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a b s t r a c t
1-Octyne-stabilized palladium nanoparticles (PdHC8, core dia. 2.50 ± 0.28 nm) were prepared by a simple
reduction procedure. FTIR studies showed that the self-assembly of 1-octyne onto the Pd nanoparticle
surfaces involved the effective breaking of the terminal H C bonds and the formation of Pd–vinylidene
interfacial linkages by a tautomeric rearrangement process. With this conjugated metal–ligand interfacial
bond, the nanoparticles exhibited unique photoluminescence properties that were analogous to those
of diacetylene derivatives. Furthermore, thermogravimetric analysis showed that there were about 150
ligands per nanoparticle, with an average footprint of ca. 13 Å2 per capping ligand on the nanoparticle
surface, consistent with a head-on conﬁguration of the alkyne ligands on the Pd surface. Interestingly,
the PdHC8 nanoparticles exhibited apparent electrocatalytic activity in the oxidation of ethylene glycol
in alkaline media that was about twice that of commercial Pt/C, as manifested in cyclic voltammetric and
chronoamperometric studies. Such an apparent improvement of the electrocatalytic activity was most
probably ascribed to the partial removal of the alkyne capping ligands whereby the remaining molecules
provided a relatively hydrophobic chemical environment and hence facilitated the removal of water
generated from the oxidative dehydration reaction of ethylene glycol. Additionally, the enhanced electron
density within the Pd metal cores as a result of the intraparticle charge delocalization between the
particle-bound acetylene moieties might also facilitate the formation of Pd C bonds in Pd-[C2 H3 (OH)2 ]ads ,
which was presumed to be the rate-determining step in ethylene glycol oxidation on Pd surfaces.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Alkaline membrane fuel cells (AFCs) have been hailed as a
promising alternative to proton exchange membrane fuel cells
(PEMFCs), primarily because of several apparent advantages. First,
the reaction dynamics may be markedly facilitated in alkaline
media, as compared to those in acidic media [1,2], and the enhanced
electrode kinetics render it possible to use less platinum or even
non-noble metals as effective electrocatalysts [3]. Second, the
issues of fuel crossover may be minimized because the cell conductance is effected by the electro-osmosis of hydroxyl groups from the
cathode to the anode. Third, by replacing the conventional liquid
electrolytes with an alkaline anion exchange membrane, the precipitation of carbonates (CO3 2− /HCO3 − ) is minimized, leading to
enhanced safety during fuel cell operation.
Toward this end, hydrogen has attracted great attention as an
effective fuel candidate; yet the applications have been hindered
by a range of critical issues involved in its production, puriﬁcation,
storage and distribution. Thus, a great deal of research has been
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devoted to other liquid fuels, such as methanol, formic acid, ethanol,
and ethylene glycol. Of these, the complete oxidation of methanol
into CO2 may be achieved by state-of-the-art PtRu alloyed catalysts
[4,5]. Yet the wide-spread use of methanol is severely limited by its
toxicity and potential detrimental impacts on the environment. In
contrast, with its low toxicity and ready availability, ethanol has
also been considered as a potential fuel for PEMFC applications
[6,7]. For instance, a recent study has shown that with a PtSn catalyst, ethanol may be oxidized to acetic acid, acetaldehyde and CO2
[8]. However, ethanol-based fuel cells in general exhibit only a low
faradic efﬁciency as it is energetically difﬁcult to break the C C
bond at low temperatures.
Within this context, the relatively good reactivity of ethylene
glycol makes it an appealing candidate for fuel cells applications. It
is less toxic than methanol; and with an alcohol group on both carbons, its speciﬁc energy is close to those of simple alcohols (5.2, 6.1,
and 8.6 kWh/kg for ethylene glycol, methanol, and ethanol, respectively [9]). Notably, it has been proposed that ethylene glycol may
be oxidized into oxalate species (− OOC COO− ) [10], where 8 moles
of electrons are produced with the consumption of one mole of
ethylene glycol, suggesting a faradic efﬁciency of 80% (10 moles of
electrons will be produced instead for the complete oxidation of
one mole of ethylene glycol into CO2 ) [11,12].
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In these fuel cell reactions, Pt-based catalysts typically exhibit a
high intrinsic activity. However, they are vulnerable to surface poisoning by adsorbed CO (COad ), a reaction intermediate. In contrast,
Pd is far less prone to COad poisoning, in particular, in the short term
[13,14]. Several other metals and alloys have also been examined
for ethylene glycol electrooxidation, such as Au, Sn, Cd, Pb, PtRu and
Pd [15–17]. For instance, Cherevko et al. [16] prepared Pd foams
with a high surface area (60 m2 /g) by hydrogen evolution-assisted
electrodeposition, which displayed a high oxidation activity of C2
alcohols (peak currents as high as 221 A/g for ethanol and 413 A/g
for ethylene glycol). Wang [18] studied the effect of solution pH
on the pathway of the electrooxidation of ethylene glycol on Pd
by in situ FTIR spectroelectrochemistry, and showed that ethylene
glycol electrooxidation on Pd proceeded in both strongly acidic and
alkaline solutions. In strongly alkaline media, various intermediates
were generated, but CO2 was the ultimate product at high overpotentials. In contrast, in acidic solutions the main product was CO2
with no detectable CO species. Note that in these earlier studies,
the focus has primarily been placed on the impacts of the structures and elemental composition of the metal nanoparticles on the
catalytic performance in ethylene glycol oxidation, and the effects
of surface ligands (if any) remain largely unexplored. This is the
primary motivation of the present study.
Recently, there emerges an effective approach where the
nanoparticle electrocatalytic activities may be further manipulated
