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ABSTRACT

The objective of this project is to develop novensprecious metal electrocatalysts for
oxygen reduction reaction (ORR), and demonstrateptitential of the catalysts to perform at
least as good as conventional Pt catalysts cuyremtise in polymer electrolyte membrane fuel
cell (PEMFC) with a cost at least 50 % less thaarget of 0.2 g (Pt loading)/peak kW and with
durability > 2,000 h operation with less than 1@8&tver degradation. A novel nitrogen-modified
carbon-based catalyst was obtained by modifyingarablack with nitrogen-containing organic
precursor in the absence of transition metal pssuiThe catalyst shows the onset potential of
approximately 0.76 V (NHE) for ORR and the amouhtgO, of approximately 3% at 0.5 V
(NHE). Furthermore, a carbon composite catalyst aaseved through the high-temperature
pyrolysis of the precursors of transition metal (@od Fe) and nitrogen supported on the
nitrogen-modified carbon-based catalyst, followed dhnemical post-treatment. This catalyst
showed an onset potential for ORR as high as 0.§RNE), and generated less than 1 % of
H,0,. The PEM fuel cell exhibited a current density2d8 A cm? at 0.2 V for a catalyst loading
of 6.0 mg cm-2. No significant performance degraatvas observed for 480 h continuous
operation. The characterization studies indicateat the metal-nitrogen chelate complexes
decompose at the temperatures above &DODuring the pyrolysis, the transition metals
facilitate the incorporation of pyridinic and grajit nitrogen groups into the carbon matrix, and
the carbon surface modified with nitrogen is actioe ORR. In order to elucidate the role of
transition metal precursor played in the formatmhactive sites in the non-precious metal
catalysts, a novel ruthenium-based chelate (Rubtalyst was synthesized by using Ru&id
propylene diammine as the Ru and N precursorsgeotisply, followed by high-temperature
pyrolysis. This catalyst exhibited comparable gdtalactivity and selectivity for ORR as the Pt
catalyst.

A theoretical analysis is made of the four-electreduction reaction of oxygen to water over
the mixed anion and cation (202) surface of pedttarstructure Csse;, one of several selenide
phases. Reversible potentials for forming adsomeedtion intermediates in acid are predicted
using adsorption energies calculated with the Vaesiminitio simulation program (VASP) and
the known bulk solution values together in a lin@#vbs energy relationship.

The effect of hydrophobic and structural propert@sa single/dual-layer cathode gas
diffusion layer on mass transport in PEM fuel celizs studied using an analytical expression.
The simulations indicated that liquid water tram$@ the cathode is controlled by the fraction
of hydrophilic surface and the average pore diamietehe cathode gas diffusion layer. The
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optimized hydrophobicity and pore geometry in aldager cathode GDL leads to an effective
water management, and enhances the oxygen diffusietics.
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EXECUTIVE SUMMARY

The goal of this project is to demonstrate the midéof the carbon-based composite electro-
catalysts to perform as well as conventional Palgats currently in use in MEAs with a cost at
least 50 % less than a target of 0.2 g (Pt loatfiegk kW. The optimization of the catalyst
composition is based on durability > 2000 h of awntus operation with less than 10 % power
degradation.

The specific objectives are (i) to develop highlgtiee and stable carbon-based
electrocatalysts with strong Lewis basicity electron delocalization) for ORR, (ii) To optirgiz
the active reaction sites for ORR, (iii) to perfoetectrochemical polarization and stability tests
under various conditions and to demonstrate thenpiad of carbon-based catalysts to substitute
conventional Pt catalysts currently used in MEA.

Meat free, carbon-based catalysts were synthedigedhodifying the surface functional
groups on the porous carbon black with low-costapig precursors. Metal free catalysts for
oxygen reduction reaction are obtained by the nuatibn of carbon using nitric acid to
introduce oxygen surface groups particularly quamand hydroquinone groups. Following this
nitrogen surface groups were anchored onto thefradthxidized carbon using various nitrogen
containing precursors like melamine thiourea/uedaf®urea by a simple addition-condensation
polymerization reaction. Subsequently, the syn#eskipowders were subjected to a high
temperature treatment between 800 — 1800n a flow reactor in Ar atmosphere. The active
reaction sites for ORR were optimized as a funcbbn(i) carbon support, (ii) surface oxygen
groups, (iii) nitrogen content, (iv) pyrolysis teerpture, (v) porosity, (vi) pore size distribution
and (vii) the concentration of the non-metallic iigid. In this work, we have demonstrated that
carbon upon chemical modification with nitric a@dd treatment with nitrogen rich precursors
like urea, selenourea and melamine is active foR@Rd exhibits excellent selectivity towards
the four electron reduction of oxygen to water.

Carbon based catalyst was synthesized with aativaitvervoltage of 0.9 V which is similar
to Pt activation overvoltage. For comparison, tbivation overvoltage of carbon blacks is only
0.1V. The amount of peroxide produced during oxygeduction was zero compared with
platinum which produces up to 2% of peroxide.

The accomplishments are as follows:

(i) Carbon based catalyst was synthesized with aativabvervoltage of 0.9 V vs
NHE. For comparison, the activation overvoltagearbon blacks is 0.1V.
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(i) It is generally known that a carboneous materighlgaes oxygen reduction to
H.O, via two electron pathway; however, the optimizeetafhifree catalyst in our
laboratories catalyzes oxygen reduction to water feur-electron pathway with
producing no HO; at 0.5 V vs. HER. Ptatalyst generates 1 to 2 %®4. To our
knowledge, such a high selectivity of carboneousena has not been reported in
the literature.

(i) Using XPS the catalytic sites of the metal frealyat were identified as pyridinic
and graphitic nitrogen groups which contribute ighhactivity and stability of this
novel catalyst. ldentifying the catalytic sitegates new opportunities to further
optimize the performance of the catalyst.

(iv) After polymerization and heat treatment a furtheduction in the active surface
area can be observed. The catalyst exhibits mosspoeous area and hence more
active surface area is accessible for oxygen t@nsp

(v) Stability testing of 4 mg/cfof metal free catalyst was performed in the fuel at
75°C at 0.4 V. The results showed a current density.b2 Acnf and steady sate
current profile without showing performance degtamafor up to 300 hours. The
absence of any metal impurity has been confirmed R

A highly active carbon composite catalyst was depetl using a metal-free catalyst as a
support through the following steps: (i) catalyzsaolysis in presence of transition metals and
(i) chemical post-treatments. The catalyzed pyislywas carried out using a procedure
developed in our laboratories. Catalytic activifyttee composite catalyst is as high as 1.0 Acm
at 0.4 V and 2.0 A cihat 0.2 V for 4 mg ci catalyst loading (no IR compensated). The
optimized pyrolysis parameters increase the onsnpial of the carbon composite catalyst for
ORR to 0.9 V vs. NHE. The amount ob®} produced decreased to a level lower than 1 %. No
irreversible loss was observed of catalytic agtidiiring 300 hours of continuous operation.

Patent Application Number: 11939322; Confirmationniber 9723 has been filed for all
three catalysts developed in our Laboratorigmmely: (i) the metal free, (ii) carbon
composite and (iii) Pt-Co catalyst for oxygen retthn in PEMFC.

The accomplishments are as follows:

() Catalytic activity as high as (i) 1.0 A ¢mat 0.4 V and 2.0 A cihat 0.2 V for 4 mg
cm? catalyst loading (no IR compensated).

(i) The optimized pyrolysis parameters increase thestopstential of the carbon
composite catalyst for ORR to 0.9 V vs. NHE.
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(i) The amount of KD, produced decreased to a level lower than 1 %.
(iv) No irreversible loss of catalytic activity durin@@hours of continuous operation.

(v) XPS results indicate that high temperature pyrelggimbined with chemical post-
treatment increases the concentration of pyridim@e-hitrogen resulting in the
increased Lewis basicity, and incorporates thegén into graphitic structures that
increases the stability.

A novel process was developed to synthesize ruiheiiased chelate (RyN
electrocatalysts for the oxygen reduction reactising RuC] and propylene diammine as the
Ru-and N-precursors, respectively. High-temperatpyeolysis has a critical role in the
formation of the catalytic Ru-N sites for oxygenuetion.

The following goals were accomplished:

() Novel catalyst based on RuN was synthesized usow ¢ost ruthenium
compounds.

(i) The onset potential of RuN catalyst for ORR to\0.&s. NHE.

(i) The RuN catalyst modified in the presence of nitrogen-abnbhg organic
exhibited comparable catalytic activity and selattifor oxygen reduction to the
carbon-supported Pt catalyst in acidic media.

(iv) From the TEM analysis, the particle size of the Ruo&talysts was estimated to be
2-4 nm which explains the observed high catalytiovay.

(v) The catalyst generates less than 2 % hydrogen igerakiring oxygen reduction
indicating high catalytic activity toward four etean reduction.

(vi) From the results of rotating ring disc electroddR[EE) experiments and XPS
measurements, it is was that the high-tempergw@ysis leads to the formation
of Ru clusters coordinated with pyridinic N, andclsuRu-N chelate sites are
catalytically active for oxygen reduction.

Ruthenium-based bimetallic electrocatalysts witim-noble metals such as Ti, Cr, Fe, Co
and Pb were synthesized on a porous carbon supgiag a chelation process.

The accomplishments are summarized as follows:

(i) The catalytic activity for ORR increased in the erdf RuCrN/C, RuTIN/C,
RuPbN/C, RuCoN/C and RuFeNC, indicating that the non-noble metal in the
bimetallic catalyst has a crucial role in the cgtalactivity.
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(i) The RuFeNC catalyst showed the onset potential for ORRigl &s 0.9 V(NHE)
which is comparable to that of the Pt/C catalyst.

(i) The TEM analysis indicated that the RuR&N catalyst consists of uniformly
dispersed particles as large as 5 — 6 nm.

(iv) The MEA prepared with the RuF@l cathode catalyst exhibited the maximum
power density of ca. 0.18 W é¢mand no performance degradation for 150 h of
continuous operation.

Two theoretical models were developed entitled ‘@&kpental and theoretical study of
cobalt selenide as a catalyst for oxygen electdoeon” and “Effect of PTFE content in
microporous layer on water management in PEM fal$’t

Cobalt sulfides have been known for more than 3@rsdo be active toward oxygen
reduction and cobalt selenides have shown lesgitgctiln this paper a theoretical analysis is
made of the four-electron reduction reaction ofgetyto water over the mixed anion and cation
(202) surface of pentlandite structure ¢S@, one of several selenide phases. Reversible
potentials for forming adsorbed reaction intermeian acid are predicted using adsorption
energies calculated with the Vienah initio simulation program (VASP) and the known bulk
solution values together in a linear Gibbs energiationship. Comparison with an earlier
theoretical analysis of pentlandite structures$goshows the overpotential is predicted to be
larger for the selenide by around 0.46 V. Cobalkrside electrodes of unspecified stoichiometry
were prepared chemically on glassy carbon discspatatization curves were measured using
rotating discs. When heat treated at 890Qhe onset potential foreduction was found to be
0.5 V (NHE) whereas electrodes not subject to hregttment was inactive. For ¢, onset
potentials in the literature are ~0.8 V (NHE), cetemt with a ~0.3 V higher measured
overpotential for the selenide. The theoreticabjrtions for the pentlandite sulfide and selenide
surfaces are in qualitative agreement.

The effect of hydrophobic and structural propert@sa single/dual-layer cathode gas
diffusion layer on mass transport in PEM fuel celizs studied using an analytical expression.
The simulations indicated that liquid water tram$@ the cathode is controlled by the fraction
of hydrophilic surface and the average pore diamietehe cathode gas diffusion layer. The
optimized hydrophobicity and pore geometry in aldager cathode GDL leads to an effective
water management, and enhances the oxygen diffusietics.
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1. INTRODUCTION

Platinum is considered the best electrocatalystHerfour-electron reduction of oxygen to
water in acidic environments as it has the lowesrpotential and the highest stability [1-5].
However, even on pure Pt, potentials in excessO6f BV are lost from the thermodynamic
potential for oxygen reduction reaction (ORR) dwetlhe competing water activation and
sluggish kinetics. Furthermore, oxygen undergoemmdissociative adsorption on Pt metals
accompanied by some dissociative adsorption, wiashlts in Pt oxidation. Most importantly,
Pt remains an expensive metal with low abundance.

Since Jasinski’s discovery of the catalytic projgsrof cobalt phthalocyanines [6], there has
been a considerable research on non-precious roatalysts such as: (i) porphyrin-based
macrocyclic compounds of transition metals (e.ggbait phthalocyanines and iron
tetramethoxyphenyl porphyrin (Fe-TMPP)) [7-23],) (Wvacuum-deposited cobalt and iron
compounds (e.g., Co-C-N and Fe-C-N) [24, 25], any rhetal carbides, nitrides and oxides
(e.g., Feg, TaQNy, MnO/C) [26, 27]. Pyrolysis at higher temperatures tBBA°C in an inert
or NH; atmosphere led to the improvement in catalytiovagtof the catalysts to some extent,
but none of the above catalysts are active enoodietused as oxygen reduction catalysts for
PEM fuel cells. Due to low selectivity ¢, amount > 5%) and poor stability, the transition
metal-based catalysts reported in the literatufassdo not qualify as catalyst for ORR.

There is disagreement in the literature regardimg ¢atalytic reaction site for oxygen
reduction and the relevant mechanism on non-precioatal catalysts. The most commonly
accepted hypothesis is that the metaldénter bound to the carbon support is catalyticall
active, and the central metal ion in the macrocyt#s/s a crucial role in the ORR [7-23, 28].
Beck et al. [28] have proposed that oxygen redactio Ni-chelates of transition metal occurs
via a modified “redox catalysis” mechanism. Thataa oxygen molecule is adsorbed on the
catalyst metal center to form an oxygen-catalystuat] followed by electron transfer from the
metal center and the regeneration of the reducedhBlates. From the analysis of Fe-based
catalysts by Time-of-Flight Secondary lon Mass $pacetry, Dodelet and his coworkers [14]
have found that two different catalytic sites,,ileeN/C and FeNC, coexist in the catalysts,
irrespective of the Fe precursors used. Here,&&Kepresents a Fe ion coordinated to four
nitrogen atoms of the pyrrolic type, and RL&DIstands for a Fe ion coordinated to two nitrogen
atoms of the pyridinic type.



On the other hand, Yeager [29] found that after ibat-treatment of Co-TMPP and Fe-
TMPP at 800°C, neither Co nor Fe was detected in the Mossbapectra in a form
corresponding to coordination with nitrogen. Yeaged Wiesener [30] have suggested that the
transition metals do not act as an active reacsiten for oxygen reduction, but rather serve
primarily to facilitate the stable incorporation mitrogen into the graphitic carbon during high-
temperature pyrolysis of metal-nitrogen complexXéss means that high-temperature pyrolysis
in the presence of transition metals yields a aaabeous layer with a large amount of nitrogen
groups that are catalytically active for oxygenueitbn.

Nitrogen-containing carbons have been typicallyppred using implantation through BIH
or HCN treatment of carbon at high temperature® &kperimental measurements of nitrided
Ketjen black indicated an onset potential for oxygeduction of approximately 0.5 V (NHE)
compared to that of 0.2 V (NHE) for un-treated carfi31, 32]. Another way to prepare carbons
with controlled nitrogen content is to synthesizbon powder using nitrogen-containing
polymer precursors, followed by a physical or cheahactivation process [33-38]. Matter et al.
[39-41] prepared an active non-metal catalyst foygen reduction through decomposition of
acetonitrile vapor over an alumina support contegr2 wt% Fe or Ni. The results obtained by
using a rotating ring disk electrode (RRDE) techmeigindicated only 100 mV greater
overpotential than Pt catalyst, but the measuretegtiwere in the micro Ampere range. The
catalyst activity was attributed to pyridinic niggen incorporated into edge planes as determined
by X-ray photoelectron spectroscopy (XPS). Howewermeasurable cathode current was
observed in the RRDE experiments only at the pterange for HO, formation (i.e., below
approximately 0.6 V (NHE)).

The objective of this project is to develop the elomon-precious metal catalysts with
comparable selectivity, activity, and stability B for ORR in polymer electrolyte membrane
(PEM) fuel cell in order to decrease the cost ef ftell catalysts.

