DE-FG02-03ER46072 DOE/O3ER46072-3
Cornell Fuel Cell Institute (CFCI): Materials Discovery to Enable Fuel Cell Technologies
A continuation of "An Advanced Materials Approach To Fuel Cell Technologies”

CFCI FINAL REPORT

Introduction

The discovery and understanding of new, improved materials to advance fuel cell
technology are the objectives of the Cornell Fuel Cell Institute (CFCI) research program. CFCI
was initially formed in 2003. This report highlights the accomplishments from 2006-2009.

Many of the grand challenges in energy science and technology are based on the need for
materials with greatly improved or even revolutionary properties and performance.’® This is
certainly true for fuel cells, which have the promise of being highly efficient in the conversion of
chemical energy to electrical energy. Fuel cells offer the possibility of efficiencies perhaps up to
90 % based on the free energy of reaction.

Thus, there is considerable interest in fuel cells which, however, have yet to live up to
their promise, not only for efficiency, but also for cost, durability, performance, etc.”** Here, the
challenges are clearly in the materials used to construct the heart of the fuel cell: the membrane
electrode assembly (MEA). The MEA consists of two electrodes separated by an ionically
conducting membrane. Each electrode is a nanocomposite of electronically conducting catalyst
support, ionic conductor and open porosity, that together form three percolation networks that
must connect to each catalyst nanoparticle; otherwise the catalyst is inactive.

While there are a number of different fuel cell technologies** ™3, the CFCI is focused on
polymer electrolyte membrane fuel cells (PEMFCs). The broadest applications of these fuel
cells in portable power or individual transportation vehicles The highest interest is in fuels that
are carbon neutral, such as hydrogen, which could be carbon neutral if it is generated from
sunlight, rather than from natural gas, as is done now. Fuels derived from algal or plant matter
are also of interest, if we could discover catalysts that enable complete oxidation of those fuels,
or if they could be efficiently converted to hydrogen.

Our research program is divided into four main areas: Electrocatalysts and Supports,
Self-Assembly and Meso-Structured Electrodes, Membranes and Theory. The first section is
further sub-divided into combinatorial synthesis and screening, oxide supports, mechanistic
studies and surface characterization. This report highlights selected advances rather than give an
exhaustive account of previous results. A full appreciation of the scope and advances of our
program can be garnered from our publications*®*

Electrocatalysts and Supports
A. Development of Combinatorial Synthesis and Screening Methods for Catalyst Discovery:

We have continued our extensive use of combinatorial methods in the search for
enhanced electrocatalytic activity for fuel cell applications. We identify and characterize new
catalysts through analysis of composition-spread thin films (generated by sputtering of up to five
elements onto a conducting substrate). The entire substrate can then be screened for
electrocatalytic activity using a rapid fluorescence assay to discover which point in the film is
most active, 3 ° 380

We have carried out extensive studies in which we have looked at a wide variety of
binary and ternary combinations of metals (initially, with Pt as one of the components). To date,
over five hundred composition spread films have been tested and fluorescence onset potentials
(which serve as an initial indicator of electrocatalytic activity) determined. For example, Figure
1 presents a range of ternary Pt-A-B composition spreads tested for methanol oxidation. As is
evident from the main figure and the accompanying histogram, there are a number of
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combinations that appear especially attractive with onset potentials for methanol oxidation as
low as -300 mV (vs. Ag/AgCl). We have also developed an analysis program that allows the
fluorescence to be mapped onto a ternary phase diagram, thus facilitating data mining.
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Figure 1: Summary map of Pt-A-B (A= columns, B= rows) ternary compositions for methanol oxidation
with the numbers corresponding to the number of composition spreads made of the particular combination
of elements. For the set of chemical systems active for methanol oxidation, the inset shows a histogram of
the fluorescence onset potential at the most active point in the binary or ternary system.
One of the challenges in the effective use of results from combinatorial searches is trying
to establish which parameter(s) might be responsible for the observed behavior. In trying to
rationalize such results
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oxidation as a function Figure 2: (Left) Plot of fluorescence-determined half-wave potential for ethanol

. oxidation as a function of the fraction of X in PtX alloy materials. (Right) The
of of the fraction of X gitference in Pauling electronegativities of Pt and element X (denoted at each
ion PtX alloy materials  point) plotted versus the percent change in lattice constant at element X’s
as well as the  solubility in Pt (or at 50% for some cases). The red values correspond to the
dependence of the onset rgspective ethanol fluorescence onset potentials at the most active point in the
potential  of  binary  Pinarysvstem.
phases for ethanol oxidation as a function of the Pauling electronegativity parameter and %
change in lattice parameter at 50% or at the solubility limit. From such plots one can begin to
establish the importance of such parameters on electrocatalytic activity.
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Making use of such an analysis as well as compositional
information from the combinatorial libraries, it appeared that a

S

Pt/Sn composition of ca. 90/10 should have very attractive g — \3%,
properties as an electrocatalyst. This was, in fact, borne out by é ’ \ %
experiment as seen in Figure 3, were the optimal Pt/Sn alloy is £~ .
better than the optimal Pt/Ru alloy for the oxidation of ethylene %% '
glycol and ethanol. We have not yet established if the oxidation of f,,

these fuels is complete. Theoretical work to understand the origin
of this behavior is currently underway. This also suggests that one
may be able to customize a catalyst for a particular fuel.