and optimized by surface functionalization with selected organic
ligands [19,20]. This is mainly ascribed to the deliberate manipulation of the nanoparticle core electronic structures which dictate
the bonding interactions with the reactants, as well as to the
third body effects that sterically impact the accessibility of surface
catalytic sites, as evidenced in a series of recent studies [20,21].
Herein, we prepared stable palladium nanoparticles that were stabilized by the self-assembly of 1-octyne onto the Pd surface forming
metal–vinylidene interfacial bonding linkages [22]. The resulting
nanoparticles exhibited apparent electrocatalytic activity in ethylene glycol oxidation. Importantly, the observed activity was found
to be markedly enhanced even compared to that of leading commercial Pt/C catalysts.
2. Experimental
2.1. Chemicals
Palladium chloride (PdCl2 , 59% Pd, ACROS), hydrochloric acid
(HCl, ACS Reagent, Sigma–Aldrich), sodium borohydride (NaBH4 ,
98%, ACROS), sodium hydroxide (NaOH, ACROS), 1-octyne (97%,
Aldrich), and ethylene glycol (99+%, ACROS) were used as received.
A commercial Pt/C catalyst was purchased from Alfa Aesar (20 wt.%,
HiSPECTM 3000, Johnson Matthey). Solvents were acquired at the
highest purity available from commercial sources and used without
further treatments. Water was supplied by a Barnstead Nanopure
water system (18.3 M cm).
2.2. Synthesis of 1-octyne-functionalized palladium nanoparticles
In a typical reaction, a H2 PdCl4 solution was ﬁrst prepared by
dissolving PdCl2 (0.1 mmol) in hydrochloric acid (1 mL) at 50 ◦ C.
When cooled down to room temperature, the solution was mixed
with 1 mmol of 1-octyne in 10 mL of tetrahydrofuran (THF) under
magnetic stirring. Then 0.3 mmol of NaBH4 dissolved in 2 mL of
ethanol was added to the solution, leading to the formation of a
dark brown solution that signiﬁed the reduction of H2 PdCl4 into Pd
nanoparticles. The solution was extracted to toluene with a separatory funnel, washed with Nanopure water several times, and dried
by rotary evaporation. The remaining solids were then rinsed with
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a copious amount of methanol to remove impurities and excessive free ligands. The puriﬁed nanoparticles were denoted as PdHC8
and were readily dissolved in apolar solvents such as chloroform,
dichloromethane, toluene, THF, etc.
2.3. Spectroscopy
The morphology and sizes of the Pd nanoparticles were characterized by transmission electron microscopic studies (TEM, Philips
CM300 at 300 kV). More than 300 nanoparticles were measured
to obtain a size histogram. 1 H NMR spectroscopic measurements
were carried out by using concentrated solutions of the nanoparticles in CDCl3 with a Varian Unity 500 MHz NMR spectrometer. The
absence of any sharp features indicated that the nanoparticles were
free of excessive unbound ligands (Fig. S1 in the Supporting Information). UV–vis spectroscopic studies were performed with an ATI
Unicam UV4 spectrometer using a 1 cm quartz cuvette with a resolution of 2 nm. Photoluminescence characteristics were examined
with a PTI ﬂuorospectrometer. FTIR measurements were carried out
with a Perkin–Elmer FTIR spectrometer (Spectrum One, spectral
resolution 4 cm−1 ), where the samples were prepared by casting
the particle solutions onto a KBr disk. Thermogravimetric analysis
(TGA) was carried out by using a Perkin-Elmer Pyris 1 instrument
at a heating rate of 10 ◦ C/min under a nitrogen atmosphere.
2.4. Electrochemistry
Electrochemical tests were carried out in a standard threeelectrode cell connected to a CHI 710C electrochemical workstation, with a Pt foil counter electrode and an RHE reference electrode.
The working electrode was a glassy carbon disk electrode with a
diameter of 5 mm (from Bioanalytical Systems). To prepare catalyst solutions for electrochemical tests, 10 mgPd of the PdHC8
electrocatalysts was dispersed in 10 mL of chloroform. A calculated
amount was then dropcast onto the surface of the glassy carbon
electrode with a Hamilton microliter syringe. The electrocatalyst
loading was 50 g/cm2 . Finally, a drop of a 0.5 wt.% Naﬁon suspension was added onto the electrode surface to prevent damage to the
electrocatalyst layer. The commercial catalyst Pt/C was loaded onto
the electrode surface in a similar fashion, also at a metal loading of
50 g/cm2 .
3. Results and discussion
The nanoparticle structures were ﬁrst characterized by
high-resolution transmission electron microscopic (HRTEM) measurements. Fig. 1(A) depicts a representative TEM micrograph of
the PdHC8 nanoparticles. It can be seen that the nanoparticles
were well dispersed, indicative of the effective passivation of the
nanoparticles by the 1-octyne ligands. In addition, the nanoparticles exhibited well-deﬁned crystalline lattice fringes with a spacing
of 0.231 nm, which is consistent with the d-spacing of the (1 1 1)
planes of fcc Pd. The resulting nanoparticles also exhibited a rather
narrow core size distribution, as manifested in the core size histogram in panel (B), with the majority of the nanoparticles within
the range of 2.2–2.8 nm in diameter. In fact, statistical analysis
based on more than 300 nanoparticles showed that the average
nanoparticle core size was 2.50 ± 0.28 nm, somewhat smaller than
that of commercial Pt/C catalysts (3.30 ± 0.42 nm) [21].
The structures of the organic capping ligands were then characterized by FTIR measurements. Fig. 2 shows the FTIR spectrum
(black curve) of the PdHC8 nanoparticles, along with that of 1octyne monomers (red curve). There are at least three aspects
that warrant attention. First, monomeric 1-octyne exhibits a rather
intense vibrational band at 3314 cm−1 and a moderate one at
1255 cm−1 . These are assigned to the vibrational stretch and
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Fig. 1. (A) Representative TEM micrograph of PdHC8 nanoparticles and (B) the corresponding core size histogram. Scale bar in (A) is 2 nm; and red line in (B) reﬂects the
Gaussian ﬁt of the data. (For interpretation of the references to color in ﬁgure legend, the reader is referred to the web version of the article.)

