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ABSTRACT: We have adapted the two-phase Brust method to synthesize
large quantities of AuPd alloy nanoparticles with diameter of 1.86 ± 0.40
nm. When the particles were spread at the air/water interface of a
Langmuir−Blodgett (LB) trough, they exhibited a distinct pressure area
isotherm curve. The X-ray reflectivity (XRR) shows the formation of an
incompressible monolayer with uniform thickness of 1.16 ± 0.02 nm at low
pressures which collapses to form a second layer with 2.13 nm thickness at
higher pressures. High resolution transmission electron microscopy
(HRTEM) imaging of the monolayer indicates that the particles are
highly crystalline, with well-defined atomic planes and self-assembly into a
hexagonal structure. Extended X-ray absorption fine structure (EXAFS)
analysis of the LB lift-off films only shows Au−Au and Au−Pd
configurations, consistent with the formation of random alloy rather than
core−shell structure. When the particle monolayer was lifted onto the Nafion membrane of a proton exchange membrane fuel
cell (PEMFC), a maximum power output of 0.54 W/cm2 was obtained with a Pt loading of only 0.15 and 0.05 mg/cm2 at the
cathode and anode, respectively. This represents a 15% enhancement, which persists even after 30K cycles, relative to a
membrane electrode assembly (MEA) using a noncoated membrane. Density function theory (DFT) modeling of the
hexagonally packed platelet nanoparticle alloy structure deposited on Nafion predicted that the SO3 functionality serves a
similar function to metal oxide supports in reducing the activation barrier for the CO oxidation reaction. This was confirmed by
measuring the power output of a PEMFC when 0.1% CO was mixed either into the input H2 stream at the anode or with O2 at
the cathode. In the uncoated MEAs, a significant decrease of 72% and 61% was measured when CO was introduced at the
anode and cathode, respectively, while MEAs with coated particle membranes only experienced a decrease of 21% and 17%,
respectively. These results indicate that a synergy can be established between the nanoparticle platelets and the surface of the
Nafion membrane, which can produce CO resistant PEMFC, that could operate at ambient temperatures on impure, but
abundant hydrogen gas such as those produced by reformate or electrolysis processes. The availability of inexpensive H2 opens
opportunities for gas distribution and greatly facilitates the commercialization of PEMFCs, which will conform to the ambitious
goals set by the Department of Energy (DOE) for 2020.
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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are an area
of active research due to their ability to perform at low
temperature with relatively high efficiency and provide an
environmentally sustainable alternative to fossil fuel power
generation.1−5 However, the major drawback of the technology

is the platinum catalyst present at the cathode and anode
electrodes.6−9 Pt is costly and extremely vulnerable to the
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poisoning by carbon monoxide, where as little as 25 ppm can
reduce its efficiency by nearly 50%.10,11 CO poisons the Pt
catalyst by occupying the catalytic sites through the formations
of Pt−CO bonds, which interfere with the Pt−H2 catalysis.

12

To minimize the poisonous effect or event to remove CO,
strict PEMFC operation conditions must be obeyed, such as
ultrahigh pure hydrogen gas supply and over 100 °C operation
temperatures (where the removal of residue CO via oxidation
can occur),13−15 etc. However, both major conditions are
unlikely to be satisfied in reality. High purity hydrogen can be
generated via electrolysis, where the cost and environmental
impact of electricity must be considered.16,17 Reformate
hydrogen, which is far less costly and easily available, is
produced predominantly via steam reforming from hydro-
carbons with a few percent of CO, as a byproduct via the
reaction like CH4 + H2O → 3H2 + CO.18 Reduction of CO to
ppm level requires multistep purification, which significantly
drives up the cost of production.19−21 Operation of the fuel cell
above 100 °C where CO oxidation becomes favorable is also
not practical, since it causes dehydration of the Nafion
membrane, which is still the most competitive of the
commercially available membranes for PEMFCs. The hydra-
tion followed by dehydration is shown to produce shape
changes in the membrane, which, being confined in the tight
space between the gas diffusion layers, exerts complicated
stress patterns on the MEA, generating through-plane crack
formations and shortening the useful lifetime of the fuel cell.22

Fortunately, an alternative solution,23,24 based on the
synergistic effect between metal catalysts and metal oxide
supports, has been brought up to enable efficient removal of
CO through oxidation at a possibly lower temperature. In this
case, the CO oxidation barrier is reduced with promoted
catalytic turnover frequency, which eventually accelerates the
reaction at the operational temperature range of PEMFCs. For
example, Boccuzzi et al.23 used 18O2 and

16O2 to demonstrate
the reaction pathway of CO oxidation when gas was flowed
through the TiO2 substrate coated with Au nanoparticles at
room temperature. They emphasized that the oxygen present
in the gas reacts with catalytically activated CO anchoring on
the borderline of the Au nanoparticles (NPs), which oxidize
the CO to CO2. Later other groups demonstrated the
generality of this principal to other metal oxide supports
including CeO2,

24,25 Al2O3,
26,27 or FeOx.

