.@’* ChemPubSoc
Dot Europe

DOI: 10.1002/celc.201500252

CHEM
Articles

Alkyne-Protected AuPd Alloy Nanoparticles for
Electrocatalytic Reduction of Oxygen

Christopher P. Deming,® Albert Zhao,” Yang Song,” Ke Liu,”” Mohammad M. Khan,®

Veronica M. Yates,” and Shaowei Chen*™

Dodecyne-capped AuPd alloy nanoparticles of varying compo-
sitions were prepared through the co-reduction of metal-salt
precursors with NaBH,. TEM measurements showed that the
particles were largely in the range of 2-6 nm in diameter. XPS
studies showed that the atomic Pd concentration varied from
65 to 100%. Infrared spectroscopic measurements confirmed
the bonding attachment of the dodecyne ligands on the nano-
particle surfaces, which rendered the nanoparticles readily dis-
persible in common organic media. Electrochemically, the re-
sulting nanoparticles exhibited apparent catalytic activity in

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
gaining much attention recently as long-range energy sources
for commercial vehicles, owing to their fast startup, high
energy density, renewable fuel, and environmentally friendly
reaction products."® This technology has provided over
300 miles of car travel, but is not currently available in com-
mercial settings, because a large amount of the catalyst is re-
quired for sufficient power output." This large electrocatalytic
demand is largely a result of the sluggish electron-transfer ki-
netics of oxygen reduction reactions (ORRs) at the cathode.”®
For electrocatalytic oxygen reduction, platinum has been iden-
tified as the optimal single metal, owing to the high catalytic
activity and stability under very acidic and strongly oxidizing
conditions. Unfortunately, the low abundance and high cost of
platinum have limited the scale of such electrocatalyzed fuel
cells and, thus, the availability of this energy source for com-
mercial settings, even with the large surface area to volume
ratio of nanoparticles.

It is clear that a modified approach must be pursued. In fact,
a number of strategies have been developed and described in
the literature.”'® One effective procedure is to alloy platinum
with another metal in the form of homogenous or core-shell
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oxygen reduction with a volcano-shaped variation with the
metal composition. The best performance was identified with
the sample composed of 91.2 at% Pd that exhibited a mass ac-
tivity over eight times better than that of commercial palladi-
um black, and almost twice as good in terms of specific activi-
ty. This remarkable performance was accounted for by both al-
loying with gold and surface functionalization with alkyne Ii-
gands that manipulated the electronic interactions between
palladium and oxygen species.

structures, which has allowed a drastic decrease in the amount
of platinum with equal or better activity than that of pure
Pt.®"7 This enhancement in activity is attributed to the elec-
tronic interactions between neighboring atoms as well as
strains from lattice mismatch.'®" These effects are respectively
termed ligand and strain effects and alter the catalytic activity
based on changes in the adsorption kinetics of oxygen on the
nanoparticle surface.®2" For instance, previous studies have
shown that the activity of Pt(111) surfaces modified with a sub-
surface copper layer exhibits a volcano-shaped trend when
plotted versus the content of copper.?? Generally, platinum
and platinum-group metals bind too strongly to oxygenated
intermediates. The trend in activity is, therefore, a result of
weakening interactions of oxygenated intermediates with the
platinum surface as copper content increases, with the peak
representing the optimal concentration: low copper contents
lead to strong interactions with oxygen, resulting in unfavora-
ble removal of the final products and a small number of active
sites, whereas high copper contents result in unfavorable initial
adsorption and, thus, a low number of surface oxygen groups
to reduce. This volcano trend was predicted by Sabatier years
ago, with the peak activity in agreement with theoretical calcu-
lations based on adsorption energies.”*

