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a b s t r a c t

Stable platinum nanoparticles were prepared by the self assembly of acetylene derivatives (1-alkynes,
4-ethylphenylacetylene, and 4-tert-butylphenylacetylene) onto bare Pt colloid surfaces. Transmission
electron microscopic measurements showed that the nanoparticles exhibited an average core size of
2.85 ± 0.62 nm. FTIR study showed that with the acetylene ligands adsorbed onto the Pt nanoparticle sur-
face, the „CAH vibrational stretches disappeared completely, along with a substantial redshift of the
C„C vibrational stretch, as compared to those of the monomeric ligands. These were ascribed to the
breaking of the „CAH bond and the formation of PtsurfaceAH and PtsurfaceAC„ at the metal–ligand inter-
face. The conjugated bonding interactions between the triple bond and Pt were found to lead to extensive
intraparticle charge delocalization between the acetylene moieties, and hence unique photolumines-
cence properties of the nanoparticles. For nanoparticles functionalized with 4-ethylphenylacetylene or
4-tert-butylphenylacetylene, the excitation and emission peak positions showed an apparent redshift
as compared to those of 1-alkyne-capped platinum nanoparticles. Electronic conductivity measurements
of the nanoparticle solids showed that for the nanoparticles capped with 1-alkynes or 4-ethylphenylacet-
ylene, the temperature dependence of the ensemble conductivity was consistent with that of semicon-
ducting materials, whereas for the 4-tert-butylphenylacetylene-capped nanoparticles, metallic
behaviors were observed instead. An apparent discrepancy was also observed in the electrocatalytic
reduction of oxygen in alkaline media, where the specific activity was all markedly better than that of
commercial Pt/C catalysts, with the best performance by the 4-ethyphenylacetylene-capped Pt nanopar-
ticles. These observations were accounted for by the deliberate manipulation of the electronic structure
of the Pt nanoparticles by the organic ligands.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recent studies have shown that the material properties of
organically capped transition-metal nanoparticles can be readily
manipulated not only by the chemical nature of the metal cores
and protecting ligands but also by the metal–ligand interfacial
bonding interactions [1]. For instance, when metal nanoparticles
are stabilized by metal–carbon covalent bonds, the resulting nano-
particles exhibit much enhanced electronic conductivity of the so-
lid ensembles as compared to the mercapto-stabilized
counterparts, which is accounted for by the reduced metal–ligand
interfacial contact resistance and hence the extensive spilling of
core electrons into the organic capping matrix that facilitated
interparticle charge transfer [2,3]. In addition, when the ligands
are bound onto the nanoparticle surface by conjugated chemical
ll rights reserved.
linkages, effective intraparticle charge delocalization may occur
for the particle-bound functional moieties, leading to the emer-
gence of unprecedented optical and electronic properties that are
analogous to those of their dimeric forms. This has been mani-
fested in ruthenium nanoparticles functionalized with carbene
fragments, alkynides, as well as acetylene derivatives using elec-
troactive species such as ferrocene and fluorophores such as
anthracene and pyrene as the molecular probes [4–10].

In more recent studies, we found that by deliberate chemical
functionalization of Pd and Pt nanoparticles with selected aliphatic
fragments using diazonium salts as the precursors (with the for-
mation of MAC bonds), the resulting nanoparticles exhibited sig-
nificant enhancement of their electrocatalytic activities in formic
acid oxidation as well as oxygen reduction [11–13]. The somewhat
unexpected behaviors were accounted for by the unique tuning of
the electronic structures of the metal cores that impacted the
bonding interactions with the respective reactants. Yet, the effects
of other metal–ligand interfacial bonding interactions on the
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nanoparticle electrocatalytic activity remain largely unexplored.
This is the primary motivation of the present study.

In this study, we prepared a series of platinum nanoparticles
that were capped by the self-assembly of acetylene derivatives,
ranging from straight-chain 1-alkynes to aromatic acetylene deriv-
atives. In our previous study with ruthenium nanoparticles, we
demonstrated that terminal alkynes adsorbed onto the nanoparti-
cle surface forming ruthenium–vinylidene (Ru@C@CHA) interfa-
cial bonds by virtue of a tautomeric rearrangement process [10].
Similar self-assembly was observed with Pt nanoparticles. The
bonding interactions between the acetylene derivatives with Pt
were then examined by FTIR, UV–vis and photoluminescence spec-
troscopic measurements. The results suggested effective breaking
of the „CAH bond and the formation of PtsurfaceAH and Ptsur-