28,29 Green et al.30,31

further explained this effect by predicting a construct where the
Au NPs were oblate discs whose lattice planes formed stepped
interfaces at the contact line with the TiO2 substrate. The
direct involvement of the Au−Ti4+ dual perimeter sites was
proven by the transmission IR spectroscopy data. The
interfacial steps serve the perimeter sites for the adsorption
of reactant O2 while it is activated as a result of charge transfer
from the Au into the antibonding O2, causing di-σ interactions
with interfacial Au−Ti4+ sites, thereby reducing the activation
barrier and facilitating the CO oxidation process. Even though
this catalytic pathway has been proven theoretically promising
as a solution of the CO problems in PEMFCs, it is relatively
difficult to implement since the deposition of the catalyst layers
usually requires either even higher temperatures than 100
°C,32,33 or sophisticated electrochemical procedures,34,35 which
might still damage the Nafion membrane and could not
guarantee a uniform platelet film.
In a previous publication,36 we described a new, facile

method for the deposition of a uniform layer of Au
nanoplatelets, with adjustable particle spacing, onto Nafion

membrane at room temperature using the Langmuir technique.
In the present manuscript we further explore the impact of
bimetallic alloy NPs which can potentially be tuned to further
increase the enhancement of membrane electrode assembly
(MEA) performance. Pd was chosen as the ideal alloying metal
component with Au, since we had previously demonstrated
that nanoparticle platelets could be produced using the Brust
method,37 and Yan et al.38 had reported that bimetallic AuPd
alloy clusters were even more efficient in the electrocatalysis of
the oxygen reduction reaction (ORR) than pure Au or Pd NPs.
Here we show that direct contact of AuPd NPs with the Nafion
membrane can also provide active catalytic sites for the CO
oxidation during fuel cell operation, as described previously for
single metal NPs.36 The results obtained from an MEA with a
membrane coated with AuPd alloy NPs using this technique,
showed a significant enhancement of the output power,
especially when 0.1% CO was added into the hydrogen input
stream. DFT calculations suggest the distinct CO oxidation
pathway through synergistic interaction of interval optimized
AuPd NPs with the SO3 groups on the Nafion side chains,
facilitating the oxidation of CO at room temperature. The
results establish for the first time the utility of the CO
oxidation catalysis model in the operation of hydrogen fuel
cells. Furthermore, testing the MEA under controlled temper-
ature, pressure, and humidity conditions indicates that the
increased resistance to CO poisoning can translate directly into
increased durability of the MEA, as determined under DOE
2020 testing protocols.

2. EXPERIMENTAL SECTION
Materials. All chemicals were analytically pure and used

without further purification. Potassium tetrachloroaurate
(KAuCl4), potassium tetracholopalladate (K2PdCl4), tetraoc-
tylammonium bromide (TOABr), 1-dodecanethiol, sodium
borohydride (NaBH4), toluene, and 2-propanol were all
purchased from Sigma-Aldrich. Ethanol was purchased from
PHARMCO-AAPER. Nafion 117, Nafion HP, Pt/C (40 wt
%), and an electrode of 0.1 mg/cm2 Pt loading were purchased
from Fuel Cell Etc. Nafion ionomer solution (5 wt %) was
purchased from Ion Power Inc. H2 (prepurified, 99.99%), O2
(zero grade, 99.8%), N2 (zero grade, 99.998%), and air (dry,
20−22% O2) were purchased from Airgas Inc. The 3% CO in
H2 was purchased from Air Liquide (diluted to 0.1% for CO
test).

Synthesis of AuPd NPs. AuPd and, for comparison, Au
(or Pd) NPs were synthesized through the two-phase method
developed by Brust et al.,37 which has been shown to produce
spherical thiol-stabilized particles. This method relies on place
exchange kinetics where thiol stabilization and ion agglomer-
ation from the metal salts compete in forming the particles.39

Since the kinetics are a function of multiple parameters, they
can differ for Au and Pd salts, and, hence, the ratio of the two
elements in alloy particles is difficult to determine a priori
simply from the stoichiometry. We therefore experimented
with different ratios of the salts in the synthesis of the alloy
particles and then measured the resulting ratio of the elements
in the particles. In Figure S1, we plot the performance obtained
for the different ratios, where we find that even though the
differences between the compositions were small, the 1:1 ratio
of the salts in the synthesis (which yielded 2:1 AuPd particles,
Table S1) yielded optimal performance and were therefore
used exclusively, denoted simply as AuPd NPs unless otherwise
specified, in this Article. For the synthesis of AuPd NPs, an
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aqueous solution of KAuCl4 and K2PdCl4 (0.55 and 0.55
mmol, respectively; or 1.1 mmol of KAuCl4 for Au NP
synthesis, or 1.1 mmol of K2PdCl4 for Pd NP synthesis) in 36
mL of H2O was mixed with a solution of TOABr in toluene
(4.8 mmol in 96 mL of toluene). The two-phase mixture was
vigorously stirred until all the tetrachloroaurate (AuCl4

