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Enhanced CO tolerance of PEM fuel cell anode electrocatalgsis essential
for improving the performance of PEM fuel cell systems opdrag with hydrocar-
bon reformers. This work explores the CO tolerance of PEM flueell membrane
electrode assemblies (MEASs) fabricated with two promisingano-architectured Pt-
Mo anode electrocatalysts | Pt o.sMo0g.; alloy and MoO, @Pt core-shell catalysts |
which demonstrated extremely high CO tolerance in previouthin- Im electrode
studies. By holding all other MEA components (cathode catgkt, electrolyte mem-
brane, and supporting gas di usion layers) constant, polaation tests in pure H
and H, streams contaminated with up to 1000 ppm CO provided a basi®if as-
sessing the relative CO tolerance of the catalysts. Anodeeetrocatalyst stability
was also investigated by operating the MEAs in 100 ppm CO oveseveral days.
Commercial and in-house fabricated MEAs with a conventiom@node catalyst were
used for comparison. RigMoo., demonstrated the highest performance in CO, with
a voltage drop of only 95 mV in 100 ppm CO at 0.5 &Am 2, compared to drops
of 230 mV for PtRu and 260 mV for the core-shell electrocatady. However, the
MoO, @Pt electrochemical performance, with its reduced Pt comte was compara-
ble to the highly active PtMo electrocatalyst for CO concemniations below 50 ppm
on a per gram of precious metal basis, and preliminary staltyl studies indicate that
the core-shell structure may also provide protection agashdetrimental Mo leaching
in the acidic electrolyte. Both Mo-containing catalysts wee poorly utilized, perhaps
owing to residual surface contamination from the synthesigrocedures, suggesting
that their performance could be signi cantly improved with further optimization of
fabrication procedures.

A system-level model was also used to explore the impact ofrent-day and
potential advances in CO tolerant electrocatalysts on theystem performance of
a PEM fuel cell system operating in conjunction with a hydroarbon autothermal
reformer and a preferential CO oxidation (PROX) reactor foilCO clean-up. Empir-
ical models of CO tolerant fuel cell performance were based experimental data



obtained with the PtMo alloy tested in the experimental porton of this study. As
CO tolerance was increased, system e ciencies improved prarily at conditions
where the fuel cell stack operated at high current densitiegnd the improvement
is largely to higher fuel cell voltages and to a lesser extetb reductions in par-
asitic loads. Furthermore, increased fuel cell CO toleraacpermitted signi cantly
lower PROx CO selectivities and CO conversions without theigni cant penalties
in overall system e ciency observed with the present-day CQolerance of Pt alloy
electrocatalysts.
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Chapter 1

Introduction

Fuel cells are currently being developed for many di erent @plications, in-
cluding portable and stationary power generation, forklié, buses, and cars. One of
the primary obstacles to widespread adoption of fuel cells access to kifuel, which
presents challenges both in terms of the large volumes reqd due to the low energy
density of H,, and the current lack of infrastructure for H distribution and storage.
Although direct methanol and ethanol fuel cells (DMFCs and BFCs) are being de-
veloped to run directly on liquid alcohols with relatively hgh energy densities, and
high-temperature solid-oxide fuel cells (SOFCs) with hydrcarbon fuel exibility are
being demonstrated, these each present their own challesgend cannot match the
high power densities of low-temperature polymer electraly membrane (PEM) fuel
cells operating on pure H.

Thus, in order to capture the benets of high-power H performance while
avoiding the logistics of obtaining H, in many PEM fuel cell applications H is
produced at the point of use by breaking down hydrocarbons & process known as
reforming. Hydrocarbons are advantageous in their abundee, high energy density
and ease of transport. They also have the potential to comeofn renewable sources
such as biomass. Regardless of the source of the hydrocarbtire products of

reformation include CO and CQ in addition to H,. Because CO in the feed stream



severely degrades the power output of low-temperature PEMéI cells employing Pt
catalysts, signi cant research e orts are being made to delop strategies to mitigate
this CO poisoning e ect.

This investigation is conducted in conjunction with e orts to demonstrate a
working prototype of a liquid hydrocarbon-fueled PEM fuel ell generator system
with integrated reformer at the University of Maryland in cdlaboration with Ballard
Power Systems. The performance and design of such systems,vwell as their
eventual commercial viability, could bene t greatly from QO tolerant fuel cell stacks
incorporating catalysts resistant to CO poisoning. This stdy investigates the CO
tolerance of two promising Pt-Mo electrocatalysts, and atsmodels the e ects of

enhanced CO tolerance on PEM fuel systems fueled with hydiaxtons.

1.1 PEM Fuel Cell Systems

1.1.1 Principles of PEM Fuel Cell Operation

There are many types of fuel cells that are made from variousaterials and
operate on di erent fuels; this study focuses on low-tempature polymer electrolyte
membrane (PEM) fuel cells. PEM fuel cells consume,Hand O, and produce water
and electricity. They consist of an anode and a cathode, septed by a proton-
conducting and electrically-insulating electrolyte. Thebasic operation of a PEM
fuel cell is shown below in Figure 1.1. The overall reactiorhat takes place in the
fuel cell is:

1
H, + 202 ' H,O0: (11)



The reaction is separated into two half-cell reactions thabccur on the anode and
cathode. On the anode, fuel (k) interacts with a catalyst and is split into protons

and electrons. This hydrogen oxidation reaction (HOR) is siwn in Reaction 1.2:
2H,0 (el) +H,(g)! 2H;O" (el)+2e (anode (1.2)

where the labels in parentheses denote the phase of the reattor product: (el)
is the electrolyte and @) is the gas phase. Protons from the oxidized AHcross the
humidi ed membrane to the cathode in the form of hydronium (HO") ions, where

another catalyst facilitates the oxygen reduction reactio (ORR),
2H;0" (el) +2e (cathodg + %02 (g9)! 2H,0 (el) + 2H,0 (cathodg 1.3)

Because the membrane is electrically insulating, the eleohs must travel through
an external circuit, where they do work.

The driving force for the reaction is the reduction in free eergy between the
products and reactants of Reaction 1.1. The change in freeezgy without current
load can be written as

G = ne|FV|'ev (1.4)

whereng is the number of moles of electrons transferred in the reacti (in this case
ne=2), F is Faraday's constant, andv,e, is the thermodynamic reversible potential.

Viev Can be calculated using the Nernst equation (shown here foe&ction 1.1):
|

RT  Pu,PE?
Viev = VO + In Ha2" O

15
neIF aHzO ( )

whereR is the ideal gas constantT is the temperature, Py is the partial pressure
of speciek, and ay,o is the activity of water. V is the cell voltage at temperature

3
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Figure 1.1. Basic operation of a PEM fuel cell with pure H, fuel.

T and activities of 1.0 for each species, and can be found by kow up G° at

standard temperature (298.15 K) from thermodynamic tableand substituting into

0 — GO_ . .
Vo= - =1:23V: (1.6)

Ng|

Viev from Equation 1.5 is the ideal potential | in practice measured voltages will
be lower, mostly due to leakage across the membrane loweripgrtial pressures of
the reactants. Equation 1.5 applies only at reversible coittbns when no current is
being drawn from the cell, soV,, is also known as the open circuit voltage (OCV).
Irreversible losses that lower the actual cell voltage/(e;) during operation at
non-zero currents are called overpotentials and are dendtby . Figure 1.2 shows a
sample voltage-current ¥/-i ) curve which plots Ve as a function of current density
(i), the current per unit geometric area of the electrodesV,e falls further from

4



the ideal potential as current density increases due to theetypes of overpotentials:
activation overpotentials ( a¢), ohmic overpotentials ( .nm), and concentration or
mass transport overpotentials (conc).

Activation overpotentials dominate at low current densites, and represent the
voltage penalties assessed for initiating a net charge trsfier across each electrode-
electrolyte interface. The oxidation reduction reaction hs a much higher electro-
chemical activation barrier than the hydrogen oxidation raction, thus activation
overpotentials primarily occur on the cathode. . can be related to current density

using a modi ed Butler-Volmer equation,

) fneIF act rneIF act

=1 exp RT exp RT (1.7)

Here ; and . are global charge transfer coe cients for the forward and neerse
global, half cell reactions, andi® is the exchange current density, i.e., the rate
of charge transfer in either direction. At OCV there is no netcurrent because
the forward and reverse reactions are in equilibrium? is an indicator of catalytic
activity.

Ohmic overpotentials are a bulk measure of ionic and electriz resistances
occurring within the electrodes and membrane, and at intestes between compo-
nents. Properly designed cells can minimizey,,, and it can easily be measured
via impedance spectroscopy or via current-interruption. onm is linear with current
density:

ohm = IR ohm (1.8)

where R, IS the area speci ¢ resistance (ASR) of the cell. Finally, th concentra-

5



tion overpotential becomes signi cant at high current denigies when pressure losses

become rate-limiting.

Figure 1.2: V-i curve showing how losses due tOact, ohm, @and conc are combined to

obtain the actual cell voltage.

The actual cell voltage V. is found by subtracting the overpotentials from
the ideal voltage:

Vcell = Vrev act ohm conc (1-9)

The power produced by a fuel cell is equal to the product of walge and current, as
shown in Figure 1.3, which plots voltage and power density agst current density.
As more power is drawn from the cell, current increases andltage decreases until

peak power is reached.



Figure 1.3: Cell voltage and power density versus current density, meaged on a com-
mercial PtRu MEA from BASF Fuel Cells. Anode fuel is H,, cathode oxidant
is air, both stoichiometric ratios are xed at 2.2. Cell, anode, and cathode

temperatures are at 70 C and backpressure is 2 bar gauge on both sides.

1.1.2 Fuel Cell Components

The heart of a fuel cell is the membrane electrode assembly, MEA, which
consists of an anode and a cathode on either side of an ion-docting membrane.
In the case of low-temperature PEM fuel cells, the membrans usually a proton-
conducting per uorosulfonic ionomer, commonly known by th trade name Na on.
Since protons are transported through the membrane as;8" ions, for maximum
conductivity the membrane must be fully saturated with HO. Water management
and membrane hydration are important issues in PEMFC systerdesign, as oper-
ating temperatures are generally capped at 9@ for Na on-based MEAs, thus the
\low-temperature" designation.

Each electrode consists of a gas diusion layer (GDL) and a tyst layer



(CL). The GDL is a porous, electrically conducting materialthat allows easy gas
transfer to the catalyst layer while conducting electronsut from the MEA. Common
materials include carbon paper and carbon cloths. GDLs aremmetimes treated with
Te on or another hydrophobic substance to improve water drimage from the MEA
and decrease ooding, which could hinder gas transport. Migporous layers (MPL),
often composed of carbon powder mixed with Te on, can also lapplied to the side
of the GDL facing the catalyst layer to provide a atter surface and improve contact
between the two.

Figure 1.4 illustrates an electrode with a catalyst layer ath MPL between a
GDL and the ionomer membrane. The catalyst layer contains thcatalyst nanopar-
ticles, which are supported on a high surface area carbon stiiate to provide elec-
trical contact, and mixed with an ionomer to allow protons to ow to the membrane.
The carbon particles of the MPL in ltrate into both the catalyst layer and GDL
to to facilitate electric conductivity. Additionally, the catalyst layer must be su -
ciently porous for reactants to reach the catalyst and for mducts to be removed.
The electrochemically active surface area (ECSA) of a cayakt describes the surface
area that is accessible to protons, electrons, and reactaghses | it can be signif-
icantly less than the catalyst's total surface area. The catyst utilization, or ratio
of ECSA to total surface area, is used to capture this discrapcy. Much research
focuses on the optimum ratio of catalyst, carbon, ionomer,na other components
in the catalyst layer to maximize utilization and transport

An MEA is formed by applying catalyst layers to either to bothsides of the

membrane or to the anode and cathode GDLs, and then pressingetcomponents

8



Figure 1.4: lllustration of a PEM fuel cell electrode (not to scale).

together. The anode and cathode catalyst layers can inconate di erent catalysts
and di erent catalyst loadings. During fuel cell operationthe MEA is compressed
between ow elds, which distribute reactants to the MEA and carry away un-
reacted gases and produced water. The ow elds are also camding, and are
connected to a current collecting plate. Heated and humided ows are provided
from an external test stand. MEAs must be sealed to prevent thanode and cath-
ode gases from mixing; this can be accomplished in many waygluding gaskets
which compress around the anode and cathode. An MEA with gastls and ow
elds is shown in Figure 1.5. For practical use, MEAs are asswled into stacks and
connected in series to increase the total voltage. In integpied PEMFC systems,
components such as pumps and compressors, ow controlleasd heat exchangers
are required to provide humidi ed ows and temperature reglation for the stack.

These components are collectively known as the balance cami (BOP).



Figure 1.5: MEA with gaskets and ow elds.

1.2 CO Poisoning and Mitigation Strategies

The H; fuel for PEM fuel cells is most commonly produced by reformgnhy-
drocarbons such as natural gas (methane) or gasoline, sirsteh fuels are commonly
available and are supported by existing distribution and sirage infrastructure. Sig-
ni cant work is currently directed towards the developmentof PEM fuel cell systems
integrated with reformers to allow direct operation from hygrocarbon fuels. Reform-
ing breaks hydrocarbons into a mixture of Hand CO known as syngas. Two types
of reforming are steam reforming and autothermal reformin¢ATR). The general
reforming reaction with steam to carbon ratiocS=C and oxygen to carbon ratioO=C

is 1.10
CnHum + N(S=0)H,0 + %(O:C)OZ! H,: CO; CO,; H,0; CHy: (1.10)

To further increase the H fraction, the reformate can then be passed into a water-

gas-shift (WGS) reactor. The water-gas-shift reaction is:

CO+H,0! CO,+Hj: (1.11)
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For an ATR reactor, which will be employed in the system modelg section of
this study, WGS e uents are typically in the range of 30{40% H, 2{20% H,O,
5{10% CO,, and 2{10% CO, along with residual hydrocarbons<{1.0% total on a
wet basis [1]).

