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The usefulness of Pt-based nanomaterials for catalysis can be greatly enhanced by coupling morphology
engineering to the strategic presence of a second or even third metal. Here we demonstrate the design and
preparation of stellated Ag-Pt bimetallic nanoparticles where significant activity difference between the
methanol oxidation reaction (MOR) and the oxygen reduction reaction (ORR) may be realized by relegating
Ag to the core or by hollowing out the core. In particular the stellated Pt surface, with an abundance of steps,
edges, corner atoms, and {111} facets, is highly effective for the ORR but is ineffective for MOR. MOR
activity is only observed in the presence of a Ag core through electronic coupling to the stellated Pt shell. The
bimetallic Ag-Pt stellates therefore demonstrate the feasibility of tuning a Pt surface for two very different
structure sensitive catalytic reactions. Stellated bimetallics may therefore be an effective platform for highly
tunable catalyst designs.

P
latinum (Pt) nanoparticles are catalytically active for both the anodic (methanol oxidation reaction, MOR)
and cathodic (oxygen reduction reaction, ORR) reactions of the direct methanol fuel cell (DMFC)1–3.
However, they are susceptible to CO poisoning in the MOR and their ORR activity is still limiting the fuel

cell performance4–8. Other than the classical approaches of increasing the Pt catalytic performance through
particle size reduction, particle shape control, and alloying with oxophilic metals9–13, there is increasing interest
in combining morphology engineering and the synergistic effects of an adjuvant metal to enhance the Pt catalytic
properties11,14–16.

The design of electrocatalysts for improved activity, selectivity and resistance to deactivation should be rational
and based on a sufficiently good understanding of the reaction mechanism. For example, the importance of the
Pt–CO bond in MOR has been well documented17. The chemisorption of CO on Pt involves the donation of lone
pair electrons from the filled carbon s orbital of CO to the empty 5d-orbital of Pt, which is compensated by the
back donation of electrons from the Pt dp to the p* orbitals of CO. A high local density of electrons around Pt is
associated with weak chemisorption. With this understanding, Ag2S-Pt composite nanocatalysts have been
developed to ameliorate CO deactivation18. The electron transfer from Ag2S to Pt in Ag2S-Pt nanocomposites
due to the alignment of energy levels increases the electron density around the Pt sites, causing the weakening of
CO chemisorption and hence the increase in MOR activity. In addition, catalytic activity is also affected by the
atomic arrangements on specific exposed facets. The enhanced ORR activity of bimetallic Pt-on-Pd heterona-
nostructures or nanodendrites is an example19–22. The synthesis of the latter electrocatalysts began with the
preparation of truncated Pd cores by solution chemistry method. A dense array of Pt branches was then formed
on the Pd cores via the facet-selective growth of Pt.

After a careful review of the literature on recent designs of electrocatalysts for fuel cell applications11,19–26, we
hypothesize that the heterogeneous growth of Pt on a metal with different electronegativity may combine the
electronic effect in catalysis with the exposure of selective active facets through nanoparticle morphology engin-
eering to increase the diversity in the control of Pt catalytic properties. We will demonstrate this with the design
and preparation of stellated Pt nanoparticles with a Ag core (SPNPs-A). The bimetallic stellated nanoparticles
could be formed in one-pot by the competing growth of Pt on the twin sites of in-situ formed decahedral Ag seeds.
These SPNPs-A could be processed into hollow Pt nanoparticles without changes in size and the stellated
morphology (stellated Pt nanoparticles with a hollow interior, or SPNPs-H) by the extraction of the Ag core
with a selective etchant, bis(p-sulfonatophenyl)phenylphosphane dihydrate dipotassium salt (BSPP). BSPP
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works by binding strongly to silver to form water-soluble coordinat-
ing compounds. We will also demonstrate that the catalytic activity
of these stellated heterogeneous nanoparticles may be varied from
MOR to ORR by only altering their internal structure (a Ag or hollow
core). Specifically SPNPs-A are highly active for MOR due to pres-
ence of the Ag core which alters the Pt activity through the Pt-Ag
electronic coupling effects, while the SPNPs-H leverages on the
abundance of atomic steps, edges, corner atoms, as well as dominant
{111} facets on the stellating geometry to increase the ORR activity of
the Pt surface. The stellated morphology offers a convenient platform
to construct heterogeneous nanoparticles with very varied catalytic
properties quite easily.