−) and
tetracholopalladate (PdCl4

2−) [or tetrachloroaurate (AuCl4
−),

or tetracholopalladate (PdCl4
2−)] were transferred into the

organic layer. Then 2.0 mmol of 1-dodecanethiol was added
into the mixture. A freshly prepared aqueous solution of
NaBH4 (12 mmol in 20 mL of water) was added slowly under
vigorous stirring; the organic phase at the top layer changed
color from orange to deep brown within a few seconds. After
stirring for 3 h, the organic phase was separated and
evaporated to 5 mL in a rotary evaporator. Then the 5 mL
concentrated solution was mixed with 200 mL of ethanol to
remove excess thiol, and dark brown precipitate was formed at
the bottom after storing in a refrigerator at 4 °C overnight. The
precipitate was centrifuged and washed with ethanol three
times. It was then dried in a vacuum desiccator for 2 days.
Particle Characterization. The diameter of the particles

was measured using dynamic light scattering (DLS), and,
assuming a spherical shape, found to be 2.61 ± 1.13 nm for
AuPd NPs. The particles were also drop cast on the TEM grid
and obtained an average diameter of 2.02 ± 0.56 nm (Figure
S2).
The X-ray diffraction (XRD) analysis was performed on

powder samples of the synthesized AuPd NPs and, for
comparison, Au NPs using a Rigaku Miniflex diffractometer,
operating in the Bragg configuration with Cu Kα = 1.54 Å
radiation.
X-ray fluorescence (XRF) spectroscopy was performed on a

Niton XL3t GOLDD+ hand-held XRF instrument (Thermo
scientific) using Niton data Transfer software version 8.4.1.1.
All samples were tested in general metals mode to get a more
accurate result on the gold and palladium nanoparticles in both
atomic percent (atom %). Spectra were analyzed using Niton
software version DEV 8.4.1.1.
X-ray Absorption Spectroscopy (XAS) Measurements.

For monometallic Au and Pd, and bimetallic AuPd particles,
the measurements were performed at ambient conditions in
fluorescence mode at Stanford Synchrotron Radiation Light-
source (SSRL) beamline BL2-2 in SLAC National Accelerator
Laboratory, and Advanced Photon Source (APS) beamline 5-
BM in Argonne National Laboratory at L3-edge of gold (11.9
keV) and K-edge of Pd (24.3 keV). For XAS measurements
Langmuir−Blodgett (LB) films were stacked together and fixed
with adhesive tape.
AuPd NP Film Fabrication. The NP film was prepared

using a KSV 3000 Langmuir−Blodgett trough (KSV Instru-
ments). A 1 mg/mL AuPd NPs in toluene solution was
prepared and sonicated for 30 min before use. Nafion
membrane was immersed into the water on the LB trough
before NP addition. A 200 μL portion of as-prepared NP
solution was then carefully spread onto the surface of water by
a glass syringe. For the evaporation of toluene solvent, 10 min
were used. The barrier moved at a speed of 5 mm/min to
compress the NPs on the air/water interface until it reaches
the target pressure. Nafion membrane was then lifted at a
speed of 2 mm/min by the dipper until the membrane is
completely out of the water.
Particle Film Characterization. TEM and energy

dispersive X-ray spectroscopy (EDS) analytical data were

performed on a JEOL 1400 instrument at an acceleration
voltage of 120 kV. High resolution TEM (HRTEM) images
were obtained using a JEOL 2100 instrument at 300 kV. X-ray
reflectivity (XRR) measurements were performed on a Rigaku
Ultima III XRR instrument.
To prepare the cross-sectional TEM sample, AuPd NPs were

lifted on a silicon wafer at the surface pressure of 5 mN/m by
Langmuir technique first, and then the TEM lamella was
prepared using the standard in situ focused ion beam (FIB)
lift-out method on the Helios Nanolab 600 instrument with
final Ga ion milling performed at 2 keV. The images where the
AuPd appears black were acquired in BFTEM (bright field)
mode, and images where the particles appear white were
acquired in STEM mode with our HAADF detector. The TEM
used was the an FEI Talos 200 keV instrument.

Preparation of Catalyst Layer and MEA Fabrication.
The homogeneous catalyst ink was prepared by stirring a
mixture of Pt/C, Nafion ionomer, and 2-propanol with a mass
ratio of 3:2:150. The catalyst ink was air brushed onto the
carbon paper with microporous carbon on a hot stage at 90 °C
with a Pt loading of 0.15 mg/cm2 for the cathode and 0.05 mg/
cm2 for the anode. Then the MEA was made by hot-pressing
the two carbon papers with Nafion HP membrane with or
without coating under the condition of 4 MPa at 130 °C for 1
min.

Evaluation of Single Cell Performance and Durability
Test. The single cell performance and durability were
evaluated on a fuel cell test station purchased from Fuel Cell
Technology, using only Nafion HP membrane. The polar-
ization curves were measured in H2/air atmosphere at 60 °C
and 100% relative humidity (RH) under the backpressure of
150 kPaabs with the flow rate stoichiometric ratios being 1.5
and 1.8, respectively. For the calculation of the mass activity,
the polarization curves were also measured at 80 °C in H2/O2
atmosphere, 100% RH with the backpressure of 150 kPaabs and
stoichiometry being 2 and 9.5, respectively. After the I−V
curve was recorded, the cathode was purged with N2. The
accelerating stress test (AST) was performed on a potentiostat
(Biologic P200) by sweeping potential between 0.6 and 0.9 V
at a scan rate of 50 mV/s to investigate the durability of MEAs.
The AST measurements were performed in H2/N2 atmosphere
at 80 °C, 100% RH, atmospheric pressure, and the H2 flow was
fixed at 200 sccm, while the N2 flow was 75 sccm. I−V curves
were recorded after different numbers of cycles.

