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M
any processes in energy conver-
sion, chemical industry, and envi-
ronmental protection depend on

catalysis involving platinum (a widely used
preciousmetal) as an indispensable compo-
nent. An endeavor of intensive research in
the field has been to findways to reduce the
dependence on Pt loading in the catalysts
by enhancing the Pt activity with innovative
Pt-containing nanostructures (e.g., in poly-
mer electrolyte membrane fuel cells1�4

and lean-burn automobile NOx storage-
reduction technologies5,6). The catalytic prop-
erties of Pt-containing nanostructures are
strongly dependent on their morphology
(size and/or shape) and composition. The
morphology effect, arising from differences
in the surface electronic structure of metal-
lic nanoparticles (NPs), can lead to dramatic
increase in Pt activity for a specific reaction
by selective exposure of certain Pt surface
structures (e.g., high-index facets like {730},
{210}, and {520}).7,8 Unfortunately, a selec-
tive exposure of such high-activity Pt facets
would require well-defined particle shapes
that could be only obtained in very large
sizes (e.g., Pt tetrahexahedra in sizes larger
than 80nm7), where themajority of Pt atoms
remain unexposed and unavailable for ca-
talysis. This very inefficient use of Pt in such
well-defined particles would mean an un-
affordable “waste” and no hope in practi-
cal applications unless the high-activity
Pt facets could be made on sufficiently
small NPs.
Combining Pt with other metal element-

(s) to form bi- or multimetallic nanostruc-
tures could be efficient to tune the structure
and catalytic activity of Pt.3,9 Surface science
studies have shown that a creation of a
hetero-(metal�metal) bond in well-defined
Pt surfaces may induce significant changes
in the electronic structure and catalytic

property of Pt.10,11 However, the com-
plexities of practically synthesized (realistic)
Pt-containing bi- or multimetallic nano-
structures oftenmake it difficult to correlate
their Pt property with those in well-defined
extended surfaces of “bulk” single crystals.
To date, most studies on the structure-
performance correlation of Pt-containing
bi- ormultimetallic nanocatalysts have relied
more or less on trial-and-error approaches,
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ABSTRACT

Platinum is a widely used precious metal in many catalytic nanostructures. Engineering the surface

electronic structure of Pt-containing bi- or multimetallic nanostructure to enhance both the intrinsic

activity and dispersion of Pt has remained a challenge. By constructing Pt-on-Au (Pt∧Au)

nanostructures using a series of monodisperse Au nanoparticles in the size range of 2�14 nm, we

disclose herein a new approach to steadily change both properties of Pt in electrocatalysis with

downsizing of the Au nanoparticles. A combined tuning of Pt dispersion and its surface electronic

structure is shown as a consequence of the changes in the size and valence-band structure of Au,

which leads to significantly enhanced Ptmass-activity on the small Au nanoparticles. Fully dispersed

Pt entities on the smallest Au nanoparticles (2 nm) exhibit the highestmass-activity to date towards

formic acid electrooxidation, being 2 orders of magnitude (75�300 folds) higher than conventional

Pt/C catalyst. Fundamental relationships correlating the Pt intrinsic activity in Pt∧Au nanostructures

with the experimentally determined surface electronic structures (d-band center energies) of the Pt

entities and their underlying Au nanoparticles are established.

KEYWORDS: gold . platinum . bimetallic nanostructure . formic acid
electrooxidation . oxygen reduction . size effect . surface electronic structure
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in which different bi- or multimetallic nanostructure
samples were obtained under widely varied condi-
tions.12�15 Variation in the nature of chemicals (metal
precursor,12,13 stabilizer,14,15 reducing agent,16 etc.) for
the syntheses could significantly change the surface
structures including particle structure (e.g., twinned or
single nanocrystals17). Among others, the particle
structure of bi- or multimetallic NPs was usually un-
clear. How the surface geometric/electronic structure
of other metals impacts the catalytic properties of Pt in
“realistic” Pt-containing bi- or multimetallic catalysts
remains as a fundamental issue in the field.
Recently, Pt-on-Au nanostructures based on Au NPs