faceAC„ at the metal–ligand interface. With such conjugated me-
tal–ligand bonding interactions, the resulting nanoparticles
exhibited interesting electronic conductivity properties. For Pt
nanoparticles functionalized with 1-alkynes or 4-ethylphenylacet-
ylene, temperature dependence of the ensemble electronic con-
ductivity was consistent with that of semiconducting materials,
whereas for 4-tert-butylphenylacetylene-capped nanoparticles,
metallic behaviors were observed instead. This discrepancy of the
ensemble conductivity properties also led to an apparent variation
of the electrocatalytic activity in oxygen reduction. On the basis of
onset potential and kinetic current density, the 4-ethylphenylacet-
ylene-capped nanoparticles were found to exhibit the best perfor-
mance among the series. This was accounted for by the combined
contributions of (i) effective partial removal of nanoparticle surface
ligands for ready accessibility of the nanoparticle surface by oxy-
gen and electrolyte counter ions and (ii) tuning of the nanoparticle
electronic structures that impacted the bonding interactions with
oxygen. These results further demonstrate that surface chemical
functionalization may represent a unique and effective tool in
the manipulation and optimization of their electrocatalytic
activity.
2. Experimental section

2.1. Chemicals

Platinum chloride (PtCl2, 98 %, Alfa Aesar), 1-decyne (HC10, TCI
America), 1-dodecyne (HC12, ACROS, 98%), 1-tetradecyne (HC14,
Wako), 1-hexadecyne (HC16, Alfa Aesar, 90%), 4-ethylphenylacety-
lene (EPA, 99%, Fisher Scientific), and 4-tert-butylphenylacetylene
(BPA, 90+%, Fisher Scientific), 1,2-propanediol (ACROS), and sodium
acetate trihydrate (NaOAc�3H2O, MC&B) were used as received. A
commercial Pt/C catalyst was purchased from Alfa Aesar
(20 wt.%, HiSPECTM3000, Johnson Matthey). All solvents were
obtained from typical commercial sources and used without
further treatment. Water was supplied by a Barnstead Nanopure
water system (18.3 MX cm).
2.2. Preparation of platinum nanoparticles

Pt nanoparticles stabilized by acetylene derivatives were pre-
pared by adopting a previous procedure for the synthesis of al-
kyne-capped ruthenium nanoparticles [10]. Briefly, in a typical
reaction, 0.28 mmol of PtCl2 was dissolved in 2 mL of concentrated
HCl and heated at 60 �C for 30 min, into which NaHCO3 was added
until no bubbling was observed. The resulting Na2PtCl4 and
2 mmol of NaOAc were then mixed in 200 mL of 1,2-propanediol
and the solution was heated to 165 �C for 1 h under vigorous stir-
ring. The solution turned dark brown signifying the formation of
nanometer-sized platinum colloids. Upon cooling to room temper-
ature, the solution was split equally into six round-bottom flasks
into which a calculated amount of an acetylene derivative dis-
solved in toluene was added. The self-assembly of the ligands onto
the platinum surface led to the effective extraction of the nanopar-
ticles into the toluene phase, as manifested by the color appear-
ance. The toluene part was collected, dried with a rotary
evaporator and rinsed extensively with ethanol to remove exces-
sive ligands. For alkyne-capped nanoparticles, they were denoted
as PtHCx with x being the number of carbon atoms in the corre-
sponding monomeric alkyne ligands; and for those stabilized by
4-ethylphenylacetylene and 4-tert-butylphenylacetylene, they
were referred to as PtEPA and PtBPA, respectively.

2.3. Spectroscopy

The morphology and size of the Pt nanoparticles were charac-
terized by transmission electron microscopy studies (TEM, Philips
CM300 at 300 kV). More than 300 nanoparticles were measured
to obtain a size histogram. 1H NMR spectroscopic measurements
were carried out by using concentrated solutions of the nanoparti-
cles 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. UV–vis spectroscopic
studies were performed with an ATI Unicam UV4 spectrometer
using a 1 cm quartz cuvette with a resolution of 2 nm. Photolumi-
nescence characteristics were examined with a PTI fluorospectrom-
eter. 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.

