially near anode inlet 10. The presence
of this H, - Air gaé front 12 effectively creates a shorted cell between that portion of the cell near the anode
outlet 11 (where air is still present) and that portion of the cell near anode inlet 10 (where hydrogen is
present). The associated current 13 flows through all the electrically conductive components between these
two portions. However, due to the nature of the material properties and dimensions involved, this current
mainly flows through the lower resistance fuel flow field plate 8 which is typically used in such cells (as
6
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suggested by current arrow 13 in FIG. 1). This transient situation causes loop currents to flow within the
cell as illustrated by the current flowing primarily from anode inlet 10 to anode outlet 11 in fuel flow field
plate 8 and the current 14 flowing in the opposite direction in oxidant flow field plate 9 in FIG. 1.
Completing the effective current loop are protons which also flow locally in opposing directions across
membrane electrolyte 2 as indicated by arrows 15, 16 in FIG. 1. As start-up continues, Hz- Air gas front 12
steadily moves towards anode outlet 11 (i.e. to the right in FIG. 1) as hydrogen fuel displaces air to fill the
voids in anode 3, SOx layer 5, anode GDL 6, and fuel flow field plate 6. The loop current situation
illustrated in FIG. 1 still exists though until hydrogen has completely filled the anode spaces at which point

" H;- Air gas front 12 no longer exists and this transient situation has ended.

Such loop currents can result in significant degradation to the cathode catalyst layer near the anode outlet
because the potential of the cathode can be temporarily driven well above normal relative to the standard
hydrogen electrode (SHE). For instance, at cathode potentials above about 1.2 V versus SHE, significant
corrosion of the cathode components can occur. Because hydrogen is present at anode 3 in the vicinity of
anode inlet 10, locally here the fuel cell is capable of producing power and this provides the electromotive
force behind loop currents 13, 14. However, with air present at anode 3 in the vicinity of anode outlet 11,
the anode catalyst in this vicinity temporarily behaves as a typical cathode instead. In a conventional fuel
cell with air initially present at both the cathode and anode, an estimate of the anode potential versus SHE
in the vicinity of the anode outlet during start-up is about 0.8 V. (This estimate is based on empirically
observing current densities of about 0.1-0.2 A/cm? during start-up/shutdown events and correlating that to
known voltage versus current density characteristics for such a fuel cell.) The local cell voltage near anode
inlet 10 (i.e. the voltage between cathode and anode here) would also similarly be about 0.8 V. And because
the flow field plates are such relatively good conductors, this voltage difference is essentially imposed
across cathode 4 and anode 3 in the vicinity of anode outlet 11. Consequently, the cathode potential versus
SHE in the vicinity of anode outlet 11 can be about 0.8 + 0.8 V or about 1.6 V versus SHE. At such

potentials, the cathode materials are subject to severe degradation.

The electrochemical reactions which can occur as a result of this situation where both hydrogen and air
reactants exist in the anode are illustrated in FIG. 1. As discussed above, H; - Air front 12 causes the anode
inlet and anode outlet ends of the fuel cell to behave as independent cells connected in series. The anode
inlet side of the cell acts as a power supply, pushing current backwards through the anode outlet side of the
cell. As shown in FIG. 1, numerous undesirable reactions can occur which lead to the degradation of various
cell components. However, these reactions require electron flow in order to take place and thus preventing

loop currents 13, 14 can prevent degradation in principle.
7
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As discussed above, this degradation can thus be reduced via the incorporation of a suitable selectively
conducting component in electrical series with the anode components in the fuel cell in accordance with
the teachings in W0O2011/076396 (for instance, SOx layer 5 located between anode 3 and anode GDL 6).
The component is characterized by a low electrical resistance in the presence of hydrogen or fuel and a high
resistance in the presence of air (e.g. more than 100 times lower in the presence of hydrogen than in the
presence of air). However, the presence of a selectively conducting component or layer can adversely affect
the fuel cell’s tolerance to voltage reversal along with its performance. In order to mitigate against these
adverse effects, an appropriate carbon sublayer may also be incorporated (i.e. in contact with the side of the
anode opposite the solid polymer electrolyte as disclosed in US2014/0030625). Alternatively, an amount
of carbon material may instead be mixed in with the selectively conducting material itself to make a mixed
layer which can be used as the selectively conducting component (as disclosed in US2015/0325859).
Although these approaches improve voltage reversal tolerance and cell performance, a trade-off is required

with regards to protection against start-up degradation.