(denoted as Pt∧Au)were shown to be viable formaking
good use of Pt for anodic electrocatalysis.18�21 Pt
dispersion or utilization efficiency (exposed percen-
tage of Pt atoms orUPt) in these nanostructuresmay be
enhanced up to 100% with proper control of Pt
loading18,19,21 and Au particle size.15,19,21 Theoretically,
Au NPs smaller than 10 nm would show enhanced
electron density near the Fermi level (EF), narrowed
d-band, and higher-lying d-band center relative to bulk
Au.22�24 In addition to providing a synthetic approach
to achieve full exposure of Pt atoms for catalysis, the
construction of Pt∧Au nanostructures would enable us
to rationally tune the structure/property of Pt at nano/
subnanometer scale if the size-dependent surface
electronic structure of the underlying Au NPs could
be adopted in experimental investigations. This con-
cept is demonstrated here by carefully varying the Au
particle size in the range of 2 to 14 nm to systematically
tune the surface electronic structure of Au. For the first
time, we disclose that Pt activity in these Pt∧Au nano-
structures correlates well with the experimentally de-
termined surface electronic structure (d-band center
energy) of AuNPs.Moreover, we demonstrate that fully
dispersed Pt entities on the smallest Au NPs (2 nm)
present the highest mass activity to date for anodic
formic acid oxidation reaction (FAOR), being 2 orders of
magnitude higher than that of Pt in conventional E-TEK
Pt/C catalyst. These findings could be exploited to
develop more efficient bi- or multimetallic nanostruc-
tures by design and have also broad implications for
making the most efficient use of other precious metals
inmany electro- and/or thermal-catalytic technologies.

RESULTS AND DISCUSSION

Syntheses and Characterization of Au-d and Pt∧Au-d NPs. A
seed-mediated growth method was employed to syn-
thesize a series of monodisperse Au NPs (Au-d) with
average diameter size (d) ranging from 1.9 to 14.0 nm,
with polyvinylpyrrolidone (PVP) as the only stabiliz-
ing agent to exclude possible interferences from
using different stabilizers.15 As illustrated in Figure
1, Pt was deposited onto the as-prepared Au-d parti-
cles, by reducing PtCl6

2‑ ionswith hydrogen in aqueous

solutions,18,19 to prepare Ptm
∧Au-d nanostructures (m

denotes the atomic Pt/Au ratio). Subsequent immobi-
lization of Ptm

∧Au-d onto Vulcan XC-72 carbon black
produced the Ptm

∧Au-d/C samples for electrocatalysis
study. Figure 2 shows the transmission electron micro-
scopy (TEM) images and their corresponding size dis-
tribution of the as-prepared Au NPs. Their average Au
diameters are d = 1.9, 3.2, 4.7, 8.0, 10.3, and 14.0 nm,
respectively. The smallest Au-1.9 particles (Au seeds)
were determined by high resolution TEM (HRTEM) and
fast Fourier-transform (FFT) analysis to be 100% single
crystals (SC) (Figure 2, a-2, a-3). During the subsequent
growth, most of these SC particles changed to 5-fold
twinned particles in icosahedron (Ih) and decahedron
(Dh) shapes (Figure 2, b-2, e-2; Figure 3a). The statistics
show that the particle structure of Au NPs strongly
depends on their sizes (Figure 3b). The selectivity for
the 5-fold twinned Ih and Dh particles was as high as
82% in Au-3.2 and increased to nearly 100% in Au-14.0
(Figure 3b). The morphology and sizes of Pt0.10

∧Au-d
particles (Supporting Information, Figure S1) were very
similar to those of Au-d (Figure 2) except for Pt0.10

∧Au-
1.9, whose average diameter (2.4 nm) became 0.5 nm
larger than that of Au-1.9. The immobilization of the
Pt0.10

∧Au-d particles on carbon black, however, im-
posed no detectable effect on the metal particle sizes
(Supporting Information, Figure S1).