Demonstration PEMFC Kit. The tests described here were
conducted using the 16 cm2 single stack H-TEC EDUCA-
TION, GmbH (Luebeck, Germany) F107 Demonstration
PEMFC kit, with a specified maximum power output at room
temperature of 200 mW. Nafion HP membranes were not
stable in this station, and hence only Nafion 117 membranes
were used. The membranes were sandwiched between a 16
cm2 electrode at a Pt loading of 0.1 mg/cm2 and hydrated by
immersion into deionized (DI) water for at least 5 min before
assembly. The MEA was press fit together with uniform
pressure applied to a four-point screw assembly. The fuel cell
test was accomplished using a test station assembled in our
laboratory. An electronic load was used to record the
performance data. The gas flow rate was controlled by an
analogue flow meter which was calibrated relative to a digital
flow meter and used to monitor the gas flow speed. The
optimum H2 flow rate was first determined and found to be 80
ccm (cm3/min, 25 °C, 1 atm) regardless of whether the
membranes were coated or not.
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Computational Method. Vienna ab initio simulation
package (VASP)40−44 with projector augmented wave
method45,46 was used for all the calculations, and the
Perdew−Wang functional (GGA-PW91) within the general-
ized gradient approximation was used to describe exchange-
correlation effects. The cutoff energy was 500 eV, and
convergences of energy and forces were set to 1 × 10−5 and
0.01 eV/A, respectively. A γ-point sampling was used for the
unit cell. All the atoms in cluster and adsorbates are fully
relaxed. The transition states were searched by climbing image
nudged elastic band method (NEB) method in VASP
(VTST).47

3. RESULTS AND DISCUSSION
Formation of Alloy Platelet Particles. The XRD spectra

of AuPd and, for comparison, Au NPs, and the determined
lattice parameters and crystallite sizes are represented in Figure
S3 and Table S2, respectively. The broad peaks corresponding
to Au (111) and Pd (111) reflections in the XRD spectra
showed that both samples are with a very fine nanocrystalline
microstructure. One can see that the maximum of the peak in
the AuPd spectra is slightly upshifted in respect of the peak
position of the pure Au (111), and the lattice constant
obtained, a = 3.94 Å, is intermediate between the values of Au
and Pd, 4.08 and 3.89 Å, respectively, in agreement with the
value obtained by Kaiser for a 2:1 AuPd alloy, where a linear
relationship with increasing Au concentration was reported.48

The crystallite size was calculated from the XRD spectra using
the Sherrer equation, and the value calculated, 10.1 Å,
indicated that the AuPd nanoparticles consisted of at most
two crystallites. This value is consistent with the TEM results,
where we obtained an average particle diameter of D = 2.02 ±
0.56 nm, and inspection of the HRTEM images showed that
the individual particles are composed of one or two single
crystalline orientations.
To confirm the composition of the AuPd NPs we performed

XRF analysis. The XRF spectrum of the AuPd NPs powder
sample is presented in Figure S4, and the estimated values for
the Au and Pd in atom % are summarized in Table S3. The
XRF results showed that the atomic ratio between Au and Pd
in the AuPd NP samples of interest is 62:37 which is close to
2:1, and in agreement with our findings from the TEM−EDS
analysis.
The pressure−area isotherm curve obtained when a solution

of AuPd NPs was spread at the air/water interface on a
Langmuir−Blodgett trough is shown in Figure 1. A schematic

of the particle arrangement corresponding to the reported
surface pressures, as deduced from the TEM images of films
lifted onto TEM grids (Figure S5), is proposed along with the
curve. We notice that even at low surface pressure of 2 mN/m,
the particles are technically not a “surface gas” state, but rather
have formed patches of an incompletely organized membrane.
Increasing pressure to 5 mN/m brings the “patches” together,
filling the empty regions at the air/water interface and fusing
them to form a uniform and incompressible film, which
collapses with further pushing the pressure to 10 mN/m.
Figure 2a shows the TEM image of the film lifted at 5 mN/m,
where the mean particle diameter is analyzed as 1.86 ± 0.40
nm, with a uniform spacing of 1.80 nm between particle
perimeters (Figure 2b). In Figure 3a we show high resolution
TEM (HRTEM) images of the same sample, where we see
well-defined atomic planes in the majority of the particles,
indicating high crystallinity of as-prepared particles. Figure 3b
is an image of even higher magnification of a typical particle,
where we see that the crystal structures extend to the particle
perimeter with no observable amorphous regions. From the
figure we can measure the spacing between the lattice planes, d
= 0.231 ± 0.002 nm, from which we obtain a lattice constant of
a = 0.400 nm, if we assume a [1,1,1] orientation. This value is
intermediate between lattice constants for Au and Pd metals,
which are 0.408 and 0.389 nm, respectively. EDS was obtained
from this sample (Figure S6), where we can see both Au and
Pd peaks, from which we extracted a ratio of 2:1 for the alloy
composition. Since the lattice parameters of Au and Pd are so
similar, no information regarding their internal arrangement
could be obtained from the images. To differentiate between a
core−shell vs random alloy of the two metals, the particles
were also analyzed by a “nearest neighbor” sensitive technique,
known as XAS.
The data obtained from XAS are shown in Figure 4. Both