Results and Discussion
Fig. 1 is a schematic illustration of the synthesis of SPNPs-A by the
co-reduction of AgNO3 and K2PtCl4 in oleylamine at elevated
temperature. Although both Ag and Pt precursors were heated in
one-pot, the Ag precursor was preferentially reduced because the
reduction of Ag-oleylamine complexes was kinetically more facile.
The fast kinetics resulted in the formation of multiply twinned deca-
hedral Ag nanoparticles which seeded the subsequent deposition of Pt.
The twin structure of the Ag seeds, which accounted for many inter-
esting electronic, optical, and catalytic properties27–29, were essential
for the development of the stellated Ag-Pt heterogeneous nanostruc-
ture. The anisotropic growth of Pt on the surface of Ag seeds was due
to the selective deposition of Pt at high-energy twin boundary sites.

Transmission electron microscopy (TEM) was used to follow the
particle growth process. The results are shown in Fig. 2. The TEM
(Fig. 2a) and high-resolution TEM (HRTEM) images (Fig. 2b) show
only multiply twinned decahedral Ag nanoparticles with an average
diameter of 12.2 nm after reaction for 30 min, although both Ag and
Pt precursors were introduced to oleylamine simultaneously. The
absence of the Pt component at this stage was confirmed by energy
dispersive X-ray spectroscopy (EDX) analysis (Fig. 2c). The Pt signal
was only detected by EDX of the nanoparticles recovered from the
reaction mixture after 60 min, as shown in Fig. 2f. There were also
significant changes in the morphology and the size of the particles in
the TEM and HRTEM images (Fig. 2d and 2e). With the deposition
of Pt on the in-situ formed Ag nanoparticles, the average diameter
was increased to 16.6 nm. Core-shell nanoparticles with a number of
Pt humps on the shell were the majority product at this time. At
90 min, the Pt humps developed into short branches on the surface
of the core-shell Ag-Pt nanoparticles (Fig. 2g and 2h), and the Pt
signal in the EDX spectrum increased accordingly (Fig. 2i). This
stellating growth of Pt continued until the Pt precursor in the reac-

tion mixture was completely exhausted (120 min). The final product
was SPNPs-A with an average size of 25.2 nm (Fig. 2j and 2k) which
is morphologically distinct from the spherical nanoparticles formed
in the early stages of the reaction. EDX analysis (Fig. 2l) of the
nanoparticles measured the Ag/Pt atomic ratio to be approximately
1.0/1.9, which is in good agreement with the Ag/Pt atomic ratio used
in the preparation (1/2). This is suggestion that all of the Ag and
Pt precursors had been completely reduced by oleylamine under
the prevailing experimental conditions. The completion of reaction
was confirmed by extending the reaction time to 180 min, where
no further changes in the particle size, morphology, and Pt/Ag
atomic ratio were detected by TEM (Fig. 2m), HRTEM (Fig. 2n),
and EDX (Fig. 2o) respectively.

The Pt precursor must be present in sufficient quantity to enable
the stellated growth of nanoparticles. In the case of an insufficient Pt
precursor, for example, for a Ag/Pt atomic ratio of 1/1 or higher,
there were no branched structures on the Pt exterior, and the pro-
ducts were analogous to those imaged in Fig. 2d (60 min after the co-
reduction of Ag and Pt precursors at atomic ratio of 1/2). Core-shell
Ag-Pt nanoparticles were formed instead of the stellated Ag-Pt nano-
particles, as shown in Fig. S1 of Supplementary Information (SI).

The distribution of Ag and Pt in the fully-developed stellated
nanoparticles was assayed by EDX in high-angle annular dark-field
scanning TEM microscopy (HAADF-STEM). The elemental map of
a representative nanoparticle in SI Fig. S2a shows uniform distri-
bution of Pt throughout the entire particle (SI Fig. S2c) whereas Ag
was concentrated in the core region (SI Fig. S2b). STEM-EDX ana-
lysis of three randomly selected nanoparticles confirmed the absence
of isolated nanostructures consisting of only Ag or Pt (SI Fig. S3).