The enhancement in electrocatalytic activity of alloys, as
compared to pure metal constituents, has also been recog-
nized for many non-platinum metals including gold and palla-
dium.®*2*32 For instance, palladium is a platinum-group
metal that binds to oxygen even more strongly than platinum,
whereas gold has very little interaction with oxygen, making
these two metals optimal candidates for a binary alloy.”® The
electrocatalytic properties of AuPd alloy nanoparticles have
been found to be largely dependent on the size, elemental
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composition, and distribution; thus, much effort has been fo-
cused on controlling such features.® For instance, stabilization
and reduction in sol-gel has afforded monodispersed AuPd
particles with diameters between 2.0 and 7.5 nm, which have
exhibited onset potentials at least 200 mV more positive for
oxygen reduction than a bare glassy-carbon electrode.?* lonic
liquid microemulsion techniques have enabled precise control
over the elemental composition® in addition to allowing for
temporal separation between reduction of metals and, conse-
quently, control over elemental distribution.*® Co-reduction of
metal salts in alcohols has yielded alloy particles with a gold-
enriched core and palladium-enriched shell with an average
particle diameter of 2.14 nm.B” Intermittent microwave heat-
ing combined with sodium borohydride reduction produced
gold palladium alloy nanoparticles supported on tungsten car-
bide, which exhibited an onset potential for oxygen reduction
70 mV more positive than that of commercial platinum electro-
catalysts.”” From these studies, it is clear that gold and palladi-
um alloys offer promising results; yet, the optimal ratio of gold
and palladium in nanoparticles for electrocatalytic oxygen re-
duction has remained largely unexplored, to the best of our
knowledge. This is the primary motivation and focus of the
present work.

Another method to alter the adsorption kinetics of oxygen-
ated species and, thus, the electrocatalytic activity is the
choice of capping ligands.">'® Organic ligands can protect
metals from dissolution in addition to providing modifications
of the electronic surface structure. In recent studies, we have
shown that platinum nanoparticles might be functionalized
with acetylene derivatives and exhibit apparent electrocatalytic
activity in oxygen reduction."” It was found that the activity
varied largely with the capping ligands, where the discrepancy
was attributed to electronic interactions of the metal cores
with the ligands that strongly influence the binding interaction
to oxygenated intermediates. In another study,"® we function-
alized silver nanoparticles with 1-hexanethiol, 1-octyne, and
4-trifluoromethylphenyl ligands and examined their electroca-
talytic activity in oxygen reduction, using “bare” silver particles
as a control. Marked differences in ORR activity were observed
and accounted for by the manipulation of the metal surface
electronic structure, owing to unique metal-ligand interfacial
bonding interactions that impacted the binding to reaction
intermediates.

In the present study, a series of AuPd alloy nanoparticles
were prepared through NaBH, reduction of metal-salt precur-
sors with a deliberate variation of the initial feed ratio in the
presence of 1-dodecyne by taking advantage of the strong af-
finity of alkyne ligands to transition-metal surfaces. With the
alkyne capping ligands, the nanoparticles were stabilized
under ambient conditions, readily dispersible in common or-
ganic solvents, and the size was controlled to within a narrow
range. The structures of the resulting nanoparticles were then
characterized by using a variety of microscopic and spectro-
scopic measurements. Electrochemical studies showed that the
resulting nanoparticles all exhibited apparent electrocatalytic
activity in the ORR, and the best performance was observed
with the sample consisting of 91.2% Pd and 8.8% Au, where
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the mass activity was over eight times better than that of com-
mercial palladium black and the specific activity almost twice
as good.

2. Results and Discussion

The chemical compositions of the AuPd alloy nanoparticles
were first analyzed by performing XPS measurements. Figure 1
depicts the high-resolution scans of the Pd3d and Au4f elec-
trons of the series of AuPd nanoparticles. It can be seen that
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Figure 1. High-resolution XPS spectra of A) Pd3d and B) Au4f electrons of
AuPd alloy nanoparticles at varied Pd concentrations of 64.9, 87.0, 91.2, 92.8,
94.1, and 100% for samples 1 to 6, repsectively. Black curves are experimen-
tal data and colored curves are deconvolution fits.
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Table 1. Summary of AuPd nanoparticle structure and ORR activity.
Sample Commercial
1 2 3 4 5 6 Pd black
Core diameter [nm] 4.48+0.51 3.12+£0.39 4.89+0.60 2.68+0.70 3.28+0.83 4.11+1.28 ca. 6.0 (Ref. [48])
Pd [at %] 64.9 87.0 91.2 92.8 94.1 100 100
Onset potential [V vs. RHE] +0.93 +0.97 +0.98 +0.98 +0.96 +0.96 +0.96
J; [MAcm ] at +0.90 V 158 110 610 245 204 253 356
Jn[Ag "Tat +0.90 vV 39 64 162 95 M 30 19