the bend overtone of the terminal C H moieties, respectively.
Yet these features vanished almost completely with the PdHC8
nanoparticles (the broad band between 3200 and 3600 cm−1 was
due to residual water). This observation is most likely due to
the self-assembly of 1-octyne molecules onto Pd surfaces where
the C H bonds were effectively broken, along with the formation of a dynamic equilibrium between a palladium–vinylidene
(Pd C CH ) linkage and a platinum-octynide (Pd C C ) and
palladium hydride (Pd H) bond at the metal–ligand interface by
a tautomeric rearrangement process [22–24]. Second, one can see
that the C C vibrational stretch was well-deﬁned at 2119 cm−1
for the 1-octyne monomers; whereas for the PdHC8 nanoparticls,
it red-shifted to 2029 cm−1 . This suggests a diminishment of the
bonding order of the terminal C C moieties, most probably because
of the effective intraparticle charge delocalization between the
particle-bound ligands as a result of the conjugated metal–ligand
interfacial bonds. Such a phenomenon has also been observed
with Ru and Pt nanoparticles functionalized with similar 1-alkynes
[22–24]. Third, the antisymmetric (d− ) and symmetric (d+ ) vibrational stretches of the methylene (CH2 ) moieties can be identiﬁed
between 2800 and 3000 cm−1 for both the monomeric ligands and