Another critical parameter to consider is the difference
between the geometric surface area and the specific surface area of

Methanel Ethylene Ethanol

Glycol

Figure 3. Fluorescence
onset potential plotted
versus fuel tested for two
thin film catalysts (PtssRuz4

the composition spread film. The difference has to do with the
roughness of some regions of a fraction of composition spread
films and the accessibility of fuel to the surface. In a recent
publication, we showed that PtZn exhibits a shift in onset potential

and Ptg,Sng). Ptg,Shg shows
a significant drop in onset
potential when tested with
different fuels compared to

of over 300 mV with differing film thicknesses.* Bulk leaching  PtsRu=.

(oxidation and dissolution of one component) of Zn from some parts of the composition spread
film gives rise to an increase in specific surface area and thus a shift in the apparent onset
potential. To account for this change in surface structure, a test was developed using a ferrocene
redox couple (fast, stable, transport limited, 1-elecron process) to probe the surface and enable
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Figure 4a. Measured ferrocene redox currents, scaled by the square root of the
sweep rate, plotted for different thin-film electrodes using the same geometric
area. The cyclic voltammogram (dotted line) acquired at 50 mV/s on a planar Pt
film is scaled by a factor of 5. The forward scans (ferrocene oxidation waves)
are shown for three scan rates with a porous 200 nm Pt-Zn film. The systematic
decrease in peak height with increasing scan rate reflects the fine pore structure
of the film. b. The Pt-Zn fluorescence onset potential is shown as a function of
the specific surface area ratio measured by the ferrocene linear sweep
voltammetry technique. For comparison, the fluorescence onset potential of a
planar Pt film is shown at unity surface area ratio.

the surface area to be
calculated. In Figure 4,

the ferrocene
voltammograms of
differing PtZn

thicknesses are depicted
and the values of the
onset potentials versus
specific surface area are
shown. Thus, with the
use of the redox couple,
we can provide a more
thorough comparison of
surface area of
composition spreads
that contain metals that
can be leached at high
anodic potentials. Since

leaching behavior at
temperatures well below the melting point of the metals is largely determined by kinetic factors,
there is a large difference between surface and bulk leaching behavior.®°* Surface leaching
from the first few monolayers can occur at potentials quite negative (perhaps 300 — 400 mV) of
the standard reduction potential for that metal since the bulk concentration of the ion in solution
is essentially zero. This fact is commonly exploited to prepare “core-shell” nanoparticles. Bulk

leaching occurs only when the concentration of the second metal is above 50 % or s0%*%, an
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expectation that we have verified in many composition spread films. Large changes in surface
area (factors up to 100!) are expected, and found, when bulk leaching occurs. On the other hand,
changes in electrode surface area with surface leaching are much smaller (factors of 2 or 3).

C. Oxides as supports and catalysts:

As is now widely appreciated, the carbon black catalyst support employed in fuel cells
corrodes too rapidly, especially under transient load and on/off operating conditions.”®***? Even
losses of 5% can cause a dramatic, sometimes catastrophic, degradation of performance. Carbon,
in any form, is thermodynamically stable below about +0.2 V, but only kinetically stable above
that (C + 2 H,0 = CO, + 4 H" + 4 ¢, E°=0.207 V). However, under fuel starvation conditions
in a fuel cell stack, even the anode of a single cell can be forced to high potentials (up to + 1.5 V)
as oxidation of the carbon is the only process that can support the imposed stack current.® In fact,
no single element is thermodynamically stable at such potentials in acidic aqueous media.*®

If stability (or sufficient metastability) in air/water is desired, then one should look to
oxides in which metals are already near or in their highest oxidation state. Materials based on
other anions, such as sulfides, carbides and nitrides will thermodynamically prefer to oxidize or
hydrolyze to oxides at high potential. Depending on the material and conditions (pH, temperature,
other ions in solution, etc.) the oxidation or hydrolysis of these other classes of materials will
form surface reaction layers from a few nm thick to completely consuming the material. The key
issues in considering oxides for cathode catalyst supports are: (1) structural and electronic
(meta)stability of the bulk as well as the surface at the potentials and pH of use, and (2) bulk and
surface electronic conductivity. There are so few binary oxides that are insoluble at low pH and
high potential that they can be listed: TiO,, Nb,Os, Ta,0s and WO3.** Hydrated forms of these
oxides, prepared from aqueous solution, may be less stable at certain pHs or potentials®™ %, but
we consider here the more stable structures, such as the rutile form of TiO,. While none of the
above oxides is electronically conducting, a conductivity of 0.1 S/cm is all that is needed for
catalyst supports.** We also anticipate that oxide supports can interact synergistically with the
catalyst to improve catalyst performance, as has been observed for NbO,.*®

Based on the high stability of TiO, in water over a broad range of pH (-1 to 14) and from
low to high potential (the actual range is pH dependent), as indicated by the Pourbaix diagrams®®,
and as observed in devices such as Graetzel photovoltaic cells® ¥, it seemed likely that some
form of doped TiO, materials might be both electrically conducting and quite resistant to
corrosion under fuel cell conditions (especially in fuel cells operating near ‘“room
temperature”).”