The present invention can overcome this trade-off in protection against start-up degradation. Superior start-
up and shutdown protection can be provided while still providing acceptable voltage reversal tolerance and
cell performance. Fuel cell systems of the invention comprise a fuel cell stack made of a series stack of
solid polymer electrolyte fuel cells, each comprising anode components including a selectively conducting
layer composition. The selectively conducting composition comprises a suitable selecting conducting
material (e.g. a tin oxide, platinum deposited on tin oxide, etc.) and a carbon material. The carbon material
can be present in the form of a sublayer in contact with the side of the anode opposite the solid polymer
electrolyte. Alternatively, the carbon material can be mixed with the selectively conducting material and
used as a mixed layer in contact with the side of the' anode opposite the solid polymer electrolyte. The use
of the selectively conducting layer composition provides for improved durability on start-up and shutdown,
while the presence of the carbon sublayer or mixed carbon layer mitigates against associated losses in

voltage reversal tolerance and also cell performance.

In addition though, fuel cell systems of the invention comprise a subsystem configured to quickly supply
hydrogen to the anode flow fields during start-up. Use of a suitably fast hydrogen fill time on start-up
overcomes the trade-off in start-up protection associated with embodiments comprising the aforementioned

carbon sublayer or the mixed layer of carbon and selectively conductive material.
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The hydrogen fill time for a fuel cell stack is essentially equal to the time it takes to flow an amount of
hydrogen equal to the void volume of the anode components therein. The subsystem is thus configured to

flow this amount of hydrogen in a predetermined time, i.e. a predetermined fill time.

The void volume of the anode components in a cell can readily be measured experimentally. For instance,
the anode side of the cell can be pressurized with a test gas at an accurately known pressure and then allowed
to equilibrate with reference gas of accurately known volume and a different but accurately known pressure,
all at constant temperature. From the measured pressure of the equilibrated mixture, the volume of the
anode components can be calculated. -Alternatively, the void volume of the anode components in a cell can
be calculated reasonably well based on a knowledge of the cell design and the dimensions, porosities,

masses, densities, etc. of the various components therein.

The volume of gas which flows through the cell during the transient coﬁditions experienced during start-up
can be hard to determine accurately based on time and flow rate measurements alone (due to changes
experienced in gas composition, pressure, and temperature in this transient period). However it is readily
possible to measure the volume which has flowed through the cell by measuring the volume of the gas

exhausted from the cell anode at a given temperature and pressure.

Generally, the component which is the most susceptible to degradation in the fuel cell on start-up is the
cathode in the vicinity of the anode outlets. Thus, preventing the cathode potential here from exceeding an
unacceptable value during start-up (e.g. about 1.2 volts versus SHE) should‘prevent degradation throughout
the fuel cell on start-up. And, as above, if the anode potential versus SHE when air is present here during
start-up is about 0.8 V, then keeping the local cell voltage (i.e. the voltage between cathode and anode
electrode layers here) below about 0.4 V should therefore successfully prevent degradation throughout. As
illustrated from modeling done in the Examplés below, it should be possible to do this by using a selectively
conducting layer composition with appropriate resistance characteristics in combination with using an
appropriately fast hydrogen fill time. It is then possible to reduce the loop current and the local cell voltage
near the anode outlets such that degradation conditions are avoided However, as hydrogen replaces the air
present in the anode in the vicinity of the anode outlets during start-up, the local anode potential versus
SHE there drops and the local cell voltage can and should be allowed to rise to normal values without

resulting in corrosion of the cathode components.

Given the preceding definitions then, over the initial 80% of the fill time, the H - Air gas front 12 has
essentially moved over 80% of the distance along the fuel channel length dimension between the anode
9
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inlet and the anode outlet and thus has not yet moved into the region “near” the anode outlets (which by
definition is the }egion within 20% of the anode outlets). In accordance with the invention then, the local
cell voltage near the anode outlets is kept to a maximum of 0.4 V over the initial 80% of the fill time.
However over the last 20% of the fill time, the H; - Air gas front 12 moves through the region near the

anode outlets, replacing the air here with hydrogen.