for all samples, the Pd3d spectra may be deconvoluted into
two doublets. The pairs at lower energies (335.6 and 340.9 eV)
are consistent with those of metallic Pd, whereas those at
somewhat higher energies (336.9 and 342.2 eV) may be as-
signed to Pd" species.®® This suggests the formation of a sub-
stantial amount of palladium oxide in the nanoparticles, which
may, in part, be ascribed to electron transfer from palladium to
gold as a result of the stronger electronegativity of gold than
that of palladium. In contrast, for the Au4f electrons, only
a single pair of peaks may be resolved at approximately 83
and 87 eV, which are in good agreement with the binding en-
ergies of the 4f,,, and 4f;,, electrons of metallic Au, respective-
ly.*® The data are also listed in Table S1. Furthermore, based
on the integrated peak areas, the atomic concentrations of pal-
ladium in the nanoparticle cores were estimated to be 64.9,
87.0, 91.2, 92.8, 94.1, and 100 % for samples 1 to 6, respectively
(Table 1).

Further structural insights were obtained by performing TEM
measurements. Figure 2 shows a representative TEM image of
the nanoparticles. One can see that the majority of the AuPd
alloy nanoparticles were rather well dispersed without appar-
ent aggregation, suggesting effective passivation of the metal
cores by the alkyne ligands. In addition, statistical analysis
based on more than 100 nanoparticles (Figure S1) shows that
the average nanoparticle diameter actually fluctuated within
the narrow range of 3-5 nm with palladium contents at 4.84 +
0.51, 3.124+0.39, 4.89+0.60, 2.68 +0.70, 3.28 +0.83, and 4.11 &+

Figure 2. Representative TEM images of AuPdHC12 nanoparticles at different
palladium concentrations: A) 64.9, B) 87.0, C) 91.2, D) 92.8, E) 94.1, and
E) 100%. Insets show the corresponding high-resolution TEM images.
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1.28 nm for samples 1 to 6, respectively. These data are also
listed in Table 1. The slight variation in size is likely a result of
the nanoparticle growth dynamics, where metal nucleation
competes with ligand adsorption (nucleation vs. passivation).”
That is, the bonding of alkyne ligands on Au is not as strong
as on Pd and the reduction potential of Au" (+1.5V) is signifi-
cantly more positive than that of Pd" (+0.987), leading to dif-
ferent sizes for samples with different feeding ratios. Further-
more, well-defined lattice fringes can readily be identified for
the AuPd nanoparticles from the high-resolution TEM images
depicted in the corresponding figure insets. For samples with
small percentages of gold (samples 3-6), the lattice spacing
was in strong agreement with that of Pd(111) (2.24 A). For the
samples with a larger content of gold (samples 1 and 2), the
lattice spacing was around 2.28 A, which is in the intermediate
range between those of Pd(111) and Au(111) (2.35 A) crystalline
planes, a common feature in bimetallic alloys.””** This not
only suggests alloying between the metals, but is also direct
visual evidence of lattice strain in the nanoparticles.

UV/Vis absorption spectroscopy also confirmed the forma-
tion of nanosized particles, which was manifested by the expo-
nential decay profiles, the so-called Mie scattering. From Fig-
ure 3A, it can be seen that, for the sample exhibiting the high-
est concentration of gold (sample 1, 64.9% Pd and 35.1% Au)
a broad peak centered around 520 nm also appeared, which
was ascribed to the surface plasmon resonance of gold nano-
particles. The absence of this peak for samples with lower gold
contents has previously been observed®**® and ascribed to
the rearrangement of electron density between the two
metals.“”

FTIR measurements confirmed the bonding attachment of
the dodecyne ligands on the metal nanoparticle surface. From
Figure 3B, one can see that, for monomeric ligands (black
curve), several well-defined vibrational features can be readily
identified, such as the terminal H—C= stretch at 3300 cm™', C=
C stretch at 2100 cm™', methyl and methylene stretches
around 2900cm ', and the scissoring and rocking of the
carbon chains at 1470 and 1375 cm™, respectively. For the
nanoparticle samples, however, the terminal H—C= stretch van-
ished altogether and the C=C stretch red-shifted to 1846 cm™'
(Figure inset), whereas the rest of the vibrational features re-
mained almost unchanged. This suggests the ready cleavage
of the terminal H—C= bonds when the ligands self-assembled
on the nanoparticle surface, forming metal-acetylide (M—C5)
/-vinylidene (M = C=CH-) interfacial bonds through a tautomer-
ic rearrangement process and, hence, leading to a redshift of
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Figure 3. A) UV/Vis absorption spectra and B) FTIR spectra of 1-dododecyne-
functionalized AuPd nanoparticles at various Pd concentrations. The FTIR

spectrum of monomeric 1-dododecyne is also included as the black curve in

panel (B). Inset shows the magnified region between 2100 and 1700 cm.