the Au L3-edge (Figure 4a) and Pd K-edge (Figure 4b)
XANES spectra for AuPd resemble those for monometallic
particles. In particular, Au L3-edge XANES spectra for NP
samples are qualitatively close to that of metallic foil, but with
lower amplitude of XANES features, which is in agreement
with the previous reports on thiol-stabilized NPs.49 XANES
spectra for Pd K-edge, in turn, differ strongly from the
spectrum of Pd foil but, instead, resemble closely the XANES
spectra for PdS and other species, containing the Pd−S
motif.50 Similarly, also the Pd K-edge extended X-ray
absorption fine structure (EXAFS) spectra (Figure 4c,d) for
both NP samples are dominated by the Pd−S contribution. In
addition, a contribution of Pd−metal bonds can be observed in
Fourier-transformed (FT) EXAFS spectra between 2 and 3 Å
(Figure 4d) indicating that metallic Pd, or Pd−Au alloy, is also
present in the sample. A strong Au−S bond contribution can
also be observed in Au L3-edge EXAFS spectra for NP samples,
but in this case the contribution of the metallic bond is more
evident. The contribution of Au−S bonds is stronger in the
bimetallic sample than in the monometallic sample.
Best fits of experimental EXAFS spectra, obtained via the

conventional procedure (see the Supporting Information) and
FEFFIT code,51 are shown in Figure 5 (for AuPd NPs) and in
the Supporting Information (for monometallic particles). The
obtained values of structural parameters are also reported in
the Supporting Information (Table S4). As expected from
visual examination of experimental data, for both monometallic
and bimetallic samples quite large Au−S and, especially, Pd−S
coordination numbers were obtained. Au−S and Pd−S bond

Figure 1. Isothermal curve for thiol-stabilized AuPd NPs. Schemes of
the particle distribution corresponding to different sections of the
pressure/area curve are presented.
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lengths are consistent with the previously reported ones.52,53

Metal−metal contributions, in turn, for all samples are small
and disordered, as made evident by large values of Debye−
Waller factors σ2, resulting in large error bars of our analysis.
The observed low metal−metal coordination numbers and
high metal−S coordination numbers indicate that the sample
does not consist of monodisperse metallic NPs, covered with
thiols, since such metal cores would have been much smaller
than the size range observed by TEM. Therefore, similarly as in
ref 53, we conclude here that the investigated samples contain
two different species: metallic NPs, as well as the low
molecular weight metal−thiol complexes.
Despite the fact that the distribution of metal species is

heterogeneous, we obtained that the contribution of Au−Pd
pairs is required for a good fit for AuPd NPs; thus we conclude
that Au and Pd are alloyed in this sample. Interestingly, while
the expected Au to Pd ratio in the particles is 2:1, EXAFS data
suggest that, within the metallic particles, the concentration of
gold is higher: the Pd−Pd coordination number is consistent
with 0, while Pd−Au coordination number is approximately 2.
Coordination numbers for gold also imply that metallic
particles are gold-rich, but large error bars do not allow us
to make quantitative analysis of segregation trends in this case.
Hence the EXAFS analysis indicates that the structure of the
particles is consistent with oblate particles with only Au−Au
aggregates and no Pd−Pd aggregates. One possible explanation
is that there is a tendency to forming an intermetallic
compound composed of localized clusters or Cu3Au structures,
where the minority component is completely surrounded by
the majority component, and no bonds between the minority
component are formed.54 Hence, in Au3Pd there would be
only Au−Au bonds and no Pd−Pd bonds. In our case we have

Au2Pd (denoted as AuPd in the Article), which is similar to
Au3Pd in concentration, and the difference would be within
large error bars in EXAFS coordination numbers. Hence the
main result of the EXAFS analysis is the presence of alloying
that is indicated by the significant contribution of Au−Pd pairs
(Table S4). More accurate details on the structure and
composition of AuPd particles cannot be obtained by EXAFS,
due to the presence of Au−S and Pd−S species, and thus
relatively small contributions of Au−metal and Pd−metal
contributions to their Au and Pd EXAFS data.
The particle layer was also analyzed using X-ray reflectivity.

The thickness of the layer was measured after lifting the film
onto a polished and etched silicon wafer surface at the three
pressures shown in Figure 6. The parameters which produced
the best fitting results are tabulated in Table 1. From the table,
we can see the thickness for pressures before and at the
inflection point. The film has only one particle layer at the
point of inflection, which is about 1.2 nm thick. The electron
density of the layer corresponds to that of a solid metal having
a 2:1 ratio of Au/Pd. A relatively sharp interface is established
with an upper thiol layer, at the air interface, precluding any
significant contribution from disordered metal/thiol com-
plexes.
Above the inflection point, we can clearly see that the film

becomes much thicker, and a second layer appears, which is
nearly twice the thickness of the first one, but with the same
2:1 Au/Pd electron density, and sharp interface with a thiol
layer at the air/water interface. These data indicate that, at low
pressures, when the particle film is in direct contact with the
aqueous phase, the particles are platelet shaped with a 2:3 ratio
of thickness to diameter. As the film is compressed and rises

Figure 2. (a) TEM image and (b) size distribution histogram of AuPd NPs lifted at 5 mN/m.