Using these principles, and within certain limits, fuel cell systems with superior start-up and shutdown
protection can be obtained while acceptably meeting all other performance criteria. With a suitable
predetermined fill time, the current design space for acceptable selectively conducting layer compositions
can be widened. For instance, it is expected that commercially acceptable fuel cell systems can employ
selectively conducting layer compositions with resistances in air ranging up to at least about 0.27 ohms.
Further, it is expected that predetermined fill times less than about 2.5 seconds can be suitable, and more
preferably less than about 1.0 seconds. On the other hand however, based on estimates discussed in the
Examples below, it is expected that commercially acceptable automotive fuel cell systems might employ
selectively conducting layer compositions with resistances in air of about 0.1 ohms or less but with
predetermined fill times of about 50 milliseconds or less. Systems equipped with jet pumps for the hydrogen

fuel are, for instance, capable of providing sufficient flow rates to achieve such fast fill times.

The following Examples have been included to illustrate certain aspects of the invention but should not be

construed as limiting in any way.

EXAMPLES

Illustrative simulated start-ups of fuel cells

To investigate the magnitudes of the initial transient voltages and currents experienced in fuel cells under
typical start-ups, a conventional fuel cell with no selectively conducting anode layer and a fuel cell
comprising a 10um relatively thick selectively conducting layer (with no added carbon material) were

assembled and subjected to simulated start-up conditions. The active area in both cells was about 50 cm’.

Specifically, the fuel cells were tested in a state which is typical of start-ups, namely with air present over
both the anode and cathode sides of the cell and at ambient room temperature and relative humidity

conditions. During testing, no reactant flow was provided to either anode or cathode. A power supply was
10
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connected across each tested fuel cell and a fast transient voltage ramp was applied. While the voltage
ramp was applied, the current and voltage seen across the cell was continuously monitored. The voltage
ramp consisted of a linear ramp from O to 1 volt over a period of 0.1 seconds. These conditions were
intended to roughly simulate those experienced within a fuel cell in the situation depicted in FIG. 1. In
particular, the voltage applied by the power supply attempts to simulate the portion of the fuel cell near
anode inlet 10 where the cell first starts becoming active and generating power as hydrogen enters the anode
side of the cell. The voltage and current measured across the cell is indicative of values experienced over

the portion of the fuel cell near anode outlet 11.

FIG. 2 compares the plots of measured voltage and current across these fuel cells versus time during such
simulated start-up events. (The conventional cell and the cell with the selectively conducting layer are
denoted as “conventional” and “SOx” in FIG. 2 respectively.) In the conventional cell, a current density as
high as 3.0 A/cm? was seen which would be expected to cause significant damage to the cathode catalyst
layer in the fuel cell over repeated start-ups. On the other hand, in the SOx cell, there was essentially no
current seen (e.g. no loop current like that depicted in FIG. 1). [Note that the voltage spike seen across the
SOx cell is believed to be an artefact arising from limitations in the capabili'ty of the power supply used in

this testing.]
This example demonstrates the potential for damage in conventional cells on start-up, but also the potential
for avoiding damage using selectively conducting layer technology. Further, the results suggest that cell

behaviour in this regard may be successfully modeled using simple analogous electric circuits.

Modeling of local cell voltage near anode outlets

Here, the start-up event situation depicted in FIG. 1 was modeled using a simple equivalent electrical circuit

and characteristics for the various components obtained from actual representative fuel cell components.

The equivalent circuit used in this modeling is shown in the schematic illustration of FIG. 3. In this simple
resistor-capacitor (RC) circuit, power supply V represents the active inlet portion of the fuel cell (i.e. the
combination of anode 3, electrolyte 2, and cathode 4 in the vicinity of anode inlet 10 which together act as
a power supply when both hydrogen and air are present as shown in FIG. 1), capacitor C represents the
inactive outlet portion of the fuel cell (i.e. the combination of anode 3, electrolyte 2, and cathode 4 in the
vicinity of anode outlet 11 which act as a capacitor in this circuit when air is present on both electrodes as
shown in FIG. 1), and R represents the resistance of SOx layer 5 plus that of anode GDL 6 in air. (The
11
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resistances of the other fuel cell components were not included for simplicity since their values are so
relatively low. When a selectively conducting layer like SOx layer 5 is present, its resistance in air is
generally the dominant resistance in this model.) The voltage signal provided by power supply V is thus
the local cell voltage (i.e. between cathode and anode) near anode inlet 10. The voltage across C is thus the
local cell voltage near anode outlet 11. The voltage across R is the voltage drop across SOx layer 5 and

anode GDL 6.