the C=C stretch through intraparticle charge delocalization.
Similar behaviors have been observed in a series of recent
studies.”™ The absence of the H—C= vibrational stretch also
signified that the nanoparticle samples were free of excessive
monomeric ligands.

The electrocatalytic activity of the AuPd nanoparticles for
the ORR was then examined and compared through voltam-
metric measurements in N,- and O,-saturated 0.1 M NaOH solu-
tions. Note that, before the ORR measurements, the electrodes
were subject to an electrochemical activation treatment by
rapid potential cycling (500 mVs™') between 0 and +1.2V (vs.
RHE) in a N,-saturated 0.1 m NaOH solution until a steady vol-
tammogram was obtained. From Figure 4, it can be seen that,
for pure gold nanoparticles (aqua blue curve) in N,-saturated
NaOH, the anodic scan of gold oxidation started to occur at
about +1.15V, whereas, in the cathodic scan, the reduction of
gold oxide peaked at +0.991 V. In contrast, for pure palladium
nanoparticles (magenta curve), the peak potential of the re-
duction of palladium oxide was far more negative at +0.567 V,
indicating that palladium interacts far more strongly with oxy-
genated species than gold."¥ Interestingly, for the series of
AuPd alloy nanoparticles, only a single cathodic peak was ob-
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Figure 4. Cyclic voltammograms of a glassy carbon electrode modified with
different AuPd nanoparticles in nitrogen-saturated 0.1 m NaOH. The data for

pure Au nanoparticles were also included as the aqua-blue curve. Potential

sweep rate: 100 mVs ™.

served, likely because of intimate alloying of the metals in the
nanoparticles rather than formation of separate nanoparticles,
as manifested in TEM measurements (Figure 2). In addition, the
peak potential for metal-oxide reduction exhibited a clear var-
iation with the elemental particle composition. For instance,
for sample 1 (64.9% Pd), the oxide reduction peaked at
+0.746 V, which is between those of pure Au and pure Pd,
suggesting that both Pd and Au components were readily ac-
cessible on the nanoparticle surface; however, for other AuPd
nanoparticles, the peak potentials were actually very close to
that of pure Pd, at +0.546, +0.578, +0.568, and +0.604 V for
samples 2 to 5, respectively. This implies that in these Pd-domi-
nant nanoparticles (Pd concentrations > 87 %), the surface was
primarily enriched with Pd.

In addition, based on the integrated peak area, the effective
electrochemical surface area (ECSA) was estimated to be 18.0,
25.3, 15.3, 28.0, 14.7, and 10.7 m*g~" for samples 1 to 6, respec-
tively. In comparison to the theoretical surface area (by assum-
ing a spherical shape, Figure 2), the fraction of nanoparticle
surface that was electrochemically accessible decreased rough-
ly with increasing Pd concentration (20.8, 24.4, 12.8, 18.0, 7.9,
and 7.4% for samples 1 to 6, respectively). This might be asso-
ciated with the relatively strong bonding interactions of Pd
with the alkyne ligands as compared to gold, such that an in-
crease of Pd concentration in the nanoparticles would render
it increasingly difficult to desorb the organic capping ligands
during the electrochemical activation process.