–H

nanoparticles. However, a close examination shows a small redshift for those of the nanoparticles (2926 cm−1 and 2855 cm−1 )
as compared to those of the monomeric ligands (2935 cm−1 and
2861 cm−1 ). This is consistent with the enhanced packing order of
the ligands when they were bound onto the nanoparticle surface
[23].
The number of capping ligands on the nanoparticle surface was
then evaluated by TGA measurements. Fig. 3 shows the TGA curve
of the PdHC8 nanoparticles at a heating rate 10 ◦ C/min. It can be
seen that the sample weight started to decrease at around 140 ◦ C,
exhibited an abrupt diminishment at 250 ◦ C, and remained practically unchanged at temperatures higher than 400 ◦ C. One may
note that the transition temperature was somewhat higher than
that observed with ruthenium nanoparticles functionalized by the
same 1-octyne ligands (227 ◦ C), suggesting that the Pd vinylidene
bond might be somewhat stronger than the Ru-vinylidene counterpart [23]. Furthermore, from the weight loss (21.8%) of the PdHC8
nanoparticles, it can be estimated that there were about 150 ligands per nanoparticle, corresponding to an average footprint of
ca. 13 Å2 per capping ligand on the nanoparticle surface, by taking into account the nanoparticle core diameter of 2.50 nm (Fig. 1).
Note that this molecular footprint was slightly smaller than that
observed for RuHC8 nanoparticles (15 Å2 ) [23]. The enhanced packing and hence van der Waals interactions between the neighboring
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Fig. 4. Photoluminescence spectra of PdHC8 nanoparticles in chloroform at a concentration of 0.05 mg/mL. The corresponding UV–vis absorption spectrum was
included as the ﬁgure inset.

particle-bound ligands might also contribute to the somewhat
higher transition temperature as observed here.
With the conjugated metal–ligand interfacial bonding linkages,
the PdHC8 nanoparticles exhibited unique optical properties. Fig. 4
shows the photoluminescence spectra of PdHC8 nanoparticles dissolved in CHCl3 . A well-deﬁned peak can be seen in both the
excitation and emission spectra at 343 nm and 456 nm, respectively, whereas only an exponential decay proﬁle was observed in
UV–vis absorption measurements that might be accounted for by
the Mie scattering theory of nanosized transition-metal particles
(inset to Fig. 4). This is again attributed to the effective intraparticle charge delocalization between the particle-bound C C moieties
as a result of the palladium–vinylidene conjugated linkages, so
that they behave analogously to diacetylene (C C C C) derivatives. Consistent behaviors have also been observed with other
transition-metal nanoparticles functionalized with similar terminal alkynes [22–24].
Interestingly, the PdHC8 nanoparticles prepared above exhibited apparent electrocatalytic activities in the oxidation of ethylene
glycol. Fig. 5 shows the cyclic voltammograms of a glassy carbon
electrode loaded with PdHC8 and commercial Pt/C electrocatalysts
in 0.1 M NaOH solution at a potential sweep rate of 50 mV/s. Note
that the currents have been normalized to the respective mass
loading of the metal nanoparticle catalysts (ca. 9.8 g of Pd or Pt).
Unlike conventional surface-capping reagents (e.g., polymers) that
bind strongly onto the nanoparticles and signiﬁcantly diminish the
accessibility of the nanoparticle surface, the surface of PdHC8 is
fairly accessible for electrochemical reactions, and typically only
about three potential cycles are needed to produce a stable voltammetric proﬁle. In Fig. 5 (black curve), a well-deﬁned cathodic peak
at around +0.62 V can be observed which is assigned to the reduction of Pd oxide that was formed in the positive potential scan. Rand
and Woods [25] have reported that a monolayer of Pd oxide would
form on the Pd surface, and the reduction of this layer corresponds
to a charge density of 424 C/cm2 . This provides a convenient
method to determine the effective electrochemical surface area
(ECSA) of Pd, without the complication of surface contamination, as