To simulate a typical start-up event, a signal with the characteristic waveform shown in FIG. 3a was
provided by power supply V to the RC circuit. As shown, the signal starts at 0 V, ramps up linearly to 1 V
over a time period equal to 1/5 x “fill time”, remains at a constant 1 V over a time period equal to 4/5 x “fill
time”, and then ramps down linearly again to 0 V at the same ramp rate as before. The initial 0 V signal
simulates conditions at the beginning of a start-up event where both anode and cathode sides of the fuel cell
are assumed to be filled with air. The ramp up period is intended to simulate the time period where the
portion of the fuel cell near anode inlet 10 first fills with hydrogen. The inlet portion of the fuel cell is
becoming active and the end of the ramp period represents that point when the anode inlet is essentially just
filled with hydrogen. Next, the constant 1 V time period represents the situation as Hz - Air front 12 moves
steadily towards anode outlet 11 (the 1 V level being selected for convenience). Where the signal voltage
starts to decrease again represents the point at which the anode components are considered to have
essentially become filled with hydrogen (assumed to be the “fill time” in the model). The selection of a
ramp time of 1/5 x “fill time” was based on empirical current mapping results made in a test cell which
suggested that the local cell voltage near the anode inlet rose to about 1 V after about 20% of the anode

flow field filled with hydrogen.

Capacitor C represents the portion of the cell near the anode outlet and this is where the cathode catalyst

layer experiences the highest cathode overpotential during start-ups. In order to prevent degradation of the

fuel cell components (e.g. cathode carbon components), the cathode overpotential should remain below

about 1.2 V versus SHE. As discussed above, since the anode potential versus SHE in this portion of the
cell during start-up is about 0.8 V, in order to prevent degradation then, the voltage across C is desirably

kept below about 0.4 V in this model.

With this simple model then, the transient behavior in fuel cells was predicted for various selectively
conducting layer designs. In the following, a capacitance of 6 farads was assumed for capacitor C, which
is a typical value for catalyst coated membranes (CCMs) intended for automotive applications. As

described in more detail below, several actual fuel cells with anodes comprising selectively conducting
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layer compositions of varied design were made, along with a comparative fuel cell with no such layer. The
total resistances of these selectively conducting layers and adjacent anode GDLs were determined by fitting
experimental data obtained on actual cell assemblies as explained in more detail below. These resistances
were used in the model as different values for resistor R. And finally, using these values for C and R in the
equivalent circuit of FIG. 3, the maximum voltage Vc which would be seen across capacitor C was

calculated as a function of fill time (i.e. ramp time from 0 to 1 V).

Six different anode designs were considered in the modeling. These anode designs had previously been
used in actual experimental fuel cells whose performance, voltage reversal, and start-up/shutdown
durability characteristics had previously been determined. Three of these cells contained selectively
conducting layer compositions which included carbon material, two cells contained selectively conducting

layers with no carbon material included, and one cell contained no selectively conducting layer.

The cells all comprised CCMs sandwiched between anode and cathode gas diffusion layers (GDLs)
comprising commercial carbon paper from Freudenberg. The CCMs all had membrane electrolytes made
of 18 micrometer thick perfluorosulfonic acid ionomer which had been coated on opposite sides with the
desired anode and cathode catalyst layers. The catalyst used in the conventional carbon supported platinum
(Pt/C) cathode and anode catalyst layers was a commercial product comprising about 46% Pt by weight.

The coated catalyst layer in the cathodes and anodes comprised about 0.4 and 0.1 mg/cm” of Pt respectively.

Where applicable, the selectively conducting layers and mixed layers used in the cells comprised of SnO,
(obtained from SkySpring Nanomaterials Inc. and characterized by particle sizes between 50 and 70
nanometers and a surface area between 10 and 30 m?%/g). The mixed layers also comprised varied amounts
of synthetic graphite (KS4 from Timcal). Selectively conducting oxide layers (SOx layers) were
incorporated as coatings on a side of the anode GDLs. The coatings were applied using a solid — liquid ink
dispersion comprising a mixture of the SnO,, METHOCEL™ methylcellulose polymer, distilled water, and
isopropyl alcohol. PTFE was included as a binder in the dispersions. The dispersions were then applied,
dried, and sintered as described in the aforementioned PCT patent application W0O2011/076396. The
thickness of a single application of a selectively conducting anode layer was in the range from about 10 —

15 micrometers.