The electrocatalytic activity for oxygen reduction was then
evaluated by using rotating ring-disk electrode (RRDE) voltam-
metric measurements in O,-saturated 0.1 M NaOH at different
rotation rates. Figure 5A depicts the RDE voltammograms of
the series of AuPd nanoparticles at a rotation rate of
1600 RPM, along with that of commercial Pd black. It can be
seen that nonzero currents started to appear at around +1.0V
and, at even more negative electrode potentials, the currents
increased drastically and reached a plateau at potentials
< +0.80 V. This signified apparent electrocatalytic activity of
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Figure 5. A) RRDE voltammograms of a glassy carbon electrode modified
with various AuPd alloy nanoparticles in oxygen-saturated 0.1 m NaOH at
1600 RPM. B) RRDE voltammograms of a glassy carbon electrode modified
with sample 3 AuPd alloy nanoparticles in oxygen-saturated 0.1 m NaOH.
Disk potential sweep rate: 10 mVs™'; ring potential: + 1.5 V; catalyst loading:
0.60gm™

the nanoparticles in oxygen reduction. From the voltammo-
grams, the onset potential of the ORR can be identified at
+0.93, 4097, +0.98, +0.98, +0.96, and +0.96V for sam-
ples 1 to 6, respectively, and +0.96 V for Pd black. Of note is
that the onset potentials of samples 3 and 4 were the most
positive among the series, even slightly more positive (by up
to 30 mV) than those of pure Pd nanoparticles (sample 6) and
Pd black. In addition, the limiting currents also showed an ap-
parent variation with the nanoparticle compositions. For in-
stance, the limiting currents at +0.75V were 0.48, 0.49, 1.10,
0.80, 0.41, and 0.78 mA for samples 1 to 6, respectively, and
0.53 mA for commercial Pd black (note that the metal loadings
were the same for all nanoparticle catalysts). From these re-
sults, one can see that among the series, sample 3 (91.2% Pd)
stood out as the best ORR catalyst with the most positive
onset potential and highest limiting currents.
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More detailed studies were carried out by using RRDE meas-
urements. Figure 5B depicts the RRDE voltammograms of
AuPd nanoparticles (sample 3) at various electrode rotation
rates (225-2500 RPM) with the ring potential set at +1.50 V. It
can be seen that the disk limiting current increased with in-
creasing electrode rotation rates, and the ring current was
about two orders of magnitude lower than those at the disk
electrode, signifying the production of only a minimal amount
of peroxide species, such that the ORR most likely proceeded
through the four-electron reduction pathway to OH™. Similar
behaviors are observed with other AuPd nanoparticles (Fig-
ure S2). In fact, based on the disk (/) and ring (lg) currents, the
electron-transfer number (n) can be quantitatively estimated
by the equation, n = 4/, IDJR/NF), where N is collection effi-
ciency of the electrode (40%)."” Figure 6 depicts the variation

4.0 ——
35 A \
—— 64.9% Pd ‘
—— 87.0% Pd
91.2% Pd |
= 30 92.8% Pd ‘
—— 94.1% Pd
—— 100% Pd |
Commercial Pd
25 - ‘
20 . . . . E . ; ‘.
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Figure 6. Variation in the electron transfer number of AuPd nanoparticles
during oxygen reduction. Data were obtained from Figures 5 and S2.

of the n values with electrode potentials for the series of nano-
particle samples. It can be seen that, at potentials more nega-
tive than +0.90V, all samples exhibited n=x4.0, except for
sample 1 where n=x3.92, indeed suggesting almost full reduc-
tion of oxygen to OH™.

The electron-transfer kinetics were further analyzed by using
the Koutecky-Levich (K-L) method. As the voltammetric disk
current (I) may include both kinetic (/) and diffusion-con-
trolled (Iy) contributions, the K-L equation is expressed as
shown in Equations (1)—(3):

T 1T 11 1

b LTk B W
B = 0.62nFAC,DZv"/8 (2)
I, = nAFkCq (3)

where o is the electrode rotation rate, n is electron-transfer
number, F is the Faraday constant (96485 Cmol™"), A is the
geometric surface area of the electrode, C, is the oxygen con-
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centration in O,-saturated solutions (1.26x10° molcm 3),*

D, is the diffusion coefficient of O, in 0.1 M NaOH aqueous so-
lution (1.93x107° cm?s "), v is the kinematic viscosity of the
solution (1.009x 1072 cm?s "), and k is the electron-transfer
rate cons_tafnt. As depicted in Figure S3, the K-L plots of /5’
versus @ /2 exhibited good linearity with consistent slopes in
each sample, suggesting a first-order reaction with respect to
oxygen concentration in the solution.