DiSalvo and Abrufia have recently shown that W-doped TiO; (rutile phase: Tig-\WxOz )
is conducting and, as 50 nm nano-particles, suitable as catalyst support and is “stable” in
oxidizing acids for over a year (publications in preparation). Even at pH = 11 (in NH;OH and in
air) the 50 nm particles do not dissolve nor oxidize. While we will also examine Nb,Os, Ta,0s
and WO3; as doping hosts for catalyst supports, they are more dlfflcult to dope to the metallic
state while maintaining the host structure (at : '
least at high temperatures). They also have
more open structures, perhaps allowing easier
access to water or H, as in HyWOs;. While we
will explore all these systems, for discussion
purposes, we focus here only on TiO; as a host.

Flgure 5: Images of (Ieft) Phase pure rutlle Tip W0,
particles and (right) Low magnification image showing
uniformity of bulk.
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It is known that rutile (TiO;) can be doped with other cations to prepare Ti;.xMxO, where
M = Zr, Hf, V, Nb, Ta, Cr, Mo, W, Ru, Os and Ir. Some of the binary oxides of these metals
have been studied in electrochemical environments.”® *% In most cases, preparation of bulk
powders is easily carried out under conditions that fix the oxygen stoichiometry to 2 per cation.
For example, sealing the appropriate ratio of precursors in a silica tube is sufficient to fix the
oxygen stoichiometry during synthesis: eg. at 1100 °C with a halide transport agent such as
chlorine: (1-x) TiO; + 2x/3 (0.5 W + WO3) — Ti;-x\WxO,. DiSalvo has shown that the maximum
doping (Xmax) that retains the rutile structure is different for different dopants, but is typically
near 50 %. At doping levels above Xmax, €ither two phase mixtures or different structures (some
are just distorted variants of rutile) result. Much of our testing of stability under acidic and
alkaline conditions has focused on this W doped rutile, where we have found long term stability
(up to 1 year so far) for x at least up to 0.5, not only in acids such as HNOj3 (the stability could be
anticipated  from  the
Pourbaix diagrams for Ti
and W), but also in bases reiere @
such as NH;OH. We 1 T ETEK PrRwie
surmise that the TiO; ,
framework imparts Kinetic
stability to the “trapped”
doping metal oxide, at
least in the case of W.
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Obs_efvat'ons are indeed  Figure 6 (a) Cyclic Voltammetry of Pt/Tiy;Wo 10, coated GC electrode in
exciting. M H,SO, (b) Hydrogen Oxidation on Pt/Tiy7W, 30, coated GC electrode in

We find bulk 0.1MH;SO,.
conductivity of approximately 10 S/cm in TiixWxO, at x = 0.3, even though the expected
percolation limit is near x = 0.5.2%° As found in preliminary DFT calculations by Hoffmann and
DiSalvo™, the electrons in the occupied W 5d orbitals spread out on neighboring Ti, similar to
what is seen in superlattices of LaTiOs/SrTiOs (see later in this section).*’® While W in Tiy.
WO, has the formal oxidation state of W**, XPS shows that most of the W at the surface (top 1
nm) is oxidized to W®" upon air exposure. The material in bulk (50 nm particles), however,
remains black and conducting. We have found that the surface W®" can be removed by washing
with NaOH (aq), creating core-shell particles of Ti; WO, with a topmost layer or two of TiO,.
This surface appears to be sufficiently conducting due to electron tunneling from W** below the
surface.

In order to synthesize the above oxides as nano-particles (30 to 50 nm needed for
supports), a low temperature synthesis method is needed. Sol-gel techniques are widely used for
the synthesis of nano-scale mixed-metallic oxides. The nanometer-scale mixing of precursors
enables the use of lower calcination temperatures, allowing homogeneous products to form
without significant grain or particle size growth. Using sol-gel techniques, we have prepared
Tia-WxO2 and characterized the resulting materials via SEM, microprobe analysis, and XRD.
One successful procedure is as follows: (1) dissolve titanium(IV) isopropoxide and tungsten (V1)
isopropoxide in diglyme and add citric acid and glycol, (2) heat in air to 160 °C to produce a
white powder, (3) calcine the resulting powder at 350-450 °C for 10-50 hrs and finally (4) heat in
a sealed silica tube to 750 °C for 24h with Zr foil to reduce W(VI) to W(IV). This results in the
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synthesis of phase pure rutile Ti;WxO,. (Fig 5) The X-ray domain sizes were estimated to be
about 30- 40 nm from XRD line widths, while the SEM indicated particle sizes from 30 to 100
nm.
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Catalyst Support Interactions

We have also carried out a
preliminary electrochemical characterization
of these materials. In an argon saturated
0.1M H,S0, solution, Tip7W 30, exhibited
a featureless voltammetric profile over the Steelfit  Porous Teflon membrane
potential range of -0.50 to +1.50V (vS Figure 7. Schematic of channel flow dual electrode
Ag/AgCI) indicating that Tig7Wp30, shows DEMS cell.
considerable promise as a catalyst support, since it is electrically conducting, stable at low pH
and stable over the potential range of interest for fuel cell operation.