It is not feasible to use WGS e uent from an ATR or steam reforner as the
anode feed in a PEM fuel cell with pure Pt catalysts since Pt iseverely poisoned
by even parts-per-million (ppm) levels of CO at typical PEM #tiel cell operating
conditions (below 100 C). The strong a nity of CO for Pt and the inability for
O to oxidize Pt-CO adsorbates at such low temperatures cawsea layer of CO to
block active sites from being used in Hoxidation and reducing power output to
inoperable levels. Reducing the poisoning e ects of CO on adle electrocatalysts
for low-temperature, Na on-based PEM fuel cells (PEMFCs) 3 essential for the
commercial viability of PEMFC systems operating with hydr@arbon fuel reformers.

Two approaches to the CO-poisoning problem are discussed tims study:
the development of reformate tolerant anode electrocatadts, and more complete
puri cation of the reformate to remove CO. Other techniquesnclude air bleeds and
voltage pulsing or periodic short-circuiting of the cell toaid in-situ CO oxidation.
However these approaches degrade e ciency as well as casdljifetime [2]. High-
temperature (120 C{160 C) PEM fuel cell operation is also an option, as CO
oxidation penalties decrease with rising cell temperatuse but high-temperature
operation with Na on membranes is extremely di cult because Na on must be
kept fully humidi ed to achieve good proton (H;O") transport [3]. Alternative
membranes such as polybenzimidazole (PBI) based materiale gaining commercial
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success, but such systems have relatively poor power deiesitand durabilities in
comparison to more mature Na on-based systems [4]. Sucdessmplementation of

CO tolerance will most likely derive from a combination of migation strategies.

1.2.1 CO Tolerant Anode Electrocatalysts

The high performance of PEM fuel cells utilizing pure Pt catlysts is substan-
tially decreased by even tiny amounts of CO in the anode fee&arly studies showed
that the maximum power density obtained from a Pt PEM fuel cdlwas halved by
the introduction of 5 ppm CO [5]. Nonetheless, alternative on-Pt catalysts have
not been able to match the extremely high K oxidation activity of Pt. Signi cant
e orts have thus been made to develop Pt-based catalysts thaetain high HOR
activity even in CO concentrations up to 1{2%.

A wide variety of multi-metallic Pt alloys and mixtures havebeen investigated
for CO tolerance. The most common catalyst for reformate-terance is a 1:1 PtRu
alloy, which is available commercially and is currently beg used in reformate-feed
stacks. However, the use of PtRu catalysts for anodes stilhly permits less than
100 ppm CO in the anode inlet [6, 7, 8]. PtRu catalysts can talate slightly higher
CO concentrations with lower anode overpotentials by empjong mitigation strate-
gies such as small air bleeds [9] or voltage pulsing [10, 1dd ih situ CO removal.
However, such mitigation strategies also have negative imgts on system e cien-
cies and architecture. Other binary catalysts that have beetested include PtMo

[6, 12, 13], PtSn [14, 15, 16], PtW [12]. Additional studieotus on ternary or even
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guaternary Pt-based mixtures. These multi-metallic catalsts are generally believed
to increase CO tolerance by the bi-functional mechanism, wwhich electronic e ects

reduce the surface a nity for CO, while the alloying elementalso binds an oxygen
species and facilitates CO oxidation.

Of these catalysts, various con gurations of Pt-Mo have dran attention in
recent years. Numerous studies have shown enhanced CO tatere of PtMo alloys
[17, 6, 13] and Pt/MoQ, heterogeneous catalyst [18] over PtRu catalysts. Notably,
Mukerjee et al. demonstrated a threefold increase in CO tabnce over PtRu cat-
alysts in 100 ppm CO, using a PtMo alloy [6]. However, there ia wide range
of performance reported in the literature due to the numeraisynthesis routes em-
ployed and the resulting variation in composition and struitire. Some studies report
inferior CO tolerance of Pt-Mo catalysts compared to PtRu, ad the durability of
Pt-Mo catalysts is also in question. The situation is comptiated by the frequent
lack of detailed characterization con rming the catalyst achitecture.

It is widely reported that Pt-Mo catalysts exhibit a decreag in activity as
shown by thin- Im cyclic voltammetry, over potential cycling between 0.1 and 0.5
and up to 0.8 V [19, 20, 21]. Lebedeva performed cycling on arEM with PtMo
anode and Pt cathode, and after cycling discovered signawimMo peaks on the
cathode, clearly showing Mo dissolution into the acidic et&rolyte and migration
across the membrane [19]. This leaching lowers the Mo corten the catalyst
and reduces the catalyst activity of the anode. Additionall, metal leaching can
cause dehydration of the Na on membrane, reducing its protoconductivity, and

increase cathode polarization. Loss of Mo from PtMo catalisis attributed to high
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oxidation states of Mo at anode potentials greater then 0.2 Mvhich create MoQ
species which are soluble in the acidic Na on environment 2P

Recent studies have demonstrated that Mo oxidation and losse decreased
in more homogeneous and crystalline PtMo alloy catalysts egared to amorphous
mixtures [19, 23]. This provides additional motivation fore orts to improve the
durability and performance of bimetallic catalysts in PEMFKCs by taking advan-
tage of well-controlled electrochemical or liquid-phaseysthesis techniques which
can provide structures such as core-shell nanoparticlestivonly durable Pt on the
outer catalyst particle surfaces [24, 25]. Density functi@l theory (DFT) studies
suggest that such core-shell architectures with Pt shellsovarious metals and metal
alloys may provide enhanced activity for CO oxidation [26, Z] and further provide
improved durability of the base metal-containing catalyst with the Pt shell. Pre-
liminary investigations of well-de ned Pty.gMog., alloy and MoO, @Pt core-shell (Mo
core, Pt shell) electrocatalysts have indeed demonstratedsigni cant improvement

in CO tolerance compared to PtRu catalysts [25].

1.2.2 Reformate Puri cation and Cleanup

Fuel-side cleanup and removal of CO from the reformate strnesis another area
of research for PEMFC systems. Currently most hydrocarboreformers are linked to
low-temperature PEM fuel cells through some form of Hpuri cation process, which
complicates the PEMFC system at the expense of economic vilitly, system weight

and size, and overall system e ciency. The ow diagram in Figire 1.6 illustrates the
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complex interactions between the numerous components récpa to operate a PEM
fuel cell system on a hydrocarbon fuel. This system integre¢ the PEM fuel cell
stack with a liquid fuel processor including an autothermateformer, WGS reactor,

and a preferential CO oxidation (PROX) reactor for partial GO removal.

-

oLt

1 Exh. Condenser

e,
[ o—
o

Figure 1.6: Flow diagram showing schematic of a hydrocarbon-fueled PEMuel cell sys-

tem with fuel processor, PROXx reactor, catalytic exhaust buner, liquid-
cooled fuel cell stack, exhaust condenser for water recowgrand balance of

plant components.

In addition to PROX reactors [28, 29], other methods for KHpuri cation include
pressure-swing absorption (PSA) reactors [30] and Pd-balsemembrane puri ers [31,

32]. These approaches provide near-complete CO eliminatjovhereas the PROXx
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reactor only provides partial cleanup down to 10{100 ppm CCHowever, the PROx
system avoids the penalties of including two large reacto@nd the regeneration
process associated with PSA, and the increased parasitiadts associated with high-
pressure reformer operation required by Pd-based membrane

The PROXx reaction is

2CO+0,! 2CO;: (1.12)

Oxygen (or air) is introduced to the reformate in the presere of a catalyst which

preferentially oxidizes CO, rather than performing parasic H, oxidation,

2H2 +02 ! Hzo: (113)

Two parameters characterize the performance of PROx reacso| CO selec-
tivity and CO conversion. CO selectivity is the percentage fdO, that is consumed
for CO oxidation. Higher CO selectivities are preferred inrder to decrease CO
concentrations and avoid loss of 1 CO conversion is simply the percentage of CO
entering the reactor that is oxidized to CQ. These two parameters are a ected by
the choice of PROX catalyst, and temperature and size of theactor. Reactions 1.12
and 1.13 are highly exothermic, and also must be kept in a tigkemperature range
to maintain high CO selectivity; this encourages a modular esign where a multi-
stage PROXx reactor is employed with cooling at each stage. cducon gurations
are used to achieve the high conversion rates necessary tduege CO concentrations
to 10 ppm. PROXx systems thus o er exibility in that as anode eletrocatalysts
are developed with improved CO tolerance, the PROx demandsay be reduced,
allowing smaller, cheaper reactors to be used.
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1.3 Modeling PEM Fuel Cell Systems with Fuel Processing andCC

Cleanup

Current CO cleanup strategies for linking conventional loviemperature PEM
fuel cell stacks with hydrocarbon reformers greatly incrasa the overall system size
and complexity because of high temperatures in the fuel pressor and the need for
heat exchangers and reactors to cool the reformate, cleap-and burn the CO in
the reformate, and capture the necessary water for runnindné reformer. System-
level models are a valuable design tool used to analyze sughtems, an example of
which is shown in gure 1.6, utilizing a PROXx reactor for CO atanup. Modeling the
hydrocarbon fuel processing, PROx reactor CO clean-up, PERel cell stack, and
the balance of plant presents signi cant challenges becausf the complex thermal
integration and mass ow recycling for recovering water intie system. Balance of
plant components including air compressors/blowers, ligd pumps, and a radiator
fan present parasitic loads to the system that will vary strogly with operating
conditions, power loads, and individual component perforamce. For the high level
analysis, integrated system models with lumped analysisrfmdividual components
[32, 33, 34, 35, 36, 37] provide an e ective means for evalugg system design and
performance of complex integrated PEM fuel cell power plasitwith hydrocarbon
fuel processors. These studies have been conducted withieas fuel reforming and
CO removal systems. However to date, system models have ntgasly examined
the impacts of CO and CO tolerant stacks on system performaac Past studies with

PROX reactors in the system have often assumed that the PROx L00% e ective
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or that the CO is reduced to su ciently low concentrations erering the fuel cell
stack that performance is una ected [35].

Recent advances in anode electrocatalyst design suggesttivith a new gen-
eration of CO tolerant electrocatalysts, the reduced lossdn current density due
to CO at typical operating voltages may allow for reduced refmate clean-up and
simplify a PEM fuel cell system with hydrocarbon fuel procesng for H, production.
In general, the increased tolerance for CO in PEM fuel cell ades reduces the need
for H, puri cation and thereby the penalties in overall e ciency resulting from fuel
processing and puri cation in hydrocarbon-fueled PEM fuekell systems. There
is additional value in studying the speci c system and compwent-level impacts of

improved CO tolerance.

1.4 Goals and Objectives

This work investigates two aspects of CO tolerance in PEM fleell systems:
1) experimental characterization of the CO tolerance of ME# fabricated with two
promising Pt-Mo catalysts, and 2) utilizing system-level madeling to explore the
implications of CO tolerance on PEM system performance ancedign.

Fundamental studies of Pg.gMog, and MoO, @Pt core-shell catalysts using
thin- Im electrodes in liquid electrolyte indicate a signicant increase in CO toler-
ance of the PtMo alloy over a commercial PtRu catalyst, and tat the MoO, @ Pt
catalyst's performance surpasses even the PtMo [25]. Thitgdy seeks to demon-

strate the same CO tolerance from the two catalysts in MEA coguration. Di er-
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ences in catalyst and Na on loadings between thin- Im and MR electrodes, as well
as the shift from liquid to gas-phase reactants, may resulhisigni cantly di erent
performance. The durability of Mo-containing catalysts inMEA environments is
also uncertain. Thus, stability testing will also be perfamed to address this issue.
It is hoped that the core-shell architecture will a ord someprotection to the MoOy
core and result in reduced Mo loss due to leaching.

Because variations in materials, fabrication methods, antésting conditions
complicate comparisons between published studies, perfance benchmarks are
incorporated into the study. In-house MEA fabrication metlods are validated by
comparing MEAs incorporating a commercial PtRu catalyst tacomplete MEAs that
were purchased. The same in-house fabricated PtRu MEAs arsad to provide a
baseline of CO tolerance to judge the Pt-Mo MEAs against.

Additionally, a system-level model is used to analyze a PEMiél cell generator
with an integrated fuel processor and PROXx reactor, operatg on liquid hydrocar-
bon fuel. The model enables an assessment of potential gamsystem performance
that may be realized with advances in stack CO tolerance. Sgecally, an increase
in the tolerable CO concentration in the anode feed could allv for reduced PROx
reactor CO selectivities and CO conversions and correspong bene ts to system
complexity, size, and cost.

This study aims to accomplish the following:

establish standard fabrication and testing protocols for GEs and MEAs uti-

lizing various anode electrocatalysts resulting in repragible MEA perfor-
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mance

characterize theV-i performance and stability of PtMo and MoQ @Pt elec-
trocatalysts in pure H, and CO contaminated streams, and compare to a PtRu

benchmark

evaluate the impacts of anode CO tolerance on the performanof a PEM fuel
cell generator integrated with a liquid hydrocarbon fuel ppcessor and PROx
reactor for CO cleanup, speci cally examining system e ciacy, balance-of-

plant components, and PROX reactor conditions

Chapter 2 provides the experimental methods used for fabaton and test-
ing of MEAs and discusses challenges encountered while depmg the fabrication
procedures. Chapter 3 presents results of the MEA testing drcompares the CO
tolerance and stability of the PtMo and MoQ, @Pt catalysts. Chapter 4 describes
the system-level model of a PEM fuel cell system and positivepacts of CO toler-
ance of system performance. Conclusions and recommendasidor future work are

discussed in Chapter 5.
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Chapter 2

Experimental Methods for MEA Fabrication and Testing

Single-cell MEA tests were carried out to characterize thei€él cell performance
of the PtMo and MoO, @Pt catalysts synthesized at the University of Maryland and
previously characterized by thin- Im rotating-disk electrode studies. Since com-
parable MEAs had not previously been fabricated at the Univsity of Maryland,
two types of benchmarks were employed to validate the basievel of MEA perfor-
mance. Commercial PtRu MEAs with limited reformate-tolerace were purchased,
as were the individual components comprising the commertislEA. This enabled
a comparison between the commercial MEAs and MEAs fabricatan-house with
identical components, and also between MEAs containing theew catalysts and
those made with the conventional PtRu catalyst. Fabricatio methods were not
perfected to fully optimize MEA performance, but rather melhods were developed
to obtain consistent performance with relatively high powedensities for viable elec-
trocatalyst layers. The cathode and membrane materials weheld xed using the
commercial supplies and only the anode catalyst layer wasried with the di erent
formulations, allowing direct comparison of the catalyst prformance. All MEAS
were tested on the same equipment under the same conditioasid representative

samples were also analyzed before and after testing.
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2.1 Nano-architectured Catalysts

2.1.1 Synthesis

PtMo alloy and MoO, @Pt core-shell nanoparticles were prepared in-house by
methods previously described by Liu et al. [25] and brie y ndewed here.