In addition, the y-axis intercepts of the linear regressions
may be exploited for the quantification of the kinetic current
density (J,, I, normalized to the ECSA of the nanoparticle cata-
lysts). Figure 7A depicts the corresponding Tafel plot, where
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Figure 7. A) Tafel plot of dodecyne-capped AuPd nanoparticles in oxygen re-
duction. B) Comparison of the specific activity (J; red bars) and mass activity
(Um, black bars) at 4-0.90 V for the series of AuPd nanoparticles in ORR.

one can see that, for all samples, the kinetic current density in-
creased markedly with increasingly negative electrode poten-
tial, and sample 3 (91.2% Pd) stood out as the best catalyst
among the series with the highest current density, even better
than the commercial Pd black. For instance, at +0.90V, the
specific activity (J) was 158, 110, 610, 245, 204, and
253 pAcm 2 for samples 1 to 6, respectively, and 356 pAcm?
for commercial Pd, as depicted by the red bars in panel B of
Figure 7, where the activity of sample 3 was almost twice that
of commercial Pd black. Similar behaviors can be observed
with the mass activity (J,, /, normalized by the mass of the re-
spective nanoparticles; black bars in panel B), which also ex-
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hibited a volcano-shaped variation with Pd concentration in
the nanoparticles (data also listed in Table 1). Again, sample 3
can be identified as the best catalyst among the series with
a mass activity of about 162 Ag~', which was more than eight
times that of a much larger commercial Pd black catalyst (ca.
6 nm in diameten)™® and nearly five times that of dodecyne-
capped pure palladium particles (sample 6).

It should be noted that, for the ORR, the Tafel slopes are typ-
ically found at 60 or 120 mVdec™', where the former corre-
sponds to a pseudo-two-electron reaction as the rate-deter-
mining step, and the latter suggests that the rate-determining
step is a first-electron reduction of oxygen, implying that the
subsequent reduction and O—O bond-breaking steps are rela-
tively facile.” In the present study, linear regressions yielded
Tafel slopes in the low overpotential regime (E > +0.88 V) of
181, 166, 69, 130, 85, 96 mVdec™' for samples 1 to 6, respec-
tively, and 125 mVdec ' for commercial Pd. This seems to sug-
gest that the ORR on sample 3 was largely limited by the
pseudo-two-electron reduction step, whereas for samples 4 to
6 (high Pd loadings), the first-electron reduction was likely the
rate-limiting step, similar to that of commercial Pd black. How-
ever, for samples 1 and 2 (low Pd loadings), the exceedingly
high Tafel slopes suggest that oxygen adsorption was likely
the limiting factor in the ORR kinetics, probably caused by the
relatively high concentrations of gold that diminished the
binding affinity to oxygen.

Note that the ORR performance of sample 3 is markedly
better than leading results in the literature with relevant Pd-
based alloy nanoparticles. For example, Sekol et al.* deposit-
ed silver—palladium core-shell alloy nanoparticles (diameter:
7.5 nm) onto multiwall carbon nanotubes and observed an
onset potential of oxygen reduction around +0.9 V versus RHE
and an n value of about 3. In another study, Hu et al.*® deco-
rated ordered mesoporous carbons with palladium-tungsten
alloy nanoparticles that featured segregated nanoislands of
palladium (ca. 1 nm) on the nanoparticle surface, and found
that the onset potential of ORR was about +0.86V versus
RHE, a positive shift of 60 mV compared to that of ordered
mesoporous carbons with tungsten nanoparticles alone. Alloy
nanoparticles have also been prepared by incorporating Fe,
Cu, and Ni into Pd at controlled concentrations through co-im-
pregnation and single-phase colloidal methods, yielding stable
particles on a Vulcan carbon support, and the best activities
were found to be around 30 Ag™' for PdFe, 95 Ag™' for PdCu,
and 20 Ag ' for PdNi at +0.90 V versus RHE.®" Cobalt-palladi-
um core-shell nanoparticles and alloy nanoparticles® have
also been prepared and the onset potentials (+0.83 and
+0.87 V) and specific activity (500 and 75 pAcm™2 at +0.75 V)
remained subpar compared to those of the similarly sized
AuPd alloy nanoparticles in the present study. In a recent
study with oleylamine-functionalized Pd nanoparticles,”® the
specific activity of 100 pyAcm ™2 at +0.9V was also markedly
lower than the results in the present study.