The objective of this project is to develop novensprecious metal electrocatalysts for
oxygen reduction reaction (ORR), and demonstrateptitential of the catalysts to perform at
least as good as conventional Pt catalysts cugrentise in polymer electrolyte membrane fuel
cell (PEMFC) with a cost at least 50 % less thaarget of 0.2 g (Pt loading)/peak kW and with
durability > 2,000 h operation with less than 1(&tver degradation. In addition, we intend to
elucidate the active sites of non-precious metshlgsts by using a variety of physical and
chemical characterization techniques and moleculadeling. Furthermore, the effect of
hydrophobic and structural properties of a singlafdayer cathode gas diffusion layer on mass
transport in PEM fuel cells was studied.
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2. EXPERIMENTAL

2.1. CATALYST SYNTHESIS

2.1.1. Synthesis of Nitrogen-Modified Carbon-Based Catalysts in the Absence
of Transition Metal Precursor (Metal-Free Catalysts )

Nitrogen-modified carbon-based catalysts (metad-fratalysts) were prepared with a four-
step process that includes (i) removal of metalurtigs, (i) chemical oxidation of carbon
support, (iii) synthesis of nitrogen-rich polymeniesins on the oxidized carbon, and (iv)
pyrolysis of the resulting powder at elevated terapges in an inert atmosphere.

Initially, commercially available Ketjen Black EQ3J was pre-washed with 6 M HCI to
remove any of metal impurities on the carbon. Thébon was washed several times with
deionized water to remove any of chloride and meetglurities. The pre-washed carbon was
subject to oxidation in 70% HNOfor 7 h under refluxing conditions and then wasled
distilled water followed by drying in an oven at G

Various nitrogen-based resins such as melaminealodehyde (MF), urea formaldehyde
(UF), thiourea formaldehyde (TUF), and selenoumanéldehyde (SeUF) were synthesized by
a simple addition-condensation reaction on the ip&dtl carbon [42]. In the first step, by the
addition of formaldehyde, melamine or urea is hygimethylolated to the amino groups. In the
case of UF, this reaction leads to the formatiomoho-, di- and tri-metalylureas. The second
step consists of condensation of the methyloluteatow molecular weight polymers. The
condensation reaction occurs only at acidic enwrent and results in the formation of
methylene bridges between amido nitrogens and regtb\ether linkages by the reaction of two
methylol groups.

For every 10 g of the oxidized carbon black, meteniurea, thiourea or selenourea was
mixed with formaldehyde in 100 ml of distilled wateThe molar ratio of melamine to
formaldehyde in the precursor solution was maimtdirat 1:3, and the urea (or thiourea,
selenourea) to formaldehyde was 1:2. After the temiutemperature reaches 5G, NaOH
solution was added to bring the pH of the solutioraround 10.0. This initiates the addition
reaction. Then, the polymerization reaction wasidted by increasing the temperature of the
solution to 75°C and by acidifying the solution with,80, solution to pH = 2.5. The solution
was stirred for 4 h. The resulting gel was driecgraight in a vacuum oven at 9C. The
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resulting powder was placed in a quartz boat aseériad into a 10 cm diameter quartz tube. The
pyrolysis was carried out at high temperaturehérange of 400 to 100C for 90 min. N gas
was purged into the reactor continuously througllo@tpyrolysis step.

2.1.2. Synthesis of Carbon Composite Catalysts int he Presence of Iron and
Cobalt Precursors

The carbon composite catalyst was synthesizedyusi@ nitrogen-modified carbon-based
catalysts (metal-free catalysts) described in 2.8é&ction as a support through the three
consecutive steps: (i) the deposition of Co-N orFe&eN chelate complex on the support, and
(i) the high-temperature pyrolysis, and (iii) threhemical post-treatment (acid leaching).
Co(NG;),, FeSQ, and ethylene diamine ¢NCH,CH,;NH,) were used as Co-, Fe- and N-
precursors, respectively. Desired amounts of CajNénhd/or FeS@were dissolved in ethanol.
A mixture of ethylene diamine and ethanol was addezp-wise into the reaction mixture,
followed by vigorous stirring for 1 h. In the remet mixture, the atomic ratio of metal : nitrogen
varied between 1 : 4 and 1 : 24. The metal-fredararsupport was added into the reaction
mixture and refluxed at 8% for 4 h. The solvents were removed in a rotagpevator at 86C
under vacuum, and the resulting power specimen heag-treated (pyrolized) in an argon
atmosphere at different temperatures of 600 —°@€br 1 h. In order to remove excess metal
elements deposited on the support, the pyrolizetpkawas treated with 0.5 M,B0O, solution
at 90°C for 4 h, and washed thoroughly with deionizedenat

2.1.3. Synthesis of Carbon Composite Catalysts int  he Presence of Ruthenium
Precursor (RuN ,/C)

The desired amount of Ru{has dissolved in isopropyl alcohol (100 mL). Tledusion was
refluxed at 80 — 90 °C under stirring conditiongxiy propylene diammine was added into the
solution to form Ru-N complexes, followed by thed@idn of carbon black powders (0.4 g,
Ketjen Black). The mixture was refluxed for sevéralirs and then dried under vacuum at®@0
The resulting powder specimens were heat-treatedaninargon atmosphere at various
temperatures ranging from 600 to S0

2.2. RRDE MEASUREMENTS

Electrochemical characterization of the synthesizatalysts was performed in a RRDE
setup that employs a standard three-compartmentr@tdemical cell. The RRDE has a
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platinum ring (5.52 mm inner diameter and 7.16 nuteodiameter) and a glassy carbon disk
(5.0 mm diameter) as the working electrode; a s#tdr mercury-mercury sulfate electrode is
the reference electrode and a platinum foil actthascounter electrode. All potentials in this
work were referred to a normal hydrogen electrodieE).

The catalyst ink was prepared by ultrasonicallynieg 8 mg of catalyst with 1 mL of
isopropyl alcohol. 15uL of the ink was then deposited onto the glasspaarsurface. pL of
0.25 wt % Nafion solution (a mixture of 5 wt % Naifi solution and isopropyl alcohol with the
volume ratio of 1:19) was applied onto catalyselaip ensure better adhesion of catalyst onto
glassy carbon. 0.5 M 430, was the electrolyte. The system was purged witlio\clean the
surface of catalyst by scanning the potential betwk 04 and 0.04 V (NHE) at a sweep rate of
50 mV s?. The electrode was scanned in N2 saturated elgetrat a sweep rate of 5 mV ©
evaluate the background capacitance current. Téwtretatalytic activity of catalyst was then
measured by saturating the electrolyte with Idnear sweep voltammograms were measured at
900 rpm. The ring potential was maintained at 1.@&NYAE) throughout the experiment in order
to oxidize HO, produced during oxygen reduction on disk electrddes percentage of 9,
was calculated using the following equation:

200( ,/N)

%H,0, =
I, +(I,/N)

where }, I, and N are the disk current, ring current and ctibbe efficiency, respectively. The
value of N was taken as 0.39 for our experiments.

2.3. FUEL CELL TESTING

To construct the membrane-electrode assemblies @Ethe cathode catalyst ink was
prepared by ultrasonically blending catalyst witafiln solution and isopropyl alcohol for 4 h.
The catalyst ink was then sprayed onto a gas diffuisyer (GDL) (ELAT LT 1400W, E-TEK)
until a desired catalyst loading has been achiefetbmmercially catalyzed GDL (0.5 mg &m
Pt, E-TEK) was used as the anode. A thin layer @fidth was coated on both the cathode and
anode surfaces. The Nafion-coated anode and cativede hot-pressed to a Nafion 112
membrane at 14%C and 534 kPa for 3 min. The geometric area ottaetrode was 5 ¢

The MEA testing was carried out in a single celihaserpentine flow channels. Pure ¢hs
humidified at 77°C and pure @gas humidified at 78C were supplied to the anode and cathode
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compartments, respectively. The measurements warducted using a fully automated test
station (Fuel Cell Technologies Inc.) at & In order to evaluate the durability of the cggs|
potentiostatic current transient technique was usedpplying a constant potential or current
density.

2.4. PHYSICAL AND CHEMICAL CHARACTERIZATIONS

Extended X-ray absorption fine structure (EXAFS)edpa were recorded at room
temperature at beam line X9B of the National Syatbn Light Source at Brookhaven National
Laboratory. The data were collected in the transiois mode. The background removal and
edge-step normalization were performed using theAFE 3.42 program, and the experimental
EXAFS data were analyzed by the FEFF 7.0 program.

Surface analysis of the catalyst was performedgu&rray photoelectron spectroscopy
(XPS) with a KRATOS AXIS 165 high performance efeat spectrometer. Inductively coupled
plasma-mass spectroscopy (ICP-MS) was conducteld avit SCIEX ELAN DRCe ICP-MS
system (Perkin-Elmer) to analyze the bulk transitoetals in the catalysts. X-ray diffraction
(XRD) pattern was recorded on an automated RigaKractometer equipped with a CuoK
radiation and a graphite monochromatic operatiosa5akV and 40 mA. Transmission electron
microscopy (TEM, Hitachi H-8000) was used to deieemthe distribution of carbon and to
confirm the absence of metal particles in the gatalThe BET surface area of the catalyst was
evaluated in a Quantachrome NOVA BET 2000 analyzerg N gas sorption.
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3. RESULTS AND DISCUSSION

3.1. NITROGEN-MODIFIED CARBON-BASED CATALYSTS SYNTHESIZED IN THE ABSENCE OF
TRANSITION METAL PRECURSOR (METAL-FREE CATALYSTS)

3.1.1. Electrochemical, Physical and Chemical Studi es

Figure 3-1-1 shows the cyclic voltammograms ofuheoxidized and oxidized carbons. The
measurements were performed indaturated 0.5 M $$0O, solution at a potential scan rate of 5
mV s'. In comparison with the un-oxidized carbon, thédimed carbon exhibits well-defined
redox peaks at about 0.55 V (NHE). These charatiepeaks are associated with the quinone-
hydroquinone redox couple [43].

0.15 T T " T T T T T T T

0.10 - B

oxidized carbon
0.05 +

0.00 |-

Current/ mA

un-oxidized carbon
-0.05 -

-0.10 -
Nz-saturated H,SO, -

-0.15 T T R T S R
0.0 0.2 0.4 0.6 0.8 1.0 12

Potential / V (NHE)

Figure 3-1-1. Cyclic voltammograms of the un-oxetlzand oxidized carbons. The
measurements were performed ip $dturated 0.5 M 80O, solution using a potential scan
rate of 5 mV &.

Figure 3-1-2 shows the polarization curves of oxygeduction on the un-oxidized and
oxidized carbons. The RRDE measurements were peebrin Q saturated 0.5 M 50O,
solution at a potential scan rate of 5 mVand a rotation speed of 900 rpm. The un-oxidized
carbon exhibited very low activity for oxygen retoo. With the introduction of oxygen-
containing groups on carbon surface by HNK@atment, the activity of carbon black for oxygen
reduction increases. This is attributed to thegmes of quinone type groups [43-45].
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Figure 3-1-2. Polarization curves of oxygen reducton the un-oxidized and oxidized
carbons. The measurements were performed,igafurated 0.5 M $$0, solution using a
potential scan rate of 5 mV*&nd a rotation speed of 900 rpm.
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Figure 3-1-3. (a) Polarization curves of oxygenuan and (b) percentages of,®4
formed during oxygen reduction on carbon-basedysitamodified with different nitrogen
donors and heat-treated at 88D. For comparison, the curve measured on the aeddiz
carbon was also shown. The measurements were medom Q saturated 0.5 M 50,
solution using a potential scan rate of 5 mvasid a rotation speed of 900 rpm.
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Figure 3-1-3a shows the polarization curves of exygeduction on carbon-based catalysts
modified with different nitrogen donors and heatatied at 800C. It was observed that the onset
potential of oxygen reduction on melamine formalgkh modified carbon (MF-C) shifts
positively by about 0.3 V (NHE) compared to the dzed carbon, which does not contain
nitrogen. The activity of catalysts for oxygen retion further increases when the carbon was
modified with thiourea formaldehyde (TUF), urea n@mldehyde (UF), and selenourea
formaldehyde (SeUF) resins, respectively. The opsééntials of oxygen reduction on these
catalysts are approximately 0.7 to 0.8 V (NHE).

Figure 3-1-3b shows the amount of®4 generated during oxygen reduction on carbon based
catalysts modified with different nitrogen donorsicheat-treated at 80C. It is evident that the
nitrogen modification significantly decrease thegeatage of KO, produced during oxygen
reduction in comparison with oxidized carbon.

Table 3-1-1. The amount of,8, produced at 0.5 V (NHE) during oxygen reduction on
carbon-based catalysts modified with differentagjgn donors and heat-treated at 800

Nitrogen-modified carbon-based catalyst YOb
MF-C 28
TUF-C 17
UF-C 3
SeUF-C 1

Table 3-1-1 summarizes the amount gk produced at 0.5 V (NHE) during ORR on the
carbon-based catalysts modified with differentagen donors. The amounts 0f®3 generated
on MF-C and TUF-C at 0.5 V (NHE) are about 28% aiiélo, respectively due to the presence
of nitrogen groups. In the case of UF-C and SeUR-fDyther decreases to approximately 1-3%
under our experiment conditions. These resultatdd that the modification of nitrogen groups
onto the oxidized carbon can greatly improves tttevidy and selectivity of carbon substrate
towards oxygen reduction. Since UF-C and SeUF-Cibé&eld the optimum catalytic
performances, the following study will be focusedtbese two samples.

Table 3-1-2 summarizes the BET surface areas &drdifit samples: un-oxidized carbon,
oxidized carbon, UF-C, and SeUF-C. The un-oxidizatbon has a surface area of 915gnh
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After HNO; treatment, the surface area decreases to 69 mue to the destruction of micro-
and meso-pores. After modification with nitrogemt@ning polymer and subsequent heat-
treatment, a further reduction in the surface aras observed for UF-C and SeUF-C. Moreover,
the higher BET surface area of SeUF-C than thatefC may at least partially explain the
slightly higher catalytic performance of SeUF-C gared to UF-C (see Fig. 3-1-3).

Table 3-1-2. BET surface areas of different samples

Sample BET surface area{i)
Un-oxidized carbon 915
Oxidized carbon 694
UF-C (heat-treated) 321
SeUF-C (heat-treated) 496

Figure 3-1-4 shows the polarization curves of oxygeduction on SeUF-C heat-treated at
different temperatures. It can be seen that theigcof SeUF-C is strongly dependent on the

heat-treatment temperature and the optimum tempera 800°C. The same tendency was also
observed for UF-C.

Current / mA

Oz-saturated H 2SO ]

_1'0 " 1 " 1 " 1 " 1 "
0 0.2 0.4 0.6 0.8 1.0
Potential / V (NHE)

Figure 3-1-4. Polarization curves of oxygen redutton SeUF-C heat-treated at different
temperatures between 400 and 1600 The measurements were performed jns@turated
0.5 M H,SO, solution using a potential scan rate of 5 m\asd a rotation speed of 900 rpm.
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Figs. 3-1-5a and 5b show the XRD patterns of UFA@ &eUF-C before and after heat-
treatment at 800C, respectively. The XRD patterns recorded befazatfreatment exhibit
characteristic peaks corresponding to Se and/omU#gdition to a broad diffraction peak from
carbon black. Upon heat-treatment, the diffractmeaks for carbon black become sharper
indicating an increased graphitization. Moreoven)yodiffraction peaks from carbon were
observed for heat-treated carbon-based catalystany metal species was detected. TEM image
shown in Fig. 3-1-6 further confirmed the absentary metal in the catalytic structure. The
ICP-MS analysis was carried out to analyze the Imalksition metals in UF-C and SeUF-C (see
Table 3-1-3). A trace of transition metals was die by University of lllinois at Urbana-
Champaign.

g
X un-heat-treated 8 Heat-treated at 800 °C
1 UF-C o 1——UF-C
X 2 SeUF-C 2—— SeUF-C

x Se
o UF

Relative Intensity / arbitrary unit
Relative Intensity / arbitrary unit

10 20 30 40 50 60 70 8
20/ degrees 20/ degrees

Figure 3-1-5. XRD patterns of UF-C and SeUF-Cb@pre and (b) after heat-treatment.

Figure 3-1-6. TEM image of SeUF-C heat-treated0&°g.
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No metal impurities were observed for the sameystiaby Yonsei University. These results
indicated that only nitrogen-modified carbon-basédictures are responsible for the observed
catalytic activity of UF-C and SeUF-C for oxygemluetion.

Table 3-1-3. Bulk transition metal concentratiomJi--C and SeUF-C determined by ICP-MS.

Catalysts Fe (wt %) Co (wt %)
UF-C 0.00004 0.00003
o o
SeUF-C 0.000G2 0.000008
o o

&Measured by University of lllinois at Urbana-Chaaiym;
P Measured by Yonsei University, Korea

Fig. 3-1-7a shows the polarization curve of the®d PEM fuel cell prepared with the UF-C
cathode catalyst (UF-C loading: 6.0 mg9mThe testing was run at ?& with the H/O, back
pressures of 30 and 40 psi, respectively. For cosmwa the fuel cell performance prepared with
20 wt % Pt/C catalyst (Pt/C loading: 0.1 mg9mwas also presented. The UF/C shows current
density of 1.06 A ciiat 0.2 V; however, its performance is much lovirant Pt/C counterpart. It
is due to the lower intrinsic activity of UF-C f@RR in comparison with Pt/C. Another reason
is that the large thickness of UF-C based cat#dystr causes high electrical resistance and mass
transfer resistance.