2.4. Electronic conductivity

Electronic conductivity of solid films of the platinum nanoparti-
cles was evaluated by using a procedure detailed previously [10]. A
particle film was formed by dropcasting 1 lL of a concentrated par-
ticle solution in toluene (60 mg/mL) onto an interdigitated array
(IDA) electrode (25 pairs of gold fingers of 3 mm � 5 lm � 5 lm,
from ABTECH). At least 30 min was allowed for solvent evapora-
tion, and the film thickness was found to be greater than the height
of the IDA fingers. Conductivity measurements were then carried
out in vacuum (Cryogenic Equipment, JANIS CO) with a CHI710
Electrochemical Workstation at different temperatures (Lakeshore
331 Temperature Controller). The ensemble conductivity (r) was
evaluated by the equation r ¼ 1

49R

� �
L
S

� �
, where R is the ensemble

resistance calculated from the slope of the I–V curves, L is the
IDA electrode interfinger gap (5 lm) and S is the film cross-section
area approximated by (finger height, 5 lm) � (finger length,
3 mm). The constant (49) reflects that there are totally 49 junctions
which are in parallel within the IDA chip.

2.5. Electrochemistry

Electrochemical tests were carried out in a standard three-elec-
trode cell connected to a CHI 710C electrochemical work station,
with a Pt foil counter electrode and a Hg/HgO reference electrode
in a 0.1 M NaOH solution (from CH Instruments). The working elec-
trode is a rotating gold ring – glassy-carbon disk electrode (RRDE).
To prepare catalyst solutions for oxygen reduction tests, dilute
solutions of the Pt nanoparticles in toluene were mixed with XC-
72 carbon black and a Nafion 117 solution (5 wt.%, Fluka) to form
a well dispersed catalyst ‘‘ink’’ (Pt:carbon black = 1:4 (w/w), Naf-
ion: 0.05%) under ultrasound. A calculated amount of the catalyst
inks was slowly dropcast onto the RRDE. As soon as the electrode
was dried, a dilute Nafion solution (0.1 wt.%, 3 lL) was added onto
it. The Pt loading was 2.44 lg for PtHC10, 1.90 lg for PtEPA,
1.90 lg for PtBPA, and 2.00 lg for commercial Pt/C.
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Fig. 2. FTIR spectra of PtHC10, PtEPA, and PtBPA nanoparticles along with those of
monomeric HC10, EPA and BPA ligands.
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3. Results and discussion

3.1. Structural characterizations

Fig. 1 depicts a representative TEM micrograph of the Pt nano-
particles. It can be seen that the nanoparticles were well dispered
without apparent aggregation, suggesting effective passivation of
the nanoparticles by the self-assembly of acetylene derivatives
onto the Pt surface, and the resulting nanoparticles exhibited
well-defined crystalline structures. From the TEM image, one can
see that the lattice fringes display a spacing of 0.230 nm corre-
sponding to the separation between the Pt(111) planes. Further-
more, it can be seen that the size of the nanoparticles was rather
uniform. In fact, the nanoparticle core size histogram based on a
statistical analysis of more than 300 nanoparticles (figure inset)
shows that the nanoparticles exhibited an avergae core size of
2.85 ± 0.62 nm.

The structures of the capping ligands were then examined by
FTIR measurements, as depicted in Fig. 2 with PtHC10, PtEPA and
PtBPA nanoparticles. The spectra of PtHC12, PtHC14, and PtHC16
nanoparticles were similar to that of PtHC10 and hence not shown.
Whereas the monomeric ligands (dashed curves) all exhibited a
well-defined „CAH vibrational stretch (3314 cm�1 for HC10, and
3294 cm�1 for both EPA and BPA), such a feature vanished com-
pletely with the nanoparticle samples (solid curves), indicating fac-
ile breaking of the „CAH bond when the ligands were adsorbed
onto the nanoparticle surface. Previously Muetteries et al. [14] car-
ried out an ultra-high vacuum study of the chemical reactivity of
acetylene on Pt{111} and Pt{100} surfaces and found that at ambi-
ent temperature the carbon-hydrogen bond breaking was absent
on the Pt{111} surface, whereas the process was detectable for
Pt{100} even at 20 �C with the formation of PtsurfaceAH and
PtsurfaceAC„ bonds. For the nanoparticles prepared above, the fact
that the lattice fringes are well defined for the Pt(111) planes
(Fig. 1) suggests that the {100} facets might constitute a substan-
tial fraction of the metal core surface, which facilitated the break-
ing of the „CAH bond when the acetylene derivatives were
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Fig. 1. Representative TEM micrograph of PtHC10 nanoparticles prepared by
thermolytic reduction of PtCl2. Scale bar 5 nm. Inset shows the corresponding
nanoparticle core size histogram.
adsorbed onto the Pt surfaces. Similar behaviors were observed
with alkyne-capped ruthenium nanoparticles [10], where the
tautomeric rearrangement of the acetylene moieties adsorbed on
the Ru nanoparticle surface led to a dynamic equilibrium between
the g2 configuration and a Ru–vinylidene interfacial linkage with
the corresponding metal hydride as the intermediate species.
Notably, the disappearance of the „CAH vibrational stretches also
indicates that the platinum nanoparticles were free of excessive
unbound ligands.