Such a remarkable performance might be accounted for by
gold alloying that led to diminished bonding interactions of
the nanoparticles with oxygenated species,”®*" as compared
to pure Pd. Note that in previous studies based on EXAFS
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measurements,””™ it has been found that the palladium—

oxygen bond might be suppressed with increasing gold con-
tent, leading to enhanced stabilization of surface palladium to-
wards oxide-layer formation, as a result of possible charge
transfer from palladium to gold, owing to the difference in
electronic negativity, as suggested in XPS measurements
(Figure 1). Additional contributions may arise from the alkyne
capping ligands that form conjugated metal-ligand interfacial
bonds, leading to extended spilling of metal core electrons
into the ligand shells.'>*

However, alloying may also produce lattice strain that has
been found to shift the d-band center relative to the Fermi
level and affect interactions with oxygenated intermediates.® "
As evidenced in TEM measurements (Figure 2), the two metals
are intimately mixed with a lattice spacing in between those of
pure Pd and pure Au. That is, the incorporation of gold into
the nanoparticles indeed led to the expansion of the Pd crys-
talline lattices, which raised the d-band center of Pd and en-
hanced the strength of the interaction between the nanoparti-
cle and oxygen adsorbates. This was anticipated to result in
decreasing catalytic activity.

Despite these two opposing effects, it is clear from the ex-
perimental results presented above that the ORR activity was
enhanced with AuPd alloy nanoparticles, as compared to pure
Pd. This indicates that electronic effects from the push-and-
pull nature of heteroatoms (and deliberate surface engineering
with the alkyne ligands) dominate the negative contributions
from lattice strain. Furthermore, the volcano-shaped variation
of the ORR performance with nanoparticle elemental composi-
tion suggests that, with the incorporation of an increasing
amount of gold in the nanoparticles, binding to oxygen inter-
mediates was likely weakened, leading to enhanced activity
that reached a maximum with sample 3; a further increase in
gold content resulted in interactions with oxygen intermedi-
ates that were too weak and diminished the ORR activity. This
is a clear demonstration of Sabatier’s postulate with the peak
mass activity of sample 3 representing the optimal balance be-
tween these two opposing alloying effects.

3. Conclusions

A series of dodecyne-capped gold-palladium alloy nanoparti-
cles of varying elemental compositions were readily prepared
by using a simple chemical reduction route. XPS measure-
ments showed that the palladium concentrations in the nano-
particle cores varied from 65 to 100 at% and the particle diam-
eters were found to be mostly in the range of 2-6 nm, as man-
ifested in TEM measurements. The formation of AuPd alloy
nanoparticles was also observed in UV/Vis absorption measure-
ments, and FTIR studies confirmed the successful self-assembly
of the alkyne ligands onto the nanoparticle surface. Electro-
chemical studies showed that, for Pd-dominant nanoparticles,
the reduction of metal oxides occurred at a potential similar to
that of pure Pd, whereas at relatively high gold concentrations,
the peak potential was actually in between those for pure Au
and pure Pd. This suggests that alloying with gold indeed
weakened the interactions of palladium with oxygen species.
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In addition, all samples exhibited apparent electrocatalytic ac-
tivity for the ORR in alkaline media, and the sample with
91.2 at% palladium exhibited the best performance, within the
context of onset potential, electron transfer number, as well as
mass and specific activity. In fact, the mass activity of this
sample was more than eight times better than that of com-
mercial palladium black, and almost twice as good in terms of
specific activity. This is attributed to alterations of surface elec-
tronic properties as a result of interactions between gold and
palladium atoms as well as unique metal-ligand bonding inter-
actions with the alkyne ligands. This allows for optimum bind-
ing to oxygenated intermediates and enhanced electrocatalytic
activity.

Experimental Section
Chemicals

Tetrachloroauric acid trihydrate (HAuCl,:3H,0, Acros), palladium
chloride (PdCl,, Acros), hydrochloric acid (HCI, certified ACS Plus,
Fisher Scientific), tetra-n-octylammonium bromide (TOABr, 98%,
Acros), 1-dodecyne (97%, Alpha Aesar), sodium borohydride
(NaBH,, 98%, Acros), Nafion 117 Solution (5%, Fluka), carbon black
(XC-72R, Fuel Cell Store), palladium black (99.95%, Sigma Aldrich),
and sodium bicarbonate (NaHCO;, 99.7%, Fisher Scientific) were
used as received. Solvents were purchased from typical commercial
sources at their highest purity and used without further treatment.
Water was supplied with a Barnstead Nanopure Water System
(18.3 MQ cm).