Solution-based syntheses of PtMo alloy nanoparticles arbatlenging due to
the large negative redox potential of the M&" /Mo © couple and the low miscibility
of Pt and Mo. For this synthesis, co-reduction of MoGl and Pt(acac), in phenyl
ether was used with sodium triethylborohydride and oleic & as the reducing agent
and capping agent, respectively. The PtMo was heat-treatedost-synthesis in a
reducing environment to remove the oleic acid before suppimig the nanoparticles
on a carbon support.

For the MoO, @Pt core-shell synthesis, NaBHreduction of MoCk in ethylene
glycol was employed in conjunction with the weakly-coordating polyvinylpyrroli-
done (PVP) stabilizer to form MoQO, nanoparticles. These particles were then re-
acted with PtClI, in ethylene glycol to give MoQ @Pt core-shell nanoparticles with
1 2 layers of Pt atoms forming shells over MoQcores [25]. The PVP stabilizer near
the catalyst surface was not removed from the core-shell pigies by heat treatment
due to concerns about high-temperature particle restructing. From thermogravi-
metric analysis (TGA) of the carbon-supported core-shellatalyst it was estimated

that PVP added an additional 40% to the metal weight.
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2.1.2 Characterization

X-ray di raction (XRD), transmission electron microscopy (TEM), energy dis-
persive X-ray analysis (EDX), extended X-ray adsorption re structure (EXAFS),
and X-ray photoelectron spectroscopy (XPS) were used to vigrthe size, composi-
tion, and nano-architecture of the nanopatrticles [25]. ThEtMo alloy nanopatrticles
were found to be 3 nm across, and composed of 80% Pt to 20% Ma(at%). The
MoO, @Pt particles were slightly larger at 3.5 nm, and were 40% Pnhd 60% Mo
(atom %).

Thin- Im rotating disk electrode (RDE) and cyclic voltammetry (CV) ex-
periments were performed to characterize the electrocheral performance of the
catalysts. H,SO, was used as a liquid electrolyte, and neat and CO-contamirext
H, were bubbled in to saturate the solution for CV and RDE expements. Figure
2.1 shows diagrams of the alloy and core-shell nanopartgles well as CV and RDE
data comparing their performance in pure bl and 1000 ppm CO, respectively. In
both cases MoQ@Pt shows superior performance, suggesting that the residl®VP
does not negatively impact catalyst performance in the ligd solution experiments.
However, as discussed later, it remains unclear what the iagts of the stabilizer
are on the Na on/catalyst interface in MEAs and its impact onelectrocatalyst layer
e ectiveness. Further details on the methods and results chtalyst characterization

can be found in [25] and its supporting information.
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Figure 2.1: (a) Cyclic voltammograms of PtMo alloy and MoO, @Pt core-shell catalysts
in 0.5 M H,SO, at 25 C, scan rate 100 mVs?. (b) RDE polarization for
H, oxidation in 1000 ppm CO on di erent catalysts (all 30% metal loading

on carbon XC-72) at 25 C, rotation 1600 rpm, scan rate 1 mVs 1.

2.2 MEA Fabrication

A literature survey was conducted to provide guidance in deming the MEA
fabrication process, and is summarized in Table 2.1. Fabatton methods can be
broadly categorized according to how the catalyst layer i®fmed. Catalyst-coated
membrane (CCM) methods involve direct or indirect (througha decal transfer)
application of the catalyst layer to the Na on membrane, andthen assembly with
the anode and cathode GDLs. Another increasingly common nhetd is to create
gas di usion electrodes (GDESs) by applying the catalyst lagr onto the GDLs before
hot-pressing with the membrane. Ink may be transfered ontdie membrane, decal,
or GDL in many ways, such as casting, brushing, screen printl, spraying, or
sputtering. In either case, a variety of solvents are used tarepare catalyst inks,

and there is a wide range of nal catalyst and Na on loadingsdund in the catalyst
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layers.

Forming GDEs by brushing catalyst ink onto a GDL was selecteds the fab-
rication method for this work due to the relative simplicity in the number of ingre-
dients and fabrication steps. Even so, due to the relativelfew publications that
listed speci c ink ingredients and even fewer that provide@xact ratios and mixing
methods, much trial and error was required to develop inks vidh led to adequate

MEA performance, as discussed below.
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Table 2.1:

quantity was given, and ? indicates that no information was provided.

Ink application

Loading / wt %

Ink composition

Hot-press conditions

Summary of literature regarding catalyst ink and MEA fabric ation methods. x indicates that an ingredient was used but no

method Catalyst MEA wt ratio, catalyst/C is 1 Temp. Pres. Time | Reference
Metal/C Catalyst Naon IPA  Water Other [/ C [/ MPa [min.

CCM  cast/decal 20-30 21 29 Glycerol, TBAOH X X X [38, 39]
CCM  brush/decal 20 14 30 X [40]
GDE spray 20 13 38 | 5-8 20-32 130 4.9 1 [41]
GDE  brush/roll 20 16 20 X 130 6.9 1 [42]
GDE screen print 60 42 30 X 125 10 15 [43]
GDE  print/paint 10 7 33 5% Na on solution only 155 6.9 2 [44]
GDE brush 20 14 29 15 parts IPA + H ;0 120 49 2 [22]
GDE  brush/roll 30 26 13 ? ? ? 140 98 3 [17, 6]
GDE brush 30 19 38 31 20 140 8.8 2 This study




2.2.1 Materials

50 m thick Naon 212 membrane (lon Power Inc, New Castle, DE) was
cut into 4 cm x 4 cm squares and treated to remove impurities dnconvert to
H* form prior to hot-pressing. Treatment consisted of 1 hour idightly boiling
3% H,O,, 2 hours in lightly boiling water, then 1 hour in lightly boiling 0.5 M
H,SO, [45, 46, 47]. Membranes were then rinsed three times in ligghboiling water
and stored in de-ioinized water. Before use, membranes welged overnight in air
in a covered petri dish at room temperature.

Woven carbon cloth cathode GDEs with 0.5 mgm 2 Pt/C (30 wt%) and
a hydrophobic microporous layer were puchased from BASF Hu€ell (Somerset,
NJ), as was 30 wt% 1:1 PtRu/C alloy catalyst powder supportedn XC-72 carbon
black.Plain GDL with a non-Te on-treated microporous laye was also obtained
from BASF Fuel Cell for fabricating the anodes. 200 m per uoroalkoxy (PFA)
gasket material was obtained from BASF Fuel Cell (Germany)ral cut into 6 cm x
6 cm squares. 5% Na on solution (1100 EW) in alcohols, isogegl alcohol, peroxide
and sulfuric acid were purchased from Sigma Aldrich (St. Las, Missouri) and used
as received. Fiberglass-reinforced te on tape (FRT) for @sin hot-pressing was
donated by Precision Coating (Dedham, MA). Complete 5 ctffMEAs (series 12W)
with 0.5 mgcm 2 PtRu (1:1) anodes were also purchased from BASF Fuel Cell in
order to provide benchmark performance for the MEAs fabri¢ad in this study. The
membrane and cathode GDEs of the purchased MEAs were ideti¢o those used

to fabricate in-house MEAs.
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2.2.2 Catalyst Ink

Catalyst ink was prepared by rst creating a stock solution ©5% na on solu-
tion, isopropyl alcohol, and in some cases water. The stoclagvsonicated in a water
bath for 1 hour to thoroughly mix the components, then quickl pipetted over the
catalyst to prevent burning during the exothermic reactiorbetween the carbon and
alcohols. PtRu and PtMo catalyst inks were prepared using aadhon-supported
catalyst to 5% Na on solution to IPA weight ratio of 1:12:31. For the MoO, @ Pt
catalyst 20 parts water were also added to the ink. The ink wasonicated for 15{
30 minutes; at this point inks of varying consistencies wergbtained (examples are
shown in Figure 2.2), but further sonication did not result m noticeable improve-
ment and over-sonication has been shown to reduce catalystise surface area [48]
. Water in the sonication bath was changed frequently to praict the catalyts from
degredation due to high temperatures. Throughout the fabtation process the ink
was mixed continuously with a micro stir bar, and sonicatedor 20{30 seconds im-
mediately before brushing each layer. A minimum of 20 mg of tedyst powder was
required to prepare a single 5 clMEA with 0.5 mg cm 2 metal loading, since over
half of the ink solids were lost to the brush and vial walls. Itmay be possible to
reduce these losses by using a smaller brush and vial.

Two main problems were encountered when making catalyst isk particle
agglomerates, and the consistency and stability of the inklhe former is in uenced
by the choice of solvents as well as the catalyst synthesisopgess and resulting

surface properties, and impacts the structure of the catady layer and catalyst
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utilization. The latter a ects the composition of the catalyst layer (for example, if

a large chunk of carbon-supported catalyst does not becometted and dispersed,
the catalyst:Na on ratio in the remainder of the ink will be changed), and is also a
concern in terms of uniformity through the catalyst layer and repeatability between

MEAs.

A mixture of catalyst powder, 5% na on solution, and isoprogl alcohol (IPA)
was used for the BASF PtRu catalyst ink, which produced a smdo dispersion
when sonicated, with no particles in the solution visible tdhe eye, as shown on
the left in Figure 2.2. However when preparing inks with the Mo alloy, the same
ink recipe yielded a very granular suspension regardlesssaication time (right,
Figure 2.2). Both inks also contained unwetted clumps of calyst that remained
even after sonication. Clumps were&l mm diameter in the PtRu ink, but up to
2 mm diameter in the PtMo ink. Additional IPA and water were used to dilute
the PtMo ink and modify the dieletric constant of the solventsolution in hopes of
reducing agglomerates and producing a ner suspension, bnbne of the resulting
solutions were stable over more than a minute. During sonittan the ink consis-
tency approached the uniform texture of the PtRu ink but paricles agglomerated
and settled out within minutes after the vial was removed frm the sonication bath.
MoO, @Pt inks including water achieved the smooth consistency tife PtRu ink
shown in Figure 2.2. To prevent settling, ink was mixed contuously with a mag-
netic stir bar and also sonicated brie y before each layer wabrushed. MEAs were
fabricated with three di erent catalyst ink recipes, and the best results, obtained

from Na on/IPA inks for PtRu and PtMo and Na on/IPA/water fo r MoO,@Pt,
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are presented in the following chapter.

Figure 2.2: BASF PtRu (left) and PtMo (right) catalyst inks prepared wit h a 1:12:31

catalyst:Na on solution:IPA weight ratio.

Other methods of preparing catalyst inks were also investated. A Branson
probe sonicator with 1/8" tip was used to mix catalyst ink solitions in hopes that
the higher power would be successful in breaking up unwettedumps of catalyst
remaining from the heat treatment process. Catalyst powdsrwere mixed with
Na on, IPA, and water in plastic 15 mL tubes and placed in a icébath to prevent
boiling of the liquid during sonication. The probe was submged in the ink mixture
and operated at a 50% duty cycle for up to 10 minutes, but chuiskwere still observed
and the resulting suspensions were unstable and catlaystttked out of solution
almost immediately.

Ball-milling was also attempted as a way to break up chunks. #hick slurry
of catalyst, Na on, and IPA was mixed in a small 10 mL glass viatogether with

fteen 5 mm diameter zirconia balls, then ball-milled for o® hour. Almost all
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chunks were successfully ground down, however particlesravestill visible in the
PtMo ink (see Figure 2.3) and recovery of the catalyst ink wasli cult due to

the small volumes used. Additionally, as observed elsewkef48] TEM of ball-
milled ink showed signi cant detachment of PtRu nanopartites from the carbon
support compared to inks prepared by other methods, so thisethod was not further

pursued.

Figure 2.3: PtMo catalyst ink prepared with 5% Na on solution and IPA aft er 1 hours

of ball-milling.

Attempts to form a more viscous ink for screen-printing werensuccessful be-
cause the catalyst powder would not disperse evenly in sn&llamounts of solvents.
Methods such as high shear mixers [49] and homogenizers [i&e been utilized
to produce well-dispersed, highly stable catalyst inks. Keever this equipment was

unavailable.
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2.2.3 GDE and MEA

The anode catalyst layer was formed by brushing the catalyshk onto a
carbon-cloth GDL using a paint brush (5/16" width, from McMaster-Carr). The
GDL was rotated 90 after each coat to evenly distribute the catalyst, and dried
at 60 C between successive layers. After drying the electrode wagighed to
determine how much material was added; depending on the ink{R0 layers were
required to reach the total metal loading of 0.5 mgm 2. After the desired loading
was obtained, the completed anode GDE was fully dried in theO6 C oven for at
least one hour.

It was assumed that the catalyst layer composition matchedhtt of the ink,
so that the nal PtRu and PtMo layers consisted of 2.5 mg of metl on 5.8 mg
of carbon, with 5.0 mg of Na on. The MoQ @Pt catalyst layer also contained an
additional 1 mg of PVP attached to the catalyst nanoparticle (estimated from the
TGA metal:PVP ratio). Due to agglomeration as previously dicussed or preferential
loss of one phase (for example Naon, but not catalyst, stiokg to the brush),
the actual catalyst layer composition could be signi canf di erent than expected.
Elemental analysis techniques such as inductively couplpthsma mass spectrometry
(ICP-MS) or neutron activation analysis (NAA), could be usd to better quantify
the actual catalyst and Na on loadings in the MEA.