To estimate the coverage of Pt entities on Au NPs,
we employed UV�vis spectroscopy to probe the Au
surface plasmon resonance (SPR) band for Au-d and
Pt0.10

∧Au-d (Supporting Information, Figure S2). The
SPR bands for Pt0.10

∧Au-dwere weakened significantly
compared with those for their Au-d counterparts. As
the deposited Pt entitieswere silent in SPR signal, these
results indicate the formation of Pt-on-Au nanostruc-
tures by incomplete Pt covering of the Au NP sur-
faces.15,18,19 Estimation on the number density (NPt,
Table 1) of Pt atoms at the surface of Au-d, assuming a
monatomic Pt covering of the Au surfaces, reveals that
Pt atoms in every Pt0.10

∧Au-d sample were insufficient
to form a monatomic Pt-overlayer (details given in
Supporting Information). Thus, the Pt deposits would
present as highly dispersed two-dimensional islands or
flecks at the surface of Au NPs. The decrease in NPt

number with the downsizing of the underlying Au NP
indicates that the dimensions or domain size of Pt in
Pt0.10

∧Au-d would decrease with the decrease in d,
as demonstrated in our previous publications.18,19,21

Structural information on the Pt entities was further
obtained from HRTEM measurement of Pt0.10

∧Au par-
ticles. A representative particle image in Pt0.10

∧Au-14.0
is given in Figure 3c, which shows well-defined twinned
boundaries of a multitwinned Au particle loaded
with Pt entities. Note that the Pt entities appeared
as single-crystallites (the lattice spacing 0.196 nm
identifies Pt {200}) at the twinned boundaries of Au
crystallites (the lattice spacing 0.235 and 0.202 nm
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identify Au {111} and {200}, respectively). The orienta-
tion consistency of Pt {200} and Au {200} at the Pt/Au
boundaries may suggest an epitaxial Pt growth on Au
NPs.25 Thus, Pt entities in the Pt0.10

∧Au samples shared
the same atom arrangement as the underlying Au NP
surface. Since facets with higher surface energy would

grow faster during growth,26 the deposited Pt atoms
would locate preferentially at the corners, edges, and
{100} facets of the underlying Au NPs as illustrated
schematically in Figure S3 (Supporting Information).

Figure 4 shows the cyclic voltammetry (CV) curves
recorded at room temperature with a scan rate of

Figure 1. Schematic illustration of the syntheses of Au-dNPs and Pt∧Au-d nanostructures. (a) Seed-mediated syntheses of Au
NPs with varied sizes. (b) Pt∧Au-d nanostructures prepared by reductive deposition of Pt on the preformed Au-d NPs. (c)
Carbon immobilized Pt∧Au-d (Pt∧Au-d /C) nanostructures.

Figure 2. Representative TEM/HRTEM images and their measured size histograms of Au-d NPs: (a) Au-1.9, (b-1) Au-3.2, (c)
Au-4.7, (d) Au-8.0, (e-1) Au-10.3, (f) Au-14.0. (a-2, a-3) HRTEM images of Au-1.9 particles and their corresponding FFT patterns.
(b-2, e-2) HRTEM images for Au-3.2 and Au-10.3, respectively, showing well-defined lattice fringes of single crystal (SC),
decahedron (Dh) and icosahedron (Ih) particles.
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20 mV 3 s
�1 on Pt0.10

∧Au-d/C samples in 0.5 M H2SO4

solution. These CV curves show the redox signals
associated with the chemistry of H adsorption�
desorption (Hþ þ e� T Had) on Pt in the potential
region of �0.24 to 0 V. The prominent positive peaks
at ca. �0.2 V feature the H desorption from highly
coordinatively unsaturated Pt sites.18,19 It is seen that
the H desorption peak potential for Pt0.10