Nanoparticle Synthesis

The biphasic route towards the preparation of organically capped
gold nanoparticles was adopted for the synthesis of dodecyne-
capped AuPd alloy nanoparticles.* In a typical reaction, palladium
chloride was first dissolved in concentrated HCl to prepare tetra-
chloropalladic acid (H,PdCl,), which was then mixed with tetra-
chloroauric acid (HAuCl,) at a selected molar feed ratio (0.15 mmol
in total) in 20 mL of water under magnetic stirring. The solution
was then transferred into a 50 mL round-bottom flask, into which
tetraoctylammonium bromide (0.45 mmol) dissolved in toluene
was added, resulting in phase transfer of the metal complexes to
the organic phase, as manifested by a clear aqueous layer in the
bottom and the formation of a burgundy color in the top organic
phase. The organic phase was then collected by using a separatory
funnel and transferred to a round-bottom flask, into which 1-dode-
cyne (0.45 mmol) was then added. A freshly prepared solution of
sodium borohydride (1.2 mmol) in chilled water was added drop-
wise into the solution under vigorous magnetic stirring. An imme-
diate change of the solution color from burgundy to dark red/
brown, depending on the relative content of palladium and gold,
signified the formation of AuPd alloy nanoparticles. Water was
then used to wash away residual salts with a separatory funnel,
and rotary evaporation was used to condense the toluene layer to
less than 0.5 mL. Addition of a large excess of methanol led to ap-
parent precipitation of the nanoparticles from the solution, which
were collected by centrifugation. The procedure was repeated sev-
eral times to remove free ligands and other reaction byproducts.
The resulting particles were soluble in nonpolar organic media
such as CH,Cl,, THF, and toluene, and referred to as AuPdHC12. Six
nanoparticle samples were prepared with the Pd atomic fraction
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varied from approximately 65 to 100%, as determined by X-ray [7]
photoelectron spectroscopic (XPS) measurements (vide infra).
[8]
Spectroscopy (9]
The nanoparticle size and morphological features were character-  [10]
ized with transmission electron microscopy (TEM, Philips CM300 at
300 kV). Alloy compositions and electronic structures were deter- (1l
mined with XPS (PHI 5400/XPS instrument equipped with an AlKo.
source operated at 350 W and at 107° Torr). UV/Vis measurements (12]
were performed with an ATl Unicam AV4 spectrometer with a reso-
lution of 2 nm. FTIR spectra were acquired with a PerkinElmer FTIR 43
spectrometer (Spectrum one, spectral resolution 4 cm™') with sam-
ples loaded onto a ZnSe disk. [14]
[15]
Electrochemistry
[16]
In a typical electrochemical test, AUPdHC12 nanoparticles were
first dissolved in toluene at a concentration of 0.5 mgmL". Carbon  [17]
black was added to the amount of four times the mass of the
metals (such that the metal loadings were approximately 20 wt %)
and Nafion was added to the amount of 1/100 the volume of tolu- 18!
ene. The electrocatalyst solution was then subject to sonication for (9]
30 min to ensure proper dispersion. A RRDE with a glassy carbon
disk and a gold ring was used as the working electrode, with an 120]
Ag/AgCl reference electrode and a platinum-sheet counter elec-
trode. The Ag/AgCl reference was calibrated against a reversible o713
hydrogen electrode (RHE) and the electrode potentials were re-  [22]
ported with reference to this RHE in the study. Prior to catalyst
deposition, the electrode was thoroughly polished with alumina
slurry and then rinsed extensively with deionized water. The cata-  [23]
lyst ink solution was then drop-cast onto the glassy carbon disk  [24]
with a microliter syringe and allowed to completely dry before the [25]
application of dilute Nafion in ethanol. Electrochemical studies
. . . [26]
were carried out with a three-compartment electrochemical cell
with the electrolyte solution (0.1 M NaOH) saturated with ultrahigh- [27]
purity N, or O, (Praxair). [28]
[29]
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