As shown in Fig. 3-1-7Db, the thickness of UF-C llasatalyst layer with catalyst loading of
6 mg cm-2 is approximately 90 um, while it is geatigr3-5 pm for Pt/C based catalyst layer
with catalyst loading of 0.1 mg ¢mFig. 3-1-7c shows the stability testing of UF-&tatyst at
0.4 V. The cathode catalyst loading is 4.0 mg°cand the HHO, back pressures are 30 and 30
psi, respectively. It can be seen that the UF-@ddisel cell shows a stable current profile with
current density of approximately 0.12 A érap to 200 h.
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Figure 3-1-7. Polarization curve of the-B, PEM fuel cells prepared with UF-C and 20
wt% Pt/C catalysts, respectively. UF-C loading: § am?; Pt/C loading: 0.1 mg cm-2;
H,/O, back pressures: 30 psi/40 psi; operation tempera@b°C. (b) SEM image of the
cross-section of the MEA prepared with UF-C catalf Current transient (stability test)
at 0.4 V of the O, PEM fuel cell prepared with UF-C catalyst. Catalgsding: 4 mg
cm? H,/O, back pressures: 30 psi/30 psi; operation temperaf°C.

3.1.2. Discussion of Active Sites

Table 3-1-4 provides the summary of surface contjposof different samples determined by
XPS. It was observed that the oxidized carbon hgls bxygen concentration on the surface
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which was introduced by HN{bxidation. After the polymerization on the oxidizearbon, the
nitrogen concentration on the surface of carborstsates increases. However, heat treatment at
800°C can decrease the nitrogen concentration sincaitittgyen can be partially removed in the
form of small nitrogen-containing molecules at elied temperature.

Table 3-1-4. Surface compositions of different slEaspetermined by XPS.

Surface concentration (wt %)

Sample
C N @) Se
Oxidized carbon 95.0 - 5.0 -
UF-C (un-heat-treated) 88.2 8.4 3.4 -
UF-C (heat-treated) 924 2.2 5.4 -
SeUF-C (un-heat-treated) 89.6 5.8 3.5 1.1
SeUF-C (heat-treated) 92.3 2.4 5.1 0.2

XPS analysis was used to study the nature of mtrayrface groups on the carbon support.
The three common nitrogen groups observed in retragpntaining carbonaceous materials are
the pyridinic (ca. 398.6 eV), pyrrolic (ca. 4008)eand graphitic nitrogen groups (ca. 401.1 —
403.6 eV) [46-48]. Pyridinic nitrogen refers to thitrogen atom bonded to two carbon atoms on
the edge of graphite planes that is capable ofradgpmolecular oxygen and its intermediates
in oxygen reduction reaction. It has one lone paielectrons in addition to the one electron
donated to the conjugatedbond system, imparting Lewis basicity to the catbGraphitic
nitrogen, which is sometimes termed “quaternaryfogien, represents the nitrogen atom bonded
to three carbon atoms within a graphite (basahel&yrrolic groups refer to nitrogen atoms that
contribute to the system with two p-electrons.

Fig. 3-1-8 shows the XPS spectra of N1s regioninbthfor SeUF-C heat-treated at 600—
1000°C. The XPS spectrum for the catalyst heat-treategD@ °C exhibits the three nitrogen
groups, i.e., pyridinic, pyrrolic, and graphitictnaigens. When the catalyst was heat-treated at
800 °C, the peak for the pyrrolic nitrogen is no longéserved from the XPS data. Increasing
the heat-treatment temperature from 800 to f@@ansforms more of the pyridinic nitrogen to
graphitic nitrogen. It should be noted that the glenheat-treated at 80C has larger fraction of
the pyridinic nitrogen group compared to the pyoand graphitic groups and it shows the
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highest activity. This indicated that the pyridimirogen group is active for oxygen reduction
and the catalyst heat-treated at 8@ has more active sites (pyridinic nitrogen) toilfate
oxygen adsorption.

graphitic

pyridinic

1000 °C
pyridinic

graphitic

rrolic
graphitic by

Intensity / Arbitrary unit

404 402 400 398 396

Binding Energy / eV

Figure 3-1-8. XPS spectra of N 1s region obtaimedSeUF-C heat-treated at 600-1600

It is conceivable that the nitrogen atoms are h#dconto the surface of the oxygen-rich
(oxidized) carbon in the form of pyridinic and pylic structures. During the subsequent heat-
treatment step, carbon surface becomes richerridipig nitrogen that enhances the activity of
the catalyst for oxygen reduction. In the past, dbaeral conception is that pyridinic nitrogen
groups coordinated with a metal atom is responsibtethe activity of non-precious metal
catalysts. However, we observed that pyridinic dhrtarbon without metal is active for oxygen
reduction since transition metal is not presenthensurface of our catalysts.

According to Ref. [29, 30], after heat-treatmeni880 °C in argon for Co-TMPP and Fe-
TMPP, no Co or Fe was detected in the Mdssbauectrspén a form corresponding to
coordination with nitrogen, thus indicating loss thfe metal-N centers. The macrocycle
structure is rather completely destroyed after treatment at temperatures of 800-90Q0[49-
51]. It was suggested that the transition metabdue act as an active site for oxygen reduction,
but rather it serves primarily to facilitate thalsle incorporation of nitrogen into the graphitic
structure during high-temperature pyrolysis of mirataogen complexes [29, 30].

Using a semi-empirical quantum chemical methodel&dr et al. [52] have shown that
availability of 4-6% oxygen hetreotamos of furaml gryrone-type and/or also 2—-3% N of pyrol-
type in a carbon matrix provide the greatest ebecttonor ability to carbons. Two mechanisms
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of chemisorptions of oxygen on evacuated carbonse vseggested namely: homolytic (free
radical) at small degrees of filling of a surfage dxygen, and heterolytic (at large degrees of
filling) causing the fixation of oxygen on a suréaio the form of a superoxide ion ©*

According to Maldonado and Stevenson [53], on ggerodoped carbon nanofiber electrodes,
the oxygen reduction reaction can be treated astalytic regenerative process where the
intermediate hydroperoxide (HQis chemically decomposed to regenerate oxygery Have
supported the proposed mechanism by electrochesimoalation and by measured difference in
hydroperoxide decomposition rate constants. Theltesndicated that remarkable 100-fold
enhancement for hydroperoxide decomposition foroNedl carbon nanofibers. The authors have
concluded that exposed edge plane defects andgeitraloping are important factors for
influencing adsorption of reactive intermediatesd dor enhancing electrocatalysis for the
oxygen reduction at nanostructured carbon elect.o@eir experimental studies indicate that a
strong Lewis basicity of carbons doped with pyndiand graphitic nitrogens facilitates the
reductive adsorption reaction of O2 without thevarsible formation of oxygen functionalities,
due to an increased electron-donor property ofararb

3.1.3. Summary

This work showed that carbon-based catalysts fggem reduction can be synthesized by
introducing oxygen and nitrogen groups from variniteogen precursors. The nature of nitrogen
surface groups and the effect of pyrolysis tempeeabn the activity of the catalyst have been
evaluated. XPS indicated that high concentratiompyfdinic type nitrogen groups doped on
graphitic carbon increase the activity of cataly3ise carbon-based catalysts showed an onset
potential at around 0.78 V (NHE) and the amounHg®, generated during oxygen reduction
was approximately 1-3 % at 0.5 V (NHE). On the carlsurface, pyridinic (quaternary) and
graphitic nitrogens act as catalytic sites for etygeduction: particularly, pyridinic nitrogen,
which possesses one lone pair of electrons in iaddib the one electron donated to the
conjugateds bond, facilitates the reductive oxygen adsorpéind eliminates kD, formation.
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3.2. CARBON COMPOSITE CATALYSTS SYNTHESIZED IN THE PRESENCE OF IRON AND COBALT
PRECURSORS

3.2.1. Electrocatalytic Properties of Metal-Free Ca talysts

Carbon-based metal-free catalysts were synthediyedodifying the porous carbon black
with the surface functional groups such as oxyged aitrogen. Nitrogen groups were
incorporated into the graphitic structure usingyp@rization of low-cost organic precursors
(e.g., melamine-formaldehyde, urea-formaldehyde,d aselenourea-formaldehyde) and
thermal/chemical activation processes. The actiaityl selectivity for four-electron oxygen
reduction were studied as a function of: (i) carlsupport, (i) surface oxygen groups, (iii)
nitrogen content, (iv) pyrolysis temperature, (@ygsity, and (vi) pore size distribution.

0.2+

04 L

-0.6

Disk Current / mA

-0.8 }

O,-saturated H,SO, 1

1 1 1
0 0.2 0.4 0.6 0.8 1.0

-1.0

Disk Potential / V(NHE)

Figure 3-2-1. Polarization curves on the rotatingk delectrodes for the carbon (Ketjen)
blacks treated by various methods: (a) as-receataeoon, (b) HN@treated carbon, (c) Ni
treated carbon, (d) urea-formaldehyde-modified @askand (e) selenourea-formaldehyde-
modified carbon. The measurements were perform@&iimM HSO, solution saturated with
O, using a potential scan rate of 5 mVand a rotation speed of 900 rpm.

Figure 3-2-1 presents polarization curves obsewredhe rotating disk electrodes for the
carbon blacks treated by various methods. The RRIBRsurements were performed in 0.5 M
H,SO, solution saturated with LQusing a potential scan rate of 5 mVand a rotation speed of
900 rpm. For comparison, the curve measured omgheceived Ketjen black is also shown in
Fig. 3-2-1. The as-received carbon (curve “a”) daes show any catalytic activity towards
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oxygen reduction. The carbon oxidized with HN@urve “b”) exhibits higher catalytic activity
compared with the as-received carbon. The increasdnhity is attributed to the oxygen
functional groups of quinine/hydroquinone generated the carbon surface during HRO
treatment [32, 34].

Remarkable increase in the catalytic activity tagaoxygen reduction has been achieved
with the introduction of nitrogen groups. The mdtak catalysts synthesized by novel
methodologies with organic N-precursors (curves &ihid “e”) show improved performance
when compared with the conventional Nirfeated carbon (curve “c”). For example, the metal
free catalyst prepared using selenourea-formaldeligdrve “e”) exhibits an onset potential for
oxygen reduction as high as 0.76 V(NHE) and alseed-defined diffusion limiting current
which is only observed in Pt-based catalyst.

The oxygen reduction reaction proceeds by two payisvas follows:

1

T N
0,, > 0,,—>H,0,,—>H,0
14
HZOZ,b

where subscripts a and b denote the species adsorbéhe electrode surface and that in the
bulk, respectively. @may be directly reduced to,8 through four-electron transfer (reaction 1).
In parallel, @ may be reduced toJ; via two-electron transfer (reaction 2), followeg dither
reduction of HO, to H,O (reaction 3) or transport of the adsorbegDHto the bulk solution
(reaction 4). HO, is believed to be responsible for the deterioratb MEA performance, since
the polymer electrolyte membrane and the catalggtatie over time due to attack by peroxide
radicals [12].

Table 3-2-1 summarizes %,8, determined at 0.5 V (NHE) for the different meiae
catalysts. It is known that oxygen reduction tgOklis predominant on most of carboneous
materials, since the O-O bond breakage is nothilEadiowever, the metal-free catalysts, which
had been used as a support in this study, genetat&l% HO, at 0.5 V (NHE) depending on
the precursors used. In this study, the metal-f@bon modified with urea-formaldehyde was
used as a support for preparation of the carborposite catalyst.
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Table 3-2-1. HO, percentages at 0.5 V (NHE) and number of electfohgansferred during
oxygen reduction on the metal-free catalysts.

Organic precursor used for metal-free catalyst gmagon % HO, n

Melamine-formaldehyde 28 3.2
Urea-formaldehyde 3 3.6
Selenourea-formaldehyde 1 4.0

3.2.2. Electrocatalytic Properties of Carbon Compos  ite Catalyst

0

-0.2 \
as-received carbon

metal-free
carbon support

04}

-0.6

Disk Current / mA

carbon composite 1
(as-leached)

O,-saturated H,SO, 1

-1.0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Disk Potential / V(NHE)

Figure 3-2-2. Polarization curves on the rotatimngk celectrodes for the as-received carbon,
the metal-free catalyst and the carbon compositalyst (as-leached). The measurements
were performed in 0.5 M 130, solution saturated with Lusing a potential scan rate of 5
mV s* and a rotation speed of 900 rpm.

The carbon composite catalyst was prepared asa®ll@) the CeFe Ny deposition on the
metal-free carbon support, (ii) the pyrolysis a®9Q, and (iii) the chemical leaching in 0.5 M
H,SQO, solution at 90°C. Figure 3-2-2 shows typical polarization curvesthe rotating disk
electrodes for the metal-free carbon catalyst &edass-leached carbon composite catalyst. The
RRDE measurements were performed in 0.5 d®f using a rotation speed of 900 rpm. For
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comparison, the curve measured on the as-recearbdrt is also presented in Figure 3-2-2. The
as-received carbon did not show any catalytic dagtteward oxygen reduction. The metal-free
carbon catalyst exhibited much higher activity witempared with the as-received carbon. The
increased activity is attributed to the oxygen aitdogen functional groups introduced on the
carbon surface. A further improvement in the attiwas achieved with the pyrolysis in the
presence of G&eNy complex, followed by the chemical leaching treatmeThe carbon
composite catalyst showed an onset potential fggen reduction as high as 0.87 V (NHE) and
also a well-defined diffusion limiting current.

Table 3-2-2. HO, percentages determined at different disk potentiat the metal-free
catalyst, the as-pyrolized carbon composite catalyse as-leached carbon composite
catalyst, and the conventional Pt/C catalyst (2 Wt, E-TEK).

% H202
Disk potential,
As-pyrolized As-leached
Metal-free
V (NHE) carbon carbon Pt/C
carbon support . .

composite composite
0.6 0 9.3 1.1 0.4
0.5 1.2 7.1 0.9 0.4
0.4 4.0 6.1 0.7 0.7

Table 3-2-2 summarizes %8, as a function of disk potential determined for thiiéerent
catalysts: (i) the metal-free carbon support,tfig as-pyrolized carbon composite catalyst, (iii)
the as-leached carbon composite catalyst, andH{@iconventional Pt/C catalyst (20 wt% Pt, E-
TEK). The as-pyrolized carbon composite catalysdpced a relatively large amount of®3,
due probably to excess transition metals on thborasupport as discussed in the following
section. Upon the subsequent removal of excesd mletaents, the D, amount decreased to a
level less than 2 %. Notice that the Pt catalysegated 1 to 2 % #D,. To our knowledge, such
a high selectivity has not been reported for anytrahsition metal-based or carbon-based
catalysts.
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Figure 3-2-3 presents the polarization curves dWiFkel cells prepared with the different
cathode catalysts: (i) the metal-free carbon supfa) the as-pyrolized carbon composite
catalyst, and (iii) the as-leached carbon compasitalyst. The cathode catalyst loadings were
maintained at 6.0 mg ¢ The experiments were performed using 30 psidg() back pressure
on both anode and cathode compartments. Ohmic tEdtdrop was not compensated for in the
measurement. As expected from the RRDE results. (848-2), the fuel cell performance
increased gradually after the pyrolysis and thercbal leaching. Particularly, it should be noted
that the subsequent dissolution of Co and Fe mitatsthe as-pyrolized catalyst does not cause
any activity loss, but rather increases the agtivihe PEM fuel cell with the as-leached carbon
composite catalyst showed the current density®®2cni? at 0.2 V.

1.0

catalyst loading: 6 mg cm” |

08 30 psi (H,) / 30 psi (0))

carbon composite catalyst
0.6 (as-pyrolized, before leaching)
carbon composite catalyst |
(as-leached)

0.4 -

Cell Potential / V

0.2 -

| metal-free support

L 1 L 1 L 1 L L
0 0.5 1.0 15 2.0 2.5

Current Density / A cm?

Figure 3-2-3. Polarization curves of PEM fuel cegbiepared with the different cathode
catalysts: the metal-free catalyst, the as-pyrdlizarbon composite catalyst, and the as-
leached carbon composite catalyst. The cathodéyshtaadings were maintained at 6.0 mg
cm?. The experiments were performed using 30 psi lpgeksure on both anode JjHand
cathode (@) compartments.