To form the MEA, the anode and cathode GDEs were aligned on kér side
of a dry Na on square, between two sheets of berglass-remiced Te on, to reduce

sticking. The MEA and FRT were clamped between two at alumium plates and
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inserted into the hot press, which was preheated to 14C. The plates were allowed
to warm up for 5 minutes without compression, then the MEA wagressed for 2
minutes at 8.8 MPa. After pressing, the MEA was removed fromhe press and
allowed to cool on the bench top at room temperature for at lsatwo hours before

removing it from the aluminum plates and FRT.

2.3 MEA Testing

2.3.1 Experimental Setup

PFA gaskets were cut to snugly t around each GDL while extenithg past
the edges of the Na on membrane, so that when compressed thigymed a tight
seal around the MEA edges. The MEA with a gasket on each side svaligned in
a 5 cnt test xture with serpentine channels in graphite ow elds from Fuel Cell
Technologies (Los Alamos, NM), similar to the assembly of gure 1.5. Greased
(Krytox, McMaster-Carr) bolts were tightened to 12.5 Nm of torque with a torque
wrench to compress the MEA and gaskets. The test xture was tated inside of a
fume hood and exhaust was also vented inside the hood to cantahe excess H
and CO. A Scribner Associates (Southern Pines, NC) 850e testand was used to
provide mixed and humidi ed ows, backpressure, and to combl the cell voltage
or current. An Autolab PGSTAT30 potentiostat and 10 A currert booster (Eco
Chemie, Netherlands) were used for frequency response sl and cyclic voltam-
metry. Pure H, and H,/CO mixtures up to 1000 ppm were used as anode feeds,

while air was the cathode oxidant. CO mixtures at 100 and 10Qipm were obtained
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and diluted using mass ow controllers. Filtered air was syplied from an in-house

compressor. All other gases were from Airgas (Allentown, BA

2.3.2 Procedures

The cell was operated at 70C, with 2.0 bar gauge backpressure on both sides.
Both cathode and anode ows were humidi ed to saturation at he same temperature
as the cell. Flow stoichiometry, the ratio of reactant supjéd to reactant consumed,
was set at 2.2 on both sides of the MEA, with minimum ow rates B56 and 133 sccm
on the anode and cathode, respectively, to facilitate wateremoval. Operating

conditions are summarized in Table 2.2.

Table 2.2: MEA parameters and operating conditions.

Condition Value

MEA parameters:

Cell geometric area / cn? 5
Anode catalyst PtRu, PtMo, or MoO , @Pt
Cathode catalyst Pt
Anode catalyst (metal) loading / mg cm 2 0.5
Cathode catalyst (metal) loading / mg cm 2 0.5

MEA operating conditions:

Cell temperature / C 70
Anode humidi er temperature / C 70
Cathode humidi er temperature / C 70
Anode fuel H, with 0{1000 ppm CO
Cathode oxidant Air
Stoichiometric ratio of anode H, ow 2.2
Minimum anode H, ow rate / sccm 56
Stoichiometric ratio of cathode air ow 2.2
Minimum cathode air ow rate / sccm 133
Anode backpressure / bar (gauge) 2
Cathode backpressure / bar (gauge) 2
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MEAs were conditioned overnight at a constant 0.6 V before sting. CO-
contaminated H, was then introduced and the cell was poisoned for 1.5{2.5 hwsu
while maintaining 0.6 V, until a constant current density wa reached.V-i curves
were recorded after equilibrium was reached, at intervalg 50 and 10 mAcm 2 after
20 seconds at each point to stabilize. Measurements werethdl after cell voltage
dropped below 0.5 or 0.45 V to avoid damage to the catalysts.hic resistance of
the cell was measured by the current-interrupt method at eagpoint. CO concentra-
tions of 25, 50, 100, 250, 500, and 1000 ppm in KWere tested sequentially. The cell
was then recovered for 12{18 hours in pure Hbefore repeating the CO sequence.
CO testing was performed 2{3 times for each MEA. For stabilit testing the cell
was held at 0.6 V in 100 ppm CO for 1{5 additional days followig the recording of
V-i curves. At least two MEASs incorporating each catalyst wereested.

Electrochemical impedance spectroscopy (EIS) and CV werésa performed,
using the frequency response analyzer built into the Scribnas well as the Autolab
system. For the EIS, galvanostatic control was used,frequeies were swept between
10 kHz and 0.1 Hz, and excitation amplitudes were kept to 10% the steady state
signal or 10 mA. For CV measurements, both anode and cathodem purged with
nitrogen for 30 minutes to an hour before the cathode was swlited to H, and the
anode ow rate was reduced to a few sccm. Voltage was sweptrfr@ to 0.8 V at
20 mVs 1, using the cathode as a hydrogen reference. For CO-stripgin100 ppm
of CO in H, was owed over the anode for 30 minutes to poison the anode]léaved

by 1 hour of N, to purge the hydrogen before scanning the voltage from 0 to80V.
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2.4 Physical Characterization

MEA cross-sections were visualized before and after tegjiusing a Hitachi
S70 scanning electron microscope (SEM). SEM-EDX was alseeddo visualize the
elemental distribution through MEAs. MEA cross-sectionsdr SEM were prepared
by using a clean razor blade to slice through the MEA, with theathode on top to
minimize contamination from the anode.

For post-testing TEM analysis, catalyst material was scrathed o from the
anode catalyst layer of the MEAs and then dispersed in IPA. Aér a 5 minute
sonication, 10 L of the dispersion was cast on the TEM grids for analysis witl
micropippet. TEM images and EDX of the catalysts were obtaied on a JEM 2100

LaB6 TEM operating at 200 kV.

2.5 Fabrication Results

An representative SEM image of an in-house fabricated PtRu EA cross-
section is shown in Figure 2.4. The gas-di usion layers (GDL microporous layers
(MPL), and catalyst layers (CL) of both anode and cathode argisible, sandwiching
the Na on membrane. Both catalyst layers can be distinguiséd from the micro-
porous layer by their lighter color, as well as elemental cgosition as shown by
EDX. There is some cracking in the catalyst layers and pos$jpa small gap be-
tween the anode and membrane. This separation most likely @ared when the
MEA was cut to obtain the cross-section or while mounting foimaging, but in any

case as adequate MEA performance was obtained and no maarals delamination
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Figure 2.4. SEM image of an in-house fabricated MEA, showing anode and ¢hode gas
di usion layers (GDLs) with carbon bers, microporous laye rs (MPLs), and

catalyst layers (CLs) on either side of the Na on membrane.

37



was observed, adhesion was not considered to be a problem.ode catalyst layers
that were created by brushing are generally 25 m thick, while the commercial
cathode catalyst layers are only 10{15m.

Figure 2.5 illustrates the overnight conditioning of a PtRUMEA, showing the
initial increase in current density over time, then stabilzation as the membrane
becomes fully hydrated. Also shown is the testing cycle asdlcell is held at 0.6 V
for 2 hours, followed by twoV-i curves at di erent scan rates, then returned to
0.6 V. Short (<2 second) drops in current density followed by a spike are csad by

ooding of the gas channels of one of the ow elds momentaml starving the cell.

Figure 2.5: Current density increasing over time during overnight MEA conditioning.
V-i curves are measured at two di erent intervals and scan ratesevery two

hours.

After each cell was conditioned and its performance had stidiked, polarization

38



curves were recorded at increasing CO concentrations. Figu2.6 comparesv-i
curves of a commercial BASF MEA to an MEA fabricated in-housédesignated as
UMD) with identical cathode GDE, Na on membrane, and anode ®L and PtRu
catalyst. The current is normalized by the geometric area dhe electrode, 5 cri to
produce the current density. Other metrics can be used to noralize the measured
current, as will be discussed in Chapter 3. Curves are showar fpure H,, and
CO concentrations from 25 to 1000 ppm. Both MEAs were testedsing the same
procedures. The open circuit voltage (OCV) for this and alln-house fabricated
MEAs is relatively low, between 0.91 and 0.95 V, compared ta9¥{1.0 V for the
commercial MEA. This is likely due to leakage, i.e. reactantrossover.

Despite the low OCV, in general the performance of the two ME&\is compa-
rable and consistent with PtRu MEAs in the literature. The UMD MEA exhibits
superior H, performance at higher current densities. Both MEAs expeniee a sharp
increase in activation overpotentials when CO is added to éhanode stream. The
CO overpotential increases more steeply at low current dehss for the UMD MEA.
However the overpotential also levels o much more sharplysaCO oxidation begins
to occur, so that the UMD MEA equals and then surpasses the BASMEA in
performance at 0.55 V at 25 ppm CO, down to 0.45 V at 500 ppm.

The performance of the BASF MEA is more consistent with the terature
[6, 12], where PtRuV-i curves generally do not show a sudden shift in slope at the
onset of CO oxidation, but continue to decline gradually. Tk shape of the UMD
curves resembles those of MEAs with pure Pt as the anode eleatatalyst, which
shows a similar increase in activity at CO oxidation potentls around 0.7{0.8 V
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Figure 2.6:

——r— — -

Polarization curves of a commercial BASF MEA compared to an n-house
fabricated MEA using identical components (UMD). Both MEAs were tested
with H, and 25, 50, 100, 250, 500, and 1000 ppm of CO on the anode, air
on the cathode, at 70 C, 2 bar gauge backpressure, and xed stoichiometry

of 2.2 on both sides.
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overpotential. However, the performance of the UMD MEAs isaf superior to that
of MEAs with pure Pt anode electrocatalysts, and will be futher discussed in the
following chapter.

Sample galvanostatic impedance spectra measured from a UMIIRuU MEA
during regular Hy/air testing are plotted in Figure 2.7. The steady-state curent
density was selected to lie in the linear region of thé-i curves as shown in Figure 2.6
and oscillations were 10% of the steady-state amplitude. Buresistance, measured
between the y-axis and leftmost x-intercept, remains coratt as CO is introduced to

the anode and increased up to 250 ppm, consistent with curtenterrupt resistance

measurements.
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Figure 2.7 Galvanostatic EIS of a UMD PtRu MEA, with pure H , and CO concentra-
tions up to 250 ppm on the anode and air on the cathode . Currentensities

were xed in the ohmic region of the V-i curve at each CO concentration.
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Figure 2.8 shows two cyclic voltammetry scans of a PtMo MEA. X and
CO stripping experiments were attempted on several di erdnMEAs. Hydrogen
desorption and adsorption regions are visible in this gur@and CO stripping peaks
were also observed. However peaks were not well de ned anduis were not
reproducible. Di culties were mostly likely related to H, crossover or residual bl
remaining on the anode even after up to 2 hours of,Npurging before scans. Thus,
CV was not useful for calculating electrochemically activeurface areas (ECSA) for
the catalysts, which would have been useful in comparing theatalyst layers and

normalizing the activities.

Figure 2.8: Cyclic voltammetry of a PtMo MEA operated with N , on the anode and B
on the cathode. Scans were conducted at room temperature at acan rate

of 20 mV/s.
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Chapter 3

Comparison of PtMo and MoQ @Pt MEA Performance

Previous RDE studies [25] suggest that in CO-laden acidiclstions MoO, @ Pt
core-shell electrocatalysts have extremely low CO overpasttials due to the MoQ,
core altering the Pt surface favorably for enhanced CO oxitlan. While it is claimed
that RDE experiments are adequate measures of electrocafstl performance in full
PEMFC MEAs for O, reduction on the cathode [50], it is not known whether that
lower CO oxidation overpotentials in RDE experiments trangate into better anode
performance in MEAs. This motivated single-cell MEA testig of the promising
MoO, @Pt and PtMo electrocatalysts to corroborate the RDE resudt

In addition to high HOR activity and CO tolerance, durability and cost are also
critical factors that must be considered when developing talysts for practical use.
Material costs of the catalyst are currently a signi cant petion of the stack cost, so
reductions in precious metal content and catalyst loading M/be critical in lowering
the price of PEM fuel cell systems [50]. Sintering and aggl@ration of catalyst
particles can reduce the electrochemically active surfaggea of the catalyst and
decrease utilization over time [51], and the harsh operaggnenvironments in the cell
can also lead to leaching or degradation of the catalyst strture, lowering activity.

This chapter presents results of MEA testing with PtMo alloyand MoO, @ Pt

core-shell electrocatalysts fabricated at the Universitpf Maryland. Polarization
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performance in pure H and CO concentrations up to 1000 ppm is analyzed and
compared to a baseline CO tolerance provided by MEAs fabrial using a com-
mercial PtRu catalyst. Performance of the three catalystssi also assessed on a
precious metal content basis. Finally, performance staliif and durability of the
catalysts are investigated over up to 9 days of continuousdtng as well as post-

testing examination by TEM and EDX.

3.1 MEA Performance

Unless otherwise speci ed, in this chapter \PtRu" refers tdo the 1:1 alloy cat-
alyst purchased from BASF, \PtMo" is the Pty.gM0q., alloy catalyst, and MoO, @ Pt
is the core-shell catalyst. Both Mo-containing catalysts @re fabricated in-house.
The complete MEAs with PtRu as the anode electrocatalyst thawere purchased
from BASF were used solely for the purpose of validating the BA fabrication

process as shown in Chapter 2 and will not be discussed funthe

3.1.1 H Polarization

The H, polarization curves for PtRu, PtMo, and MoQ, @Pt are plotted in Fig-
ure 3.1. Testing conditions are shown in Table 2.2 and wereldeconstant between
catalysts. While previous comparative studies have foundtle di erence between
the H, performance of PtRu anode electrocatalysts and co-depasitPt/MoO , [18]
and Pty.5sMog:5 alloy [6] anode electrocatalysts, in this study the MEAs wh PtRu

anode catalysts consistently exhibit higher Hperformance than the MEAs with the
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PtMo alloy or core-shell anode electrocatalyst. Both Mo-caining MEAs display

large activation overpotentials at current densities bels 0.1 Acm?, compared to
the PtRu MEA. Since the anode GDL, membrane, and cathode GDE@the same
for all the MEAs, the di erences likely originate from the peformance of the anode
catalyst layers. From Equation 1.7 it can readily be seen th&igher .. corresponds
to a low exchange current density®. However both PtMo and MoQ @Pt demon-
strated extremely high activity in RDE studies, implying that the loss of activity in

MEAs results from poor catalyst utilization.