Figure 3. (a) Representative HRTEM image of AuPd NPs lifted at surface pressure of 5 mN/m. (b) Higher magnification HRTEM image with
measured d-spacing and lattice plane of a single AuPd nanoparticle.
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above the aqueous phase, the particles above the first layer are
spherical again with an aspect ratio of nearly 1:1.

The platelet shape of the AuPd particles after being lifted on
silicon (at the surface pressure of 5 mN/m) was also observed
by cross-section TEM at high resolution (Figure S8a).
Furthermore, the elemental mapping of the particles clearly
shows the overlap of Au element with Pd element (Figure
S8d,e), which further confirms the alloy nature of two elements
in the NPs.

PEMFC Performance and Durability Assessment. We
first compared the performance of the AuPd alloy monolayer
to that of Au alone. Monolayers of Au and AuPd NPs were
lifted onto Nafion membranes, where the coating was applied
to both anode and cathode sides of the membranes, when it
was lifted from the Langmuir−Blodgett (LB) trough. Polar-
ization curves, obtained in a demonstration kit, comparable to
the one used in ref 36, are shown in Figure S9a. From the
figure we can see that, under ambient conditions, the power
output is enhanced for both coated membranes relative to the
control, with the alloy coated membrane being 17% higher
than the pure Au NP coated membrane.
To determine whether the enhancement observed also

translated for cells operated in the professional test station
where the gas backpressure and temperature could be
maintained at 150 kPaabs and 60 °C, respectively, an MEA
was assembled by lifting AuPd particles at a pressure of 5 mN/
m on a Nafion HP membrane, and the performance and
durability were compared with those of an uncoated Nafion
HP membrane. The performance curves are shown in (Figure
7). Several significant differences can be summarized from the
curves: (1) Even though both MEAs achieved the same open
circuit voltage of 0.9 V, the voltage decreases with increasing
current density at a significantly larger rate in the MEA with
uncoated membrane. (2) The maximum achieved current
density is only 1.3 A/cm2, as compared with 1.7 A/cm2 of the
MEA assembled with a coated membrane. (3) A 15%
enhancement of the maximum power density was also
witnessed by comparing the power density versus current
density curves. The maximum power density achieved with the
MEA assembled with a coated membrane is 0.540 W/cm2 in
contrast to 0.469 W/cm2, measured on the MEA with
uncoated membrane. (4) Furthermore, the shape of the curves
broadened after applying coated membrane in MEA. It is seen

Figure 4. XANES spectra for (a) Au L3-edge and (b) Pd K-edge in
PdAu and monometallic Pd and Au samples. Corresponding (c)
EXAFS spectra and (d) Fourier-transformed (FT) EXAFS spectra.
Spectra for Au foil, Pd foil, and bulk PdS are shown for comparison.
Spectra in parts c and d are shifted vertically for clarity.

Figure 5. Fits of experimental EXAFS spectra for AuPd NP (Pd K-
edge and Au L3-edge spectra, shifted vertically for clarity). Partial
contributions of Pd−S and Au−S. Pd−Au and Au−Pd are shown
separately.

Figure 6. X-ray reflectivity measurement for AuPd NPs on silicon
substrates deposited at different surface pressures: X-ray reflectivity
original curve (circles) and fit curve (red line). Top insert, cartoon
illustration of AuPd NP multiple layers on top of silicon wafer;
bottom insert, cartoon illustration of AuPd NP monolayer on top of
silicon wafer.
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that the maximum in the power density for the coated
membrane one is very broad, extending from 1.1 to 1.3 A/cm2,
while peaks for the MEA with uncoated membrane are sharply
located around 1.0 A/cm2. These observations suggest that the
AuPd NP coating on Nafion membrane surfaces largely
promotes the initial, as well as the high current densities’
performance of MEA.
To evaluate the MEAs’ durability after applying our surface

modified membrane, we followed the accelerated stress test
(AST) cycling protocol, approved from the DOE. The
polarization curves were obtained after 5K, 10K, and 15K
cycles of AST (Figure S10). It is seen that the maximum
current density achieved decreases with increasing of the
number of cycles, reaching a maximum of 1.3 and 1.0 A/cm2

for the MEAs with coated and uncoated membrane,
respectively. The decrease in maximum power is plotted as a
function of the number of cycles in Figure 8a, where we see
that the variation trends of the control and the coated MEA
curves are very similar, with the exception that the coated MEA
one observed an enhancement of 15%, which is maintained
throughout the test. More specifically (Figure 8b), the
enhancement of coated membrane in voltage is amplified
after 15K cycles and becomes more exaggerated at a higher
current density. For instance, at current density of 0.8 A/cm2,
the voltage of the coated cell was 9% higher than that of
uncoated cell initially, while it grew to 13% after 15K CV
cycles. At the higher current density of 1.0 A/cm2, the voltage
of the coated cell was higher than that of the uncoated cell by
13% initially and reached 45% after 15K cycles. Hence, the
advantage of the performance of an MEA resulting from the
incorporation of the coated membrane is proven to last for at
least 15K cycles.
Furthermore, it has also been proven that the relatively