The carbon composite catalysts were synthesizethéydeposition of the metal-nitrogen
complexes with different compositions (i.e., kReRoN, CoFeNy, CaFeNy and CeFeNy),
followed by the pyrolysis and the chemical leachifige fuel cell test results are summarized in
Figure 3-2-4(a). As shown in Fig. 3-2-4(a), the a6€o0-Fe-N complex resulted in an improved
activity when compared with Co-N and Fe-N complexasd the maximum performance was
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achieved for Cg=e/N,. The fuel cell performances of the optimized carlsomposite catalyst
were presented in Fig. 3-2-4(b) for various cathledelings of 2.0 — 6.0 mg ¢m

1.0 T T T T T T T T T 1.0 T T T T T T T T

— -2
| catalyst loading: 6 mg cm ] carbon composite catalyst (as-leached)
30 psi (H,) /30 psi (O,)

metal-nitrogen complex

0.8
deposited on the carbon support

> >
2 1,-@—FeN, z
= 2, CoN_ T
£ o6 3, A CoFeN, T = 06 . |
4 mg cm” loadin
% 4,—§—CoFeN % 9 ¢
S 5 —@—Co,Fe N, o 6 mg cm? loading
= 04} 7 3 %4r i
T Q
1] @)
02k 2 mg cm? loading i

| 30 psi (H,) /30 psi (O,)

0 0.5 1.0 15 2.0 25

0 0.5 1.0 15 2.0 25

. 2
Current Density / A cm™ Current Density / A cm

Figure 3-2-4. (a) Polarization curves of PEM fuellx prepared with the carbon composite
catalysts. The catalysts were prepared using th&almigrogen complexes with different
compositions. All the catalysts were subjectechtodhemical leaching. The cathode catalyst
loading was 6.0 mg cf (b) PEM fuel cell performances for different laags of the
optimized carbon composite catalyst. The experimevdre performed using 30 psi back
pressure on both anodeJfHnd cathode (£ compartments.

The electrochemical characterization studies shbat the new method involving the
CoFeNy deposition followed by the pyrolysis and the cheahieaching produces the carbon
composite catalyst with superior catalytic activétyd selectivity to any of non-precious metal
catalysts reported in the literature [7-27].

3.2.3. Characterizations of Metal-Nitrogen Complexe s and Metallic Species in
Carbon Composite Catalysts

Figure 3-2-5 demonstrates thé-weighted EXAFS spectra iR space for the carbon
composite catalysts pyrolized at various tempeeaturhe catalyst was prepared by the CoN
deposition onto the metal-free carbon supportpfedd by the pyrolysis. No chemical leaching
was conducted on the pyrolized catalysts. For coisqa, a reference spectrum for a pure cobalt
foil is given in Fig. 3-2-5. As indicated in Fig-235, the major two peaks centeredRatalues of
ca. 1.2 and 2.1 A correspond to the Co-N and Cin@oactions, respectively.
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Figure 3-2-5. kl-weighted EXAFS data for the carbmmmposite catalysts pyrolized at
various temperatures. The catalyst was preparatdoZoN deposition onto the metal-free

carbon support, followed by the pyrolysis. No cheahileaching was conducted on the
pyrolized catalysts.

The EXAFS spectrum for the un-pyrolized catalysives only a dominant Co-N peak, which
confirms the presence of the Co species coordinatidnitrogen groups on the carbon surface.
The Co-Co peak becomes strong with increasing yhelysis temperature, and only a Co-Co
peak is observed when the catalyst was pyrolizé&Datand 1006C. This means that the CoN
chelate complexes decompose at high pyrolysis teatyres above 800C, resulting in the
formation of the metallic Co species. The EXAFSIgsia supports the experimental finding of
Yeager et al. [29] that after the heat-treatmer€ofTMPP and Fe-TMPP at 868G, neither Co
nor Fe was detected in the Méssbauer spectra orma €orresponding to coordination with
nitrogen. Therefore, it is clear that the metatagen complexes are not responsible for the
observed activity for oxygen reduction in Figs.-2;23, 4. As a matter of fact, the dissolution of
metallic species from the as-pyrolized catalysteases the activity as presented in Fig. 3-2-3.
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Figure 3-2-6. TEM images of (a) the metal-free carbupport and (b) the carbon composite
catalyst. The carbon composite catalyst was sidaject the chemical leaching.

T T T T T T T T T T T
o, Co
X, Co, Fe, or Co-Fe
X 4 Fe3C

(0]

carbon composite catalyst
(as-leached)

Relative Intensity / arbitrary unit

metal-free support

10 20 30 40 50 60 70 80
Scanning Angle, 26/ degrees

Figure 3-2-7. Powder XRD patterns of the metal-ratalyst and carbon composite catalyst.
The carbon composite catalyst was subjected toltamical leaching.
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Figures 3-2-6(a) and (b) present the TEM imagethefmetal-free catalyst and the carbon
composite catalyst, respectively. The carbon comgastalyst was prepared as follows: (i) the
CoFeiNy deposition on the metal-free carbon support,tifi@ pyrolysis at 906C, and (iii) the
chemical leaching in 0.5 M 430, solution at 90C. Comparing the two TEM images, it is seen
that a metal particle was covered with graphitiefa of the carbon composite catalyst, and a
nanostructured tube or fiber of graphitic carbors i@med as a result of the pyrolysis in the
presence of Co and Fe metals [40]. Figure 3-2-7pawes the powder XRD patterns for the
metal-free catalyst and the carbon composite csttalyne XRD pattern for the carbon composite
catalyst shows the characteristic diffraction pethat can be assigned to a mixture of the
metallic phases (i.e., Co, Fe and/Eg) and to the cementite phase {€p

Table 3-2-3. Concentrations of Co and Fe in théaarcomposite catalyst obtained before
and after the chemical leaching in 0.5 MS@; solution at 9°C, determined by ICP-MS
and XPS.

Concentration (wt %)

Analytical technique

Co Fe
(before leaching) 104 9.6
ICP-MS
(after leaching) 4.6 1.4
XPS (after leaching) 0 0

Table 3-2-3 summarizes the concentrations of CoFadh the carbon composite catalyst
obtained after the chemical leaching igS@, solution. The concentrations were determined by
ICP-MS and XPS techniques. ICP-MS analysis showas the concentrations of Co and Fe
decreased from 10.4 to 4.6 wt% and from 9.6 to wt%, respectively, upon the chemical
leaching. XPS detected no metal traces from thehksh carbon composite catalyst. Since the
escape depth of photoelectrons is a few nanomeX&s, analysis provides only the surface
composition of the carbon composite catalyst. Tioeee the composition analysis by two
techniques indicates that Co and Fe particles erpyolized catalyst surface were removed by
the subsequent chemical treatment 8@, solution, whereas metal particles encased in the
carbon structure survived the leaching treatmeimdisated in Figs. 3-2-6(b) and 7.

In summary, the materials characterization stuhidgate that (i) the metal-nitrogen chelate
complexes are not stable at high temperatures s8@8%C, (ii) no metallic species is present on
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the catalyst surface after chemical post-treatmaamd, (iii) the carbon surface is responsible for
the observed activity for oxygen reduction.

3.2.4. Characterizations of Nitrogen Functional Gro  ups on Carbon Composite
Catalysts

The nature of nitrogen functional groups was idesttiusing XPS at each synthesis step: (a)
after the deposition of GBe;N, complex onto the support, (b) after the pyrolyi®00°C, and
(c) after the chemical leaching in 0.5 M3, solution at 9CC. The results are summarized in
Table 3-2-4 along with the nitrogen content andfthed cell performance of each sample. The
current density and the amount of®4 were determined at 0.4 V in a fuel cell (Fig. 3)2and
an RRDE (Table 3-2-2), respectively. The activigswetermined to be almost zero for the non-
pyrolized catalyst, but the activity and selectivgrradually increased after the pyrolysis and the
chemical post-treatment.

The XPS spectrum obtained after the &8N, deposition exhibits a broad peak around
398.9 eV that corresponds to the nitrogen groupthefternary amine-type. The data indicate
that the high-temperature pyrolysis induces a fgnt loss of nitrogen from 9.9 to 2.6 wt%.
Upon pyrolysis, the peak splits into three broadkgeat ca. 398.5, 400.5 and 401.1 eV that can
be assigned to “pyridinic” nitrogen, “pyrrolic” mggen, and “graphitic” nitrogen, respectively.
Finally, the XPS spectrum obtained after the chamlieaching shows no dominant peak for
pyrrolic nitrogen.

Pyridinic nitrogen refers to the nitrogen atom bemdo two carbon atoms on the edge of
graphite planes that is capable of adsorbing mtdeoxygen and its intermediates in the oxygen
reduction reaction. It has one lone pair of elewrm addition to the one electron donated to the
conjugatedr bond system, imparting Lewis basicity to the carlyp8]. Graphitic nitrogen,
which is sometimes termed “quaternary” nitrogempyesents the nitrogen atom bonded to three
carbon atoms within a graphite (basal) plane.

Recently, Sidik et al. [31] performed the quantunechmanical calculations for oxygen
reduction on cluster models of graphite sheetsatoimg substitutional nitrogen (i.e., graphitic
nitrogen), and they showed that in acidic mediggex reduction is activated to some extent by
radical carbon sites formed adjacent to graphitrogen atoms in the basal plane. Using a semi-
empirical quantum chemical simulation, Strelko lef%4] have shown that the highly occupied
molecular orbital levelEyomo) of carbon has a maximum for a nitrogen dopinglef ca. 3 %
providing the high electron-donor ability to carlsonAlso, two mechanisms of oxygen
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chemisorptions on evacuated carbons were suggestettly, hemolytic (free radical) of a small
degree of filling of the surface by oxygen, andenhelytic (large degree of filling) causing the
fixation of oxygen on a surface in the form of @aroxide ion O, .

Table 3-2-4. Catalytic activity, selectivity, sureanitrogen concentration, and XPS spectrum
at each synthesis step of the carbon compositéysatdhe current density and the amount
of H,0, were determined at 0.4 V in a fuel cell (6.0 mgcrathode catalyst loading, 30 psi
back pressure) and an RRDE, respectively.

Current
Density N content
Step % H,O» XPS
(Wt%)
(A cm’®)
500+
Nitrogen
4004 in the precursor
After metal- a00)
nitrogen complex ~0 - 9.9 200}
deposition 1004
4] +
pyridinic
g 1 graphitic pyrrolic
After § 1
0.7 6.1 2.6 g 201
pyrolysis 1ot
0l pyridinic
90+
After ol
graphitic
30+
chemical 1.2 0.7 3.9

0 + + + |
404 402 400 398 396

pOSt treatment Binding Energy / eV

According to Maldonado and Stevenson [53], on ggérodoped carbon nanofiber electrodes,
the oxygen reduction reaction can be treated aatalytic regenerative process where the
intermediate hydroperoxide (H®is chemically decomposed to regenerate oxygery Have
supported the proposed mechanism by electrochesimalation and by measured difference in
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hydroperoxide decomposition rate constants. Thelteesndicated a remarkable 100-fold
enhancement for hydroperoxide decomposition forogén-doped carbon nanofibers. The
authors have concluded that pyridinic nitrogen dgpinto edge plane defects is an important
factor for influencing adsorption of reactive intexdiates and for enhancing electrocatalysis for
oxygen reduction at nanostructured carbon electrode

7N
graphitic N 3 i pyridinic N
; in the presence of metal
& (3.9 wt% N)
5
©
2
‘©
c
]
e | i
— | inthe absence oj‘ metal
(1.9 wt% N)
. ' 1 L 1
404 402 400 398 396

Binding Energy / eV

Figure 3-2-8. XPS spectra of N 1s region obtairedHte catalysts pyrolized in the absence
and presence of transition metals (Co and Fe).céhson composite catalysts were subjected
to the chemical leaching.

Consequently, the previous simulation analysesamdexperimental studies indicate that a
strong Lewis basicity of carbons doped with pyndiand graphitic nitrogens facilitates the
reductive adsorption reaction ot @ithout the irreversible formation of oxygen fuioctalities,
due to an increased electron-donor property ofararb

In order to further study the role of transition tale in facilitating the incorporation of
nitrogen functional groups during the pyrolysise ttatalyst was prepared without using any
transition metals as follows: ethylene diamine \mdsorbed on the metal-free carbon support,
followed by the pyrolysis at 90 and the chemical leaching in 0.5 M3®, solution at 9CC.
The XPS data are presented in Fig. 3-2-8. It wamdo(data not shown) that the catalyst
prepared without metal-nitrogen complexes showed improvement in the activity in
comparison to the metal-free carbon support. Ascatdd in Fig. 3-2-8, the surface nitrogen
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concentration increased from 1.9 to 3.9 wt%, whengyrolysis was performed in the presence
of transition metals.

Yeager [29] and Wiesener [30] have suggested tiatransition metals do not act as an
active reaction site for oxygen reduction, but eatlserve primarily to facilitate the stable
incorporation of nitrogen into the graphitic carbduring high-temperature pyrolysis of metal-
nitrogen complexes. This means that high-tempezapyrolysis in the presence of transition
metals yields a carbonaceous layer with substaniimdgen groups that are catalytically active
for oxygen reduction. Our electrochemical and XRSults also indicate that the high-
temperature pyrolysis combined with the chemicatheng facilitates the joint incorporation of
pyridinic and graphitic nitrogen groups with a sigoLewis basicity, thus resulting in a high
activity and selectivity of carbon composite casaly

o
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Figure 3-2-9. Typical stability test data for tterbon composite catalyst.

3.2.5. Durability Study of PEM Fuel Cell with Carbo n Composite Cathode
Catalyst

Figure 3-2-9 shows the current transient (stabibst performance) measured on the carbon
composite catalyst as a function of time. The cd¢hcatalyst loading was 2 mg émand the
tests were run using 2H(50 psi) and © (50 psi). As indicated in the figure, the cathode
compartment was periodically purged with @as during test, in order to remove liquid water
accumulated inside the MEA. The result shows amlnincrease of current density to ca. 0.6 A
cm?, followed by a slight decay with time. The fuellqeerformance was fully recovered upon
O, purging, which indicates that an ineffective wateanagement is responsible for a slight
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performance loss of PEMFC, and no irreversible loksatalytic activity occurs for 80 h
operation.

Figure 3-2-10 demonstrates the potential transreasured on the carbon composite catalyst
for stability test. The tests were run at 200 mA“amsing H and Q without applying the back
pressure. The cathode catalyst loading was 2.0mfg The test result showed an initial increase
of potential to ca. 0.35 V, followed by a very $liglecay with time (the decay rat80uV h™).
Note that only ca. 10 % performance decrease wsasrodd for 480 h of continuous operation.
Figure 3-2-11 compares the XPS spectra of N 1omnefpr the catalysts taken from the fresh
MEA and the MEA tested for 480 h. Two dominant meake observed at 398.5 and 401.0 eV
that can be assigned to pyridinic nitrogen and lgtapnitrogen, respectively, for both samples.
This result confirms that catalytically active oiglen functional groups remain stable on the
carbon matrix during long-term fuel cell operation.

08 T T v T T ) ' I

catalyst loading : 2 mg cm®
no back pressure
0.6 .

i : conditioning period

0.4l applied current density = 200 mA cm”

‘««;accc«asscee«ueee(«eeeeseeeeeeeeeeeeeeee

0.2} potential decay rate = 8 pV h* .

Cell Potential / V

0 100 200 300 400 500
Time/h

Figure 3-2-10. Galvanostatic potential transienasueed on the carbon composite catalyst
for stability test. The cathode catalyst loading\820 mg cnf. The tests were run at 200 mA
cm? using H and Q without applying the back pressure.

Figure 3-2-12 presents a typical SEM image of tieA\prepared with the carbon composite
cathode catalyst. The cathode catalyst loading &v@smg cnf. The image shows the five
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distinctive layers: (i) anode GDL, (ii) anode Pt&talyst layer, (iii) electrolyte membrane, (iv)
cathode carbon composite catalyst layer, and (thode GDL. The thickness of the cathode
catalyst layer was ca. 38n which is thicker than the conventional Pt/C catilayer. We found
(data not shown) that the fuel cell performance fuilg recovered after purging the MEA with
O, which indicates that an ineffective water managetntue to a thicker cathode catalyst layer
is mainly responsible for a slight performance losserved in Fig. 3-2-10.

after 400 h of durability testing

initial

Intensity / arbitrary unit

2 1 1 1 "
404 402 400 398 396

Binding Energy / eV

Figure 3-2-11. XPS spectra of N 1s region for thelysts taken from the fresh MEA and the
MEA tested for 480 h.
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Figure 3-2-12. SEM image of the cross-section & MEA prepared using the carbon
composite cathode catalyst.