Assemblies comprising the appropriate CCMs, SOy layer, and anode and cathode GDLs were then bonded
together under elevated temperature and pressure and placed between appropriate cathode and anode flow

field plates to complete the experimental fuel cell constructions. The resistance of each of the anode
13
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components was then determined by performing similar testing on these fuel cells as described above with
regards to FIG. 2 (namely by measuring the current and cell voltage responses to the applied voltage ramp)
and then fitting those sets of responses to the RC model proposed in FIG. 3. Table ! summarizes the
different compositions used in the anode components along with the resistances of each for these six

experimental fuel cells.

Performance and reversal tolerance characteristics were determined in the following manner. Cells were
first conditioned by operating at a current density of 1.5 A/cm? with hydrogen and air as the supplied
reactants at 100 %RH, and at a temperature of 60 °C for at least 16 hours to obtain a stable steady-state
performance. Performance characteristics were determined by measuring output voltage as a function of
current density applied otherwise under the same conditions as above. The voltage at a current density of

1.5 A/cm? was measured and is tabulated in Table 1.

Voltage reversal testing involved operating the cells first at a lower current density of 1.0 A/cm? for 2 hours,
then turning off the current, switching the reactant supply to the anode from hydrogen to nitrogen instead,
and then forcing 0.2A/cm® from the cell thereby subjecting the cells to voltage reversal conditions.
Typically, the cell voltage would roughly plateau at a value between 0 and about — 3V for a variable amount
of time and then drop off suddenly to a value much less than — 5V, at which point testing ended. The length
of time to this sudden drop off point is representative of the cell’s ability to tolerate voltage reversal and is

denoted in Table 1 as the reversal time.

To evaluate start-up/shutdown durability, the cells were operated at a current density of 1.5 A/cm? using
hydrogen and air reactants at 70 °C and 100 %RH and were periodically subjected to start-up/shutdown
cycles designed to accelerate degradation. The cycling comprised removing the electrical load while
maintaining the flow of reactants for 10 seconds, stopping flow of air and allowing hydrogen to diffuse
from anode to cathode for 150 seconds, purging both cathode and anode with air in aligned air-air front
fashion across the flow fields, removing both reactant flows and allowing air to diffuse from cathode to
anode for 30 seconds, flowing hydrogen on anode and air on cathode while ramping the load to draw
1.5A/cm? for 300 seconds, and repeating. The hydrogen fill time in this testing was approximately 0.5 to
0.6 seconds. The voltage output of each cell was recorded after each start-up/shutdown cycle. In addition,
polarization characteristics (i.e. voltage as a function of current density) were obtained for the cells
throughout the start-up/shutdown cycle testing. From this, a performance degradation rate was calculated
in units of LV per cell per start-up/shutdown cycle. The relative improvement compared to comparative cell

C, referred to herein as the durability improvement factor, is also tabulated in Table 1.
14
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Table 1.
Cell # Selectively conducting | Resistance of | Reversal Output Durability
anode component anode time voltage @ | improvement
components (min) 1.5 A/em? factor
(ohms, in air) )

C None; conventional 0.002 77 0.649 not applicable
comparative cell

SC2um* | Selectively _conducting 0.085 75 0.642 -
layer only; thickness 2
microns;  comparative
cell

SC 10pum Selectively conducting 0.45 0.33 0.596 4.0x
layer only; thickness 10
microns;  comparative
cell

M(9.5%C) | Mixed layer with 9.5% 0.0225 61 0.632 not available
KS4 by weight;
thickness 6 microns

B(50%C)2p | Bilayer construction; 0.275 71 0.643 2.2x
mixed layer with 50%
KS4 by weight,
thickness 3 microns; &
selectively  conducting
layer, thickness 2
microns

B(50%C)4u | Bilayer construction; 0.45 71 0.651 2.5x

mixed layer with 50%
KS4 by

thickness 2 microns; &

weight,

selectively  conducting
layer, thickness 4
microns
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*Cell # SC 2um had similar but not exactly the same construction as the other cells in the series and so

rigorous quantitative comparison is not appropriate here.