Additionally, for EPA and BPA monomers, the spectral features
of the ring skeleton vibrations (C@C) at 1609 and 1460 cm�1 and
CAH deformation at 841 cm�1 are also well-defined, along with
the combination and/or overtone of the ring deformations that
emerged between 1630 and 1970 cm�1 and the ring CAH vibra-
tions at 3042 and 3089 cm�1 [15]. These characteristics are also
very well-defined with the PtEPA and PtBPA nanoparticles.

The breaking of the „CAH bond and the formation of the
PtAC„ linkage also led to a drastic variation of the C„C vibra-
tional stretch. From Fig. 2, it can be seen that, for the monomeric
ligands (dashed curves), the C„C vibrational stretch can be identi-
fied at 2122 cm�1 for HC10, and 2110 cm�1 for both EPA and BPA;
whereas when the ligands were bound onto the nanoparticle sur-
face, the C„C vibrational stretch appears at a much lower wave-
number position, 2020 cm�1 for PtHC10, and 2030 cm�1 for
PtEPA and PtBPA. This observation strongly indicates that the li-
gands were indeed chemically bonded onto the Pt surface, and
the decreasing bonding order (lower peak wavenumber) might
be attributed to the rp bonding interactions between the triple-
bond moieties and the platinum metal cores, where effective
intraparticle charge delocalization occurred between the particle-
bound acetylene moieties. In fact, such a phenomenon has been
observed extensively with other nanoparticles passivated by con-
jugated metal–ligand bonding interactions [7,10,16].

Notably, the fact that only one peak was observed for the C„C
vibrational stretch with the Pt nanoparticles prepared above is also
consistent with the formation of PtsurfaceAH and PtsurfaceAC„

bonds at the metal–ligand interface. Note that for alknyide-capped
Ru nanoparticles [7], also one peak was observed for the particle-
bound C„C bonds (i.e., with RusurfaceAC„ interfacial bonds). How-
ever, the behaviors were sharply different with alkyne-capped
ruthenium nanoparticles [10] or with alkynes adsorbed onto Au
and Ag surfaces by surface-enhanced Raman scattering (SERS)
measurements [17], where three peaks emerged at ca.
2056 cm�1, 1976 cm�1, and 1950 cm�1 for the C„C vibrational
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Fig. 3. UV–vis spectra of PtHC10, PtEBA, and PtBPA nanoparticles in CHCl3. Note
that the spectra have been normalized to their respective absorbance at 300 nm.
The difference spectra between the PtEPA (PtBPA) and PtHC10 nanoparticles are
also included in the figure (right axis).
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Fig. 4. Excitation and emission spectra of PtHC10 (solid curves), PtEPA (dotted
curve) and PtBPA (dashed curve) in CHCl3. Note that the fluorescence intensity has
been normalized to the optical density at the respective excitation wavelength
position.
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stretch, because of the formation of metal–vinylidene
(Ru@C@CHA) linkages that display symmetric and asymmetric
vibrational modes.

With the formation of PtsurfaceAC„ bonds at the metal–ligand
interface, the Pt nanoparticles exhibited unique optical character-
istics [7]. Fig. 3 depicts the UV–vis absorption spectra of PtHC10
(black curve), PtEPA (red1 curve), and PtBPA (green curve) nanopar-
ticles in CHCl3. Note that the spectra have been normalized to their
respective absorbance at 300 nm. It can be seen that all featured an
exponential decay profile (the co-called Mie scattering), as antici-
pated for nanometer-sized transition-metal particles [18]. In com-
parison with PtHC10 nanoparticles, both PtEPA and PtBPA
nanoparticles exhibited an additional broad absorption peak within
the range of 300 and 550 nm (centered around 400 nm, brown and
orange curves), as manifested in the difference spectra in the figure.
This is likely due to intraparticle charge delocalization that was fur-
ther extended by the participation of the phenyl p electrons [10]. In
fact, because of the extended conjugation, the particle-bound phen-
ylacetylene moieties in PtEPA and PtBPA nanoparticles now behaved
analogously to diphenyldiacetylene (PhAC„CAC„CAPh) [19]. The
resulting nanoparticles also exhibited interesting photolumines-
cence characteristics that are consistent with those of diphenyldi-
acetylene derivatives, as detailed below.