Additionally, we have prepared and characterized a composite of Pt nanoparticles on
Tip7Wo .30, . Figure 6A shows the voltammetric profile of a rotating electrode decorated with that
composite in 0.1M H,SO,4 solution. It is evident that the response is that expected for a
polycrystalline platinum electrode with hydrogen adsorption/desorption and platinum oxide
formation and reduction regions clearly visible. This material exhibited a stable hydrogen
oxidation current (Figure 6B) with a level of activity comparable to that of commercial Pt nano-
particle catalyst.

---------- Silicone

Catalytic Activity of Oxides

Finally, oxides themselves may be interesting catalysts, perhaps more so for oxygen
reduction than fuel oxidation. There have been scattered reports of such activity in various
oxides under a variety of conditions
(including TiOy, ZrOy, Mo/V
polyoxometallates, Mn, Co, Nb and Ta
oxides, WO3, etc.'**? However, some of
these materials dissolve under acidic
conditions. Can the appropriate metals be
doped into rutile to impart physical and

:'f‘:] :n-;:GC E < _:”_ ﬁ‘ l:\-'z=lb'L; A.; -‘i Ii
chemical stability under acidic conditions, : - aCo PR s AR - A AL

[ ) - f"m; i 0 f B
maintain conductivity and also impart S DIEE ﬂuh“’“ﬂ N
catalytic  activity? Preliminary studies e e—enecll s et St R \“

suggest that the answer is affirmative. This o Evens e
will ooen uo the possibility of acidic fuel Flgu_re 8: (Left panel) Simultaneously rec_orded

P P . 'p y . cyclic voltammogram (a) and corresponding mass
cells that contain little or no precious metals.  spectrometric cyclic voltammograms of CO, at m/z
Further, it is very likely that these same =44 (b), methyl formate at m/z = 60 (c) and
oxide materials will be quite stable in HCOOH oxidation current measured by Pd/C

alkaline conditions, a topic we will visit later, ~électrode (d).(Right panel) Currents from left panel
' plotted vs. time. Scan rate: 10 mV/s. Electrolyte flow

rate: 12 ul/s.
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D. Mechanistic studies

An integral part of our investigations is the study of the mechanisms of oxidation of small
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Figure 9: DEMS data for the
electroxidation of 10 mM DMM on
Pt/C 50%

(a) Faradaic current, mass
spectrometric cyclic voltammograms
for (b) CO, at m/z = 22, and (c)
methyl formate at m/z = 60.

organic molecules (SOMs) that can serve as potential fuels
in fuel cell applications. Of particular utility and relevance
has been the use of differential electrochemical mass
spectrometry (DEMS).>"® This technique can provide a
wealth of mechanistic information by allowing the
correlation of electrochemical data with  mass
spectrometric analysis in-situ and in real time. However,
one of the limitations of DEMS is that a number of key
products/intermediates, especially in the oxidation of
methanol, such as formic acid and formaldehyde, are not
sufficiently volatile for DEMS determination. In an effort
to mitigate this limitation, we recently®® designed a new
channel flow DEMS cell (Fig. 7) that incorporates two
electrodes: a working electrode and a detecting electrode
(Pd/C) that can selectively oxidize HCOOH. Between
these two electrodes is a porous Teflon membrane. CO,
and methyl formate can evaporate through the Teflon
membrane into the vacuum chamber. We can use the mass
spectrometer to detect CO, and methyl formate, and use
the Pd electrode to detect formic acid. Thus, this set-up is
akin to a rotating ring-disk electrode, allowing for the
electrochemical detection of products generated at the first

electrode and that are not amenable to DEMS analysis.

As an example, Fig. 8 shows results for methanol oxidation at a carbon-supported Pt
catalyst studied with this new cell. The left panel in figure 8 presents (a) the cyclic
voltammogram, (b) the CO, signal measured by DEMS, (c) methyl formate generation, also
detected by DEMS, and (d) the formic acid signal measured with the Pd (detecting) electrode.
The right hand panel presents the results in triplicate (as a function of time) demonstrating the

robustness and reproducibility of the system
calculate the current efficiencies and product yields for
CO,, HCOOH, methyl formate and also HCHO, which are

listed in Table 1.