Fig. 5. Cyclic voltammograms of a glassy carbon electrode (dia. 5 mm) modiﬁed
with PdHC8 and commercial Pt/C catalysts in an aqueous solution of 0.1 M NaOH.
The metal loading was both ca. 9.8 g. Potential sweep rate 50 mV/s.

observed in other methods (e.g., Cu UPD and CO stripping [26,27]).
Thus, from Fig. 5, the speciﬁc ECSA of the PdHC8 nanoparticlesmodiﬁed electrode was estimated to be 95.4 m2 /g, which is
signiﬁcantly higher than that (60 m2 /g) of Pd foams prepared by
electrodeposition [16]. In addition, in comparison with the theoretical surface area of the PdHC8 nanoparticles (199.7 m2 /g) that
was calculated on the basis of the particle average core diameter (2.50 nm, Fig. 1), this indicates that about 47.8% of the particle
surface was accessible after the particles were loaded onto the electrode surface and underwent electrochemical treatments (Table 1).
Note that in a previous study with platinum nanoparticles functionalized with acetylene derivatives, a signiﬁcantly lower fraction of
the metal nanoparticle surface was found to be electrochemically
accessible [24].
In comparison, for the “bare” Pt/C-modiﬁed electrode (red
curve), a pair of well-deﬁned voltammetric peaks appeared at ca.
+0.26 V, which are ascribed to the hydrogen adsorption/desorption
on the platinum surface. On the anodic scan, the peak at +0.81 V is
due to the formation of platinum oxide, and in the return sweep, the
reduction of the platinum oxide is manifested as the peak at +0.64 V.
Based on these voltammetric features the effective ECSA of the Pt/C
modiﬁed electrode was evaluated to be 57.5 m2 /g, signifying that
about 67.8% of the Pt nanoparticle surface was electrochemically
accessible (Table 1), similar to that reported in a previous study
[21].
The electrocatalytic activities of these two electrodes in the oxidation of ethylene glycol were then carried out and compared. Fig. 6
shows the corresponding voltammograms in an aqueous solution
of 0.1 M ethylene glycol and 0.1 M NaOH at a potential sweep rate
of 50 mV/s. It can be seen that at the PdHC8 nanoparticles-modiﬁed
electrode (black curve), in the anodic scan, the oxidation of ethylene glycol started at around +0.459 V, and peaked at +0.851 V with
a speciﬁc current density of 1084.0 A/g; and in the return scan, an
oxidation current peak appeared at +0.720 V with a current density of 661.7 A/g. Remarkably, although still partially capped by the
octyne ligands, the PdHC8 nanoparticles exhibited current densi-

Table 1
Summary of PdHC8 and Pt/C nanoparticles in the electrooxidation of ethylene glycol: electrochemical surface area (ECSA), fraction of the geometric surface area, onset
potential (Eonset ), anodic (Ep,a ) and cathodic (Ep,c ) peak potentials, anodic and cathodic peak currents normalized to ECSA (Js,a and Js,c ) and metal loading (Jm,a and Jm,c ).

PdHC8
Pt/C

ECSA (m2 /g)

Fraction of geometric surface area

Eonset (V vs RHE)

Ep,a (V vs RHE)

Js,a (A/m2 )

Jm,a (A/g)

Ep,c (V vs RHE)

Js,c (A/m2 )

Jm,c (A/g)

95.4
57.5

47.8%
67.8%

+0.459
+0.464

+0.851
+0.922

11.4
9.4

1084.0
542.8

+0.720
+0.869

6.9
8.3

661.7
479.7
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Fig. 6. Cyclic voltammograms of a glassy carbon electrode (dia. 5 mm) modiﬁed with
PdHC8 and Pt/C catalysts in an aqueous solution containing 0.1 M ethylene glycol
and 0.1 M NaOH. Potential sweep rate 50 mV/s. Other conditions were the same as
those in Fig. 5. Inset shows the magniﬁed region around the onset potentials.