Fig. 4 depicts the excitation and emission spectra of the PtHC10
(solid curves), PtEPA (dotted curves), and PtBPA (dashed curves)
nanoparticles in CHCl3. Note that the fluorescence intensity has
been normalized to the optical density at the respective excitation
wavelength position. It can be seen that for Pt nanoparticles
capped with 1-decyne (and other 1-alkynes), the excitation (kex)
and emission (kem) peak positions can be identified at 352 nm
and 430 nm, respectively, consistent with the results of our previ-
ous studies with ruthenium nanoparticles capped with 1-alkynes
[10] or alkynide derivatives derivatives [7]. Yet, for the nanoparti-
cles functionalized with aromatic derivatives of acetylene, kex and
kem exhibit a significant redshift to 382 nm and 492 nm, respec-
tively, for both PtEPA and PtBPA nanoparticles. This is most prob-
ably due to the additional contribution of the phenyl p electrons
to the conjugation between the particle-bound acetylene moieties
[19,20], which may also account for the (normalized) fluorescence
intensity of both PtEPA and PtBPA nanoparticles that is over five
times greater than that of PtHC10, as depicted in Fig. 4.
1 For interpretation of color in Figs. 2,3,5,6, and 8, the reader is referred to the web
version of this article.
3.2. Electronic conductivity

The Pt nanoparticles obtained above also exhibited interesting
electronic properties, as reflected in the electronic conductivity
measurements of the nanoparticle solid films. Fig. 5 depicts the
current–potential (I–V) curves of (A) PtHC10, (B) PtEPA and (C)
PtBPA nanoparticle films prepared by dropcasting 1 lL of a
60 mg/mL particle solution in toluene onto an IDA surface. Within
the bias voltage of �0.80 to +0.80 V, obvious ohmic behaviors
(linear I–V responses) were observed throughout the entire
temperature range of 80–300 K, signifying very efficient interparti-
cle charge transfer, which might be, at least in part, attributed to
the conjugated metal–ligand interfacial bonding interactions that
allows extensive spilling of the metal core electrons into the organ-
ic ligand matrix [10]. Furthermore, it can be seen that the conduc-
tivity of the nanoparticle solid films was markedly greater with
PtBPA and PtEPA than that of PtHC10. For instance, at 300 K, the
ensemble conductivity was 74.1 mS/m, 0.14 mS/m, and 0.051 mS/
m for the PtBPA, PtEPA, and PtHC10 nanoparticles, respectively,
consistent with the reduced charge transfer resistance of the
aromatic spacers as compared with that of the saturated counter-
parts, which has been observed extensively in prior studies [21].
Note that the conductivity of these nanoparticles ensemble films
is about 8–11 orders of magnitude lower than that of metallic
platinum (9.52 � 106 S/m at 293 K) [22], as a result of the metal–
organic hybrid nature of the nanoparticles.

More interestingly, the three nanoparticles exhibited a signifi-
cantly different variation of the ensemble conductivity with tem-
perature. For (A) PtHC10 and (B) PtEPA nanoparticles, the
ensemble conductivity increased monotonically with increasing
temperature from 80 to 300 K, indicating semiconducting charac-
teristics of the nanoparticle solid films which is consistent with
the composite nature of the nanoparticle materials. Such a behav-
ior has also been observed previously with a number of organically
capped metal nanoparticles, where interparticle charge transfer
was accounted for by a thermally activated hopping mechanism
between adjacent nanoparticles [2,3]. From the temperature
dependence of the ensemble conductivity (Fig. 6), the activation
energy for interparticle charge transfer can be estimated, which
is ca. 76.3 meV and 46.3 meV for the PtHC10 and PtEPA nanoparti-
cles, respectively. Note that for ruthenium nanoparticles function-
alized by 1-alkynes of varied chain lengths, the activation energy
for interparticle charge transfer was also found to be around
70 meV [10]. The reduced activation energy for PtEPA, as compared
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to that of PtHC10, is most likely due to the lower charge transfer
resistance of the aromatic moiety than with the saturated aliphatic
chain.