The HRTEM images sampled from isolated stellated particles (SI
Fig. S2d–i) show that each particle had a solid body and a number of
branches which interrupted the surface into disjoint intervals. These
HRTEM images also indicate well-developed crystallinity. The lattice
fringes in the branches of the stellated particles associated well with
the Pt {111} planes. In the body region, the superposition of the
diffraction patterns of Ag and Pt made it difficult to differentiate
between Ag and Pt in the HRTEM images. It is noteworthy to men-
tion that the lattice planes in the Pt branches were not parallel to
those in the body of the stellated nanostructure, and the angles
between them also varied from particle to particle. It is therefore
deduced that there was no epitaxial growth between the branch
and the body of SPNPs-A and the growth of Pt branches occurred
in different orientations. This result is significantly different from
previous reports on the seed-mediated synthesis of Pt-on-Pd nano-
structures where the {111} planes of Pt were parallel to the {111}
planes of Pd due to the very good lattice matching between Pt and
Pd19–21.

The twinned structure of the Ag seeds provides an expeditious
means to modify the internal structure of SPNPs-A. Multiply-
twinned Ag nanoparticles are inherently unstable; known to be
slowly etched by dissolved O2 and Cl2 dissociated from the Pt pre-
cursor (K2PtCl4), and influence strongly on the continuity and com-
pactness of the overlaid Pt shell30,31. The Ag1 released from the O2/
Cl2 etching of twinned Ag seeds diffuses out through the discontinu-
ous Pt shell due to the prevailing Ag1 concentration gradient
between the core of the Ag-Pt nanoparticles and the surrounding
solution. This diffusion has been developed into a general protocol
for the fabrication of noble metal nanoparticles with a hollow or
cage-bell structure31. A variation of this protocol was used in this
work to completely remove the Ag core from SPNPs-A, resulting in
hollow Pt nanoparticles with an intact stellation morphology
(SPNPs-H, or stellated Pt nanoparticles with a hollow interior).
The disappearance of the Ag signal in the EDX analysis of SPNPs-
A after the BSPP treatment evidenced the complete elimination of
the Ag core from SPNPs-A (Fig. 3d). The voidage in the core region
formed by the removal of Ag by BSPP could be discerned by the

Figure 1 | Schematic illustration of the mechanism for the formation of
stellated Ag-Pt nanoparticles in the one-pot synthesis.
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Figure 2 | SPNPs-A collected at different time. Representative TEM images (a,d,g,j,m), HRTEM images (b,e,h,k,n) and corresponding EDX spectra

(c,f,i,l,o) of the stellated Ag-Pt nanoparticles made after the reaction for 30 min (a,b,c), 60 min (d,e,f), 90 min (g,h,i), 120 min (j,k,l), and 180 min

(m,n,o), respectively.
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strong contrast between central and surface regions in the TEM and
HRTEM images of Fig. 3a, b, and c. The particle size and the stellation
morphology were practically unchanged by the BSPP treatment.
Hence the BSPP treatment was highly selective and did not cause
the collapse of the SPNPs-A structure.

Both SPNPs-A and SPNPs-H were loaded on Vulcan carbon and
tested for electrocatalytic activity for the methanol oxidation reaction
(MOR) and the oxygen reduction reaction (ORR) at room temper-
ature). As shown by the representative TEM and HRTEM images in
SI Fig. S4, SPNPs-A and SPNPs-H could be dispersed very well on the
carbon support by conventional means and the stellated morphology
of the nanoparticles was intact. The loading of the stellated particles
on carbon was fixed at 20 wt% of Pt in order to be comparable to the
commercial catalyst (E-TEK Pt/C, 20 wt% Pt nanoparticles (3.2 nm)
on Vulcan XC-72 carbon support) which was used to benchmark the
catalyst performance.

The electrochemical active surface areas (ECSAs) of SPNPs-A,
SPNPs-H, and the E-TEK Pt/C catalysts were measured by cyclic
voltammetry (Fig. 4a). The ECSAs normalized by the mass of Pt
are shown in Fig. 4b. The ECSAs of SPNPs-A and SPNPs-H were
40.5 m2 gPt

21 and 50.6 m2 gPt
21 respectively, and were 55.6% and

69.5% of the ECSA of the E-TEK Pt/C catalyst (72.8 m2 gPt
21). The

lower ECSAs of stellated nanoparticles are most likely due to the
presence of residual impurities adsorbed on the surface and the larger
sizes compared with Pt nanoparticles (,3 nm) in commercial cata-
lysts. Fig. 4b also shows that the removal of the Ag core increased
the Pt ECSA by 20% (10.1 m2 gPt

21), suggesting that the ECSA of the
stellated particles was mostly contributed by the Pt branches. The
curvature of the spatially separated Pt branches suggests an abund-
ance of atomic steps, edges, and corner atoms, which are known to
increase the Pt catalytic activity22,32–34.