stable long-term performance of MEA could result from the

better protection of the active area of the Pt catalyst after the
incorporation of the alloy particles. The initial CV curves and
those obtained after 30K cycles are shown in Figure 9a for
MEAs assembled with uncoated and AuPd NP coated
membranes. The Pt active surface area is calculated from the
area under the Hupd adsorption peak in the CVs before and
after potential cycling. For the cell operating with AuPd NPs
on Nafion, the Pt active surface area decreased by 32% from
52.5 to 35.9 m2/g after 30K CV cycles, while it decreased by
38% from 47.3 to 29.5 m2/g after 30K CV cycles for the cell
without the AuPd NPs on Nafion. The active surface area of
the Pt at the electrodes is plotted as a function of the cycle
number in Figure 9b. From the figure we can see that, for both
MEAs, the functional forms for the decrease in area with cycle
number appear similar. The largest decrease occurs after 5K
cycles, and the subsequent decrease up to 30K cycles being
much more gradual. Hence, despite the overall decrease in Pt
surface area, the area of the Pt on the coated membrane MEAs
remains 15% higher even after 30K cycles.
To explore the underlying catalytic processes responsible for

the observed enhancement, we performed a series of tests on a
smaller version of the MEA, which could be operated directly
in air. In this test cell, the enhancement of max power output
of the coated vs the uncoated membrane is magnified to nearly
60%, as shown in Figure 10b. Using this experimental set up,

Table 1. X-ray Reflectivity Data Fitting Parameters of the Langmuir Films under Surface Pressure of 2, 5, and 10 mN/m,
Where t is the Thickness, and δ is the Scattering Length Density

2 mN/m 5 mN/m 10 mN/m

t (Å) δ (×10−5) t (Å) δ (×10−5) t (Å) δ (×10−5)

Si N/Aa 1.85 N/A 1.85 N/A 1.85
SiO2 15 1.9 15 1.9 15 1.9
AuPd/thiol (1st) 11.5 2.09 11.6 2.27 11.8 2.85
thiol (1st) 4.5 0.41 4.6 0.45 4.86 0.42
AuPd/thiol (2nd) N/A N/A N/A N/A 21.3 1.41
thiol (2nd) N/A N/A N/A N/A 4.38 0.31

aN/A: not available.

Figure 7. Polarization curve and power output of PEMFC with (red)
and without (black) AuPd NP coated onto the Nafion membrane of
the MEA.

Figure 8. (a) Maximum power versus the number of CV cycles. (b)
Voltage dependence of number of cycles at 0.8 and 1.0 A/cm2 with
AuPd NP coated and uncoated membrane. (The fitting curves are
guides to eyes only.)
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we obtained the polarization (Figure S9b) and power (Figure
S9c) curves as a function of the surface pressure at which the
particle film is deposited. The maximum power is plotted as a
function of surface pressure in Figure 10a where we can see a
pronounced maximum at the pressure of P0 = 5 mN/m. This
value corresponds to the surface pressure at the inflection
point, where the incompressible monolayer (Figure S5b) is
formed. Based on our previous study,36 the significant
enhancement in power output and its dependence with surface
pressure might be related with the elimination of CO
poisoning. The model of Haruta et al.55 and Green et al.56

implied that the CO oxidation reaction was catalyzed at the
particle/substrate interface. Therefore, the particles had to be
in direct contact with the substrate. Furthermore, the distance
between particles was critical, since it had to be sufficient room
for adsorption of the CO molecule, and yet the adsorbates had
to be in proximity of the particle perimeter for the reaction to
occur. For P < P0, surface monolayer is not complete, and large
empty areas could be observed in the TEM images (Figure
S5a). The distance to the particles in these areas is too large,
facilitating desorption. Once the layer has formed, further
compression, for P > P0, leads to its collapse, and as the X-ray
reflectivity showed, a second layer of the particles could
emerge (Figure S5c). In this case, the particles were no longer
in contact with the substrate, and hence not participating in the
catalytic process. In addition, since they were stacked over the
membrane, they also prevented H+ from penetration and
migration from anode to cathode, which consequently reduced
the current output.
The effect of different gases on the power enhancement of

MEAs after applying the nanoparticles was also explored.
When the cell was operated under pure oxygen at the cathode,
the power output is nearly doubled for both the coated and

uncoated MEAs, but the enhancement due to the alloy particle
coating drops from 60% to only 15% (Figure 10b). It implies
that while the electrode catalytic reaction may still be partially
responsible for the enhancement, its main function at the
cathode is associated with the impurity from the air (for
example, CO). The largest effect was observed when 0.1% CO
was mixed with the H2 stream at the anode. The polarization
curves (Figure S13b) indicate that the power output of the
uncoated MEA is drastically decreased by more than 72%,
whereas the power output of the coated one is decreased by
only 21% (Figure 10b). The same trend was observed when
0.1% CO was introduced into the O2 stream at the cathode
(Figure S14), confirming that the AuPd particles on Nafion
membrane are primarily minimizing the CO poisoning.
To theoretically describe the structure of as-prepared AuPd