However, for the PtBPA nanoparticles (Fig. 5C), the temperature
dependence of the ensemble conductivity was totally different. As
depicted in Fig. 6, the nanoparticle electronic conductivity actually
decreased with increasing temperature, a behavior typically antic-
ipated with metallic materials [22]. In a previous study with biphe-
nyl-functionalized palladium and titanium nanoparticles [2,3], we
observed similar metallic characters in conductivity measure-
ments, which was ascribed to the MAC covalent bonding interac-
tions that reduced the contact resistance at the metal–ligand
interface [23–25] as well as the p�p stacking between ligands of
adjacent particles in the solid films, as a result of ligand intercala-
tions that serves as an effective pathway for interparticle charge
transfer [26]. Similar behaviors were also observed with ruthenium
nanoparticles passivated by varied aliphatic fragments with RuAC
bonding interactions as a result of the strong metal–ligand interfa-
cial bonding interactions [3]. In the present study, with the conju-
gated PtAC„ interfacial linkage, the metal–ligand contact
resistance is anticipated to be low, leading to extended conjugation
between the particle-bound phenylacetylene moieties (e.g., as
manifested in the photoluminescence measurements in Figs. 3
and 4) and hence a reduced energetic barrier for interparticle
charge transfer.

Additional contributions may arise from the tert-butyl substitu-
ent group. Note that in nanoparticle solids, interparticle charge
transfer takes place by a percolation pathway as the conducting
metallic cores are embedded within an organic matrix. For
straight-chain aliphatic capping ligands, because of the tight pack-
ing on the nanoparticle surface, charge transfer between neighbor-
ing nanoparticles most probably occurs by a hopping process
through the molecular ligands, and the ensemble conductivity de-
creases exponentially with the ligand chain length because of
intercalation between ligands of neighboring particles. In fact, this
was manifested in further studies with the same Pt nanoparticles
but capped with 1-alkynes of different chain lengths (i.e., 1-dode-
cyne, 1-tetradecyne, and 1-hexadecyne; results not shown), similar
to that observed with alkyne-capped ruthenium nanoparticles
[10]. In contrast, for aromatic ligands, the packing is generally less
tight because of steric hindrance, in particular with branched sub-
stituents such as the tert-butyl group. Thus, in these nanoparticle
solid films, interparticle charge transfer is not necessarily through
the surface ligands, but rather, via surface defects. Such a process is
likely facilitated by the tert-butyl moiety, as tert-butyl group is
known to exhibit higher electron-donating capability than the
ethyl one [27]. This may explain why the PtEPA nanoparticles did
not display the metallic characters like PtBPA, despite a similar li-
gand structure and extended chain length. Such tert-butyl effects
have also been observed with molecular systems. For instance, re-
cently Hankache and Wenger [28] examined the photoinduced
electron transfer of covalent ruthenium(bipyridine) – anthraqui-
none dyads and observed that the introduction of electron-donat-
ing tert-butyl substituents into the bipyridine ligands led to an
order of magnitude enhancement of the electron transfer rate.

3.3. Electrocatalytic activity

In addition to an apparent difference of the ensemble conduc-
tivity, the above Pt nanoparticles also showed a marked variation
of their electrocatalytic behaviors in oxygen reduction. Fig. 7 shows
the steady-state cyclic voltammograms of a glassy-carbon disk
electrode modified with a same amount (�2 lg) of PtHC10 (solid
curve), PtEPA (dotted curve), PtBPA (dashed curve) and commercial
Pt/C (dashed-double dotted curve) nanoparticles in 0.1 M NaOH at
a potential sweep rate of 100 mV/s, after the electrodes were
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subject to about 30 potential cycles within the potential range of
�0.80 V and +0.20 V (vs Hg/HgO). It can be seen that at all elec-
trodes, the platinum butterfly features are quite well-defined. That
is, in the anodic scan, a voltammetric peak emerged at ca. �0.11 V
which can be attributed to the oxidation of the Pt surface. This was
then reduced in the cathodic scan with a peak at �0.19 V. In addi-
tion, there appear a pair of voltammetric waves within the poten-
tial range of �0.50 V and �0.80 V, which may be ascribed to
hydrogen adsorption/desorption on (naked) Pt surfaces, and from
the integrated peak areas, the effective electrochemical surface
area of the electrode was estimated to be 22.8 m2/gPt (PtHC10),
21.0 m2/gPt (PtEPA), and 8.1 m2/gPt (PtBPA). In comparison to the
physical surface area based on the nanoparticle average core size
(98.1 m2/gPt from Fig. 1), this represents 23.2%, 21.4%, and 8.3% of
the Pt nanoparticle surface that was made accessible to electrolyte
ions by the electrochemical treatments. Note that for ‘‘bare’’ com-
mercial Pt/C, the effective electrochemical surface area was mark-
edly higher at 61.5 m2/gPt, signifying that about 72.5% of the Pt
nanoparticle surface was electrochemically accessible [13].