Fig. 7. Chronoamperometric proﬁles of a glassy carbon electrode (dia. 5 mm) modiﬁed with PdHC8 and Pt/C catalysts in an aqueous solution of 0.1 M ethylene glycol
and 0.1 M NaOH by stepping the electrode potential from 0 to +0.80 V for 600 s. Other
experimental conditions were the same as those in Fig. 6.

ties that were signiﬁcantly higher than that (413 A/g) observed by
Cherevko et al. using Pd foams prepared by electrodeposition [16].
In addition, the catalytic performance of PdHC8 nanoparticles
was also markedly enhanced as compared with commercial Pt/C
catalysts, a leading catalyst for ethylene glycol electrooxidation.
For the Pt/C-modiﬁed electrode (red curve), in the anodic scan,
the oxidation of ethylene glycol started at ca. +0.464 V and the
voltammetric current peaked at +0.922 V with a current density
of 542.8 A/g. In the return scan, an oxidation peak also emerged
at +0.869 V with a current density of 479.7 A/g. These results are
summarized in Table 1. Note that these voltammetric features are
consistent with those observed previously in the electrocatalytic
oxidation of ethylene glycol at Pt or Pd electrodes [10,17,28]. Yet,
whereas the onset potentials of ethylene glycol oxidation were
rather consistent, the currents around the onset potentials rose
much more rapidly with Pt/C than with PdHC8 (Fig. 6 inset), signifying a more rapid start of the electrooxidation of ethylene glycol;
in contrast, at higher potentials (i.e., within the potential range of
+0.6 to +0.8 V), in the anodic scan the currents of ethylene glycol oxidation exhibited a much steeper rise with PdHC8 than with
Pt/C. These observations might be ascribed to more uniﬁed reaction pathways and products on PdHC8 than on Pt/C. Signiﬁcantly,
the peak potentials are apparently more negative with the PdHC8
nanoparticles than with Pt/C, in particular, in the cathodic scan;
and the mass-normalized anodic peak current density (Jm,a ) for
PdHC8 is almost twice that for Pt/C, whereas the cathodic peak
current density (Jm,c ) is about 40% higher. These observations suggest that the PdHC8 nanoparticles exhibited a markedly better
catalytic performance in the oxidation of ethylene glycol in alkaline media than leading commercial Pt/C catalysts (in Table 1, one
may notice that the area-speciﬁc anodic and cathodic peak current densities (Js,a = 11.4 A/m2 and Js,c = 6.9 A/m2 ) of PdHC8 were
both very comparable to those (9.4 A/m2 and 8.3 A/m2 ) of Pt/C, as
depicted in Fig. S2, suggesting that the electrooxidation of ethylene
glycol in alkaline media was almost equally facile on the PdHC8
and Pt/C nanoparticle surfaces; yet, for practical applications,
mass-speciﬁc current density is typically used as the measuring yardstick to evaluate and compare the nanoparticle catalytic
performance).
The stability of the electrocatalysts under continuous operating conditions was further examined by chronoamperometric measurements. Fig. 7 depicts the current–time curves of
the two nanoparticle catalysts in the oxidation of ethylene