3.2.6. Summary
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The new method was developed to synthesize higttiyeaand stable carbon composite
catalysts through the high-temperature pyrolysisCofFe-N chelate complex on the support,
followed by the chemical leaching. The carbon-basetal-free catalyst developed by us was
used as the support. The carbon composite catah®ived an onset potential for oxygen
reduction as high as 0.87 V (NHE) in$0, solution, and generated less than 1 %4 The
PEM fuel cell exhibited a current density as higha8 A cnif at 0.2 V for a catalyst loading of
6.0 mg crif. No significant performance decrease was obseore#80 h of continuous fuel cell
operation. The EXAFS study showed that the metabgen chelate decompose at high
pyrolysis temperatures above 8 resulting in the formation of the metallic smaciAll metal
particles on the surface were removed by the chanmieatment in 5O, solution. The XPS
results indicated that during the pyrolysis, thensition metals facilitate the joint incorporation
of pyridinic and graphitic nitrogen groups into tbarbon matrix, and the carbon surface with
nitrogen groups is catalytically active for oxygealuction.
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3.3. CARBON COMPOSITE CATALYSTS SYNTHESIZED IN THE PRESENCE OF RUTHENIUM
PRECURSOR (RUN,/C)

3.3.1. Formation of Active Reaction Sites on RuN ,/C Catalysts

0 T T T T T T

Pyrolysis temperature

Disk Current / mA

1.0 \ I \ I \ I \ I .
0 0.2 0.4 0.6 0.8 1.0

Disk Potential / V(NHE)

Figure 3-3-1. Polarization curves on the rotatimgk celectrodes for the RyMC catalysts
pyrolized at 600 to 906C. The measurements were performed in 0.5 }® solution
saturated with oxygen at the potential scan raemiv s and the rotation speed of 900 rpm.

Figure 3-3-1 shows polarization curves on the mogaidisk electrodes for the carbon-
supported Rul catalysts pyrolized at various temperatures. Tdraperatures were varied
between 600 and 90. The measurements were performed in 0.5 8@ solution saturated
with oxygen by using a potential scan rate of 5 §#vand rotation speed of 900 rpm. In this
work, the as-refluxed catalyst was found to harclyalyze oxygen reduction, indicating no
formation of the active reaction sites. The RRDEada Fig. 3-3-1 show that the as-pyrolized
catalysts exhibit the onset potentials for oxygestuction as high as 0.85 V (NHE) and the well-
defined limiting currents below 0.6 V (NHE). The rplysis at 700 °C leads to the best
performance of the catalyst in terms of the aciwvabverpotential and the reaction kinetics for
oxygen reduction.

Table 3-3-1 summarizes the compositions of theefiaxed and as-pyrolized RWC
catalysts determined by XPS. For the as-refluxddlyst, the Ru concentration evaluated by
XPS is much lower than the concentration (20 wtfohie precursor solution. Keeping in mind
that the escape depth of photoelectrons is ongnanfanometers, the result suggests that the Ru
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clusters formed on the carbon support during réfignmay be mostly covered with a graphitic
layer. The XPS data also indicate that the highptature pyrolysis induces a significant loss of
Ru and N, while the O concentration remains almoasstant.

Table 3-3-1. Surface compositions of the as-refiuxed as-pyrolized RUXC catalysts
determined by XPS.

Concentration (wt%)

Element As-refluxed As-pyrolized
(before heat-treatment) (after heat-treatment)
Ru 4.4 1.8
C 70.3 89.9
N 18.1 1.8
@) 7.2 7.5

Figure 3-3-2a and b present the XPS spectra of Medg®n for the as-refluxed and as-
pyrolized RuN/C catalysts, respectively. The XPS spectrum ofBeefluxed catalyst exhibits a
broad peak around 399.8 eV which corresponds tanithegen of the ternary amine-type [55].
Upon pyrolysis the peak splits into two broad peakabout 398.4 and 400.4 eV which can be
assigned to two different types of nitrogen on¢hebon matrix, namely: the “pyridinic N” and
the “pyrrolic N”, respectively. It is known thateh‘pyridinic N” possesses one lone pair of
electrons in addition to the one electron donatetth¢ conjugatea bond system, so it provides
an orbital in the plane of the graphene layer thagpable for coordinating the metal ions [56].
From the results of RRDE and XPS measurementsciear that the high-temperature pyrolysis
leads to the formation of Ru clusters coordinatdith wyridinic N, and such Ru-N chelate sites
are catalytically active for oxygen reduction.
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Figure 3-3-2. XPS spectra of N 1s region for th&RRG catalysts: (a) as-refluxed and (b) as-
pyrolized.
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Figure 3-3-3. XRD patterns of the RuNx/C catalysibjected to pyrolysis at 600 to 800 oC.
For comparison, the XRD pattern for the as-reflugathlyst is given in the figure.

Figure 3-3-3 presents the powder XRD patterns ef ¢arbon-supported RyNatalysts
which were subjected to pyrolysis at various terapges. For comparison, the XRD pattern for
the as-refluxed catalyst is also shown in Fig. 3-3nd only a broad diffraction peak resulting
from carbon support is observed around 24The absence of the diffraction peaks from Ru
indicates that Ru crystal particles are too snuablé¢ detected by the instrument. However, all of
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the XRD patterns for the as-pyrolized catalystsamtje exhibit the characteristic peaks which
correspond to crystalline Ru. As indicated in Be¢3-3, the diffraction peaks at 38.2, 42.0 and
43.8 are assigned to (100), (002) and (101) planepentively.

It is of importance to note that as the pyrolysisperature increases from 600 to 8GQthe
diffraction peaks of Ru become sharper. That is,Rlu crystallite size gradually increases with
increasing the pyrolysis temperature, which suggésat lower activity of the as-pyrolized
catalyst at 800C results from the agglomeration of Ru crystalfi@ticles. The results also
indicated that the pyrolysis temperature plays iical role in the formation of the active
reaction sites. However, higher temperatures th@@C7 cause Ru crystallite particles to
agglomerate, resulting in a loss of the catalytitvay.

3.3.2. Effect of Nitrogen Contents on Catalytic Act ivity and Selectivity of
RuN,/C Catalysts

Disk Current / mA

-0.7

0 0z 04 06 08 10
Disk Potential / V(NHE)

Figure 3-3-4. Polarization curves on the rotatingk celectrodes for the RyfC catalysts
prepared using different molar ratios of Ru to Nha precursor solution.

Figure 3-3-4 shows typical polarization curves loa totating disk electrodes for the carbon-
supported Rul catalysts prepared using different molar ratiosRaof to N in the precursor
solution. It is clearly seen that the nitrogen mpooation enhances the catalytic activity toward
the oxygen reduction reaction. This fact furthenfaons that the N-coordinated Ru clusters are
catalytically active for oxygen reduction. The ¢gsh prepared with the Ru:N ratio of 1:20
shows the lowest activation overpotential for oxygeduction, while the best reduction kinetics
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is observed on the catalyst with the 1:30 ratio.

F Ru:N=1:20

0.7 V(NHE)

0.6 V(NHE)

0 0.02 0.04 0.06 0.08

w-1/2 / rpm-1/2

Figure 3-3-5. Koutecky-Levich plots at differenttgotials measured on the RUN catalysts
prepared with the Ru:N ratio of 1:20.

Table 3-3-2. Kinetically limited currentsy, lat 0.7 V (NHE) determined for the RYN
catalysts prepared using different molar ratioRofto N in the precursor solution.

Ru: N k at 0.7 V(NHE) (mA)
1:2 0.051
1:4 0.165
1:10 0.331
1:20 0.751
1:30 0.864

The Koutecky—Levich plots obtained at the poteraalge between 0.5 and 0.7 V (NHE) are
presented in Figure 3-3-5 for the catalyst with BN ratio of 1:20. A linear relationship
between s * andw 2 is clearly observed and the slope remains neangtant, regardless of the
potential, which indicates that the electrochemrealction follows first-order kinetics [57]. The
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values oflx at 0.7 V (NHE) for different Ru:N ratios are lidtéen Table 3-3-2. Théy value
increases with increasing the nitrogen content,clwhtonfirms that nitrogen incorporation
improves the catalytic activity of RW/\C.

Ring Current / pA

1.0

Disk Potential / V(NHE) Disk Potential / V(NHE)

Figure 3-3-6. (a) Ring currents and ()4 percentages determined as a function of the disk
potential for the RuUMC catalysts with different molar Ru:N ratios.

Figure 3-3-6a presents the ring currents measwethé carbon-supported RuMatalysts
with different molar Ru:N ratios as a function bktdisk potential. The ring current increases
with decreasing the disk potential, then reachegamum value between 0.6 and 0.4 V(NHE),
and finally decreases with further decreasing trek gbotential. The value of ring current
decreases with increasing the N content over th@evybotential range, which indicates that the

nitrogen incorporation improves the selectivitytioé catalyst to four electron reduction of ©
H.0.

The percentage of J@, geneated on the cathode decreases with incredsenil content.
The RuN/C catalysts with the Ru to N ratios of 1:20 an80lgenerate less than 2 %@, over
the whole potential range, which is much lower ttfeat value reported in the literature [58].

3.3.3. Surface-Modification of RuN ,/C

Organic additive, which contains N and O, was ipooated into the precursor solution
during refluxing, in an attempt to increase thealyitc activity and selectivity. Figure 3-3-7a and
b demonstrate polarization curves on the rotatiisg dlectrodes and the percentage eOH
respectively, measured for the R{EI catalyst prepared using urea ((B4€O).

It is found that urea has a positive effect on dlevation overpotential and the reduction
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kinetics. The urea-modified RWT catalyst exhibits an onset potential as higld.8sV(NHE).
Urea chemically modifies the RyMatalyst surfaces by providing functional groupsitrogen
and oxygen which contribute to the formation ofi\acteaction sites. Also as presented in Fig.
3-3-7b, urea decreases the amount @dt+yenerated on the cathode.
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Figure 3-3-7. (a) Polarization curves on the ratatlisk electrodes and (b)®, percentages
measured for the RyY/C catalysts prepared using urea as additive

3.3.4. Comparative Study of Ru-Based Catalysts Synt hesized with Different
Methodologies

Different types of Ru-based catalysts were syn#eesiand compared with the RU®
catalyst: (i) RuQC, (if) amorphous M@gRu,Se/C and (iii) Ru-NH/C. The RuQ/C catalyst was
synthesized by a colloidal method developed inlaboratory [59]. The Ru complex colloidal
solution was prepared with a slow addition of NaH@@o an aqueous RugXH,O solution,
and then the colloidal particles were adsorbed trgaarbon black under stirring conditions.

The amorphous M&uSe/C catalyst was synthesized by reacting metal ecaflsowith Se
in xylene at 140 °C under stirring and refluxingh@imions for 20 h, as described by Solorza-
Feria and coworkers [60]. Finally, the Ru-M# catalyst was synthesized by heat-treatingRu
impregnated carbon under an Natmosphere at 800 °C for 1 h. Here ansNjds was used as
the N-precursor instead of propylene diammine.

Figure 3-3-8a and b summarizes the polarizatiorvesurobtained on the rotating disk
electrodes and the percentage @D} respectively, measured for various Ru-based ystal
The RRDE data obtained from the commercially abél20 wt% Pt/C catalyst are also given in
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Fig. 3-3-8 for comparison. The urea-modified Ri@\catalyst shows higher catalytic activity
toward the oxygen reduction reaction. As shown ig. B-3-8a, the activation overvoltage
decreases more than 150 mV when compared withttadir d&Ru-based catalysts under study. It
produces smaller amount of,®, during oxygen reduction, indicating the enhancatilgtic
selectivity toward four-electron reduction. Theules indicated that RuXC catalyst modified
with urea in this work exhibits comparable catalydictivity and selectivity to the commercial
Pt/C catalyst in the RRDE tests. From the TEM asialythe particle sizes of the Rubatalysts
were estimated to be ca. 2 — 4 nm, regardlesseoptbsence and absence of urea, which are
about two times smaller than the particle sizelofRu,Se/C and Ru-NH/C (ca. 4 — 8 nm).
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Figure 3-3-8. (a) Polarization curves on the ratatlisk electrodes and (b)®, percentages
measured for various Ru-based catalysts: urea-mddiRuN/C, RuQ/C, amorphous
MoxRuSe/C and Ru-NH/C. The RRDE data obtained from the commercial A§CGalso
presented in the figure.

3.3.5. Summary

Nano-sized Ru-N chelate catalysts were synthesiyaging RuG and propylene diammine,
followed by heat-treatment at 600 to 98D. The influence of pyrolysis temperature, nitrogen
content and surface-modifier on the catalytic prope has been investigated. XPS and XRD
studies showed that the high-temperature pyrolgkigs a critical role in the formation of the
active Ru-N sites, but it causes the agglomeratioRu crystalline particles above 860. The
RRDE experiments indicated that the nitrogen incapon improves the catalytic activity and
selectivity toward four electron reduction of malr oxygen to water. The urea-modified
RuN,/C catalyst with the particle sizes of 2 — 4 nmibikld comparable catalytic activity to the
carbon-supported Pt catalyst, and generated laas286 HO, during oxygen reduction.
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4. CONCLUSIONS

A novel nitrogen-modified carbon-based catalyst @tygen reduction is achieved by
introducing oxygen and nitrogen groups from varinitseogen precursors. The nature of nitrogen
surface groups and the effect of pyrolysis tempeeabn the activity of the catalyst have been
evaluated. XPS indicated that high concentratiompyfdinic type nitrogen groups doped on
graphitic carbon increase the activity of cataly3ise carbon-based catalysts showed an onset
potential at around 0.78 V (NHE) and the amounHg®, generated during oxygen reduction
was approximately 1-3 % at 0.5 V (NHE).

A highly active and stable carbon composite catalyas developed through the high-
temperature pyrolysis of the precursor of nitrogepported on the metal free catalysts in the
presence of iron and cobalt precursors, followethieychemical leaching. The carbon composite
catalyst showed an onset potential for oxygen realuas high as 0.87 V (NHE) in,BO,
solution, and generated less than 1 %04 The PEM fuel cell exhibited a current density as
high as 2.3 A cii at 0.2 V for a catalyst loading of 6.0 mg&nNo significant performance
decrease was observed for 480 h of continuousceikloperation. The EXAFS study showed
that the metal-nitrogen chelate decompose at highlysis temperatures above 8, resulting
in the formation of the metallic species. All mepairticles on the surface were removed by the
chemical treatment in 330, solution. The XPS results indicated that during plyrolysis, the
transition metals facilitate the joint incorporatiof pyridinic and graphitic nitrogen groups into
the carbon matrix, and the carbon surface witrogén groups is catalytically active for oxygen
reduction.

For comparison, nano-sized Ru-N chelate catalysie wynthesized by using RyGind
propylene diammine, followed by heat-treatment @ € 900°C. The influence of pyrolysis
temperature, nitrogen content and surface-modibar the catalytic properties has been
investigated. XPS and XRD studies showed that thle-temperature pyrolysis plays a critical
role in the formation of the active Ru-N sites, butauses the agglomeration of Ru crystalline
particles above 800C. The RRDE experiments indicated that the nitrogerorporation
improves the catalytic activity and selectivity g four electron reduction of molecular
oxygen to water. The urea-modified RUBI catalyst with the particle sizes of 2 — 4 nmibiad
comparable catalytic activity to the carbon-suppdrPt catalyst, and generated less than 2 %
H,0, during oxygen reduction.
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6. PRODUCTS DEVELOPED UNDER THE AWARD

al. SPECIAL RECOGNITIONS & AWARDS

Crystal Flame Innovation Award in Research fromlEe# South was presented to Dr. Popov’s
research group for research work in the fieldshef mon-precious metal catalyst development,
the preparation of thin film assemblies with natrokgtured catalysts, and the development of

the pulse deposition technique for preparation efiorane electrode assemblies.
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b. WEB SITE THAT REFLECT THE RESULTS OF THIS PROJECT

Research group
http://www.che.sc.edu/faculty/popov/drbnp/\WebSitdéx.html

Center for Electrochemical Engineering

http://www.che.sc.edu/centers/CEE/
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7. MATHEMATICAL MODELING

ABSTRACT

Cobalt sulfides have been known for more than 3@rsdo be active toward oxygen
reduction and cobalt selenides have shown lesgitgctiln this paper a theoretical analysis is
made of the four-electron reduction reaction ofgetyto water over the mixed anion and cation
(202) surface of pentlandite structure (6@, one of several selenide phases. Reversible
potentials for forming adsorbed reaction intermeian acid are predicted using adsorption
energies calculated with the Vienah initio simulation program (VASP) and the known bulk
solution values together in a linear Gibbs energhationship. Comparison with an earlier
theoretical analysis of pentlandite structures$goshows the overpotential is predicted to be
larger for the selenide by around 0.46 V. Cobalkrside electrodes of unspecified stoichiometry
were prepared chemically on glassy carbon discspatatization curves were measured using
rotating discs. When heat treated at 900the onset potential for @eduction was found to be
0.5 V (NHE) whereas electrodes not subject to heatment were inactive. For €, onset
potentials in the literature are ~0.8 V (NHE), cetemt with a ~0.3 V higher measured
overpotential for the selenide. The theoreticatimtons for the pentlandite sulfide and selenide
surfaces are in qualitative agreement.