∧Au-d/C
shifted toward lower potentials on increasing the Au
size d, which is especially apparent when comparing
the peaks for the samples of d > 4.7 nm. Specifically,
the H desorption peak potential was �0.190 V for
Pt0.10

∧Au-1.9/C, �0.193 V for Pt0.10
∧Au-4.7/C, and

�0.223 V for Pt0.10
∧Au-14.0/C. These data indicate that

Pt sites on smaller Au NPs have a stronger bonding for

adsorbed H since a higher H desorption peak potential
would mean a stronger bonding of H at the Pt sites.
Therefore, Pt sites in Pt0.10

∧Au-d of smaller d are in
more coordinatively unsaturated states.18,19

The intensity of the H desorption peak in Figure 4,
which decreased with the increase in d for the
Pt0.10

∧Au-d/C samples, characterizes the number of
adsorbed H atoms on surface Pt sites. The numbers
of adsorbed H atoms measured from Figure 4 are then
used to obtain the electrochemically active surface
area (EAS) data of Pt in the Pt0.10

∧Au-d nanostructures
(see Supporting Information for the detail). Table 1
presents the Pt EAS data measured as such and their
derived utilization efficiency of Pt (UPt)

18,19 for the
Pt0.10

∧Au-d nanostructures. Pt entities in these samples

Figure 3. (a) Schematic particle structure transformation from small SC Au NPs to 5-fold twinned Ih and Dh particles during
growth. (b) Particle structure selectivity for Au-d NPs. These data were obtained from random analyses of more than 200
particles in each sample. (c) HRTEM image of Pt0.10

∧Au-14.0 showing lattice fringes for fcc Au{111} and {200} planes; the
circled areas identify the presence of Pt entities. The insets show the magnified image and FFT pattern for Pt entities.

TABLE 1. Composition, Property, and Activity of Ptm
∧Au Nanostructures for Anodic Formic Acid Oxidation Reaction

catalytic activity at 0.4 V

sample atomic Pt/Au ratioa dAu (nm)
b NPt (nmAu

‑2)c EAS (m2
3 gPt

‑1) UPt (%) IAPt (A 3mPt
‑2) MSAPt (A 3mgPt

‑1)

Pt0.10
∧Au-14.0/C 0.10 14.0 ( 1.9 12 114 48 10.8 1.22

Pt0.10
∧Au-10.3/C 0.10 10.3 ( 1.8 9 137 58 13.1 1.79

Pt0.10
∧Au-8.0/C 0.10 8.0 ( 1.3 7 153 65 15.4 2.36

Pt0.10
∧Au-4.7/C 0.09 4.7 ( 0.7 4 175 74 24.9 4.36

Pt0.15
∧Au-3.2/C 0.15 3.2 ( 0.5 4 189 80 26.6 5.03

Pt0.10
∧Au-3.2/C 0.09 3.2 ( 0.5 3 210 89 28.1 5.85

Pt0.20
∧Au-1.9/C 0.20 1.9 ( 0.4 4 178 76 29.5 5.31

Pt0.10
∧Au-1.9/C 0.10 1.9 ( 0.4 2 233 99 31.9 7.50

Pt/C (E-TEK) 77 33 1.3 0.10

a Atomic Pt/Au ratio was determined by ICP�AES. b Average Au particle size in diameter, more than 300 particles were randomly taken in different TEM images for measuring
the sizes and their distribution. c Number of Pt atoms per square nanometer of Au surface (number density, see Supporting Information for detail)..
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appear highly dispersed (UPt > 45%), but the down-
sizing of the Au NP leads to dramatic enhancement in
EAS and UPt. In other words, the dimension of Pt
entities in Pt0.10

∧Au-d decreases with the size of Au
NP (Supporting Information, Figure S4).15,18,19 For in-
stance, the EAS and UPt values for Pt0.10