NPs, a model of 1.6 nm NP containing 92 atoms was built for
the DFT calculation (Figure 11a). In the AuPd model, the
total ratio of Au and Pd was 61:31, designed to simulate the
2:1 ratio in experiment. The shell of NP was covered by Au,
considering the significant segregation of Au in AuPd alloys
under reaction conditions as observed previously.57 The core
was constructed by a well-dispersed Au in Pd, since no trends
of segregation of Pd atoms within AuPd NPs were detected
according to the XAS measurement (Figure 11b). Following
the previous study on Au NPs,36 the low-coordinated edge and
corner sites were chosen at the Nafion−AuPd interface as the
active sites, and the *SO3 species from Nafion was considered
as the oxidizing agent for CO. Compared to Au NPs with the
same size, the CO oxidation on AuPd is slightly more
exothermic (−1.35 vs −1.20 eV), and the corresponding
reaction barrier is lower (0.73 vs 0.79 eV); however, the
transition sites in both cases are similar, which corresponds to
one oxygen dissociating from *SO3 and approaching *CO to

Figure 9. (a) CV curves recorded initially and after 30K CV cycles with a scan rate of 100 mV/s for cell with/without AuPd NPs on Nafion. (b) Pt
surface areas calculated after different number of CV cycles. (The fitting curves are guides to eyes only.)

Figure 10. (a) Surface pressure dependence for the output power enhancement. (b) Comparison of power increase percentage using air or oxygen
as cathode gas with AuPd NP coated Nafion and decrease percentage with/without AuPd NP coating on Nafion under mixture feed gases with
0.1% CO in hydrogen.
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form *CO2 (Figure 11c). The structure, which best fits both
the experiment and the DFT model for the atomic arrange-
ment, is shown in Figure 11a, where we can see that it
corresponds to a Au shell surrounding a Au Pd core. This is in
qualitative agreement with EXAFS results because both the
DFT model and EXAFS-derived model agree that Au and Pd
are well-mixed in the core of the particle. Thus, EXAFS was
used to constrain the possible initial structures that could be
used in DFT simulations, including, e.g., cluster-by-cluster (Au
and Pd) or core−shell configurations. However, according to
the DFT calculations, the nanoparticle that adopts the well-
mixed AuPd bulk structure is not stable, because of the
presence of Pd atoms on the shell. Instead, some Au atoms
prefer to segregate from the core and form a Au-rich shell over
the Au−Pd core, which are justified by prior results57 and are
beyond those structural details that could be extracted from
EXAFS experiments. Alternatively, the unstable Pd atoms on
the shell may also dissolute to the solution due to the strong
interaction with thiols, which also results in a Au-rich shell, and
it is the shell, being in contact with the membrane, that is most
relevant to the catalysis.

4. CONCLUSIONS
In conclusion, we have shown that using a modified, two-
phase, Brust method, AuPd alloy nanoparticles with diameter
of 2.02 ± 0.56 nm can easily be synthesized. When the
particles are spread at the air/water interface, they possess a
distinct pressure area isotherm curve, which corresponds to
monolayer and multilayer formation. X-ray reflectivity of
particle layers deposited onto silicon substrates using the
Langmuir−Blodgett lift-off technique indicates that initially a
layer of uniform thickness, 1.16 ± 0.02 nm, is formed, where
the particles become platelet-like at the air/water interface.
Further compression of the layer produces another layer, twice
the thickness of the first layer, suggesting that the particles
resume their initial spherical shape when not at the air/water
interface. High resolution TEM imaging of the monolayer
indicates that the particles are highly crystalline, with well-
defined atomic planes and self-assembly in an ordered
hexagonal structure. EXAFS analysis of the LB lift-off films
shows that only Au−Au and Au−Pd configurations were
observed, indicating that the structure corresponds to that of a

random alloy core surrounded by a Au shell. When the particle
monolayer was lifted onto the Nafion membrane and
assembled into an MEA of a PEMFC, a 15% increase in
maximum power output relative to the uncoated membrane
was observed, and a maximum power output of 0.540 W/cm2

was obtained with a Pt loading of only 0.15 and 0.05 mg/cm2

at the cathode and anode, respectively. The enhanced
performance, as measured via the fuel cell test station and
potentiostat, is stable and persists even after 30K cycles.
To determine the mechanism, the PEMFCs were operated

using different gas mixtures. For both control and modified
membrane, PEMFC performs better when oxygen was
substituted for air at the cathode, but only minimal
enhancement relative to the control was observed when the
particle coating was applied. In contrast, when 0.1% CO was
mixed either into the input H2 stream at the anode or with O2
at the cathode, a significant decrease of 72% and 61% in the
power output at the anode and cathode, respectively, was
observed in the control MEA. In contrast, PEMFCs with the
particle-coated MEAs only experienced a decrease of 21% and
17% at the cathode and anode, respectively, indicating that the
particles are highly effective in catalyzing the oxidation of CO.
DFT calculations, using the measured particle structures, show
that the SO3 functionalities provided by Nafion membrane
serve a similar function to the metal oxide supports in
stretching the CO bond, facilitating oxidation. The calculations
show that the activation energy barrier for the oxidation of CO
at the perimeter sites of AuPd NPs is reduced to 0.73 eV,
enabling the removal of CO at ambient temperatures. Hence
the combination of platelet morphology in contact with the
Nafion membrane succeeded in producing a new type of CO
resistant PEMFCs, which could operate at lower temperatures
on impure, but abundant hydrogen gas such as that produced
by reformate or electrolysis processes. The availability of
inexpensive H2 opens up new opportunities for gas distribution
and greatly facilitates the commercialization of PEMFCs.
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