The effect of hydrophobic and structural propert@sa single/dual-layer cathode gas
diffusion layer on mass transport in PEM fuel celizs studied using an analytical expression.
The simulations indicated that liquid water tram$@ the cathode is controlled by the fraction
of hydrophilic surface and the average pore diamatiethe cathode gas diffusion layer.
Deposition of a hydrophobic microporous layer reshutche average pore diameter in the
macroporous substrate. It also increases the hldlop surface, which improves the mass
transport of the reactant. The optimized hydroptibpbiand pore geometry in a dual-layer
cathode GDL leads to an effective water managenmamd, enhances the oxygen diffusion
kinetics.
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7.1. EXPERIMENTAL AND THEORETICAL STUDY OF COBALT SELENIDE AS A CATALYST FOR O
ELECTROREDUCTION

7.1.1. Introduction

Cobalt sulfides were noted over thirty years agob#&o active toward the four-electron
electroreduction of ©to H,O in acid electrolyte [1,2]. Cobalt selenides welbserved to be less
active and the cobalt tellurides were less actile A recent theoretical study [3] explored the
activities of three crystallographic surface plaméspentlandite structure @8 toward this
reaction and produced a mechanism consistent \Wwehattivity. The Co terminated (008)
surface was predicted to be inactive due to passivAay OH(ads), as were the isolated Co sites
on the 1:4 Co:S (002) surface. However, the gbrt@H(ads)-passivated 5:4 Co:S (202)
surface presented properties allowing each of @de dne-electron reduction steps to proceed at
acceptable reversible potentials, accounting foodg@bserved activity. In the predicted
mechanism for this surface,,@lissociated exothermally over a 4-fold Co sitegcplg one
O(ads) near its center and the other on an adj&enthese O(ads) were subsequently reduced
to OH(ads) and kD and the last OH(ads) reduction step was preditiedave the lowest
reversible potential, 0.74 V, indicating it may tesponsible for the Oreduction overpotential
(the standard reversible potential for the reductmowater is 1.23 V).

It is of interest to explain the lower activity tife cobalt selenides. This is addressed by
using the same theoretical approach as for thelgmehite sulfide to study the steps i, O
reduction over an isostructural (202) surface te geaccording to the predicted reversible
potential of the electron transfer steps, it shaottted be less active than the sulfide. Thisystud
also presents new experimental results for cokeédngle.

Developing new electrocatalysts to replace platifamO, reduction remains a significant
technological goal. In addition to the cobalt cloglenides mentioned above, many other
transition metal compounds have been explored [4AlBnso-Vanteet al. have led the study of
transition-metal chalcogenides as oxygen reduatetalysts. They advanced the synthesis of
Ru-based catalysts and contributed to the charaatien of them using electrochemical and
spectroscopic techniques. They associated theeleatron reduction of molecular oxygen to
water with Q adsorption on adjacent cation sites, which, thdigbe, are required for O-O bond
cleavage [15].

Pentlandite structure @& and (Fe,NigSs have also been the subject of fairly recent
electronic structure, lattice parameter and stgbitialculations [16]. Lately, cobalt sulfide
compounds, such as linnaeite ¢S and pentlandite (G8&g), have been characterized as
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potential materials for the synthesis of nanoctgsfa7,18]. The activities of nanocrystals of
these compounds as oxygen reduction electrocatdigste not been studied.

The surface structures and compositions of thecogahide electrocatalysts are not yet
experimentally characterized. This is why ideair@odel structures are assumed for theoretical
studies. In the case of well-studied platinum ankhtimum alloy oxygen reduction
electrocatalysts, surface structures are beliegdoetknown, and theoretical studies have been
carried out for some of them. Platinum monolay@nson platinum alloys are more active for
O, reduction, and a series of theoretical studiesbiegs conducted to determine properties of
PtCo [18,19]and P4Cr [20-22] (111) surface Pt skins. The ~50 mV reigduncin overpotential
on the skins relative to pure platinum has beetagxgd as due to a positive shift in the OH(ads)
reduction potential [18,21,22] and a positive simfthe OOH(ads) formation potential during the
first electron transfer step [20]. The VASP slaidbaensity functional theory was used 23-26].
The same approach was used in a study of pentasttiicture CgSg as a catalyst for electro
reduction of molecular oxygémnd will be used in the present study of the dadelenide (202)
surface.

7.1.2. Experimental Studies

Se powder (99.999%) was dissolved in anhydrousneyé 140C under stirring conditions.
The xylene solvent was deaerated by bubbling Asubh it. Dicobalt octacarbonyl (&€O)s),
was added to the Se-dissolved xylene solution,tiaen the reaction mixture was refluxed in an
Ar atmosphere at 14%C for 30 h. The resulting powder specimens wdteréid and washed
with diethylether, then dried in air. The Co-Sdabgsts were further heat-treated in an NH
atmosphere at 90 for 90 min. The bulk and surface structureshef ¢atalyst particles were
not determined.

The rotating disk electrode (RDE) measurements werdormed in a three-electrode
electrochemical cell using a bi-potentiostat (Pingtruments) at room temperature. A glassy
carbon disk (5.0 mm diameter) was employed as tr&ing electrode, and it was polished with
Al,O; powder. The catalyst ink was prepared by blendhy Co-Se catalyst powder with
isopropyl alcohol in an ultrasonic bath. The cataink was deposited on the glassy carbon disk
until a total catalyst loading of 610 g émvas achieved. After drying, 4L of a mixture of
Nafion solution (5 wt%, Aldrich) and isopropyl altal was coated onto the catalyst layer to
ensure better adhesion of the catalyst on theyglzbon substrate. Aqueous 0.5 VS, was
used for the electrolyte. Platinum mesh and HgiBlg8ectrodes were used as the counter and
reference electrodes. All potentials in this wardre referred to the normal hydrogen electrode
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(NHE) scale. In order to estimate the double-laymracitance, the electrolyte was deaerated by
bubbling N through it, and a cyclic voltammogram was recordgdcanning the disk potential
between 0.04 and 1.04 V(NHE) at a 5 miV/rate. Then, the electrocatalytic activity for oryg
reduction was evaluated in the oxygen-saturatezdrelgte. The oxygen reduction currents were
taken as the differences between currents meadorethe deaerated and oxygen-saturated
electrolytes.

0.2 ——

Co-Se (before heat-treatment)

Co-Se
(after heat-treatment)

Disk Current / mA

19.1 wt% PY/C (20 pg,, cm”) ]|

_08 1 | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1.0

Disk Potential / V(NHE)

Fig. 7-1-1. Effect of _heateatment on oxygen reduction for unsupported d¢obelenide.
Pt/C results are included for comparison. The Rbdasurements were performed in 0.5 M
H,SO, solution saturated with oxygen by using a potéstian rate of 5 mVsand rotation
speed of 900 rpm.

Fig. 7-1-1 shows typical polarization curves on ti¢ating disk electrodes for the as-
refluxed and as-heat-treated Co-Se catalysts. RIDie measurements were performed in 0.5 M
H,SO, solution saturated with oxygen; the rotation speed 900 rom. The as-refluxed Co-Se
catalyst, which was not subjected to heat-treatme@oes not show any activity towards the
oxygen reduction reaction. A remarkable increaseaialytic activity is evident for the catalyst
that was heat-treated at 9%D. The as-heat-treated Co-Se catalyst exhibitsnaet potential for
oxygen reduction as high as 0.5 V (NHE). The XRdidtgrn for commercially available CoSe
sample (purity > 99%, Alfa Aesar) showed charasterdiffraction peaks of hexagonal structure
at » = 33.3, 44.3, and 50.1 The XRD pattern of as-prepared Co-Se catalydb(beheat-
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treatment) exhibited very broad diffraction lindsttze same values of 2 (except fér=233.3),
indicating that an amorphous phase coexists witktalline phases which have very small sizes.
Upon heat-treatment at J0C, the diffraction peaks became sharper. The pe#&nsity
increased significantly, which indicates a crystalion of the catalyst particles and a crystal
growth

The XRD patterns determined for commercial CoSepdarand those of Co-Se catalyst
synthesized in this study showed a mismatch atoxppately 33.8 The peak shift observed for
the Co-Se catalyst prepared in this work towareghdr 2 value indicates a non-stoichiometric
nature of the nano-particles (i.e. iG8e), as inferred from the phase diagram of the €0-S
system. The preliminary surface characterizationdiss using XRD, Energy Dispersive
Spectroscopy and Transmission Electron Microscoplycated that the catalyst may consist of
nano-crystals of GgSe surrounded by extra Se elements. Since physsoob elemental
selenium would evaporate from the catalyst at #et-treatment temperature used in this study,
some of Se elements must have been strongly (chéyidonded to the Co particles. The
observed enhanced activity of the as-heat-treatgdlyst over the as-prepared catalyst is
attributed to a higher degree of crystallizatiortted non-stoichiometric GaSe particles due to
the heat-treatment process.

7.1.3. Theoretical Approach

All calculations were performed using the Vieratainitio simulation program (VASP) [24-
28] with a plane-wave basis and non-local Vandetipde ultrasoft pseudo-potentials (US-PP)
to describe the electron-ion interaction [28]. Exafpe and correlation energies were expressed
by the functional proposed by Perdew and Wang [38]f-consistent solutions of Kohn-Sham
equations corresponding to the electronic grounatest were solved via an iterative
unconstrained band-by-band matrix-diagonalizatioheme based on a residual minimization
method [27,30]. Brillouin zone integrations wereeuted with Monkhorst-Pack grids [31] and a
generalized Gaussian smearing [32bof 0.2 eV for integration in reciprocal space. lane-
wave energy cutoff of 400 eV and a 5x5kpoint mesh was used because those parameters
proved to be satisfactory for similar calculatigBsl9-23]. Optimization of the lattice constant
for CosSe; yielded the value a = 10.374 A, only slightly ureltimating the experimental value
a = 10.431 A [33]. As in pentlandite structures&p the (202) surface, defined in the cubic unit
cell in Fig. 7-1-2, represented by a slab compasddur layers of continuing cations and anions
separated by 10 A of vacuum. Since the purely @uiteted (008) surface of the sulfide was
found in [3] to be poisoned by adsorbed OH andsbiated Co sites of the (002) surface of the
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sulfide, surrounded by S, were also poisoned by these two surfaces were not examined in
this study of the selenide.

(202) Co  Se

Fig. 7-1-2. CgSe; unit cell in pentlandite structure (463w, 68 atoms; Cobalt atoms are
blue). The (202) surface is shown as the highéidhtrystal plane. Optimized cell lattice
constant a = 10.374 A (experimental a = 10.43138] [

For the (202) slab unit cell, shown in Fig. 7-1a8pm positions of two topmost layers and the
adsorbates were relaxed and the two bottom layen®e irozen at the optimized unit cell
geometry, just as was done for the sulfide in [3].

Adsorption bond strength, or bond dissociation gneD. is the negative of difference
between the energy of the slab unit cell plus dugersystem and the sum of the energy of the
separated slab unit cell and adsorbate:

De = — [E(adsorbate on slab unit cellEslab unit cell) -E(adsorbate)] (7-1-1)

This dissociation energy does not include zero4tpeibrational energies, but they would
approximately cancel out in reversible potentidkdainations because bond orders are roughly
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> €

5.4868 A

7.3352 A

< 10.3736 A >

Fig. 7-1-3. Slab (202) surface model used in treogation calculations showing the top two
layers relaxed.

conserved. Reversible potentials were predict@tguke calculated adsorption bond strengths
in a linear Gibbs free energy relation. It wasweghon past studies that reversible potentials for
reaction steps taking place on the catalyst surfa€§surface), can be determined to reasonable
accuracy by introducing the catalyst as a pertiobhdb the solution phase reaction [23-24]:

AG™®'(surface) =AG° — AE(adsorption) (7-1-2)
U"™(surface) 2U° + AE(adsorptionyiF (7-1-3)

where AG° is the standard Gibbs energy change for a reductaction,AE(adsorption) is
defined to be the total adsorption bond strengtthefproducts minus the total adsorption bond
strength of the reactants is the number of electrons transferreds the Faraday constant, and
U° is the standard electrode potential. Based onpasisons of predictions using this model
with experimental measurements, predictions usiegrhodel have been found to have up to
~0.2 V uncertainty.
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For a sample prediction with the above linear Gibhergy relationship, consider OH(ads)
reduction to HO(ads) on a platinum surface. Using experimentdiymated bond strengths of
2.50 eV [35] and 0.42 eV [36] respectively, and12\ as the reversible potential for OH
reduction to water [37], the reversible potentisddicted for the surface (dg1ace= (2.81 + 0.42
- 2.50) V = 0.73 V. This result is close to the6-®¥. onset potential observed for platinum
electrode in 0.1 N acid [38-43]. Only one othemstad reversible potential is needed in this
paper, 2.047 V for O(aq) reduction to OH(aq) [37].

7.1.4. Theoretical Results
H,0O and O, Adsorption

It has been proposed that OH(ads) blocks surfaes sin platinum electrodes, and, by
preventing @ adsorption at high potentials, it contributeshe © reduction overpotential [19-
23,38-43]. However, recent theoretical work fortjplam electrodes suggests the potential for
reducing Q(ads) to OOH(ads) may be close to the OH(ads) ctextu potential [21], and
therefore the OOH(ads) formation step may playl@irodetermining the cathode overpotential.
Furthermore, measured effective activation energiethe four-electron process on platinum at
several electrode potentials are matched well bgrttical prediction for the activation energies
for Oy(ads) reduction to OOH(ads) [44]. These findingggast that both OH(ads) reduction and
Oy(ads) reduction to OOH(ads) may contribute to therpotential.

In the case of the (202) surface ofy& it was predicted that a partial coverage of OH on
the Co sites with very low reversible potential Icbéorm, but further increase in OH(ads)
required high potential. Thus, the partially-covkr€o site presented opportunities fop O
adsorption and reduction.

Our results for OH(ads) formation on the (202) acef of CeSe are in Fig. 7-1-4. The
predicted potential for the first water oxidatia+ 0.67 V, which is very similar to —0.69 V
predicted for the (202) G8g surface [3]. The second water molecule is oxidiaed 0.29 V,
which is close tdJ° = — 0.42 V predicted in [3] for sulfide (but mikemly reported as 0.64 V).
The selenide value is lower because of weakgd Hdsorption compared to the sulfide.
Potentials for oxidizing the third water molecule &oth high, due predominantly to weakened
OH adsorption; 1.19 V for the selenide and 1.68M¢r the sulfide.
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Fig. 7-1-4. Predicted ¥ oxidation reactions over a four-atom Co site fiognthe 2-fold
hydroxylated (202) surface.

O, Reduction

From the preceding it is evident that, as for thiéide, over the electrode potential range of
interest for oxygen reduction, the (202) surfade should have 2 OH adsorbed bridging Co
atoms, as in Fig. 7-1-5. On this site a — 1.38d@#ociative adsorption energy was calculated

for O, which is close to the — 1.13 eV value calculateB] for the sulfide. Fig. 7-1-5 shows

the surface structure before and after d&sorption. The calculations yielded no activatio

energy barrier to the dissociation of @uring adsorption to form 20(ads). Heat losshis step
indicates wasted free energy and necessitateshibrat will be one or more overpotentials in the
electron transfer steps. An ideal catalyst wilvédnad, adsorption and ¥D desorption free
energies equal to zero because this would avoidingageaction free energy [45,46]. The ideal

catalyst will also have reversible potentials faclke electron transfer step equal to the reversible
potential for the overall multielectron reaction.

Each electron transfer step will have a uniquengike potential and there will be activation
energy for the reduction reaction at that potentta the electrode potential is increased, the
activation energy for reduction will increase [4&hd the assumption is that the increase is rapid
enough to cause the reaction forming the adsorlsstttion intermediate rate to slow
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substantially as the potential is increased throtigh underpotential region. Based on this
assumption, it is possible to propose that the liai#ging step is probably the step with the
highest overpotential relative to the reversibléeptal of the overall multi-electron reaction.
This is the basis of the discussion that follows.

dissociative
adsorption

>

—-1.38 eV

Fig. 7-1-5. Q dissociation on the (202) g®e; hydroxylated surface model.
Possible reduction pathways for the adsorbed O sttwene explored next by the reaction
O(ads) + H + € — OH(ads) (7-1-4)

First, the O bridging two Co atoms in S1, Fig. -lwas reduced, and the newly-formed
OH(ads) was put on the upper-left Co, in structt®e The calculated reversible potential for
reducing this O(ads) is — 0.03 V, which is lesstiae 0.83 V value for the sulfide in the same
structure. Since S2 might be a metastable localrmim on the energy surface, variations on
this were optimized with OH(ads) bonded to the Iole& Co, S3, and the lower right Co, S4,

and the reversible potentials increased slighthy0tb3 V and 0.23 V respectively. Finally,

OH(ads) was bonded to Se, S5 was found to havhitiinest reversible potential of formation,

0.61 V, and so this reduction step is predicteddat the highest potential. This contrasts with
the sulfide case, for which the potential was OV2@r this structure and S2 had the highest
reversible potential. 0.83 V.