After calibrating the DEMS setup, we can

cell applications, we have carried out a study of the
oxidation dimethoxymethane (DMM) on carbon-supported
Pt nanoparticles (Pt/C) using electrochemistry, DEMS and
FT-IR. DMM has several attractive properties for use as a
fuel in direct fuel cells.

Products effigil:errzg;lt(%) ;:acl)ccij L(Jt;ot)
co, 91 81
In an effort to expand the range of fuels for fuel HCOOH > 3
HCOOCHg;4 2 3
HCHO 5 13
Table 1. Current efficiencies and
Its complete oxidation to CO: ﬂg‘é”g‘CHys'e'dgnd” Sgﬁ’o Hcﬁg:g’

yields 16 electrons, compared to the 12 obtainable from
ethanol. It also has no C-C bonds, which are difficult to
break, especially near room temperature, and lead to low
efficiencies for complete oxidation to CO..
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The onset for DMM oxidation is 150 to 200 mV more negative than that of methanol;
though its oxidation kinetics appear to be slower. With DEMS, we have tracked the formation of
CO, via CO,™", at m/z
= 22 (Figure 9). The

l log(Z2) = 0.01 (a) (b) .
s mass  spectrometric
850 a5 cyclic voltammogram
890
830 g (MSCV) for CO;
e L. T showed a 2 to 3 fold
o = ) greater current in the
% £ 0 2 positive going sweep
M__/\’__,,_____‘ g | ey @ e 2 . .
e gl (© ~w t¥ relative to the negative
M——*———’\———-—‘N———-’ 4 -
[ O ot U SCE—— 3, Yo, M going Sweep.  The
[ - 170 3 el o .
- 110 BT additional current is
1200 1600mve!‘ui(:(:")(cm'1) 2400 2800 € " 02 [ M imae . : aag 2 oas o] 12 Ilkely due to OXIdatIVE
E (V) va RHE stripping of adsorbates
DMM H,CO MF CO  CO, formed at low
Figure 10: (a) FT-IR data for the electrooxidation of 50 mM DMM on P/C 50%  potentials. FT-IR data
at 1 mV/s, showing peaks for CO,, COqqs, methyl formate (MF) and (Figure 10) revealed

formaldehyde production as well as a peak for DMM consumption; (b) Faradaic

current; (c) integrated intensities for the bands of the major products. that a-top and b”dge_

bound CO are formed
as adsorbates on the catalyst surface.

For 10 mM DMM, current efficiencies for CO, production ranging from 55 to 80% were
observed. The variability is likely due to differences in the residence time of partial oxidation
products near the catalyst, which could vary if the distribution of particles on the surface differs.

Methyl formate (MF) can be observed as an important partial oxidation product via its
molecular ion, at m/z = 60. The MSCV for MF shows preferential production at lower potentials,
and peak production about 90 mV more negative than
CO,. The infrared spectra also show a peak at 1716 cm’ = Paan

12000 <

! which may be attributed to the carbonyl stretch of MF. 110004
It is possible that formic acid also contributes to this oot
peak, as its carbonyl stretch is within a few iy
wavenumbers of that of MF. With the DEMS cell used
in this work, formic acid cannot be detected directly,
due to its relatively low vapor pressure. We plan to test
DMM in the newly designed channel flow cell

Relative Intensity, cps

.
T T i T T T T

described earlier (vide-supra), and use a Pd detector ¥ womendeg e
electrode to determine whether formic acid is produced.  Figure 11: X-ray GID of PtBi subjected
A peak in the IR spectrum at 1435 cm™ could indicate  to different applied potentials.

that formaldehyde is also formed. We feel confident

that these mechanistic studies will provide most valuable insights to catalysts development.

E. Surface characterization:
Our surface characterization methods have emphasized the use of in-situ X-ray-based techniques
and ex-situ ultrahigh vacuum (UHV) methods coupled with electrochemical characterization.
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cvemat renmane aomane X-FAY DAsed studies: As we have articulated in the
. past, PtM (M = Bi, Pb etc.) intermetallic compounds
are very promising electrocatalysts for the oxidation
of small organic molecules. In previous ex-situ X-ray
Photoelectron  Spectroscopy (XPS)* and X-ray
Grazing Incidence Diffraction (GID)** experiments
we have shown that surface composition and structure
will be significantly altered as a function of the
Figure 12. Scheme for formation of Pt nano-  aPplied potential. The less noble metal (Bi or Pb) will
crystalline islands on PtBi surface. leach out from the electrode surface and a Pt-rich
surface will be formed at relatively high potentials (ca.
+0.80~+1.0V vs. Ag/AgCl). When the potential applied to a PtBi electrode in contact with a
0.1M sulfuric acid solution was continuously increased from +0.40V to +1.20V, Bi leached out
from the electrode surface. The remaining platinum
atoms sintered together to form small crystalline domains °5§E
on the electrode surface. A detectable Pt(111) diffraction 20
shoulder peak was evident for potentials beyond +0.80V 20000 ]
(Fig.11). Based on the width of the reflection and through £ wsi"
the use of the Scherrer equation, the Pt crystalline domain
was estimated to be ca. 5~8nm. Further potential cycling o
gave rise to some “ripening” resulting in larger Pt islands e P
(Fig. 12). PtPb intermetallic electrodes showed very pog -