Figure 3.1: H, V-i curves for MEAs fabricated with PtRu, PtMo, and MoO , @Pt.

All catalysts were 30 wt% metal supported on XC-72 porous daon particles.
However, it is unknown what treatments were applied to the gomercial carbon
support prior to deposition of the PtRu. Heat or chemical tratment of the carbon
support can have a strong impact on catalyst distribution ad active surface area
[52, 53], so any treatment of the PtRu support, as opposed thie¢ untreated XC-72
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used for the two Mo-containing catalysts, could partially acount for lower catalyst
utilizations and H, performance.

Another variable possibly contributing to the large variaton in the anode elec-
trocatalyst H, performance in MEA testing involves catalyst preparation rathods
and the in uence of residual stabilizers on the catalyst-lwomer interface. The PtMo
alloy nanoparticles were heat-treated after synthesis teemove the oleic acid cap-
ping agent and leftover surface contaminants. On the otheramd, heat treatment
was not performed on the MoQ@Pt to avoid damaging the core-shell structure,
thus leaving substantial amounts of PVP stabilizer on the pdicle surface (TGA
suggests that PVP adds 40% to the Mo@@ Pt weight; this is accounted for in the
MEA catalyst loading as described in Chapter 2). It is not knwn what treatment
the BASF catalyst may have undergone and if there are any reésials on the PtRu
surface. While residuals did not appear to negatively impaearlier thin- Im RDE
experiments where the three catalysts demonstrated nearigientical H, activities
[25], the capping agents may have a signi cant impact on theatalyst-ionomer in-
terface, as seen in di ering particle agglomeration e ect#n the catalyst inks and

likely resulting in variations in the MEA catalyst layers.

3.1.2 Ohmic Polarization

E ects of variations in catalyst layer structure can be obsered via the area
speci c resistances (cell resistance normalized by the ajeof six MEAs, two con-

taining each catalyst, plotted in Figure 3.2a versus curreérdensity. Bulk, or ohmic,
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resistance of the single cell is measured by the current-@mtupt method during all
tests, and includes resistances due to ionic conduction thugh the membrane and
membrane-catalyst interfaces, as well as resistances @ottonic conduction through
the catalyst layer, GDLs, current collectors, and their inerfaces. Of these compo-
nents, only the anode catalyst layer is changed between MEAand so variations
are primarily due to the structure of the catalyst layer and he quality of electrical
conduction through carbon patrticles.

Two plots of current-interruption measurements are showrof each catalyst,
from two MEAs that were fabricated at the same time and from tk same batch
of catalyst ink, demonstrating the reproducibility of the fbrication process. ASR
varies by less than 4% within each pair. The gure shows thathte PtRu catalyst
layers have the lowest resistance, followed by the PtMo ink,Ahen the MoO, @Pt
core-shell. An additional curve for an MEA fabricated from ali erent, more dilute,
batch of PtMo ink (ink B), illustrates that inks do impact cat alyst layer performance:
the ASR of an MEA fabricated from PtMo ink B is 10 m cn?, or 15%, greater
than that of a PtMo ink A MEA. However, these variations in resstance have little
e ect on overall MEA performance; at 1 Acm ? the ohmic overpotential for the
PtMo B MEA is only 12 mV greater than that for the lower PtRu MEA. Figure
3.2b also demonstrates that there is negligible change ingtbulk resistance when

CO is introduced into the anode feed stream.
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Figure 3.2: Area speci c resistance (ASR) versus current density, (a) h pure Ho, for
MEAs fabricated from each catalyst and from two di erent bat ches of PtMo

ink, and (b) of a MoO,@Pt MEA in pure H, and 100 ppm CO.
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3.1.3 CO Polarization

Polarization curves for in-house fabricated MEAs with PtMo(left, (a) and
(b)) and MoO, @Pt (right, (c) and (d)) anode electrocatalysts are shown ifigure
3.3 for various concentrations of CO in klin the anode feeds. The performance of
both Mo-containing catalysts is compared to the commercidtRu electrocatalyst.

As indicated in Figure 3.3, while the BASF PtRu catalyst has he best pure H

Figure 3.3: V-i curves of comparable MEAs at 70 C with di erent anode electrocata-
lysts for a range of CO concentrations in B anode feeds: a) and b) PtRu
and PtMo anode electrocatalysts in 25, 50, 100, and 250, 50@nd 1000 ppm
CO in Hy, and ¢) and d) PtRu and MoO, @Pt in 25, 50, 100, and 250 and

500 ppm CO in H,.
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performance (seen in Figure 3.1), the PtMo alloy exhibits gni cantly higher CO
tolerance for all CO concentrations tested up to 1000 ppm. T& enhanced perfor-
mance over PtRu is consistent with earlier studies by otherghere the catalysts
were prepared by di erent methods [6, 18]. Additionally, tle PtMo catalyst avoids
the steep activation overpotential at low current densitie preceding the onset of CO
oxidation that is evident in the PtRu curves, as signaled by arop in the slope of
the V-i curve. This rather gradual activation for CO oxidation was &0 observed
for the PtMo electrocatalysts in the RDE experiments.

On the other hand, the MoQ @Pt exhibits large activation overpotentials for
anode CO concentrations above 25 ppm as shown in Figures 3aBd 3.3d. For the
higher CO concentrations, performance drops so sharply thisting was terminated
at 500 ppm CO rather than 1000 ppm. MoQ@Pt does show a dramatic drop in
polarization resistance when the cell voltage drops belowedv. However, the MEAs
with the MoO,@Pt anode catalyst do not perform as well as either the PtRu ¢he
PtMo alloy electrocatalysts except at extremely high curmet densities where the
cell voltage is less than 0.5 V.

The poor performance of MoQ@Pt electrocatalyst stands in contrast to the
prior RDE results, which showed superior Kin the presence of CO for the core-shell
versus the two alloys. However, the initial large activatio overpotentials as well as
the reduced H performance give a strong indication that the MoQ@Pt electro-
catalyst surface is not being fully utilized. This poor sudce utilization suggests
an impact of the stabilizing surfactant on the catalyst actvity, either due to site
blocking or disruption of the catalyst-ionomer interface dr e ective charge trans-
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fer. This suggests the need for further research on strategifor removing particle
stabilizers after synthesis which has been identi ed as agsii cant challenge for
nano-architectured catalyst development [54].

Discrepancies between RDE and MEA performance can be attuted mainly
to mitigating e ects of the liquid electrolyte on PVP-causel disruptions to the
catalyst-ionomer interface in RDE experiments. However,he lack of liquid elec-
trolyte in the MEA environment could allow more unfavorableinteractions between
the PVP and ionomer. Additionally, an approximately 6-foldincrease in Na on
loading between the thin- Im RDE and MEA electrodes could eacerbate problems
with the Na on/carbon-supported catalyst interface, ampifying di erences that
were not observed in thin- Im catalyst layers.

Figure 3.4 provides an alternative summary of the performae of the three
catalysts at typical fuel cell operating conditions 0.6 and.7 V. As indicated in
the plots, the PtMo alloy clearly shows superior performamcwith power densities
as high as 0.25 Wem 2 in 500 ppm CO at 0.6 V. This high CO tolerance for the
PtMo alloy anode catalyst indicates the potential for systen integration of a PEM
fuel cell with a hydrocarbon reformer with only minimal CO ckan-up if the anode
performance with this electrocatalyst can be demonstratetb have adequate long-
term durability.

Figure 3.5 replots some of thé&/-i curves in Figure 3.3 in terms of an e ec-
tive CO overpotential, ¢o, the voltage drop caused by the presence of CO in the

anode feed. o is calculated for each CO concentration by subtracting the G
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Figure 3.4: Current densities at 0.6 and 0.7 V in pure B and CO concentrations up to

1000 ppm.

contaminated V-i curve from the pure H curve as seen in Equation 3.1.

co = VceII;Hz Veell:co (3-1)

The CO overpotential is largely a measure of the increasedtaation overpotential
for H, oxidation on the anode, caused by CO competing with Hor active sites on
the catalyst. Concentration overpotentials should be un@nged due to the small
mole fractions of CO, and Figure 3.2 shows that ohmic resistees do not depend
on CO concentration. Cathode overpotentials and losses dtethe anode catalyst
layer structure are also independent of CO, and are accoudtéor by using the pure
H, curve as a baseline.

Figure 3.5 clearly shows the transitions from a steep actitan region at lower
current densities to the rapid drop in polarization resistace with the onset of CO
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Figure 3.5: o for the three catalysts in 25, 100, and 500 ppm of CO.

oxidation particularly for the core-shell and PtRu electr@atalysts. At the highest
CO concentrations shown in Figure 3.5 (500 ppm), the apparenset of rapid
CO oxidation begins at ¢co around 0.12 V for the PtMo, 0.28 V for MoQ @Pt,
and 0.34 V for PtRu. These results indicate the e ectivenessf Mo-containing
electrocatalysts for tolerating high levels of CO in the armbe stream, relative to

commonly used PtRu catalysts, for low-temperature PEMFC agplications.

3.1.4 Precious Metal Loading

On a per membrane area or total catalyst loading basis, the der of perfor-
mance for CO tolerance of three anode electrocatalysts COndae generally stated as
PtMo alloy, PtRu alloy, and MoO, @Pt core-shell. However, the Mo Pt catalyst

uses less precious metal (PM) than the PtMo alloy catalyst,rel both Mo-containing
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catalysts have reduced PM content compared to the PtRu alloySince it is desirable
to reduce PM loadings in PEM fuel cells in order to lower mateal costs, Mo has
the potential to be a more cost-e ective choice for combing with Pt than Ru if
the Mo-containing catalysts can be shown to maintain stableperation.

To assess instead performance on a per gram of anode PM basis,catalysts
used in this study were carefully characterized by a varietygf methods, so that their
structure and composition are well-known as discussed inglprevious reference [25].
The characterization indicated that the PtMo alloy contairs 80% Pt and 20% Mo
on a molar basis while the MoQ@Pt core-shell consists of 40% Pt and 60% M@O
on a molar basis. Weight percentages are shown in Table 3.1.

Table 3.1: Elemental composition of the PtRu, PtMo, and MoO,@Pt nanoparticles,
showing atomic ratios and weight percents. Precious metalsre in bold.

Catalyst: | PtRu | PtMo | MoOx @Pt
Pt:X atomic ratio: 1:1 4:1 2:3
Pt 66 89 73
Ru 34
t %
e Mo 11 22
Oy 5

From these measurements e ective PM loadings for each cagat were esti-
mated, and theV-i curves were replotted on an Amg PM) ! basis. Figure 3.6
shows the resultingV-i® curves at 0, 100, and 500 ppm of CO in H wherei®is
the specic current or PM mass activity. As before, the PtMo #loy has superior
CO performance at all concentrations of CO. However, due ttsireduced PM con-

tent, the MoO, @Pt electrocatalyst is has only slightly lower pure Hperformance
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than the PtRu on a PM loading basis, and is more e ective than ERu in 25 ppm
CO. At higher concentrations the steep activation overpotdials of the MoO, @ Pt
catalyst cause its performance to fall below that of PtRu, buoverall the CO tol-
erance of the MoQ@Pt electrocatalyst is much more comparable on a PM loading
basis. This suggests that if the currently observed impactsf residual surfactant
from the core-shell synthesis can be reduced by more e eaigleaning strategies, it
is likely that the MoO, @Pt electrocatalysts will show superior mass activity forlla

CO concentrations even if not on a total catalyst loading bas.

Figure 3.6: V-i®for PtRu, PtMo, and MoO ,@Pt at 0, 100, and 500 ppm CO in H. i°
is the anode mass speci ¢ mass activity { current per mg of preious metal

in the anode catalyst layer.
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3.2 Catalyst Durability

A particular concern with Pt-Mo nanoparticle electrocataysts is their long-
term durability due to leaching and loss of the Mo in the acidi PEMFC environ-
ment as described in Chapter 1.2.2. Leaching from the anodatalyst can not
only decrease catalyst activity and CO tolerance but also selt in reduced elec-
trolyte and cathode performance due to Mo contamination. Ahough there is a
well-documented decrease in PtMo thin- Im electrode and ME performance as
voltage is cycled [20, 21] as well as dissolution of the Mo finothe anode into the
electrolyte and migration to the cathode [19], it has also le® noted that more
homogeneous and crystalline PtMo alloys have less signimtaperformance losses
compared to amorphous mixtures [19, 23]. Additionally, lssleaching was observed
from catalyst incorporated into MEASs relative to thin- Im e lectrodes in liquid elec-
trolytes. These two e ects support the stable performancefa PtMo over 2000
hours of operation observed by Mukerjee et al [6], and sugg#sat leaching may be
mitigated by well-ordered alloys or core-shell catalyst ahitectures with a seemingly

pure Pt surface.

3.2.1 MEA Performance Stability Testing

To assess this possibility for both the PtMo alloy and MoQ@Pt core-shell
anode catalysts, performance stability was investigatedylholding the cell at 0.6 V
in pure H, and 100 ppm CO for up to 5 days after initial testing, withV-i curves

recorded periodically. Figure 3.7 shows the current denss of PtMo and MoQ, @Pt
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MEAs over 72 and 60 hours of stability testing, respectivelyas well as co and ASR
as a function ofi at various points during the testing. In Figure 3.7, the Testl
and 2 curves are from the rst two days of testing, when polazation was measured
in CO concentrations from 0 to 1000 ppm; the other curves aradicated by the
amount of time after the start of stability testing. The Test 2 H, baseline was
used to calculate all subsequent CO overpotentials. Staityl testing was started
immediately following a series of CO curves at 0{1000 ppm, dnrso initially the
current density increased as the cell recovered from the higy concentration of CO
to 100 ppm. The gaps in data and voltage spikes occur when piatation curves
are measured. Smaller dips and spikes occur when water motaeify blocks the
serpentine channels in the ow elds.