The next step was to decide which way thad&dluction would go from the last structure, S5
in Fig. 7-1-6. Fig. 7-1-7 shows two possible pale/to reduce the O(ads) bonded to Co and
the OH(ads) bonded to Se: the O is reduced firpath | to yield S6, and the OH(ads) is reduced
first in path Il to yield S7. The respective resibte potentials are 1.10 V and 1.47 V, meaning
both reactions can go at the 0.61 V maximum paenfithe first reduction step. The predicted
reversible potential for reducing the OH(ads) fodne S6 to HO(ads) in S8 is 0.58 V and for
reducing O(ads) in S7 to OH(ads) in S8 the valug.22 V. The last step, reducing the upper
left-hand OH(ads) in S8 toJ@(ads) in S9 has a predicted reversible potenita V.

When the two adsorbed water molecules are remavéaki fourth electron transfer step the
predicted reversible potential is reduced to 0.37 V
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7.1.5. Conclusions

The first electron transfer step with the highestdcted reversible potential following the
dissociative adsorption of @educes O bonded to Se to OH bonded to Se at Q.6Ih¥ second
electron transfer can either form OH(ads) from@{ads) (path I) or reduce the OH te(H(path
II). From the reversible potentials, 1.10 V andl71V respectively, both are possible at the lower
0.61 V reversible potential of the first step. Thed electron transfer step leads to OH(ads) +
H,O(ads) at predicted reversible potentials of 0.58WNpath | and 0.22 V for path Il. The
higher 0.58 V value is the limiting one and it issentially the same as the 0.61 V value
calculated for the first electron transfer step.wedwer, to achieve the standard state of the
surface as one with two OH(ads) bridging Co, on® Hholecule must be desorbed with an
energy of 0.08 eV and the second must be desoriibchw energy of 0.62 eV. These adsorbed
water molecules can be viewed as surface poisaatsstbw the kinetics. Alternatively, the
energy needed to cause them to become desorbeoecacorporated into the fourth electron
transfer step. When this is done the calculatedrstble potential for the last step becomes 0.37
V. This could be the limiting step for the cobsdenide.

Looking back at the electron transfer steps onsetlenide and sulfide, the lowest reversible
potential for the selenide is for the last electt@nsfer when it leads to the initial state of the
surface, 0.37 V. For the sulfide the value 0.74v&s reported for this step in ref 3, but in
determining that number the product water molecwese assumed to not interact with the
surface. However they are actually unstable thitase by 0.27 eV in the optimized structure
and are in a metastable equilibrium. Taking tkgutsion into account, the reversible potential
for the last electron transfer on the sulfide wobkl 1.01 V. Using this new result, the first
electron transfer has the lowest reversible paemn the sulfide, 0.83 V. Based on these
results, the selenide is predicted to have ovenpialed.46 V greater than the sulfide.

The experimental onset of,Qeduction on the treated cobalt selenide is alfb&tV
according to Fig. 7-1-1 and this is in reasonalgjee@ment the 0.37 V reversible potential
predicted for the last electron transfer stepmiist be kept in mind that the bulk and surface
structures of the selenide catalyst particles arenown as are the surface structures of the
sulfide catalysts, and our pentlandite (202) s@rfa@vides a model for active surface structures.
For the pentlandite structure sulfide the onseemil is not known, but for the thiospinel,
Ca03Sy, it is roughly 0.8 V [2]. This compares well withe predicted 0.83 V predicted reversible
potential for the first reduction step. Other meas of the higher activity of the sulfide
compared to the selenide are the current densiti6®0 mV, 1300 mA/ffor 95 % Co$ge 5
%CS; compared to 76 mA/chrfor 83 % CoSg 17% CoSgs in Ref. 1 and, at 400 mV, 60
mA/cn? for Co;Ss compared to 0.1 mA/chfor Ca:Se in [2].
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Fig. 7-1-6. First electron transfer step duringr€@ucton on (202) G8e;: structure S4 has the highest.
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Fig. 7-1-7. Two predicted pathways for the secahidd, and fourth electron transfer steps ferr€uction on (202) G&e. Path 1
has the favored higher potential. For the foul#itteon transfer step 0.37 V is the reversible piéé for producing the surface state
chosen as the standard one for the beginning afaloellations.



It is difficult to establish the cause for the loweversible potentials for the probable
controlling electron transfer steps on the seleni@lbe lattice constant is smaller for the sulfide,
9.9482 A compared to 10.431 A for the selenide, #red different atom spacing may be
affecting intra-adsorbate hydrogen bonding in a Weat affects the adsorption energies of the
intermediate species, a structure effect, and theg also be different degrees of coupling of
the adsorbates electronically through the surfames

7.1.6. References
[1] V.D. Barsel, W. Sarholz, P. Schaarner, J. SchiBiz, Bunsen-Ges. 78 (1974) 608.
[2] H. Behret, H. Binder, G. Sandstede, Electrochinta&0 (1975) 111.
[3] R.A. Sidik, A.B. Anderson, J. Phys. Chem. B 1100@0936.
[4] N. Alonso-Vante, H. Tributisch, Nature 323 (198814

[5] N. Alonso-Vante, W. Jaegermann, H. Tributsch, WnldgK. Yvon, J. Am. Chem. Soc.
109 (1987) 3251.

[6] N. Alonso-Vante, B. Schubert, H. Tributsch, A. Rerd. Catal. 112 (1988) 384.

[7] N. Alfonso-Vante, B.Schubert, H. Tributsch, Maté&i&hemistry and Physics 22 (1989)
281.

[8] C. Fischer, N. Alonso-Vante, S. Fiechter, H. Trdmlt, G. Reck, W. Schulz, J. Alloys
Compd. 178 (1992) 305.

[9] O. Solorza-Feria, K. Ellmer, M. Giersing, N. Alon¥ante, Electrochim. Acta, 39 (1994)
1647.

[10] N. Alonso-Vante, H. Tributsch, O. Solorza-Feriagdftochim. Acta 40 (1995) 567.
[11] J. Prakash, H. Joachin, Electrochim. Acta 45 (2Q230.

[12] N. Alonso-Vante, P. Borthen, M. Fieber-Erdmann,-H. Strehblow, E. Holub-Krappe,
Electrochim. Acta 45 (2000) 4227.

[13] N. Alonso-Vante, P. Bogdanoff, H. Tributsch, Jt&.al190 (2000) 240.

[14] N. Alonso-Vante, I. V. Malakhov, S. G. Nikitenko, R. Savinova, D. |. Kochubey,
Electrochim. Acta 47 (2002) 3807.

[15] I. V. Malakhov, S. G. Nikitenko, E. R. Savinova, D.Kochubey, N. Alonso-Vante, J.
Phys. Chem. B 106 (2002) 1670.



[16] H. R. Chauke, D. Nguyen-Manh, P. E. Ngoepe, D. &tifer, S. G. Fries, Phys. Rev. B 66
(2002) 155105/1.

[17] J. Buriak, Science 304 (2004) 692.

[18] Y. Yin, R. M. Rioux, C. K. Erdonmez, S. Hughes, &. Somorjai, A. P. Alivisatos,
Science 304 (2004) 711.

[19] J. Roques, A. B. Anderson, V. S. Murthi, S. J. Mige J. Electrochem. Soc. 152(6)
(2005) E193.

[20] J. Roques, A. B. Anderson, Surf. Sci. 581(2-3) ®AD5.

[21] J. Roques, A. B. Anderson, J. of Fuel Cell Sci. @adh. 2(2) (2005) 86.
[22] J. Roques, A. B. Anderson, J. Electrochem. Soc(11512004) E340.
[23] J. Roques, A. B. Anderson, J. Electrochem. Soc(3)52004) E85.

[24] G. Kresse, Furthmuller, Phys. Rev. B 54 (1996) 9116

[25]
[26]
[27]

. Kresse, Hafner, Phys. Rev. B 47 (1993) 558.
. Kresse, Hafner, Phys. Rev. B 49 (1994) 14251.
. Kresse, Furthmuller, J. Compt. Mater. Sci. ®@)9aL5.

[29]

[30]

[31]

[32]

[33] R

[34] T

[35] C. E. Mooney, L. C. Anderson, J. Lunsford, J. Pi@sem. 97 (1993) 2505.
B

G
G
G
[28] G. Kresse, Hafner, J. Phys.: Condens. Matter. 84)18245.
J. P. Perdew, Y. J. Wang, Phys. Rev. B 45 (1992443
D. M. Wood, A. Zunger, J. Phys. A 18 (1985) 1343.
H. J. Monkhorst, J. D. Pack, Phys. Rev. B 13 (1%4@8.
M. Methfessel, A. T. Paxton, Phys. Rev. B 40 (1983)6.
. W. G. Wyckoff, Crystal Structures; John WileySwns: New York, 1964.
. V. Albu, A. B. Anderson, J. Electrochem. Soc712000) 4229.
[36] B. A. Sexton, A. E. Hughes, Surf. Sci. 140 (19827.2

[37] Taken from or derived from data given in A. J. BaRl Parsons, J. Jordan, Standard
Potentials in Aqueous Solution; Marcel Dekker Imew York and Basel, 1985.

[38] N. M. Markovic, T. J. Schmidt, B. N. Grgur, H. Aa&eiger, R. J. Behm, P. N. Ross, J.
Phys. Chem. B 103 (1999) 8568.

Final Report 69
DOE Award No. DE-FC36-03G013108



[39] S. Mukerjee, S. Srinivasan, M. P. Soriaga, J. MeByel. Electrochem. Soc., 142 (1995)
14009.

[40] T. Iwasita, X. Xia, J. Electroanal. Chem. 411 (1995.
[41] N. M. Markovic, P. N. Ross, Surf. Sci. Rep. 45 (2p017.

[42] V. Stamenkovic, Y. J. Schmidt, P. N. Ross, N. M.rkéeic, J. Phys. Chem. B 106 (2002)
11970.

[43] F. A. Uribe, T. A. Zawodzinski, Electrochim. Actd 42002) 3799.

[44] A. B. Anderson, J. Roques, S. Mukerjee, V. S. Muith M. Markovic, V. Stamencovic, J
Phys. Chem. B 109 (2005) 1198.

[45] H. Schweiger, E. Vayner, A. B. Anderson, J Eledtern. Solid State Lett. 8 (2005) A585.
[46] E. Vayner, H. Schweiger, A. B. Anderson, J. Eleaial. Chem. 000 (2007) 000.

[47] See, for example, A. B. Anderson, Y. Cai, R. A.iSidD-B Kang, J. Electroanal. Chem.
580 (2005) 17.

[48] Binary Alloy Phase Diagrams, 2nd ed.; T. B. Madgald. Okamoto, P. R. Subramanian,
L. Kacprzak, Eds.; ASM International: Materials Ba®H, 1990; Vol. 2, pp. 1235-1237.

Final Report 70
DOE Award No. DE-FC36-03G013108



7.2. EFFECT OF HYDROPHOBICITY AND PORE GEOMETRY IN CATHODE GDL oN PEM FUEL
CELL PERFORMANCE

7.2.1. Introduction

In proton exchange membrane fuel cells (PEMFCs, thmidified fuel and oxidant are
introduced to the anode and the cathode compartnemteep the membrane from dehydration.
At high current densities, excessive water is peedu by the cathodic reaction, which
significantly blocks the pores available for oxygeamsport in the gas diffusion layer (GDL) and
covers the active sites in the catalyst layer [1-2]

Extensive theoretical works have been performestudy flooding phenomena in PEM fuel
cells [3-8]. Springer et al. [3] developed a onmelnsional PEM fuel cell model. They showed
that the limiting current is directly connectedie effective porosity controlled by water content
in the GDL. Baschuck and Li [4] assumed a layetiaqfid water between the GDL and the
catalyst layer to describe partially flooded cathoand demonstrated flooding levels at various
pressures and temperatures.

Based on Darcy’s law, two-phase transport modeidteM fuel cells have been proposed
[5-8]. He et al. [5] presented the effects of Idjwater flow across the cathode GDL, driven by
capillary pressure, on the fuel cell performancang/et al. [6] introduced Levergkfunction to
correlate capillary pressure with saturation toiclefhe effect of flooding as a function of
saturation. Recently, Pasaogullari and Wang [7ivddra one-dimensional analytical solution
for liquid water transport across the hydrophobigL(Gassuming that no saturation occurs at the
interface between the gas flow channel (GFC) ard3DL. Weber et al. [8] examined the effect
of hydrophobicity of a single-layer GDL which, cdsts of two separate pore networks (i.e.,
hydrophilic pores and hydrophobic pores), on watanagement. Their simulation showed that
when the hydrophobicity of a GDL increases, a maxmpower is determined by the trade-offs
between mass-transfer benefits and ohmic lossesvevdy, the dependency of water
management on both hydrophobic and structural ptiegeof the cathode GDL has not been
addressed in literature extensively. The object¥ehis work is to investigate the effect of
hydrophobicity and pore geometry on the transpdrliquid water and oxygen across the
hydrophobic cathode GDL in PEM fuel cells.

7.2.2. Mathematical Model Development
The capillary pressung. in a hydrophobic diffusion layer is generally exgged as [9,10]:
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0. = 0 COSH,
’ (Kabs/‘(")ll2

whereo and g, represent the surface tension of liquid water thedcontact angle of liquid water
on the solid surface, respectivelays & ands denote the absolute permeability, the bulk
porosity and the liquid water saturation in a dfan layer, respectively. The liquid phase
permeabilityK is defined as [11]:

K, = KK, =K,S® (7-2-2)

abs' Mrl

(1L417s— 21205 + 1.263%° ) (7-2-1)

whereKy is the relative permeability of the liquid phaadich is equivalent to the cube of liquid
saturation. A dual-layer GDL is made up of the mporous substrate (MPS) and the
microporous layer (MPL). The former consists ofbcar fiber and hydrophobic agent, and the
latter comprises carbon powder and hydrophobictagtance, the contact angle for a composite
diffusion layer which contains hydrophilic mater{@.g., carbon) and hydrophobic agent (e.g.,
PTFE) can be expressed as [8,11]:

6, = cos[f,, cosd,, +(1- f, )cosh,.] (7-2-3)

wherefy, denotes the fraction of hydrophilic surface iniffudion layer, anddy and &40 are the
hydrophilic contact angle and the hydrophobic consamgle. According to literature, the contact
angle for the graphite ranges from°48 82 and the PTFE contact angle is between 98r&l
124 [12,13]. Based on the assumptions that (i) a siffa layer is isothermal, (ii) the gas phase
pressurepy is constant (i.e., fully saturated), and (iii) tbatalyst layer is infinitely thin, one-
dimensional solution of liquid water transport thgb a diffusion layer has been derived
analytically as [7]:

5*(0.35425- 0.84805 + 0.6135° ) = o5 Mio 1+ 22) Y

X
o COSHC (SK abs)l/ ’

+C, (7-2-4)

wherei is the current densit¥; is the Faraday constari¥,, , molecular weight of waterg is
the net water transport coefficient,is the kinematic viscosity of liquid water, amdis the
distance in through-plane direction for a diffuslager. The integration consta@t depends on
the boundary condition. The average saturationdiffasion layersagat a given current density
is defined as:

f s(x)dx
Savg = T (7'2'5)

where d denotes the thickness of the diffusion layer. &tozcapillary pressure (i.e0g = pi), all
the hydrophilic surface is covered with the ligwdter and all the hydrophobic surface remains
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undamped in the absence of residual saturatioheofjis phase [11,14]. Under the assumption
that the capillary pressure at the interface betvihe GFC and the MPS is zero, the liquid water
saturation at the GFC/MPS interface correspondsg, tand hence the integration consténtis
calculated from the liquid water saturation at thierface. In a single-layer GDL, the capillary
pressure with respect to liquid saturation showesrainuous profile. However, for a dual-layer
GDL which consists of the MPS and the MPL, theristexa discontinuity in liquid saturation at
the interface between the MPS and the MPL becatiskfferent hydrophobic and structural
properties [10,11].

The gas-phase diffusion within pores of a diffusiayer can be split into bulk diffusion and
Knudsen diffusion. The diffusion coefficient is cected for the average saturation and tortuosity
using Bruggeman correlation. Hence, the effectiffiesion coefficient is as follows [15]:

D" = (Deﬁ Deﬁj ~[ol-s., (D+Dl]_l (7-2:6

The Knudsen diffusion coefficient for species gigen by

A, (8RT
D, =2 7-2-7
= [ H) (7-2-7)

whered,yg is the average pore diameter in a diffusion lalgeaindT are the gas constant and the
absolute temperature, amj is the molecular weight of species i. In this stuthe Knudsen
diffusion was taken into account for the MPL.