Besides the stellated morphology, an important feature in SPNPs-
A affecting catalytic activity is the electronic coupling between the Ag
core and the Pt shell with stellates. The difference in the electrone-
gativity of Ag and Pt (1.83 and 2.28 respectively) implies that elec-
trons may be drawn from Ag to Pt in SPNPs-A. XPS analysis was
therefore used to measure the electron transfer, in any, in SPNPs-A.
The binding energies of the Pt 4f7/2 and 4f5/2 peaks of SPNPs-A were
shifted appreciably to lower values compared with the same peaks in
the E-TEK Pt/C catalyst and SPNPs-H (SI Fig. S5a). This is indica-
tion of electron transfer from Ag to Pt in the SPNPs-A. The electron-
donation from Ag to Pt in SPNPs-A also resulted in the shift of the Ag
3d peak to more positive values than that in monometallic Ag, as
shown in SI Fig. S5b. The electron donation from Ag to Pt in SPNPs-
A could result in a substantial increase in the local electron density
around the Pt sites, which has been shown to reduce the irreversible
adsorption of CO, an intermediate product in the MOR and catalyst
poison, from inhibiting the catalytically active sites18.

SI Fig. S6 shows the CO stripping voltammograms of SPNPs-A,
SPNPs-H, and commercial Pt/C after the working electrode has been
held at 20.15 V for 30 min in CO saturated 0.1 M HClO4. The CO
stripping peaks of the SPNPs-A shifted to a more negative potential
as compared to SPNPs-H and commercial Pt/C, thus indicating a
more facile CO removal, and hence, an improved CO tolerance in
practice. The ease of CO removal over SPNPs-A relative to SPNPs-H
and commercial Pt/C reflected the effectiveness of electron coupling
between the Ag and Pt in the stellated Ag-Pt nanoparticles.

The voltammograms for MOR and the polarization curves for
ORR of SPNPs-A, SPNPs-H, and the E-TEK Pt/C catalyst are given
in Fig. 4c and 4e respectively. The current densities in the voltammo-
grams and polarization curves were normalized by the ECSA of Pt.
For MOR, the peak current densities associated with methanol

Figure 3 | SPNPs-H. TEM (a), HRTEM (b,c), and corresponding EDX spectrum (d) of stellated Pt nanoparticles with a hollow interior prepared from the

stellated Ag-Pt bimetallic nanoparticles.
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oxidation in the forward and reverse scans are summarized in Fig. 4d.
The comparison of current densities shows that SPNPs-A had higher
specific activity than SPNPs-H and the E-TEK Pt/C catalyst. Because
of the identical size and morphology of SPNPs-A and SPNPs-H, the
higher catalytic activity of SPNPs-A for MOR could only be attrib-
uted to the presence of Ag, and the possibility of electronic coupling
between Ag and Pt. Furthermore Fig. 4d also shows that after the
removal of the Ag core from SPNPs-A, the resultant SPNPs-H
showed comparable MOR activity as the E-TEK Pt/C catalysts in
MOR, suggesting that the stellated morphology contributed very
limitedly, if any, to the activity of Pt for methanol oxidation.

The activity trend of the three catalysts for ORR was quite different
from that for MOR. The low ORR activity of SPNPs-A is a strong
contrast to its high MOR activity (Fig. 4e). As summarized in Fig. 4f,
the half-wave potential of SPNPs-A was 470 mV, and was 77% and
87% of the half-wave potentials of SPNPs-H and E-TEK Pt/C
respectively. The current density at the half-wave potential of
SPNPs-A (2.15 mA cm22) was also lower than that of SPNPs-H
(2.70 mA cm22) and E-TEK Pt/C (2.48 mA cm22). The report of
Watanabe and co-workers provided some possible understanding
of the poor ORR activity of SPNPs-A35. The report discussed the
alloying effect of Fe, Ni or Co with Pt, where increase in ORR activity
was observed. As Fe, Ni and Co have more 5d vacancies than Pt, they
would withdraw electrons from Pt and consequently increase the 5d
vacancies in Pt. This increased the electron exchange between O2 and
Pt to promote oxygen reduction through enhanced O2 adsorption.
However, for SPNPs-A, the electron donation from Ag to Pt
decreased the 5d vacancies in Pt. Thus, O2 adsorption was weakened
on SPNPs-A, and the ORR activity was decreased because of inad-
equate activation of the O2 molecules.