∧Au-d were
enhanced from 114 m2

3 gPt
�1 and 48% at d = 14.0 nm

to 153 m2
3 gPt

�1 and 65% at d = 8.0 nm, and then
233m2

3 gPt
�1 and 99%at d= 1.9 nm. Note that with the

specific atomic Pt/Au ratio (m = 0.10), a complete
exposure of all Pt atoms for catalysis (UPt ≈ 100%)
could not be reached unless the Au sizewas reduced to
ca. 1.9 nm. Therefore, the smaller Au NPs allow to
expose all Pt atoms for catalysis at higher Pt loadings in
the Pt∧Au nanostructures, which may be important in
technologies where a high density of catalytic sites is
necessary (e.g., high power density electrodes2).

Catalytic Properties of Pt∧Au-d Nanostructures for FAOR.
Figure 5a compares the anodic-scan CV curves of FAOR
for Pt0.10

∧Au-d/C, Au-1.9/C, and conventional Pt/C (E-
TEK) catalysts (complete CV curves are shown in the
Supporting Information, Figure S5). The curve for Au-
1.9/C (without Pt) showed no oxidation current, but
two current peaks at around 0.40 and 0.80 V were
detected on Pt/C catalyst. It is well accepted that FAOR
on Pt would follow the so-called “dual pathways”
mechanism.27�29 One is a direct pathway involving a
fast oxidation of HCOOH to CO2 via very active inter-
mediates (e.g., HCOOad), which is evidenced from the
oxidation currents recorded below the onset potential
of OHad formation on the Pt surface (0.6 V). The other is
an indirect pathway involving at least one poisonous
intermediate identified mainly as COad from the
dehydration of HCOOH; a further oxidation of the
intermediate to CO2 would require a potential higher
than 0.6 V.28,29 Accordingly, the current peak at around
0.40 V would be associated with the oxidation of
HCOOH to form CO2 in the direct reaction pathway
while the other peak at around 0.80 V may be related
with the formation of adsorbed CO-like intermediate
by the indirect reaction pathway, as documented in

earlier literature.28,29 In contrast, all of the Pt0.10
∧Au-d/C

catalysts showed only one distinct peak at potentials
lower than 0.6 V, indicating that FAOR proceeds pre-
dominantly via the direct reaction pathway over the
highly dispersed Pt entities carried by Au NPs.15,20,21,30

The current of FAOR in Figure 5a increases with the
downsizing of the Au NP in the Pt0.10

∧Au nanostructures.
The intrinsic activity (IAPt) and mass-specific activity
(MSAPt) data in Table 1 quantitatively show the calibrated
Pt activity at 0.40 V. These activity data strongly correlate
with the size of the underlying Au NP, that is, Pt entities
deposited on smaller Au NP always showed a higher
activity. On the basis of IAPt data, Pt0.10

∧Au-1.9/C (31.9
A 3mPt

�2) is 3 times more active than Pt0.10
∧Au-14.0/C

(10.8 A 3mPt
�2) and 25 times more active than conven-

tional Pt/C (1.3 A 3mPt
�2) catalyst. As Pt entities on smaller

Au NPs had better exposure (higher UPt), the enhance-
ment in MSAPt became much more significant, making
Pt0.10

∧Au-1.9/C (7.50 A 3mgPt
�1) 6 and 75 times more

active than Pt0.10
∧Au-14.0/C (1.22 A 3mgPt

�1) and Pt/C
(0.10 A 3mgPt

�1), respectively.
The above discussion takes no consideration of a

possibility that the decreased activity of Pt in Pt0.10
∧Au-d

samples of d g 3.2 nm might be induced by the
presence of ascorbic acid (AA) or its oxidized species
since the high-activity sample Pt0.10

∧Au-1.9 was pre-
pared from the smallest Au NPs (Au-1.9) that were
synthesized without the use of AA. To make it clear, a
Pt0.10