Performance at 0.6 V as shown in Figure 3.7 is quite stable fthe PtMo
alloy, but the CO overpotential curves show that the activiy does change slightly
over time with a general trend toward increasing activatioroverpotential for CO
oxidation but a slight drop in polarization resistance at tle high current densities.
Current densities obtained with the MoQ @Pt catalyst were lower than for the alloy,
and the constant 0.6 V was interrupted every 4 hours for a palaation curve rather
than every 2 hours. Fewer small current spikes from the Mg@Pt can be related
to less water production at the reduced current density, bubverall the MoO, @Pt
also exhibits a slow increase in activation overpotentiahver the 72 hours of stability
testing. Interestingly, the core-shell exhibits an initihdecrease in CO overpotential
over the rst three days of testing, unlike the alloy. After the rst two days the

MoO, @Pt CO overpotential curves undergo a shift in slope and bene at at a

57



(@“‘N@M Ll

EREENIN|

RERN

Figure 3.7: MEA stability testing at 70 C cell operation. a) and d) Current density
versus time while holding the cell at 0.6 V in 100 ppm CO for PtMo (left)
and MoOy @Pt (right). b) and e) CO overpotentials at various points during
testing. c¢) and f) ASR at various points during testing. Test 1 curves are
from the rst day of testing in 25{1000 ppm CO, test 2 from the second day,

hour 0 of stability testing begins after the 1000 ppm test on he second day.
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cell potential of 0.6 V. For both catalysts the ASR, shown in Figures 3.7c and A&.
remains constant throughout the stability testing, indicding that 1) the oS plotted
in Figures 3.7b and 3.7e are representative of increasedieation overpotentials due
to CO, and 2) if any Mo leaching is occurring, it does not a ectmnembrane hydration
and thus conductivity as would be expected from [19]. The eldion of activation

overpotentials over time could be due to changes in the oxitlan state of the Mo;

this could be veri ed through XPS.

3.2.2 Catalyst Stability Characterization

Both catalysts and MEAs were characterized by SEM, TEM, and BEX anal-
ysis. Figure 3.8 shows TEM images of carbon-supported catsi removed from the
anode after MEA testing was completed. TEM and EDX analysish®w there is no
signi cant change of particle size and composition after #nfuel cell testing. The av-
erage composition after testing of the PtMo alloy catalystsemains at 80% by mole
Pt and for the MoO, @Pt core-shell catalyst the Pt to Mo ratio does not change sig
cantly from its original pre-testing 40:60 ratio as shown m Figure 3.8. In addition,
no serious particle aggregation or sintering was observait the catalysts by SEM or
TEM after testing, probabaly due to the strong particle-suport interactions. How-
ever, these methods do not con rm if the architecture of the anocatalysts remains
intact.

While the post-TEM images do not reveal any evidence of ano@éectrocata-

lyst degradation, they do not fully address the issue of Moadehing from the catalyst
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Figure 3.8: TEM images and EDX analysis of (a and b) PtMo alloy after 9 days of
testing in H, + CO anode feeds, and (c and d) MoQ @Pt after 7 days of

testing in H, + CO anode feeds.

layer into the electrolyte. To explore this issue, SEM-EDXihe scans of untested
(dashed) and post-testing (solid) PtMo MEA cross sectionsra shown in Figure 3.9.
SEM-EDX results are not fully quantitative in that only relative signal strengths
are obtained for each element present in a sample. The two MEAvere fabricated
together and analyzed after one had undergone 9 days of tesfi the other was
not tested. Length scales were normalized to the Na on memdne thickness (the
membrane of the tested MEA was slightly thicker, possibly deito swelling in the
humidi ed test conditions), and signal strength was scaledy setting each cathode
platinum peak to 100. While the data in Figure 3.9 are only senguantitative,

there is evidence of leaching of Mo into the Na on and across the cathode during

fuel cell operation. This is indicated by the slight increasin Mo signal strength in
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the membrane and cathode regions relative to the untested ME The non-zero Mo
baseline visible in the untested sample is likely due to a peaverlap with sulfur

[55].

Figure 3.9: SEM EDX line scans of untested (dashed) and post-testing (dal) PtMo
MEA cross sections, showing Pt and Mo content distribution in the mem-

brane and electrodes.

Figure 3.10 compares the same post-testing PtMo MEA to a M@ Pt MEA
that was tested for 7 days. These results are also not fully gatitative, since no
untested core-shell MEA was available for comparison. Naheless, the line scans
indicate that Mo signal strengths in the membrane and cathazlare slightly lower in
the core-shell MEA than in the alloy MEA, with the electrolyte having near ground

level signals using the GDLs as a baseline. This supports eqgbations that the core-
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shell will reduce leaching due to the protective Pt layer anthe oxidized nature of
the Mo. Further long-term testing and more quantitative andysis must be pursued
to ensure the durability of these electrocatalysts beforehéy can be implemented

into expensive PEMFC stack development e orts.

Figure 3.10: SEM EDX line scans of PtMo (solid) and MoO, @Pt (dashed) MEA cross
sections, showing Pt and Mo content distribution in the membrane and

electrodes.
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Chapter 4

Modeling Impacts of CO Tolerance on PEMFC System Performarc

The CO tolerant electrocatalyst development e orts deschbed in previous
chapters are motivated by the desire to expand the market foPEM fuel cell
systems, speci cally liquid hydrocarbon-fueled genset®rf portable/mobile appli-
cations. Such systems are attractive in terms of compatildy with current fuel in-
frastructure as well as o ering quiet and low-emissions opation, and the potential
for signi cantly higher e ciencies compared to current diesel technology. However,
the size, complexity, and especially the cost of fuel cell #gms must be further
reduced in order to be commercially viable outside of nichearkets. This chapter
explores the impact of current-day and potential advance# iCO tolerance on the
system performance of a low-temperature PEM fuel cell systeoperating in con-
junction with a hydrocarbon autothermal reformer and a predrential CO oxidation
reactor for CO cleanup.

A system-level model for a liquid-fueled PEM fuel cell syste with a 5 kW
maximum power output is used to study how CO tolerance a ectradeo s between
the fuel cell, fuel processor, and balance of plant compongn Empirical CO tol-
erant stack models are based on the performance of the PtMdagl electrocatalyst
presented in Chapter 3. As CO tolerance is increased over ghcurrent state-of-

the-art Pt alloy catalysts, system e ciencies improve due pmarily to higher fuel

63



cell voltages and to a lesser extent to reductions in paragitloads. Furthermore,
increasing the CO tolerance of anode electrocatalysts alle for the potential for
reduced system cost and complexity with minimal e ciency pealty by reducing

PROx CO selectivity and conversion requirements.

4.1 System Model Description

The system ow diagram and component integration for a hydrecarbon-fueled
PEM fuel cell generator is illustrated in the schematic of Kjure 4.1. This study fo-
cuses on this particular con guration, which integrates a EM fuel cell stack with a
liquid-fueled autothermal reformer (ATR) with a water-gasshift (WGS) reactor and
a subsequent PROx reactor with proper thermal managementrféd, cleanup. Ad-
ditional balance-of-plant components which draw parasitiloads are also illustrated
in Figure 4.1 with the dominant parasitic loads coming from lhe air compressors
for the ATR, fuel cell cathode, and the PROxreactor, and fronthe radiator fan.
Electric motors and inverters for power conversion are nohswn in Figure 4.1, and
are modeled with constant e ciencies of 90 and 93% respeactly.

Components for the cathode-side air supply, fuel reformingxhaust and cool-
ing are identical to those presented in an earlier study by Reéman et al with a
similar modeling approach [37]. The key di erence is the régcement of the Pd
membrane puri er in that previous study with a PROXx reactor and associated air
compressor and heat exchanger to cool the PROx e uent beforié enters the fuel

cell. Also, the Pd membrane puri cation implementation waspreviously integrated
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Figure 4.1: Flow diagram showing schematic of the hydrocarbon-fueled EM fuel cell
system modeled in this study with fuel processor, PROXx reaatr, catalytic
exhaust burner, liquid-cooled fuel cell stack, and exhaustondenser for water

recovery.
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into the water-gas-shift reactor, while now the WGS reactors just the reactor at

the end of the fuel processor as shown in Figure 4.1.

4.1.1 Fuel Processor and CO Clean-up

The fuel processor is an autothermal fuel reformer (ATR) opating on a model
kerosene (or JP-8), represented as;§H.3 [37]. The ATR is maintained at constant
steam-to-carbon §=C = 1.6) and oxygen-to-carbon O=C = 0.8) ratios in this study.
This condition is mildly exothermic and has been shown to havadequate oxygen
atoms to avoid signi cant carbon deposition in the reformef56]. One key benet
in utilizing PROx for the CO cleanup is the relatively low opeating pressure for
the ATR and thus the reduced parasitic load associated withotnpressing the air
for the reformer. In the current study, the ATR model assumesutlet ows based
on full fuel conversion and equilibration of the WGS reactio at the high outlet
temperature. The outlet temperature and equilibrium H, CO, CO,, and H,O mole
fractions are found through an iterative solution of the copled energy and species
balances in the reactor. With complete fuel conversion, atlarbon in the reformate
stream is assumed to exit as either CO or CQO The small percentage of Ckland
other hydrocarbons &€1.0% total on a wet basis [1]) observed in ATR exhaust is
not considered here. After the ATR e uent is cooled by an intemediate steam
generator (for the reformer itself), the reformate passesitough a 4-stage WGS
reactor, which is assumed to be su ciently large to achieveaaiilibrium down to 300

C. Intermediate cooling between the ATR and WGS reactor is tical to attaining
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lower exhaust temperature from the WGS and thus reduced CO woentrations.

The WGS e uent is cooled through mixing with air from the PROx compressor
before entering the PROX reactor at temperatures favorabler CO conversion. The
PROx reactor is modeled by assuming a xed CO conversion anelectivity. For

the current study, CO selectivity is generally held at a badime value of 85% based
on advanced PROXx reactors presented in the literature [57PROx CO conversion
is generally xed at a baseline of 99% although increased ai® tolerance of CO
encouraged studies looking at the e ects of reduced CO coms®n (90%) on system

performance.

4.1.2 Fuel Cell Stack

For the fuel cell stack, the model follows the earlier study kaere an empirical
polarization curve is adapted from a study of a Ballard PoweBystems fuel cell
stack [58]. The open circuit voltage is shifted up or down bad on changes in
the Nernst potential with changes in reactant partial pressres and temperatures.
In this study, the pure H, voltage versus current density Y-i ) curve is modied
based upon the amount of CO in the anode feed. To this end-i curves for
MEAs with relatively CO tolerant PtMo alloy electrocatalysts are derived from
experimental results with simulated reformate streams. Ques are obtained at 25,
50, 100, 250, 500, and 1000 ppm CO inHat intervals of 50 mAcm 2. These results
(presented in Figure 3.3) are used to model the CO overpotéals as a percent drop

from the reference hydrogen curve as a function of Linear interpolation is used
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between points and extrapolation beyond 1000 ppm. A CO-adjted voltage Ve

is calculated for each desired current density and anode COrxentration from the
PROx reactor. To further investigate the e ects of CO tolerance, a CO tolerance
factor, co, isintroduced, which reduces the CO penalty to that of a loweCO ppm

value equal to the original CO ppm divided by the tolerance faor. For example,
a CO tolerance factor of 10 indicates that the polarizationuwrve data obtained at
25 ppm is assumed to be e ective at 250 ppm. As such, this prolds a convenient
means for investigating the system-level bene ts of futuradvances in CO-tolerant
anode electrocatalysts for the low-temperature PEM-fueletl systems relying on

liquid-fuel reforming and PROXx reactor CO-cleanup.

4.1.3 Balance of Plant

For the remainder of the balance of plant (BOP) components,he heat ex-
changer, compressor, and pump models approximate actualrfsemance of com-
ponents used in assembly of a working prototype of a liquidled PEM fuel cell
generator a tthe University of Maryland, and largely followthe earlier study. The
reader is referred to that study for further details on heat tansfer correlations for
the heat exchanges and isentropic e ciency models for the ogressors [37]. In the
current study, more detail is given to modeling the coolantdop and the high- ow
rate pump, and radiator fan power is taken from an experimeat air ow rate ver-
Sus power curve, to ensure that both the coolant pump and raatior fan parasitic

loads are captured well in the model. In the PROX, cathode cgmessor, and ex-
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haust heat exchangers as well as the fuel cell stack, the mbdelculates the heat
transfer required to bring the gas streams to a set target teperature, then solves
for the coolant ow rate needed to provide the desired coolgn More detailed heat
loss models are also implemented in the current study in ondé better examine
temperature and thermal integration e ects. Heat losses armodeled in the WGS
reactor, PROx reactor, and radiator as a combination of nat@l convection and
radiation heat transfer based on the average temperature tfie component and
Tamp. Heat loss calculations assume a constant overall heat tisfer coe cient (U)
value for convective losses and a constant emissivity fordiative losses. The losses
were determined by tting calculations to empirical heat Igs estimates made during

experimental testing of system components.

4.1.4 Implementation

As in the previous study, the model data is imported into MS Egel with a
Visual Basic program running as a macro that determines stdg-state operating
conditions and system performance through a nested iteraéi sequence. The re-
cycling of mass and heat ows, along with the feedback betweeystem operating
conditions and parasitic loads, requires such an iterativeolution technique. The
iterative loop is based upon stepping through each compornend solving the non-
linear energy balance and species balance equations. Therall system power de-
mand is then used to recalculate fuel, air, and coolant owsnd associated parasitic

loads for system operation. Fuel ow rate to the system is detmined iteratively

69



through a species balance between available ldxiting the PROXx reactor and the

demanded anode feed at the desired,Htoichiometry (1.3 for all cases here). The
new ow rates thus are used to update the parasitic loads, angross power demand
for the fuel cell stack is calculated from the sum of net (i.eusable) power demand

and the parasitic loads.