glycol by stepping the electrode potential from 0 to +0.8 V
for 600 s. It can be seen that at both electrodes, the oxidation currents of ethylene glycol showed a rapid decrease
within the ﬁrst 100 s and then remained virtually invariant
with time. Nonetheless, within the entire range of the test
period, the PdHC8 nanoparticles (black curve) maintained a mass
current density that was 1.5–2 times higher than that of commercial Pt/C (red curve), demonstrating signiﬁcantly enhanced
electrocatalytic activity and stability. For instance, at 600 s the
oxidation current density at the PdHC8 nanoparticles-modiﬁed
electrode was 275.3 A/g, whereas only 194.2 A/g at commercial
Pt/C.
It should be noted that the reaction mechanism of ethylene
glycol oxidation at noble metal electrode surfaces is rather complex and not yet fully understood [10,17,28]. Yet, prior research
has shown that up to eight electrons might be involved in the
oxidation of ethylene glycol with oxalate as the ﬁnal product
and glycol aldehyde, glycolate and glyoxalate as the intermediates and by-products [10]. In these reactions, the oxidative
dehydration of adsorbed ethylene glycol has been proposed
to be the rate-determining step, Pd-[C2 H4 (OH)2 ]ads + OH− → Pd[C2 H3 (OH)2 ]ads + H2 O + e− [17]. Within this context, whereas the
detailed reaction mechanism is not clear at this point, the enhanced
catalytic activity of the PdHC8 nanoparticles, as compared with
“naked” noble metal catalysts (e.g., Pd forms [16], or commercial
Pt/C), may be attributed to the combined contributions from both
the geometric as well as electronic effects. Speciﬁcally, with the
partial removal of the organic capping ligands from the PdHC8
nanoparticle surface (Fig. 5), the remaining molecules offered a relatively hydrophobic environment on the Pd nanoparticle surface
that facilitated the removal of H2 O generated in the dehydration
reactions. Further contributions might arise from the intraparticle charge delocalization afforded by the Pd C CH conjugated
interfacial linkages that facilitated the formation of Pd C bonds in
Pd-[C2 H3 (OH)2 ]ads , as the Pd C bonds generally involve d electrons and the extended conjugation between the particle-bound
acetylene moieties most likely increases the effective electron density within the Pd metal cores. While further research is desired
to unravel the mechanistic insights, the results presented herein
further demonstrate the unique advantages of deliberate organic
functionalization of metal nanoparticle catalysts in the manipulation and enhancement of their electrocatalytic activities [20,21].
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4. Conclusion
Palladium nanoparticles functionalized with 1-octyne (PdHC8)
were prepared by a one-step reduction procedure. The nanoparticles exhibited an average core diameter of 2.50 ± 0.28 nm, as
determined by TEM measurements. FTIR measurements showed
that the 1-octyne molecules self-assembled onto the Pd surface
most likely with the effective breaking of the C H bonds and the
formation of a dynamic equilibrium between a Pd–vinylidene interfacial linkage and a palladium-octynide and palladium hydride
bond by virtue of a tautomeric rearrangement process. This was
evidenced by the disappearance of the H C vibrational bands
and an apparent red-shift of the C C vibrational stretch from
2119 cm−1 to 2029 cm−1 , as compared to the vibrational features
of the monomeric ligands. With these conjugated interfacial bonds,
the nanoparticles exhibited interesting photoluminescence properties with a pair of well-deﬁned excitation and emission peaks at
343 nm and 456 nm, respectively, that were analogous to those of
diacetylene derivatives. Furthermore, TGA measurements showed
that there were about 150 ligands per nanoparticle, corresponding to an average footprint of ca. 13 Å2 per capping ligand on
the nanoparticle surface, consistent with a head-on conﬁguration
of the alkyne ligands on the Pd surface. Interestingly, the resulting nanoparticles exhibited apparent electrocatalytic activity in
the oxidation of ethylene glycol in alkaline media. In comparison
with commercial Pt/C catalysts, the PdHC8 nanoparticles displayed
marked enhancement of the electrocatalytic performance, with
an anodic peak that was ca. 70 mV more negative, and a massspeciﬁc peak current density that was about twice as much. The
PdHC8 nanoparticles were also found to exhibit enhanced stability in chronoamperometric measurements. Overall, the substantial
improvement of the electrocatalytic activity of PdHC8 nanoparticles in the oxidation of ethylene glycol might be attributed to
the partial removal of the organic capping ligands, whereby the
remaining molecules provided a relatively hydrophobic environment for the effective removal of water generated in the oxidative
dehydration of adsorbed ethylene glycol, as well as to the enhanced
electron density of the Pd metal cores that facilitated the formation of Pd C bonds in Pd-[C2 H3 (OH)2 ]ads , which is presumed to
be the rate-determining step in ethylene glycol oxidation on Pd
surfaces. Taken together, these results suggested that deliberate
functionalization of nanoparticle surfaces by selected functional
ligands indeed might be exploited as a powerful and yet unconventional route toward the further improvement of the nanoparticle
electrocatalytic performance in fuel cell electrochemistry.
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