As is evident from the data in Table 1, the presence of the selectively conducting layer provides a marked
improvement in start-up/shutdown durability. However, performance and, in particular, voltage reversal
characteristics can be adversely affected. By additionally using either carbon sublayers or mixed layers
though, the. loss in performance and voltage reversal tolerance can be avoided but with a trade-off in start-

up/shutdown durability.

Using the resistances from the various actual anode components from Table 1 and the aforementioned
model, FIG. 4 plots of the maximum V¢ (equivalent to local cell voltage near the anode outlet) versus Ha
fill times during start-up for these fuel cells. As is apparent from FIG. 4, for H; fill times greater than about
2.5 seconds, most of the experimental fuel cells would be expected to have maximum V¢ voltages that
exceed 0.4 V and hence would be expected to experience degradation on start-up. Somewhat surprisingly,
the maximum V¢ for the conventional comparative cell C remains well above 0.4 V for fill times below
even 0.25 seconds. Since it is generally not practical to achieve hydrogen fill times much below this value,
it would not seem practically possible to avoid degradation conditions in such conventional cells on start-
up. However, as the resistance of the anode design increased, the maximum V¢ is seen to decrease
significantly with faster hydrogen fill times. The comparative SC 2um cell for instance showed a maximum
Ve below 0.4 V for fill times less than about 0.3 seconds. And the three cells SC 10um, B(50%C)2), and
B(50%C)4p all showed a maximum V¢ below 0.4 V for fill times less than about 1.0 seconds.

The modeling results in FIG. 4 show that desirable conditions for preventing degradation on start-up can
be expected using actual anode compositions comprising selectively conducting layers with sufficiently
low, but still practically possible, hydrogen fill times (e.g. between about 0.25 and 2.5 seconds). These
anode compositions include embodiments whose selectively conducting layer comprises a carbon mixture.
As demonstrated previously, use of such anode compositions can also be expected to provide acceptable
voltage reversal tolerance and cell performance. In addition, FIG. 4 shows that with today’s typical high
performance fuel cell designs, conventional fuel cells may be unable to avoid degradation conditions on
start-up. Further, FIG. 4 provides guidance with regards to the potential for various selectively conducting
layer designs to be employed in fuel cell systems while still meeting specific durability and functional

requirements.

Start-up of actual instrumented fuel cell
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An experiment was designed and carried out to measure the local cell voltage in a typical fuel cell during
start-up. The active area of the cell was 10 cm long by 4 cm wide. The cell employed a typical catalyst
coated membrane (CCM), with gas diffusion layers (GDLs) on each side thereof, and with flow field plates
comprising straight channels adjacent each GDL. In addition, a thick, pure selectively conducting layer
was employed between the anode GDL and the anode side of the CCM. The resistance of the selectively
conducting layer was 1 ohm in the presence of air. In order to measure the local cell voltage, small voltage
pickup leads were carefully inserted from outside the fuel cell and through the cell seals, perpendicular to
the active area, so as to appropriately contact the anode and cathode catalyst layers of the CCM. In the case
of the anode contact, voltage pickup leads were placed between the anode side of the CCM and the
selectively conducting layer. For the cathode contact, voltage pickup leads were plaped between the cathode
side of the CCM and a cathode diffusion layer in the cell. In this experiment, the local cell voltages near
the anode inlet and also near the anode outlet were measured. Specifically, the location of the anode inlet
leads were 10 mm from the start of the active area, while the anode outlet leads were located at 85 mm from
the start of the active area. When operating, the reactant flow configuration was co-current flow with air

and hydrogen fuel being used as the reactants.

The cell was initially operated to condition the MEA. Then, air was purged through the anode to create an
air/air state on the cathode/anode sides of the cell. The cell then underwent a start-up in which hydrogen
was introduced and flowed into the anode while air was present at the cathode. During this start-up, the
external cell voltage, the local cell voltage near the anode inlet, and the local cell Vbltage near the anode
outlet were all measured and recorded by oscilloscope. Figure 5 shows plots of all these voltages versus

time.