4.2 Model Results and Discussion

The current study does not explore the full system design spa for a liquid
hydrocarbon-fueled PEM fuel cell system, but rather focuseon the speci ¢ system
illustrated in 4.1 operating at a baseline condition and vaations from that base-
line, primarily related to PROx conditions and anode CO toleance. The baseline
conditions and their range of variation in this study are gien in Table 4.1, and key

system parameters are shown in Table 4.2).

Table 4.1: Baseline conditions and modeled variations.

Parameter Baseline Value Range
Net electrical power output, Wpet / W 5000 1000{5000
Ambient temperature, Tamp / C 30 10{50
Anode CO tolerance factor, co 1 1{10
PROx CO selectivity 0.85 0.75{1.0
PROx CO conversion 99% 90%-99%

Temperatures listed in Table 4.2 simply indicate limits plaed on system com-
ponents such that unrealistic operating conditions will nobe found which give
false impressions regarding overall system performancehel system studied here
is designed to operate at a maximum power of 5000 W net electppower out. As
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indicated in Table 4.2, the system includes a relatively |lge fuel cell stack with
area Ace;=300 cn? per cell and number of celld.s=75. Such a large stack is
necessary to avoid the large anode overpotentials assoetvith non-zero CO con-
centrations at higher current densities. This allows for aghjuate voltages (and thus
power densities) to be achieved even for the baseline CO talece when anode inlet

CO concentrations rise to 200 ppm.

4.2.1 Ambient Temperature

The model was rst run for a range of ambient temperatures usg the base-
line PROXx reactor CO selectivity of 0.85 and CO conversion @.99, with fuel cell
performance based on the current-day CO tolerance (derivébm the experimental
PtMo curves in Figure 3.3. The results for overall system e g&ency and water bal-
ance at full (5000 W) and half (2500 W) power are shown in Figar4.2a, which is
presented such that the results can be readily be comparediwthe earlier study on
a similarly-sized system using a Pd-membrane puri cationAs expected, increased
cooling and other BOP loads lead to slight decreases in systee ciency and more
signi cant decreases in net water balance with increasin@ymp.

Unlike in the Pd-membrane system study, here the water balae (water re-
covered from the exhaust condenser and fuel cell knockoutws minus the water
demanded by the fuel processor as steam) remains positiveeewp to 50 C. This
is because there is no need for sweep steam as required in tdenfembrane system

[37]. Cathode humidi cation is accomplished by gas-to-gasgater and heat exchange
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Table 4.2: Critical system performance parameters.

Parameter Value

Ambient Conditions:

Temperature, Tamp / C 30
Relative humidity 50%
Fuell cell conditions and properties:
Operating temperature, Teey / C 70
Operating pressure / bar 1.35
Pressure drop across stack at 1 &Am ? 0.25
Stoichiometric ratio of cathode air ow 1.8
Stoichiometric ratio of anode H, ow 1.3
Fraction of H,O produced in FC to anode| 0.15
Number of cells per stack 75
Stack membrane area per cell / crd 300

Fuel reformer conditions:

Inlet oxygen to carbon (O=C) ratio 0.8
Inlet steam to carbon (S=C) ratio 1.6
Max. inlet temperature / C 500
Min. pre-heater approach T/ C 20

Steam temperature out of generator / C 125

Water-gas-shift reactor conditions:

Min. equilibrium temperature / C 300

PROXx reactor conditions:

Min. inlet temperature / C 165

Balance of plant conditions:

Radiator outlet coolant temperature / C 60

Min. exhaust condenser T/ C 10
Electric inverter e ciency 93%
Electric motor e ciency 90%
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between the cathode exhaust and inlet ows. In fact, all conitions in this study
showed adequate water recovery even with approach tempearet di erences in the
exhaust condenser as high as 1@. Positive water balance is critical in remote,
unmanned operation, especially in regions and climates wkewvater may be scarce.
A key measure of system performance is overall system e ciey) ¢, which

is de ned here by Equation 4.1

_ Wnet _ r]cellsAceII iVceII Wlost (4 1)
th — - .
rDHC;in hHC;comb rDHC;in hHC;comb

The numerator is the power produced by the PEM fuel cell stagkminus the work
lost (MWest) due to parasitic loads and motor and inverter ine ciencies and the
denominator is the lower enthalpy of the fuel consumed by thgystem to produce
the desired net power. Figure 4.2a shows thaty drops slightly with increasing
Tamb, but generally remains around 24% at full power and 29% at Hgdower. These
e ciency values compare favorably to current state-of-theart diesel generators in
this size range, and the fuel cell system also o ers additiahadvantages in terms
of emissions and noise. Even higher e ciencies should be @&bable with improved
reformer operating conditions and system optimization.

Some of the key system states helpful in understanding the nations in
are shown in Table 4.3. The rst two columns illustrate how tvo e ects combine to
lower ¢ at full power conditions compared to half power: 1) higher ack current
density at full power leads to higher anode CO overpotentialas shown in Figure
3.5, and 2) higher WGS reactor outlet temperatures at full pser result in higher

CO concentrations entering the PROXx reactor and subsequéyntthe anode, which
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Figure 4.2:
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PEM fuel cell system performance versusTynp at full and half power at
baseline CO tolerance and PROXx reactor conditions of 99% COanversion
and 85% CO selectivity: (a) total system e ciency ¢, and water balance,

and (b) subsystem e ciencies gp, fc, and pop.
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also leads to higher anode CO overpotentials and increasedrasitic loads. The
drop of V¢ by 0.1 V between half and full power demonstrates the impact ®woth
higher current densities and anode inlet CO concentratiornsn system e ciency.

Table 4.3. Key system states and outputs for net powers\W,¢;=2500 W and 5000 W,
and CO tolerance factors co=1 and 5 at baseline conditions.

Parameter Value

Net power Wpet / W 2500 | 5000 | 2500 | 5000
Anode CO tolerance factor co 1 1 5 5
Overall system e ciency 0.295 | 0.246 | 0.298 | 0.278
Individual cell voltage Ve / V 0.767 | 0.667 | 0.775 | 0.737
Average current densityi / A cm? 0.182 | 0.410 | 0.181 | 0.367
Gross power demandgross / W 3149 | 6148 | 3147 | 6082
WGS reactor conditions:

Outlet temperature Twgs / C 253 368 252 356
Outlet H, mole fraction 0.393 | 0.372 | 0.393 | 0.376
Outlet CO mole fraction 0.0327| 0.0541| 0.0327| 0.0503

PROXx reactor conditions

Outlet temperature after cooling/ C 60 79 60 72
Outlet H , mole fraction 0.362 | 0.324 | 0.325 | 0.331
Outlet CO concentration / ppm 23.3 92.7 23.1 76.2

The complex interactions a ecting overall system performace can be grouped
into subsystems associated with the fuel processing and poation ( gp), the fuel
cell stack ( rc), and the balance of plant (gop ). The equations for each of these
e ciencies are provided in Equations 4.2-4.4. ¢p is the ratio of combustion en-
thalpy in the H, exiting the PROx reactor and entering the fuel cell stack to hie
combustion enthalpy of the hydrocarbon fuel consumed to pdoice the H. The
fuel cell stack e ciency gc is the power produced by the fuel cell divided by the

combustion enthalpy of the H entering the stack, including non-utilized H. Since
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the stoichiometric ratio (of H, ow to H, consumed in the anode) is xed at 1.3 in
this study, the mass ow of H; into the anode is proportional to the current density.
Thus, Equation 4.3 can also be written in terms of cell voltagV,e, and the constant
fuel cell utilization "y,.rc. Finally, the balance of plant e ciency gop is the ratio

of usable net power to the total power produced. It is readilgeen that the product

of Equations 4.2-4.4 produces the overall system e ciencyy, of Equation 4.1.

my ;anode in hH ;comb
FP = - ’ (4.2)
rDHC;in hHC;comb
_ r]cellsAceII iVcell _ "Hz;FC 2F WH zvcell (4 3)
FC — - )
rnHz;anode in th;comb th;comb
ncellsAceII iVceII VMIost
BOP = (4.4)

NeellsAcell1Vcell
Figure 4.2b shows the breakdown of the three subsystem e cieies for the full
and half power cases shown in Figure 4.2a. Increasing froniftta full power results
in signi cant decreases in p and ¢, and slight gains in gop . The decrease in
rp With increasing \W,,¢; arises from the increased WGS outlet temperaturéy gs,
and thus lower H, (and higher CO) equilibrium outlet mold fractions as indicéed
in Table 4.3. The correlation between\, and Tygs occurs because both ATR
and WGS reactor heat losses (driven by both radiation and natal convection) do
not scale proportionally with reactor ow rates. As power denand, fuel consump-
tion, and Tygs increase, the associated higher CO concentrations exititige WGS
also lead to increased parasitic fHiconsumption in the PROX reactor, which causes
further decreases in gp with increasing W, ,e;. These e ects could be mitigated by
adjusting the S=C up and O=C down at higher power conditions to obtain higher
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H, mole fractions out of the WGS reactor, but such control stragies are outside
the scope of this study, where&s=C and O=C remained xed.

The higher levels of CO exiting the WGS and PROX reactor withricreasing
Wt also result in lowerVee and gc as seen in Table 4.3 and Figure 4.2b. Since
balance of plant components are sized to meet maximum load daiare generally
more e cient at full power output conditions, the increased gop at full power can
o set some of the losses ingp and rc. However, Figure 4.2b also shows that at
higher T, parasitic loads associated with the coolant loop fan growstantially
at the full power condition and cause gop to fall. Since gp and ¢ are largely
una ected by T,n,, the larger drop in gop at full power is responsible for the
steeper decline of , at higher Tymp.

The rst exploration of the e ects of enhanced CO tolerancenvolved rerunning
the cases of Figure 4.2 with the same PROX reactor settingstwith a 5X increase in
the anode electrocatalyst CO tolerance,co. The system performance results with
5X enhanced CO tolerance are illustrated in Figure 4.3. WithiPROx parameters
held at the same baseline, the increased CO tolerance prirarserves to raiseVeg
and thus gc, as can be seen in Table 4.3 and by comparing Figures 4.2 and.4.
The impact of CO tolerance is much more signi cant at full powr conditions where
CO anode overpotentials are larger;gc jumps from 41.0% at co=1 to 45.2% at

co=5 at T,m=30 C. On the other hand, at half power the stack is operating in
the high voltage, low current density region of the curves skwvn in Figure 3.3, where
CO overpotentials are already small, and so there is signantly less improvement
with increasing co | Fc goes from 47.1% to 47.6% at,n=30 C. gp and
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gop are only a ected indirectly, as the higher ¢ reduces fuel consumption and
parasitic demands. In general, over the entiré,,, range, increasing co from 1 to

5 (at baseline PROx reactor conditions) raisesy, by 3% or more at full power and
only 0.3% at half power. The water balance remains largely aghanged with the

increase in co.

4.2.2 Net Power

Next the net power demand was varied from 1000 W to 5000 W to exype
how the trends observed above translate over a broader rangepower conditions.
Figure 4.4a plots y, and Twgs versusW,,; at T,mp=30 C for both ¢o=1 and 5,
clearly showing the increase iTwgs as power demand and fuel consumption grow.
IncreasedTyygs leads to lower H mole fractions and higher CO levels from the fuel
processor as discussed earlier. The resulting decline gp and g¢ is shown in the
plot of subsystem e ciencies in Figure 4.4b. V. and gc also fall as increasing
power pushes the stack to higher current densities, indepant of CO e ects. These
decreases are o set by a rise ingop as W, increases, with the net e ect that

tn peaks near 3000 W net electric output. Resizing of componsnsuch as the
fuel cell stack or cathode or ATR air compressors may shift hoptimal e ciency,
but component size e ects on system performance are not sted here. As before,
enhanced CO tolerance has a large e ect o ¢ at higher powers, and only indirectly
raises the other two subsystem e ciencies. Below half powemprovements in

are insigni cant since the high baseline PROx conversionntits CO overpotentials
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Figure 4.3: PEM fuel cell system performance versud gm, at full and half power at 5X
the baseline CO tolerance (co=5) and PROx reactor performance at 99%
CO conversion and 85% CO selectivity: (a) total system e ciency 4, and

water balance, and (b) subsystem e ciencies gp, rc, and gop.

79



and the impact of CO tolerance. A reduced PROx CO conversionowld cause the
e ects of increased ¢o to be more signi cant at lower power conditions.

At the baseline CO tolerance, Figure 4.4 shows thatp and g are relatively
at below W,=3000 W. This is due to temperatures in the WGS reactor reachg
the equilibrium temperature limit of 300 C below which no further improvements
to the H, mole fractions out of the WGS are achievable within the asswd kinetic
limits of the WGS reactor. This is illustrated in Figure 4.5,which plots anode inlet
CO concentration againstTygs for the range of power conditions andco=1 and
5. Twas Is the outlet temperature of the last stage of the WGS reactorHowever at
Twes <300 C previous stages may still be active, thus the decreasing Gfoncen-
trations even belowTygs =300 C). As Tywgs increases above 30 the amount of
CO entering the fuel cell anode increases sharply. This rige CO concentrations is
accompanied by a drop invee, as also shown in Figure 4.5. The results emphasize
the importance of optimizing WGS performance, as well as theotential for im-
proved CO-tolerant anode electrocatalysts to reduce demds on the WGS reactor
(in terms of size) and perhaps also the PROXx reactor as dissesl further below.