Interestingly, the effective desorption of the capping ligands
from the Pt nanoparticle surface happened to follow a trend oppo-
site of the nanoparticle ensemble conductivity (vide ante). For the
PtHC10 and PtEPA nanoparticles, both showed that more than 20%
of the Pt surface area became accessible after the electrochemical
treatments, whereas only 8.3% of the PtBPA nanoparticle surface
was exposed. Note that the PtBPA nanoparticles exhibited metallic
characters in interparticle charge transfer (Fig. 6), and thus the
high electronic conductivity dictates that the potential drop within
the nanoparticle layer would be significantly smaller than that in
the semiconducting PtHC10 and PtEPA nanoparticles. Thus, the
electrochemical desorption of the capping ligands from the PtBPA
nanoparticle surface was less effective.

This discrepancy of the electrochemical reactivity also led to an
apparent difference in the electrocatalytic reduction of oxygen, an
important reaction process in fuel cell electrochemistry. Fig. 8
shows the ring and disk voltammograms of a gold ring – glassy-
carbon disk electrode with the disk modified with (A) PtHC10,
(B) PtEPA, (C) PtBPA, and (D) commercial Pt/C nanoparticles in an
oxygen-saturated 0.1 M NaOH solution at varied rotation rates
(the electrodes were the same as those in Fig. 7). It can be seen that
on the disk electrode the cathodic currents of oxygen reduction
start to emerge at �+0.067 V (PtHC10), +0.077 V (PtEPA),
+0.046 V (PtBPA), and +0.026 V (Pt/C), respectively. That is, the on-
set potentials of the three acetylene-capped Pt nanoparticles were
all somewhat more positive than that at the commercial Pt/C cat-
alysts, implying that oxygen reduction was facilitated at the acet-
ylene-functionalized Pt nanoparticles as compared to the naked
ones. Additionally, the voltammetric currents for oxygen reduction
reach a plateau at potentials more negative than �0.40 V, and in-
crease with increasing electrode rotation rate (from 100 to
2500 rpm). Notably, the corresponding ring currents collected at
+0.40 V are all at least one order of magnitude smaller, indicating
that the amounts of hydrogen peroxide (H2O2) produced during
oxygen reduction were minimal. Importantly, from the ratio be-
tween the ring (IR) and disk (ID) currents, the number of electron
transfer (n) in oxygen electroreduction can be estimated, n ¼ 4ID

IDþ
IR
N

with N being the collection efficiency (37%) [13]: PtHC10, 3.98;
PtEPA, 3.92; PtBPA, 3.91; and Pt/C, 3.81 [13], suggesting that with
the four nanoparticle catalysts, oxygen underwent efficient four-
electron reduction to water, O2 + 2H2O + 4e M 4OH�.

Further insights into the electron transfer dynamics of oxygen
reduction were obtained from the analysis of the Koutecky–Levich
plots (I�1 vs x�1/2). Note that in rotating disk voltammetric mea-
surements, the measured currents (I) may involve both kinetic
(IK) and diffusion (ID) controlled contributions [29],

1
I
¼ 1

IK
þ 1

ID
þ ¼ 1

IK
þ 1

Bx1=2 ð1aÞ

B ¼ 0:62 nAFCOD2=3
O m�16 ð1bÞ

IK ¼ nFAkCO ð1cÞ

where x is the electrode rotation rate, n is the overall number of
electron transfer, F is the Faraday constant, CO is the bulk concentra-
tion of O2 dissolved in the electrolyte, DO is the diffusion coefficient
for O2, and m is the kinematic viscosity of the electrolyte [30]. Thus,
the plots of I�1 versus x�1/2 are anticipated to yield straight lines
with the intercept corresponding to IK (Eq. (1c)) and the slopes
reflecting the so-called B factors (Eq. (1b)). Fig. 9 displays the Kou-
tecky–Levich plots of oxygen electroreduction at the four nanopar-
ticle catalysts. One can see that within the potential range of
�0.10 V to �0.30 V, the experimental data can all be fitted very well
with linear regressions, and the slopes of each nanoparticle catalyst
remained approximately constant. The linearity and parallelism of
the plots are usually taken as a strong indication of a first-order
reaction with respect to dissolved oxygen.