As can be seen by comparing the external cell voltage in Figure 5 to the local cell voltages, both the local
cell voltage near the anode inlet and near the anode outlet rise with a signiﬁcant time lag during start-up.
The anode void volumes were not determined for this example, but the fill time was estimated from the
observed external cell voltage behaviour. That is, the initial rise in the external cell voltage was assumed
to be the time when hydrogen enters or starts to fill the active area of the cell. And the time at which the
external cell voltage stops rising and levels off was assumed to be when hydrogen has essentially reached
the anode outlet of the cell. The difference between these times is an estimate of the fill time, and in the

Example shown in Figure 5, the fill time is estimated to be approximately 0.25 seconds.
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As is evident from Figure 5, the local cell voltage near the anode inlet rises much more quickly than the
local cell voltage near the anode outlet. After the initial 0.2 seconds, or about 80% of the 0.25 second fill
time, the local cell voltage near the anode inlet has greatly exceeded 0.4 V (e.g. 0.7+ V). However, after
the same initial 0.2 seconds, where air is still expected to remain at the anode outlet, the local cell voltage
near the anode outlet is still observed to be less than 0.4 V. Thus, the corrosion reactions shown in Figure

1 near the anode outlet are avoided.

This Example demonstrates how the local cell voltages near the anode inlets and outlets can be measured
and how they can vary when employing a suitable selectively conducting layer in a cell coupled with a
suitably fast fill time. In particular, it demonstrates that corrosive conditions at the cathode near the anode

outlet can be avoided.

Estimates of required resistance and fill times for automotive fuel cell stacks

In this Example, estimates were made of the required resistance of a selectively conducting layer and of the

required fill time for purposes of using the invention in typical automotive fuel cell stacks.

The required fill time for preventing the local cell voltage near the anode outlet from rising above 0.4 V
during start-up is primarily influenced by the resistance of the selectively conducting layer and the
capacitance properties of the CCM used in the fuel cells. Using the electrical circuit model of Figure 3 and
assuming a transient voltage change from 0 V to 1 V, the rise time to 0.4 V can be calculated as a function
of capacitance and resistance. Using fill times that are faster than what the model predicts for the time taken
to reach 0.4 V are expected to ensure that the voltages across the CCM do not exceed 0.4 V where there is

a transient air/air environment in the cell during start-up.

For a range of expected CCM capacitance values of from 0.1 to 10 Farad and resistances for the selectively
conducting layers of from 0.01 ohms to 5 ohms, the maximum fill time based on the model in Figure 3 has
been determined to be tmax = 0.5 * Rsox * Ccom, where Rsox is the resistance of the selectively conducting
layer in air in ohms for the whole cell and where Cccwm is the capacitance for the whole cell in farads. The
capacitance of the CCM in a fuel cell depends on the size of the active area and the composition of the
layers. For instance, doubling the size of the active area of the same CCM type will essentially double the

cell capacitance. Depending on the fuel cell application, active areas can vary greatly.
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As reasonable estimates for typical present day automotive fuel cells, the resistance of the selectively
conducting layer in air is expected to be less than about 0.1 ohms and the CCM capacitance is expected to
be about 1 farad. Using these estimates, a maximum fill time of 50 milliseconds would be required then
based on the equation above. Thus, automotive type fuel cell stacks might be expected to enjoy the benefits
if the invention if they include a selectively conducting layer with resistances in air of about 0.1 ohms or

less and when employing fill times on start-up of less than about 50 milliseconds.

The preceding examples show that cells or stacks comprising a mixed layer of selectively conducting
material and carbon material can be engineered to avoid undesirable local cell voltages near the anode
outlets during start-up and that they would be expected to have markedly improved start-up performance
using faster hydrogen fill times. Since use of faster fill times is not expected to adversely affect voltage
reversal tolerance or cell performance, such cells or stacks would be expected to be completely acceptable

in all these regards.

All of the above U.S. patents, U.S. patent application publications, U.S. patent applications, foreign patents,
foreign patent applications and non-patent publications referred to in this specification, are incorporated

herein by reference in their entirety.