— fresh electrode

——E_ = 4oV
E_ = +h.BOv

—E =120V

Ralative Intensity (a.u.)

similar behavior and trends to PtBi. ) 20(deq)
When a PtBi electrode was subjected to a similar ~ Figure 13: X-ray GID of PtBi in the
applied potential profile, but in the presence of 0.2M  Presence of malonic acid.
formic acid/0.1M sulfuric acid, Bi leaching was precluded and no detectable Pt diffraction peak
was evident even at potentials as high as +1.0V. However, in the presence of 0.2M
methanol/0.1M sulfuric acid, the surface degradation process (Bi-leaching and formation of
platinum nanocrystals) was very similar to that in the presence of sulfuric acid alone. We
believe that this behavior arises from a kinetic stabilization of the PtBi surface in the presence of
molecules that can serve as fuel. For example,
while PtBi is very active towards formic acid
Bi,0; crystalline oxidation it has virtually no activity towards
structure “S0nm methanol oxidation. As a result, the oxidation
of formic acid can “consume” the oxidizing
equivalents generated at high applied

potentials. Since the PtBi surface exhibits no
catalytic activity towards methanol oxidation,

Figure 14: X-ray Grazing Incident Diffraction (GID) the oxidizing equivalents go towards surface

2
b4
&
2

0.1M Sulfuric Acid

investigation for PtBi electrode before and after oxidation of PtBi with the concomitant
electrochemical pretreatment in 0.1M sulfuric acid. leaching of Bi.
Schematic depiction of the formation of a Bi,O3 An alternative explanation is that

foorvng\rljgvaec":'id adsorbs strongly to the PtBi surface and this, in turn, stabilizes the surface. In order

to test for this possibility we employed malonic acid which can be adsorbed but PtBi exhibits no
electrocatalytic activity towards its oxidation. As shown in Figure 13 there was no stabilization,
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indicating that this “kinetic stabilization” effect depends on the ability of the electrode surface
(PtBi ion the present case) to oxidize the molecule in question.

Most recently, we have carried out studies for PtBi in 0.1M H,SO, in which rather than
sweeping the potential, we have held the potential constant at increasingly more positive values.
In this case we see no evidence of formation of Pt nanocrystals (no reflections due to Pt) but
rather peaks associated with the formation of a Bi,O3 layer (Figure 14) which we estimate to be
about 50 nm in thickness. Similar results were observed in perchloric acid, suggesting that anion
adsorption is not likely to be responsible for the observed effect. It is also interesting to note that
surfaces in which the Bi had been leached out (via potential scanning) vs surfaces with a Bi,Os
overlayer (generated by holding the potential) exhibited very similar electrocatalytic activity.

Self-Assembly and Meso-Structured Electrodes

A major challenge in fuel cell systems is the optimization of the mesoscale structure of
the electrodes. In order to be electrochemically active, each catalyst particle must be connected
to three interconnected percolation networks that provide electronic conduction, ionic conduction
and open porosity for
fuel/oxidizer/product
ingress and egress. In a
method derived from paint
formulations, the current
technology just uses an
empirical blend of catalyst
support  with  attached
catalyst and Nafion with
sufficient solvent to leave
pores when the solvent is
removed. The  support b .
material forms the scaffold Figure 15
for the pores and must have
a proper particle morphology and connectivity that is robust enough to do so.

We are applying the structure-directing properties of block co-polymers to determine the
chemical systems and processing procedures that will eventually allow the preparation of
electrodes in a “one-pot self-assembly process” that could replace the current “paint on”
procedure. This is a major challenge indeed. We are approaching this challenge in a step-wise
process that first builds in a subset of the required networks and properties, in an effort to learn
what chemistries will be able to perform all the desired functions. To build in some of the proper
functionalities, we have first exploited di-block copolymers, and have just begun working with
tri-block systems that have the potential to form and organize all three percolation networks at
once.

We have applied block copolymer structure-directing properties to two classes of
materials for fuel cell electrodes: mesoporous metals, e.g., Pt and mesoporous metal oxides, e.g.,
Nb,Os, TiO,, WO3. These materials are known to be stable under fuel cell conditions (low pH,
applied potential) and can be mesostructured through block copolymers to provide high surface
areas with accessible pores (5-50 nm) for the fuel/oxidant to travel to the catalyst nanoparticles.
Such materials are synthesized by selectively swelling the hydrophilic block of an amphiphilic
block copolymer with hydrophilic nanoparticles of the desired material.
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{&/‘}(\}; H{I“‘E the ligand design (Fig.
AV S o 15A), we have
il - "'t_]["“'-ﬂ successfully made

I--"' al -y -
hydrophilic ligand-
50°C  700%C , stabilized Pt nanoparticles
'-j' J‘- (Fig. 15B) that co-

e = By
¥ ankant

assemble with the block

copolymer™ (Fig. 15C) to

Figure 16 form metal-rich

mesostructured  hybrids

with high metal loadings (Fig. 15D). Heat treating this organic-inorganic hybrid under an inert

environment (a method developed in our group called the combined assembly by soft and hard

chemistries)®® produces an ordered mesoporous Pt—-C composite (Fig. 15E).” The carbon is

removed through an Ar-O plasma or acid etch to produce an ordered mesoporous Pt

mesostructure (Fig. 15F). This material shows promising results for use as the electrocatalyst for
hydrogen oxidation in PEMFCs.