To explore the e ects of power demand andco on the balance of plant
more fully, the specic parasitic power demands for the systm at baseline and
5X-increased anode CO tolerance at full and half power areastin in Figure 4.6.
In general, the total parasiticsW,o; for full and half power for the di erent CO
tolerances are less than 20% of net power out. The results imgkre 4.6 show that
the largest parasitic losses come from the cathode and fuebpessor (FP) compres-
sors. The radiator fan power demand increases withy,, rising sharply asTamp
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Figure 4.4. PEM fuel cell system performance versudi,e; at co=1 and co=5 with
PROx reactor performance at 99% CO conversion and 85% CO saltvity:

(@ w and Twgs, and (b) subsystem e ciencies gp, rc,and gop.
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Figure 4.5: Anode inlet CO concentration and Vge versus Twgs at Tamp=30 C for
baseline and 5X baseline CO tolerances with PROX reactor caditions are

99% Co conversion and 0.85 CO selectivity.
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approaches the temperature of the coolant such that the fanuat push signi cantly
more air through the coils to achieve adequate cooling foreéhcoolant loop and the
exhaust condenser. Parasitic loads do not scale linearlytiwvnet power, resulting in

lower gop at the half power condition as discussed above.

Figure 4.6: Comparison of parasitic loads at full and half power for a rarge of Tamp at
co=1 (left bar of each pair) and ¢o=5 (right bar of each pair). PROXx

reactor conditions at 0.99 CO conversion and 0.85 CO seledtity.

4.2.3 PROx CO Selectivity

The results from Figures 4.2-4.6 suggest that increasing G6Glerance provides
signi cant improvements in overall system performance owlat conditions where
anode CO overpotentials are relatively large. However, ithé cases investigated so

far CO concentrations have remained below 100 ppm, causin@©verpotentials less
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than 85 mV. This is because the baseline PROx conditions of ®9CO conversion
and 85% CO selectivity represent an extremely high performae reactor. Obtaining
such high performance may require large, expensive multage reactors and heat
exchangers for ne temperature control. As such, the modelas used to explore
whether increased CO tolerance might allow for less expevsiPROX reactors with
either reduced conversion (smaller size) and/or reducedlsetivity (less expensive
catalysts).

The rst parametric study involved changing PROx CO selectiity while keep-
ing PROx CO conversion high at 99%. Increasing selectivityeduces H consump-
tion in the PROX, raising gp since less fuel is required to supply the same amount
of H, to the stack. gop also increases as the PROx air compressor demand falls.
These combined e ects are illustrated in Figure 4.7, where;, increases as the CO
selectivity goes from 0.75 to 1, mainly due to a rise ingp from 71.8% to 75.9%
at co=1. Over the entire range of PROx CO selectivities investigad here, a 5X
improvement in CO tolerance raisesy, by 3{4% points at full power. As discussed
earlier, gains with increased co are due principally to improvements inV.e; and

FC-

PROx CO selectivity does not have a large impact on anode CO roentra-
tions, which at the high PROx CO conversion of 99% are relatdly low (<100 ppm)
and only decline slightly with higher CO selectivities as eciencies go up and fuel
ow decreases. Figure 4.7 demonstrates that improvements anode CO tolerance
have a larger impact on system e ciency than increased PROx @ selectivity alone

at high PROx CO conversions. However if the CO conversion wereduced from
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99%, reformer e ciencies would see large drops at lower COlsetivities as much
more H, was consumed in the PROx. Even at the high 99% CO conversion, is a
relatively strong function of CO selectivity, showing the alue in continued research

activity to developed improved, reliable PROx catalysts.

Figure 4.7: Full power  and anode inlet CO ppm at Tamp=30 C for varying PROXx
reactor CO selectivities with constant PROXx reactor CO conwersion of 0.99,

at baseline and 5X baseline CO tolerances.

4.2.4 PROx CO Conversion

Changes in PROXx selectivity require changes in catalyst cquruosition, but
changes in PROx CO conversion can be accomplished with onlyanges in catalyst
loading and thus may be a straightforward means of impactingystem performance

and/or cost. A reduced PROx catalyst loading may allow for f@er PROXx reactor
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stages and reduced system cost and size. To explore how pasrimprovements
in CO tolerance of anode electrocatalysts can reduce the dana for high PROXx
conversions while maintaining adequately highy,, co was varied from 1 to 10 for
two di erent PROx CO conversions (the baseline 99% and a reded 90%).

At half power output conditions the high baseline PROx conusion of 99%
shows very minor improvements iny, with increased co. When the PROX reactor
is shrunk such that CO conversion is only 90%,, drops by more than 2% points
from 29.5% to 27.1%. However, increasingo to higher values reduces this penalty
for the reduced PROXx conversion at half power, such that byco= 5, the drop in

tn IS less than 0.5% points from 29.8% to 29.4% and byo=10, the drop in , is
less than 0.1% points. These improvements in performancehieh are principally
due to improvements in gc, illustrate one of the real system values in improving
anode CO tolerance: higher fuel cell CO tolerance allows fagduction in demands
for PROx-based CO cleanup as studied here, which can mean $iera less complex
reactors with lower CO conversion.

The value of higher o in allowing lower PROx reactor performance is further
illustrated in Figure 4.8a by plotting ¢ as well as anode inlet CO concentrations for
full power conditions with PROx CO conversions of 90 and 99%.he improvements
in  with increased CO tolerance for both PROx CO conversions arauch more
dramatic at the full power conditions because the higher anle overpotentials o er
more opportunity for increasingVe; and gc with higher o. For the baseline 99%
conversion,  at full power increases signi cantly (by 3.0% points) up to co =5
and less so asco increases beyond 5. This is in large part because thel00 ppm
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CO levels entering the anode at the high PROx conversion arargely insensitive to
co. Thus, there is limited margin for further improvement at the highest values of
co Studied. On the other hand, for the reduced (90%) PROx CO comvsion cases,

increases in , With o remain large even up to c0=10. This is in part because the

lower CO conversion results in quite high CO concentratiorentering the anode, and
these concentrations drop dramatically asco rises. In fact, the CO concentrations
become so highX 2000 ppm) at the baseline co for PROx conversion of 90% that
the fuel cell system is unable to produce the full powal/,.;=5000 W, as indicated
by no point for this case in Figure 4.8a. However, forco=2,  approaches 20%
with the reduced PROXx conversion and this values rises sigrantly to 25% as co
is increased to 10. This is largly due to signi cant improvemnts in ¢ under these
conditions where CO overpotentials at the baseline conditns are exceptionally large
without the enhanced anode CO toleranceV.e is 0.557 V at the ¢o=2 condition
and rises to a much more acceptable value of 0.670 V ainr=10 for the 90% PROXx
conversion cases. The impact oo on ¢ isillustrated in Figure 4.8b which breaks
down the subsystem e ciencies and shows the signi cant inease in ¢ with ¢o
for the lower PROx CO conversion cases. It is noteworthy thathe signi cant
improvement in gc also results in smaller improvements in bothgp and gop
by reducing the compressor and fan ow requirements and by s improving the

WGS outlet equilibrium with lower CO and higher H, concentrations. These results

clearly indicate that the value of improved anode CO tolerare is tightly linked to

the performance of the PROXx reactor. As such, the advantageds enhanced CO
tolerance depend on the system and its range of operating citions.
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Figure 4.8: PEM fuel cell system performance versus anode electrocatgt CO toler-
ance co at full power for PROXx reactor conditions of 90% and 99% CO
conversion at a constant CO selectivity of 0.85: (a) total system e ciency

th and anode inlet CO ppm, and (b) subsystem e ciencies gp, fFc, and

BOP -
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Chapter 5

Conclusions

This study examined the possibility of PtMo nano-structuré electrocatalysts
for improved CO tolerance in low-temperature PEM fuel cell @odes and then ex-
plored system-level impacts through modeling of enhancedER! fuel cell anode
catalysts.

The experimental investigation of nano-architectured arde electrocatalysts
built on previous work that suggested high CO tolerance of PMo anode electro-
catalysts in thin- Im RDE experiments. MEAs incorporating the promising PtMo
alloy and MoO, @Pt core-shell catalysts were fabricated and tested in puk and
CO concentrations up to 1000 ppm, and multi-day stability tsting was also con-
ducted. Performance was compared against a commercial PtRAEA as well as an
in-house fabricated MEA using commercial PtRu catalyst.

A companion modeling study explored the bene ts of improvig anode CO
tolerance on the system performance of a liquid-hydrocarbdueled PEM fuel cell
generator using a PROx reactor for reformate clean-up. A sgsn model was built
which included empirical curves for baseline CO tolerancebed on the PtMo anode
catalysts tested in the experimental portion of this study. A CO tolerance factor
was de ned which shifted the polarization e ects of CO to hiper ppm values. The

system model provided a basis for exploring the interactisnbetween CO tolerance
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of the anode and PROXx operating conditions.

5.1 Signi cant Results

5.1.1 CO Tolerance of Nano-architectured Pt-Mo Electrocatysts

MEAs were successfully fabricated with performance on puké fuel reaching
0.9 Wcm 2 for the PtRu alloy. Testing of PtMo and MoO, @Pt MEAs demonstrated
the superior CO tolerance of the alloy, which exhibited a vtdge drop of only 95 mV
in 100 ppm CO at 0.5 Acm 2, compared to drops of 230 mV for PtRu and 260 mV
for the core-shell electrocatalyst. However the pureolarization curves for both
Mo-containing catalysts suggested high activation overpentials and poor catalyst
utilization, and the CO tolerance of MoQ @Pt MEAs was signi cantly lower than
predicted by RDE results.

Bulk resistance measurements indicated that although the EA fabrication
process was repeatable, changes in the catalyst ink compiosi were found to in u-
ence the resulting catalyst layer performance. Thus, it issasonable to suspect that
the low exchange current densities and utilizations of the dcontaining catalysts
are related to the varying surfactants and heat-treatmentspplied to the catalysts
and subsequent e ects on the catalyst ink consistency.

Despite relatively poor performance on a total catalyst lading basis, the
MoO, @Pt electrocatalyst displays more comparable behavior onpaecious metal
loading basis, with superior performance to PtRu at 25 ppm of€O. PtMo and

MoO, @Pt MEAs were tested for up to 9 days in Hand CO, and held at 0.6 V
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in 100 ppm of CO for 60 and 72 hours, respectively. The PtMo MEferformance
was quite stable at 0.48 Acm? over 60 hours, while the MoQ@Pt current density
declined slowly, from 0.22cm? to 0.18 cn? over 60 hours. V-i curves measured
during stability testing indicate an increase in co and activation overpotentials
over testing, possibly due to increasing oxidation of the Mo

TEM and EDX analysis after stability testing found no signi cant changes in
particle size or elemental composition, however semi-quaative SEM EDX line
scans showed that Mo content in the membrane and cathode ieased during test-
ing. This apparent leaching was slightly lower for the MoQ@Pt particles than for
the PtMo, o ering hope of increased long-term stability fran core-shell architec-

tures.

5.1.2 Model

For the system illustrated in Figure 4.1 with operating paraneters described in
Table 4.2, overall system e ciencies at baseline CO toleraes and state-of-the-art
PROx reactor performance (99% CO conversion and 85% CO séldty) ranged
from 24% at full power W, = 5000 W) up to 29.5% at intermediate power con-
ditions (W = 3000 kW). At lower power conditions and higher ambient tempr-
atures, e ciencies dropped o due to increases in the fractin of work required to
operate balance-of-plant compressors, fans, and pumps.

Assuming advances in CO tolerant catalysts allowing a 5X redtion in CO

penalties compared to current catalysts, model calculatis showed that the fuel
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cell e ciency increased only slightly at the lower power coditions, to 30.0% at
W,,e:=3000 W, but more dramatically at high power conditions, up b 27.8% at
W,,:=5000 W. In general, conditions for signi cant improvementn system e ciency
with increased anode CO tolerance were those where relativeigh current densities
and relatively high (>50 ppm) anode inlet CO concentrations caused large anode
overpotentials that were reduced with improved CO-tolerarnanode electrocatalysts.
Improvement in fuel cell voltages and e ciencies with incrased CO tolerance also
had additional system bene ts such as small reductions in pasitic loads which
further increased system e ciencies.

Furthermore, increased fuel cell CO tolerance permitted gmi cantly lower
PROx CO selectivities and CO conversions without the signcant penalties in over-

all system e ciency observed at baseline tolerance.

5.2 Recommendations for Future Work

The catalyst inks and MEA fabrication procedures employedni this study
were not fully optimized. Nonetheless, the Mo@@Pt and PtMo electrocatalysts
demonstrated comparable and improved CO tolerance of reiat to PtRu, and RDE
tests indicate that much higher performance is possible. fure tests should aim
to capture the great potential of both Mo-containing electocatalysts for high CO
tolerance. Low catalyst utilizations suggest that there a improvements to be made
in the catalyst layer, whether through modi ed post-synthais treatments to fully

remove surfactants, or changes to the catalyst ink compogih and ink application
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method.

Given the apparently reduced active surface areas of the twdo-containing
catalysts, especially MoQ@Pt, more meaningful comparison of the catalysts should
be conducted on a metal loading or active surface area basihis will require mea-
surement of exact metal loading in the active area, which cabe accomplished
through inductively coupled plasma mass spectrometry or o&on activation analy-
sis. Electrochemically active surface areas of the catalycan be determined using
cyclic voltammetry. Awareness of catalyst utilizations inthe MEAs would also be
useful while optimizing catalyst layer fabrication protools.

Conclusive determination of catalyst stability will requre testing over much
longer time periods than the 9 days reached in this work. In fure post-testing
analysis, XPS and XRD should be used to determine if any striwgal changes take
place during testing, and possibly to examine oxidation stas of the Mo.

As improved CO tolerance is demonstrated by the Mo{@Pt or other elec-
trocatalysts, further modeling work should seek opportuties for reducing system
costs with smaller PROx or WGS reactors as well as smaller fueell stacks. Such a
study may o er direction in development e orts for PEM fuel cell systems with CO-
tolerant anodes in order to compete more e ectively for podble and/or distributed
power applications involving liquid hydrocarbon fuels.

Also, as progress is made in the assembly and testing of theridog system
prototype, component models should continue to be re ned ahvalidated to closely

approximate real word performance.
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