While particular elements, embodiments and applications of the present invention have been shown and
deséribed, it will be understood, of course, that the invention is not limited thereto since modifications may
be made by those skilled in the art without departing from the spirit and scope of the present disclosure,
particularly in light of the foregoing teachings. Such modifications are to be considered within the purview

and scope of the claims appended hereto.
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WHAT IS CLAIMED IS:

1. A fuel cell system comprising:
a fuel cell stack comprising a series stack of solid polymer electrolyte fuel cells wherein each
fuel cell comprises a solid polymer electrolyte, a cathode, anode components, a cathode flow
field adjacent the cathode, and an anode flow field adjacent the anode components and
comprising an inlet and an outlet wherein:
i) the anode components comprise an anode, an anode gas diffusion layer, and a selectively
conducting layer composition;
ii) the selectively conducting layer composition comprises a selectively conducting
material and a carbon material; and
iii) the electrical resistance of the selectively conducting component in the presence of
hydrogen is more than 100 times lower than the electrical resistance in the presence of air;
and
a subsystem for supplying hydrogen to the anode flow fields in the stack wherein the subsystem
is configured to flow an amount of hydrogen equal to the void volume of the anode components
and the anode flow fields in a predetermined fill time during start-up of the system;
characterized in that the resistance of the selectively conducting layer composition in the presence of air
and the fill time are selected such that the local cell voltage near the anode outlets is a maximum of 0.4 V

over the initial 80% of the fill time during start-up.

2. The fuel cell system of claim 1 wherein the selectively conducting layer composition comprises a
carbon sublayer in contact with the side of the anode opposite the solid polymer electrolyte and a selectively

conducting layer comprising the selectively conducting material.

3. The fuel cell system of claim 1 wherein the selectively conducting layer composition comprises a
mixed layer in contact with the side of the anode opposite the solid polymer electrolyte wherein the mixed

layer comprises a mixture of the selectively conducting material and the carbon material.

4. The fuel cell system of claim 1 wherein the resistance of the selectively conducting layer in air is

greater than about 0.27 ohms.

5.  The fuel cell system of claim 1 wherein the predetermined fill time is in the range from about 0.1 to

about 2.5 seconds.
20
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6.  The fuel cell system of claim 5 wherein the predetermined fill time is in the range from about 0.1 to

about 1.0 seconds.

7.  The fuel cell system of claim 1 wherein subsystem for supplying hydrogen to the anode flow fields

in the stack comprises a jet pump.

8. A fuel cell system comprising:
a fuel cell stack comprising a series stack of solid polymer electrolyte fuel cells wherein each
fuel cell comprises a solid polymer electrolyte,'a cathode, anode components, a cathode flow
field adjacent the cathode, and an anode flow field adjacent the anode components and
comprising an inlet and an outlet wherein:
i) the anode components comprise an anode, an anode gas diffusion layer, and a selectively
conducting layer composition;
i) the selectively conducting layer composition comprises a selectively conducting
material and a carbon material; and
iii) the electrical resistance of the selectively conducting component in the presence of
hydrogen is more than 100 times lower than the electrical resistance in the presence of air;
and
a subsystem for supplying hydrogen to the anode flow fields in the stack wherein the subsystem
is configured to flow an amount of hydrogen equal to the void volume of the anode components
and the anode flow fields in a predetermined fill time during start-up of the system,
characterized in that the resistance of the selectively conducting layer composition in the presence of air is

less than about 0.1 ohms and the fill time is less than about 50 milliseconds.

9. A method for reducing the degradation during start-up and for increasing the tolerance to voltage
reversal of a solid polymer electrolyte fuel cell stack in a fuel cell system, the fuel cell stack comprising a
series stack of solid polymer electrolyte fuel cells wherein each fuel cell comprises a solid polymer
electrolyte, a cathode, anode components, a cathode flow field adjacent the cathode, and an anode flow
field adjacent the anode components and comprising an inlet and an outlet, the method comprising:
obtaining anode components comprising an anode, an anode gas diffusion layer, and a
selectively conducting layer composition wherein the selectively conducting layer composition

comprises a selectively conducting material and a carbon material; and the electrical resistance
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of the selectively conducting component in the presence of hydrogen is more than 100 times
lower than the electrical resistance in the presence of air;

providing a subsystem for supplying hydrogen to the anode flow fields in the stack wherein the
subsystem is configured to flow an amount of hydrogen equal to the void volume of the anode
components and the anode flow fields in a predetermined fill time during start-up of the system;
and

selecting the resistance of the selectively conducting layer composition in the presence of air
and the fill time such that the local cell voltage ﬁear the anode outlets is a maximum of 0.4 V

over the initial 80% of the fill time during start-up.
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