Current research and future directions are to extend this work by exploring the design of
new ligands for simpler synthesis, making other mesoporous metals for higher cost performance,
and to make other ordered morphologies such as bi-continuous structures that may provide even
better charge transport and improved fuel accessibility than two-dimensional porous
morphologies.

i) Mesoporous Metal Oxide In a one-pot
approach, we can mix in metal oxide precursors and 5]
metal catalyst precursors (e.g., Pt and Pb) with the
block copolymer to achieve self assembly after :
evaporation of solvents. Appropriate heat treatment
leads to a mesoporous metal oxide structure with
the Pt-Pb nanoparticles decorating the walls of the ]
mesopores (Fig. 16).** Formic acid electro- P < S
oxidation using this novel material shows four times N w"“ilmeo%‘"”‘“ e
higher mass activity and lower onset potential than ) “’”“““_l o )
the previously best reported value of PtPb Figure 17. Relative selectivity of Nafion
intermetallic nanoparticles supported on carbon. and silica nanoparticles

<ok

nanocomposite membranes based on clay

Nanocomposite Membranes

An integral part of fuel cells is the electrolyte, whose function is to maximize ionic
mobility, while often providing the structural support of the electrodes as well as impeding cross-
over of the fuel or any contaminants. A big challenge still facing the scientific community is to
engineer an electrolyte material that fulfills the above requirements and that is inexpensive and
endures the aggressive fuel cell environment for a long period of time. Furthermore, fuel
(hydrogen, methanol, etc.) can permeate the membrane to react at the cathode (so called *“cross-
over”) without producing electricity and thus lowering the overall efficiency. Crossover
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contributes to loss of fuel and generates a
mixed potential at the cathode leading to
lower overall performance.

We have completed a project that
explored nanostructuring as a new design
paradigm to synthesize a next generation of
fuel cell membranes.®* Using various
inorganic nanoparticles including clay as our
nanostructuring elements, we have already
demonstrated nanocomposite membranes with
dramatically improved performance compared
to pure Nafion. Well-dispersed, mechanically
robust membranes were prepared by casting  rigure 18. SAXS profiles for Nafion (top) and clay
from a water suspension at 180°C under  nanocomposite (bottom)
pressure. The nanocomposite membranes are
much stiffer (by as much as one order of magnitude) and can withstand much higher
temperatures; up to 200 °C. In addition, the nanocomposite membranes are much more robust
and swell noticeably less in either water or methanol (factor of 10). Lastly, the selectivity (ratio
of conductivity over permeability) of nanocomposite membranes is better than that of pure
Nafion (Figure 17) by as much as a factor of five. Note that the selectivity of clay based
nanocomposites is much better from those based on silica nanoparticles. A small decrease of
ionic conductivity for the nanocomposite membranes is more than compensated by the large
decrease in methanol permeability.

Small Angle X-ray Scattering profiles reveal a preferential orientation of Nafion chains
parallel to the membrane surface, or normal plane (Fig. 18). This preferred orientation is induced
by the platy nature of the clay nanoparticles, which tend to align parallel to the surface of the
membrane. Orientation is absent in the pure Nafion where the samples appear isotropic. As the
concentration of nanoparticles increases, the ionomer peak shifts to higher q values suggesting
that the ionic domains compress due to the presence of the nanoparticles.

Nanostructuring is thus a viable approach to dramatically improve the performance of a
fuel cell membrane. An outstanding issue, however, is the decrease in ionic conductivity at low
relative humidity, RH. The hybrid membranes show the same RH dependence on conductivity as
pure Nafion. Since Nafion will have to be replaced to operate at higher temperatures, we will
now pursue different directions in our future work. Note, however, that the properties of any
ionically conducting polymer membrane can likely be improved by the nanostructuring methods
developed in this effort.

Transverse

Theory:

We have carried out computational studies in an effort to understand, from basic
principles, the reactivity and physicochemical properties of the electrocatalytic systems that we
have developed. Such continued studies will, in turn, provide valuable insights and clues for the
design of better performing, even revolutionary catalyst materials. For example, in order to
explain the diminished CO poisoning effects for intermetallic catalysts, we studied the
chemisorption of CO on pure Pt and Pt-Pb>* and Pt-Bi*’ ordered intermetallic surfaces. Density
functional and extended Huckel calculations for Pt-Pb show a lower binding energy of CO on the
PtsPb(111) intermetallic surface compared to pure Pt(111)°" We observe that the filling of the

CFCI Final Report 12



DE-FG02-03ER46072 DOE/O3ER46072-3
Cornell Fuel Cell Institute (CFCI): Materials Discovery to Enable Fuel Cell Technologies
A continuation of "An Advanced Materials Approach To Fuel Cell Technologies”

high-lying surface Pt orbitals (0001) increases with higher
Pb content affecting the Pt-CO interaction when moving
from Pt to the Pb-containing intermetallics. Similar effects
are observed by extended Hickel calculations for PtBi and
PtBi, intermetallics.”’