In addition, from the y-axis intercepts of the linear regressions,
the kinetic currents in oxygen reduction can also be quantitatively
evaluated (Eq. (1a)). Interestingly, when normalized to the effec-
tive electrochemical surface area as estimated from Fig. 7, the ki-
netic current density (JK) of the three acetylene-functionalized Pt
nanoparticles was all markedly higher than that of the commercial
‘‘bare’’ Pt/C catalysts (Fig. 10), again, suggesting that surface func-
tionalization by acetylene derivatives on the Pt surface facilitated
the electroreduction of oxygen. Additionally, one may notice that
whereas the experimental data for PtHC10 were somewhat scat-
tered, the kinetic current density of PtEPA was consistently greater
than that of PtBPA within the entire potential range of �0.10 V to
�0.30 V. For instance, at �0.18 V, the kinetic current densities
(JK) at the four nanoparticle catalysts are 12.6 mA/cm2 (PtBPA),
19.1 mA/cm2 (PtEPA), 12.3 mA/cm2 (PtHC10), and 4.1 mA/cm2

(Pt/C), respectively.
Therefore, it can be seen that on the basis of the onset potential

and kinetic current density, of the three nanoparticle catalysts, the
PtEPA nanoparticles exhibited the best electrocatalytic activity for
oxygen reduction. This may be accounted for by the reaction mech-
anism of oxygen reduction on Pt surfaces. It has been known that
the first electron-transfer process for the adsorbed oxygen mole-
cules represents the rate-determining step [31,32],
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2.00 lg (Pt/C). Ring currents were collected by setting the ring potential at +0.4 V.
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PtðO2;adÞ þ e� ! PtðO�2;adÞ ð2Þ

where oxygen is adsorbed onto the Pt surface in a linear or bridge-
bonded configuration, involving both electron donation from the
filled O2 orbitals to the empty orbitals of Pt surface atoms by r
ω -1/2 (
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between Pt and O2 and concurrently decreasing bonding order of
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OAO. Consequently, oxygen reduction is enhanced. Of the three
nanoparticles under study above, extensive spilling of the Pt core
electrons to the ligand shells is anticipated to occur because of
the conjugated metal–ligand interfacial bonding interactions, and
this intraparticle charge delocalization is more effective for the PtE-
PA and PtBPA nanoparticles than for the PtHC10 nanoparticles, as
manifested in spectroscopic measurements presented above. There-
fore, the effective electron density within the PtEPA and PtBPA
nanoparticles is anticipated to be even somewhat lower than that
of PtHC10, leading to enhanced bonding adsorption between O2

and Pt and eventual oxygen reduction activity. However, the less
effective desorption of BPA ligands from the Pt nanoparticles ren-
dered it difficult for O2 and electrolyte counter ions to access the
Pt surface and hence compromised the electrocatalytic activity.
Consequently, within the present experimental context, PtEPA rep-
resented the optimal conditions for oxygen electroreduction by vir-
tue of the extensive intraparticle charge delocalization and relative
ease of partial ligand desorption from the nanoparticle surface.

4. Conclusion

Stable platinum nanoparticles were prepared by thermolytic
reduction of H2PtCl4 followed by the self-assembly of acetylene
derivatives onto the bare Pt colloid surface. TEM measurements
showed the average core diameter of the nanoparticles was
2.85 ± 0.62 nm. FTIR measurements confirmed the bonding inter-
actions of the acetylene ligands onto the Pt surface with the break-
ing of the „CAH bond and the formation of PtsurfaceAH and
PtsurfaceAC„ at the metal–ligand interface, as manifested by the
disappearance of the „CAH vibrational stretches and the marked
redshift of the C„C vibrational band. With the conjugated metal–
ligand interfacial bonding interactions, extended conjugation oc-
curred between the particle-bound triple bonds, leading to the
emergence of unique photoluminescence properties of the nano-
particles. Additionally, electronic conductivity measurements
showed that for the nanoparticles stabilized by 1-alkynes or 4-eth-
ylphenylacetylene, the temperature dependence of the ensemble
conductivity exhibited semiconducting characters whereas for
the 4-tert-butylphenylacetylene-capped nanoparticles, metallic
behaviors were observed instead. This discrepancy was accounted
for by the reduced metal–ligand contact resistance and extensive
spilling of core electrons into the organic protecting matrix. Fur-
thermore, the acetylene-capped nanoparticles showed interesting
electrocatalytic activity in oxygen reduction. On the basis of the
onset potential and kinetic current density, all three nanoparticles
exhibited improved performance as compared to naked commer-
cial Pt/C catalysts; and among the series, 4-ethylphenylacetylene-
capped nanoparticles exhibited the best electrocatalytic perfor-
mance. This was accounted for by the deliberate manipulation of
the Pt core electronic structure that impacted the bonding interac-
tions with adsorbed oxygen and accessibility of the Pt surface by
electrolyte counterions. The results presented herein further dem-
onstrate the effectiveness of surface chemical functionalization in
the manipulation and optimization of nanoparticle electrocatalytic
activity in fuel cell electrochemistry.
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