On the other hand, SPNPs-H was more active than SPNPs-A and
the E-TEK Pt/C catalyst for ORR. This is consistent with previous
observations of high catalytic activities of Pd-Pt dendrites and Pt-on-
Pd structures for oxygen reduction at room temperature19,20. Since
SPNPs-A and SPNPs-H had identical size and morphology, we are
led to conclude that the high ORR catalytic activity of SPNPs-H was

derived from their stellated structure without the compensating
effect of a Ag core in the case of SPNPs-A. An abundance of atomic
steps, edges, and corner atoms in the high curvature stellated struc-
ture and exposed {111} facets in SPNPs-H accounted for a heigh-
tened activity for ORR. Thus, catalytic activity may be varied from
MOR to ORR, two very different structure sensitive reactions, by
controlling the composition of the stellated structure.

In summary, stellated Pt nanoparticles with a Ag core were pro-
duced by a one-pot method. These stellated nanoparticles could be
further processed into hollow Pt nanoparticles without changes in
the stellation morphology by a highly selective Ag extraction pro-
cedure. In comparison with a reference E-TEK Pt/C catalyst, the
stellated Pt nanoparticles with Ag or hollow core were more active
than E-TEK Pt/C in MOR and ORR respectively. The electronic
coupling between Ag and Pt was a major contributor to the enhance-
ment of MOR activity whereas the Pt stellates, with abundant atomic
steps, edges, and corner atoms as well as exposed {111} facets, were
principally responsible for the high activity of stellated particles in
ORR. The synthesis of stellated nanoparticles is relatively simply and
yet stellation appears to provide an effective platform for producing
heterogeneous structured nanomaterials with very different catalytic
performance. The technique may be extended to explore the stellat-
ing growth of Pt and other catalytic metals on multiply twinned
polyhedral metal seeds other than the Ag seeds. This could result
in some interesting examples with technological importance.

Methods
General materials. Potassium tetrachloroplatinate(II) (K2PtCl4, 98%), silver nitrate
(AgNO3, 99%), aqueous HClO4 solution (70%, ACS reagent), and Nafion 117
solution (5% in a mixture of lower aliphatic alcohols and water) from Aladdin
Reagents, bis(p-sulfonatophenyl)phenylphosphane dihydrate dipotassium salt
(BSPP, 97%) from Strem Chemicals, oleylamine (70%, technical grade) from Sigma-
Aldrich, methanol (99%), ethanol (99.5%), and toluene (99.5%) from Beijing
Chemical Works, and Vulcan XC-72 carbon powders (XC-72C, BET surface area 5

250 m2 g21 and average particle size 5 40 , 50 nm) from Cabot Corporation, were
used as received. All glassware and Teflon-coated magnetic stir bars were cleaned
with aqua regia, followed by copious washing with de-ionized water before drying in
an oven.

Figure 4 | Electrochemical measurements. Cyclic voltammograms of SPNPs-A, SPNPs-H, and E-TEK Pt/C in argon-purged HClO4 (0.1 M) at 50 mV/s

(a); Histogram of the ECSAs for SPNPs-A, SPNPs-H, and E-TEK Pt/C (b); Cyclic voltammograms of SPNPs-A, SPNPs-H, and E-TEK Pt/C in argon-

purged HClO4 (0.1 M) with 1 M methanol at 20 mV/s (c); Histogram of peak current densities of SPNPs-A, SPNPs-H, and E-TEK Pt/C due to MOR

in the forward and reverse scans (d); ORR polarization curves for SPNPs-A, SPNPs-H, and E-TEK Pt/C catalysts in an O2-saturated HClO4 solution

(0.1 M) at 20 mV/s and a rotating speed of 1600 rpm (e); Histogram of half-wave potentials of SPNPs-A, SPNPs-H, and E-TEK Pt/C in the ORR

polarization curves (f).
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Synthesis of stellated Pt nanoparticles with Ag cores (SPNPs-A). An one-pot
approach was used for the synthesis of bimetallic Ag-Pt nanoparticles with stellated
morphologies. In brief, 34 mg of AgNO3 (0.2 mmol) and 166 mg of K2PtCl4
(0.4 mmol) were added to 20 ml of oleylamine in a three-necked flask equipped with
a condenser and a stir bar. The solution was brought to and kept at 165uC for 2 h
under flowing Ar or N2 for the reduction of Ag1 and Pt21 by oleylamine. The Ag and
Pt precursor molar ratio was controlled at 1/2. After reaction, the SPNPs-A were
purified by precipitation with methanol, centrifugation, washing with methanol, and
re-dispersed in 20 ml of toluene.