More recently, we studied the doping of rutile, TiO5,
with W, because of the potential of the doped material as a
stable catalyst support.® We find that W-doped TiO, is
metallic at both high and low doping levels with the W(5d)
states dominating the electronic structure near the Fermi
level. A Peierls-like distortion leads to pairing of the W
atoms in W-rich systems. Lattice parameters match well

Figure 19. Example of application of with the experimental results.

JDFT approach described in text: CryO3 In another study we examined the potential bond-
in solution with an adsorbed chloride ion  preaking of cyclopropane on the metal surfaces Ti(0001),
(left panel) and proton (right panel): Cr(110), Fe(110), Co(0001) and Pt(111).>* While we did

Cr03 electron density (light blue not find C-C bond activation for this strained molecule on
surfaces), implicit solvent density (dark

blue background), positive and negative any _of th_e metal_ surfaces, we obse;rved dissociative
induced solvent charges (red and green chemisorption on Ti(0001), not by breaking C-C bonds but
surfaces, respectively). through hydrogen abstraction.

On a second front, we have made significant
advances addressing the problem that, with standard density-functional methods, realistic
electrochemical calculations are not practicable. Such studies are difficult because the random,
thermal nature of the solvent environment requires, in principle, the sampling of many
configurations of a large number of solvent molecules and ions to properly capture solvation
effects. To address this, we have developed a novel ab initio approach, the joint density-
functional theory (JDFT) method****#, for dealing with solid surfaces in contact with liquid,
solvent environments. Figure 24 illustrates the basic concept. The idea is to replace, in a fully
rigorous and, in principle, exact way, all of the quantum mechanical and random thermal
configurational details of a solvent environment with a relatively simple continuum description,
while maintaining a completely first principles description of the system or solute under study.
Figure 19 shows the power of this approach to capture screening and chemical solvation effects,
showing how chloride ions remain on the oxygen-terminated surface of Cr,O3 in contact with a
solution whereas hydrous oxide bonds are destabilized by dielectric screening and the protons
come off into the solution. The formalism works by extending the combination of Mermin's
nonzero temperature™® and Capitani's mixed species formulation of density functional theory™?°
to prove that the free energy of a system of nuclei and electrons (i.e., the material surface,
including any chemisorbed species) in equilibrium with a solvent environment is given exactly
by the following variational principle

A= min {Fks[n(r)] + Aig[N(r, s)] + Uln(r), N(r, )]}
n(r),N(r,s)
where n(r) is the quantum and thermodynamically averaged electron density of the surface at
position r, N(r,s) is the likewise averaged density of the nuclei of atomic species s of the solvent
at position r, Fgs is the traditional electronic-structure Kohn-Sham density functional for the
surface or solute under study while in isolation, Ajq is the so-called "classical” continuum
density-functional theory of the solvent system while in isolation, and U is the coupling between

121-124
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these systems. The key advance is that neither explicit averaging over many random
configurations of the solvent molecules needs to be computed nor their electrons included in the
calculations, either of which would become extremely demanding computationally. Of course,
as mentioned above, when species from the solvent react chemically with the surface, they can
always be included in the explicit electronic density-functional theory calculation, as with CI
and H" in Fig. 19.

We have had great success with this approach and continue to develop it rapidly. In Ref.
121, we showed that a simple combined form for A;q and U, with a single fit parameter,
reproduces the solvation energies of a small set of test molecules in pure water to within 0.4
kcal/mol with a computation demand that is only marginally higher (less than a factor of two)
than treating the solute in vacuum, and far less demanding than a full quantum and
thermodynamic treatment of the solvent. In Ref. 122, we went further and showed that direct
approximations to Ajiq and U can predict solvation energies to again better than 1 kcal/mole,
without fitting to any solvation energies whatsoever. More recently, in Ref. 123, we developed
the first practical interaction-site density-functional framework for Ajiq; which accounts, a priori,
for orientational entropy and non-linear dielectric effects in molecular fluids. And, in Ref. 124
we have developed the first density-functional continuum description for liquid water which
reproduces the following properties: the dielectric response (nonlocal and nonlinear); the
experimental site-site correlation functions among H and O centers; the surface tension; the bulk
modulus of the liquid and the variation of this modulus with pressure; the density of the liquid
and the vapor phase; and liquid-vapor coexistence. This functional therefore includes, a priori,
the most important properties of water that are generally added a posteriori in the development
of continuum models of solvation.
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