At steady state, the molar flux of oxygen througbledomain is the same. i.e.,

io, =0, =lo, =lo, (7-2-8)
When the oxygen are assumed as an ideal gas, tlae flux of oxygen from the GFC to the
interface between the MPL and the membrane (he.r¢action site) is given as

p XGFC XMPIJmem

. Im,0, 0,

lo, = RT| s“PS SMPL 1 (7-2-9)
Dy " gt Tk,

where x> is the logarithmic mean mole fraction of oxygenttie GFC, and xj “™" is the

mole fraction of oxygen at the interface betweenMPL and the membrane, respective.zN“.PS
and 6" are the thicknesses of the MPS and the MRLis the convective mass-transfer
coefficient at the interface between the GFC amdMIPS. It was determined using the analogy
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between heat and mass-transfer [6,7,@._6lir is the effective diffusion coefficient of oxygem i
air. Since the mole flux of oxygen is equal todsmsumption rate at the interface between the
MPL and the membrane, the mole flux of oxygen igregsed using the Tafel equation, based on
the assumption that the anodic contribution isigégdl small [17-19].

. MPL/mem
: I 1 MPL/mem \,; ref Xo aF
=—=—"—/|[1-s il 5., —2——exg ——
JOZ 4': 4F [( 0 CL ref RT 77

2

(7-2-10)

wheres""’™M s the saturation at the interface between the MRd the membranea is the
specific electrochemically active aré] is the cathodic reference exchange current density,
is the catalyst layer thickness, anidis the cathodic transfer coefficient. Combining E&2-9)
with Eq. (7-2-10), the overpotential for a PEM fgell is derived as follows.

ref

RT { P X5

=——In
7 aF

RT (1_ SMPLImem)ai éefSCL x

1

évMPS

0 . i . 1 N 1 SMPL +i
RT 'mO: ~ 4p D, -air[gMpS(l_ SMPS)]1'5 Do, -ai DKo2 [SMPL(]-— SMPL)]l'S Ke

avg avg

(7-2-11)

Eq. (7-2-11) includes the contribution of the MPLthe liquid water flow as well as the oxygen
transport which in above equation was divided itlte bulk and Knudsen diffusion. The
interactions of the MPL with the liquid water floand oxygen transport were not taken into
account in the analytical form derived by Pasagudlad Wang [7]. Also, the average saturations
at each layer as a function of current densityiein of a constant saturation at the cathode over
the current density, were employed to determineeffiective porosity. Once the ohmic losses
originate mostly from ionic transport through thembrane and the electrodes, the cell potential
can be determined by

Eeer = Eoc =7 —IR (7-2-12)

(S

iR= |(—+ 2RE] (7-2-13)
Kmem

whereE,. is the open circuit potentiab,em is the membrane thicknesses (=180), xmem IS the
ionic conductivity of membrane, af is the electrode ohmic resistance.
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7.2.3. Results and Discussion

Fig. 7-2-1 demonstrates the bulk porosity with ez$pgo average pore diameter for the MPS
with different PTFE contents (Carbon Cloth TypeEATEK). The bulk porosity and the average
pore diameter were measured using the mercury poeter (Micromeritics Autopore 9500).
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Fig. 7-2-1. Bulk porosity with respect to averagegpdiameter for MPS with different PTFE
contents.
As seen in Fig. 7-2-1, the bulk porosity in the M&8{pscan be correlated with the average pore
diameter in the MP 8o mps,avg That is,
Eomps = 0.1443709d, \yps ayg +1.54058 (7-2-14)

The empirical equation is used to estimate thelatsspermeabilityaps[11]:

2
d
K aps = K;ffs(ij( TZ?J (7-2-15)
8ref d

avg

The MEA is typically compressed in order to keepdjcelectrical contacts between each
component. Hence, the bulk porosity in a diffusiayer reduces on compression, depending on
clamping force. The bulk porosity in a compresséftision layere is estimated as [20]:

£= 1—%(1— £) (7-2-16)

where g, and J, denote the uncompressed diffusion layer porositythickness. The values of
o046 were given 1.125 for the MPS and 1.050 for the NtPthis study. The various parameters
and conditions used in the model are summarizdébie 7-2-1.
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Table 7-2-1. Values for various simulation paramsesad physical properties.

Parameter Unit Value
Cell temperature T °C 75

Total gas pressure p atm 1
Uncompressed MPS thickne&sves pum 450
Hydrophilic surface contact angt, [8,12] ° 80
Hydrophobic surface contact ange, [8,13] ° 110
Surface tension in liquid-water-asr[21] N m? 0.0635
Liquid water kinematic viscosity [21] m? s* 3.85x 10°
Net water transport coefficient[10] 0.5
Oxygen diffusion coefficient in aiD,_,, [21] m? s? 2.65% 10°
Convective mass transfer coefficiegt k m s’ 0.087
Oxygen mole fraction in the gas flow chann&fs 0.098

Specific electrochemically active area - cathoditerence

-3
exchange current densig,” Am 15,000

Compressed catalyst layer thicknégs um 10
Cathodic transfer coefficiemnt. [8] 1
Open circuit potential \ 1.08
Membrane conductivitymem[22] S cmit 0.12
Electrode ohmic resistance R3] Q cnf 0.05

A model fit to experimental data reported in [3}sisown in Fig. 7-2-2. Parameters used for
the fitting are given in Table 7-2-2. In the figutke simulation demonstrates good agreement to
the polarization curve obtained using the hydrojured cathode with the air feed.
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Fig. 7-2-2. Comparison of model and experimentdhiwation curves. Parameters are given
in Table 7-2-2 and the data are from [3].

Table 7-2-2. Values for the simulation parameterdffe fitting?

Parameter Unit Value
Cell temperature T °C 80
Compressed MPS thicknediges pum 300
Fraction of hydrophilic surface 0.564
Average pore diameter in MPS um 5.9
Surface tension in liquid-water-air [21] N m? 0.0626
Liquid water kinematic viscosity[21] m? st 3.65x 10°
Oxygen diffusion coefficient in aibD,, _;, [21] m?é st 2 71x 10°
Convective mass-transfer coefficient ths  0.089
Oxygen mole fraction in the gas flow channef;s 0.071
Membrane conductivitymem[22] S cmit 0.15
Compressed catalyst layer thicknégs|[3] um 4

& Parameters which are not given in Table 7-2-2Herfitting are taken from Table 7-2-1.

Fig. 7-2-3(a) shows saturation profile across tHeSWvith different average pore diameters.
The simulations were performed at 1.0 ATendfy ups= 0.6. As illustrated in Fig. 7-2-3(a), by
increasing the average pore diameter in the MRS s#turation in the MPS becomes smaller.
This is due primarily to the dependency of the &lisopermeabilityK,ps On the average pore
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diameterdy mps,avg 1.€., @ MPS with largety ves avgleads to a better liquid water transport. Fig.
7-2-3(b) depicts polarization curves as a functodraverage pore diameter in the MPS. The
performance is nearly identical at low current dees However, it increases with higher
domps,avgat high current densities. At this region, the gty transport is restricted by liquid
water within the pores, causing the limiting cutrefhe results indicate that largesves avg
facilitates both liquid water flow and oxygen coemtlow through the MPS at constant level of
hydrophobicity.

0.9 T T T T

0.80 : T T
'J D dO,MPS‘avg = 2 “'m

0.8 —»'\ -0 dO.MPS‘avg =3um (a)
—~ dO.MPS‘avg =4 pm
3_ € 0751 ~-dy,..,, =5um

3 07 w d

L c
= o
T 06 1 E 0.70
[ 2
] ©
[e]
a n
— 05 1 o
O o
o = o065

04+ y

(b) - 06
0a I , , H\.VIVIPS s =06,i=1.0A cm’®
: 0.60 FZZ . :
0 0.3 0.6 0.9 12 15 0 o1 0.2 03 04

Current Density (A cm™) Distance across MPS (mm)

Fig. 7-2-3. (a) Saturation profile across the MRS average pore diameter. (b) Polarization
curves with average pore diameter in the MPS.

Fig. 7-2-4(a) presents the saturation profile axrdee MPS with different fractions of
hydrophilic surface. The saturation profile wasaiiéd at 1.0 A cff anddo mps,avg= 6 pm. It is
seen that the saturation level across the MPS asere with highefy vps. Furthermore, by
decreasing fraction of hydrophilic surface in thé®] the saturation gradient across the MPS
becomes large. This indicates that at consignbs avg more hydrophobic MPS removes liquid
water effectively. Fig. 7-2-4(b) gives the polatina curves as a function df;ups. It is
observed that the performance increases with snfaligs. The reason is that a smalfgrvpes
leads to a lower liquid saturation in the MPS, h&sg in a smaller oxygen concentration
gradient at the cathode.

Practically, when the amount of the hydrophobicragepregnated into the pores increases,
both the fraction of hydrophilic surfadg, and the average pore diametighyg in a diffusion
layer reduce. In addition, the distribution of tidrophobic agent throughout a diffusion layer
depends on drying rate during sintering, and thésksnof a diffusion lay&f:?® It may result in
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the gradient ofy; with respect tal g Hencefy as a function oflp avgcan be used to describe
the interaction between wettability and pore stitetas follows:

6—d
f, =06— blog(% +1j (7-2-17)

where b is a constant which governs the gradientfipfwith respect todpavg Fig. 7-2-5(a)
exhibitsfy as a function ofly avg Using Eq. (7-2-17). As seen in Fig. 7-2-5(a), whencreases
from O to 0.16fy, can be as low as ca. 0.32. Fig. 7-2-5(b) displagsaverage saturation in the
MPS Suvps,avg at various gradients dfymps with respect tod mps avgUsing Eq. (7-2-17). The
simulations were performed at 1.0 A énAs expectedsvps avgdecreases with highelp ves avg

in the absence of the gradientf@fyps (case 1 in this figure). As seen in Fig. 7-2-5(bpwever,

a minimum value ofsvwpsavg appears when there exists a gradienf.gfies with respect to
domps,avg It shifts negatively with higheb. This minimum arises from the interplay between
do,mps,avg@ndfy mps. The former is intimately coupled with the liquiciter permeability through
the MPS and the latter is represented by the cbatayte of liquid water on the MPS.

0.7 . . T
d =6um,i=1.0Acm?’

0,MPS,avg

MPS Saturation, Sups
Cell Potential, E_, (V)

i (b) d =6 um

0MPS avg
0.3 L

0 0.1 0.2 0.3 0.4 0 0.3 0.6 0.9 12 15

03

Distance across MPS (mm) Current Density (A cm'z)

Fig. 7-2-4. (a) Saturation profile across the MRgraction of hydrophilic surface. (b)
Polarization curves with fraction of hydrophilicriace in the MPS.

Fig. 7-2-6(a) delineates the saturation profilesosg€ the MPS with different pairs of
do mps,avg@ndfuimps. The values ofy vps Were calculated using Eq. (7-2-17) (case 4 in Fi@-
5(a)). The saturation profile was obtained at 1.6n#. It appears thayps increases with higher
do mps,avg@ndfy mpsnear the interface between the GFC and the MPS eMensyps decreases
at the interface between the MPS and the membratieei order: 2 > 6 > 3 > 4 >an. The
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observed liquid water saturation can be explainedolows: fy mps dominantly control the
saturation near the GFC/MPS interface due to lopilleay pressure. On the other hand, at the
MPS/membrane interfacey mps avgiS Of great importance because of high flux otikibwater
from the catalyst layer. Fig. 7-2-6(b) demonstratess polarization curves using the MPS with
different pairs ofdg vps avgandfumes. The performance reaches a maximum WEbs avgiS 5
um andfy vps is 0.475. It originates primarily from lower liguiwater saturation, as shown in

Fig. 7-2-6(a).
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Fig. 7-2-5. (a) Gradients of fraction of hydropbisurface with respect to average pore
diameter in a diffusion layer. (b) Average satumatin the MPSvith gradient of fraction of
hydrophilic surface with respect to average poesiter.

The MPL reduces the contact resistance betweencdtedyst layer and the MPS, and
improves water management at the cathode [10,26928 MPL is deposited onto the MPS
using various coating methods: spraying, tape4ogstscreen-printing, brushing, etc [2,29].
Hence, part of the MPL is entrenched into the MRSulting in change in the pore volume
available for mass transport through the MPS [Z7,Z&erefore, it is necessary to take into
account the change of the MPS properties in theegmee of the MPL. Table 7-2-3 lists
simulated properties of the MPS with and withou¢ thIPL. Fig. 7-2-7(a) represents the
saturation profile across a dual-layer GDL, whiamgsists of the MPS and the MPL. The
saturation profile was obtained at 1.0 A &nAs seen in Fig. 7-2-7(a), sudden drops of the
saturation at the interface between the MPS antfPe are distinctively observed, which is due
to the difference in the pore size and the hydrbphoharacteristic between the MPL and the
MPS. The saturation profile across the MPS witlitbetMPL is also presented in Fig. 7-2-7(a).
It is seen that the MPS with the MPL shows a losaturation across the MPS than that without
the MPL. This means that the deposition of the M&tilitates liquid water removal due to the
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decreasedyvps, although it decreases somewhgiips avg It iS also observed that saturation
level in the MPL decreases with increastagie avgand then it increases with further increasing
dompLavg. This is becauség vpLavg CONtrols saturation levels at the interface betwiée MPS
and the MPL, as well as the gradient of saturadicnoss the MPL.
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Fig. 7-2-6. (a) Saturation profile across the M®8arious pairs of the average pore diameter
and fraction of hydrophilic surface. (b) Polaripaticurves using the MPS at various pairs of

the average pore diameter and fraction of hydraphurface.

Table 7-2-3. Values for physical properties of MieéS with and without the MPL.

Parameter Unit Value
without MPL

Uncompressed average pore diameter in M ghyg um 6
Fraction of hydrophilic surface in MP§ fips 0.6
with MPL

Uncompressed average pore diameter in Mip&avg um 5.5
Fraction of hydrophilic surface in MP§, fips 0.45
Fraction of hydrophilic surface in MPlyfupL 0.3
Uncompressed thickness of MB.vpL um 25
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On the other handyp avg @s a function ofy mp. remains almost constant, as seen in Fig. 7-
2-7(a) (see the inset). Thus, these results inglidwttdo mpL.avg Mainly influences the saturation
in the MPL. Fig. 7-2-7(b) gives the polarizatiomnees using the MPL with differemy vpi avg
The polarization curve obtained using no MPL wasoapresented in Fig. 7-2-7(b) for
comparison. Fig. 7-2-7(b) displays that the MPLuhessin an improved fuel cell performance
which is vastly dependent on average pore dianretée MPL.
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Fig. 7-2-7. (a) Saturation profile across the GDithvaverage pore diameter in the MPL. (b)
Polarization curves with average pore diametenénMPL.

As mentioned earlier, the gradient @ ves With respect todyvpes avg affects saturation
profile and hence controls the performance. Siyilao examine the effect of the gradient of
fri,mpL With respect taly vpLavg Saturation profile and polarization curve weregyated. Fig. 7-
2-8(a) exhibits saturation profile for a dual-lay@bL with different gradients ofympL With
respect todompLavg The saturation profile was obtained at 1.0 A’cr®n the other hand, a
reducedfy mps due to the deposition of a hydrophobic MPL wasegias a logarithmic mean
betweerfy wps without the MPL (= 0.6) anf}; yp. determined by Eq. (7-2-17) (case 4 in Fig. 7-
2-5(a)). As illustrated in Fig. 7-2-8(a), a minimusaturation in the MPL is observed for
dompLavg= 1.0pm andfy mee = 0.395. However, the saturation level in the Mfg8reases and
then it reduces slightly with lowdy mpL. This is due to the fact that the deposition ofLM#th
higher content of hydrophobic agent makes the MR®erhydrophobic. Fig. 7-2-8(b) exhibits
the polarization curves using the MPL with differ@airs ofdy mpL avg@ndfuimeL.
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Fig. 7-2-8. (a) Saturation profile across the GDkarious pairs of the average pore diameter
and fraction of hydrophilic pore in the MPL. (b) IBazation curves using the MPL at
various pairs of the average pore diameter andidraof hydrophilic pore.

A maximum performance is obtained with the MPL whitasdy mpi,avg = 1.0 um and
fui,mee = 0.395, in the presence of the gradient.@fie. With respect taly mpLavg (Case 4 in Fig.
7-2-5(a))

7.2.4. Conclusions

The results in this study indicated that water 1sditon at the cathode is affected by the
fraction of hydrophilic surface and the averageepdiameter in the macroporous substrate, and
the average pore diameter in the microporous ldyeposition of a hydrophobic microporous
layer reduces the fraction of hydrophilic surfacdghe MPS, allowing faster water removal from
the cathode.
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