Synthesis of stellated Pt nanoparticles with hollow interiors (SPNPs-H). To
remove the Ag component from the interior region of stellated Ag-Pt nanoparticles,
10 ml of SPNPs-A solution was diluted with toluene to 50 ml, and then mixed with
50 ml of water containing 250 mg of BSPP. The molar ratio of BSPP/Ag in the
mixture was calculated to be ,5/1. The mixture was aged for 48 h under vigorous
stirring at room temperature to completely remove the Ag from the core region of
SPNPs-A. The mixture was left to stand, and the upper toluene phase was collected
(nominally 4 mM of Pt).

Particle characterizations. TEM, HRTEM, and STEM were performed on the JEOL
JEM-2100 and FEI Tecnai G2 F20 electron microscope operating at 200 kV with a
supplied software for automated electron tomography. For the TEM measurements, a
drop of the nanoparticle solution was dispensed onto a 3-mm carbon-coated copper
grid. Excessive solution was removed by an absorbent paper, and the sample was dried
under vacuum at room temperature. An EDX analyzer attached to the TEM operating
in the scanning transmission electron microscopy (STEM) mode was used to analyze
the chemical compositions of the synthesized nanoparticles. UV-visible spectra of the
reaction system at different time during the synthesis of stellated Ag-Pt bimetallic
nanoparticles were collected on a Hitachi U-3900 spectrophotometer. X-ray
photoelectron spectroscopy (XPS) was conducted on a VG ESCALAB MKII
spectrometer. Powder XRD patterns were recorded on a Rigaku D/Max-3B
diffractometer, using Cu Ka radiation (l 5 1.54056 Å). Samples for XPS and XRD
analyses were concentrated from the toluene solution of nanoparticles to 0.5 mL
using flowing N2. 10 ml of methanol was then added to precipitate the nanoparticles,
which were recovered by centrifugation, washed with methanol several times, and
then dried at room temperature in vacuum.

Electrochemical measurements. Electrochemical measurements were carried out in
a standard three-electrode cell connected to a Bio-logic VMP3 (with EC-lab software
version 9.56) potentiostat. A leak-free Ag/AgCl (saturated with KCl) electrode was
used as the reference electrode. The counter electrode was a platinum mesh (1 3

1 cm2) attached to a platinum wire.
For the loading of the catalyst on Vulcan XC-72 carbon support, a calculated

amount of carbon powder was added to the toluene solution of SPNPs-A or SPNPs-
H. After stirring the mixture for 24 h, the stellated nanoparticles/C (20 wt% Pt on
carbon support) was collected by centrifugation, washed thrice with methanol, and
then dried at room temperature in vacuum.

The working electrode was a thin layer of Nafion-impregnated catalyst cast on a
vitreous carbon disk. This electrode was prepared by ultrasonically dispersing 10 mg of
the stellated nanoparticles/C in 10 ml of aqueous solution containing 4 ml ethanol and
0.1 ml of Nafion solution. A calculated volume of the ink was dispensed onto the 5 mm
glassy carbon disk electrode to produce a nominal catalyst loading of 20 mg cm22 (Pt
basis). The carbon electrode was then dried in a stream of warm air at 70uC for 1 h.

The room temperature cyclic voltammograms of SPNPs-A and SPNPs-H in argon-
purged HClO4 (0.1 M) were recorded between 20.2 V and 1 V at 50 mV?s21 and
used for the determination of electrochemically active surface area (ECSA) of Pt. The
catalyst performance in room-temperature methanol oxidation reaction (MOR) was
also measured by cyclic voltammetry. For these measurements the potential window
of 0 V to 1 V was scanned at 20 mV?s21 until a stable response was obtained, before
recording the voltammograms. The electrolyte was methanol (1 M) in perchloric acid
(0.1 M). For each catalyst (SPNPs-A and SPNPs-H), current density was normalized
by its ECSA to obtain the specific activities.

The catalyst performance in room-temperature oxygen reduction reaction (ORR)
was evaluated in HClO4 electrolyte solution (0.1 M) using a glass carbon rotating disk
electrode (RDE) at a rotation speed of 1600 rpm. Negative-going linear sweep vol-
tammograms were recorded from 0.8 V to 0 V at 20 mV?s21 at room temperature in
the presence of bubbling ultra-pure oxygen to maintain a saturated oxygen atmo-
sphere near the working electrode. In the ORR polarization curve, the current density
was also normalized in reference to the ECSA to obtain the specific activities.
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