∧Au-1.9-AA/C catalyst was prepared by Pt deposi-
tion on AA-treated Au seeds (Au-1.9-AA). As detailed in
the Supporting Information, this Au-1.9-AA samplewas
prepared at room temperature by continued stirring
for 24 h of an as-prepared solution of the colloidal
Au seeds with the presence of AA (molar AA/Au = 1.5).
The electrocatalytic performance in FAOR of this
Pt0.10

∧Au-1.9-AA/C catalyst was found very similar to
that of Pt0.10

∧Au-1.9/C without the treatment with AA
(Figure S6 in Supporting Information). The EAS and
MSAPt (at 0.4 V) for Pt0.10

∧Au-1.9-AA/C were 228
m2

3 gPt
�1 and 7.6 A 3mgPt

�1, respectively, which can-
not be discriminated from those for Pt0.10

∧Au-1.9/C
(233 m2

3 gPt
�1 and 7.5 A 3mgPt

�1). These data indicate
that the presence of AA and possibly its derivates
has little effect on the catalytic activity of our Pt∧Au
nanostructures.

The variation in IAPt (Table 1) demonstrates the
structure-sensitive nature of FAOR on Pt. The down-
sizing of the Au NP from 14 to 2 nm resulted in continued
IAPt enhancement as plotted in Figure 5b. To separate
the effect of UPt (or Pt dispersion) from that of Au size,
we increased the Pt loading on Au-1.9 and Au-3.2 to
m = 0.20 and 0.15, respectively, attempting to prepare
several Pt∧Au samples of different Au sizes but similar
UPt. The UPt data of the resultant Pt0.20

∧Au-1.9/C (76%)
and Pt0.15

∧Au-3.2/C (80%) were found similar to that of
Pt0.10

∧Au-4.7/C (74%), as seen in Table 1. The IAPt order
of these three samples was, however, Pt0.20

∧Au-1.9/C

Figure 4. Cyclic voltammetry curves of Pt0.10
∧Au-d/C

nanostructures in 0.5 M H2SO4 at a scan rate of 20 mV s�1.
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(30 A 3mPt
�2) > Pt0.15

∧Au-3.2/C (27 A 3mPt
�2) >

Pt0.10
∧Au-4.7/C (25 A 3mPt

�2). Indeed, the Au particle
size significantly impacts the Pt activity in Ptm

∧Au-d
nanostructures. This is the first time to clearly show the
Au size-effect on Pt activity in Pt-on-Au nanostructures,
in which systematically sized Au NPs were cappedwith
the same stabilizer (PVP), and the Pt dispersion was
kept almost unchanged.

To understand how Pt activity gets improved with
downsizingAuNP in Pt0.10

∧Au-d, we try to correlate the
Pt activity with the population of specific surface Au
sites. Analysis of the particle structure of Au NPs by
HRTEM (Figure 2) enabled us to further estimate the
fraction of surface Au atoms at different locations
(corners, edges, and (111) and (100) facets, Figure S7
in Supporting Information), according to the particle
structure selectivity of Au NPs (Figure 3b). As the
difference of atoms at different locations stems essen-
tially from their varied coordination numbers (CNs), we
discriminate the Au surface atoms in two classes
according to their CNs: (i) low energy surface atoms
of CN = 9 at the (111) facets, N(111); (ii) high energy
surface atoms at the corners (CN = 6), edges (CN = 7),
and (100) facets (CN = 8), Nc,e,(100). The fraction of
Nc,e,(100) at the Au surface is plotted against dAu in
Figure 5b using the right vertical axis. Evidently, this
fraction of high energy surface atoms varies almost in

parallel with IAPt on downsizing the AuNP. Therefore, it
can be concluded that the surface energy state of Au
NPs determines the catalytic activity of their carrying Pt
entities.

Figure 5c clearly shows, based on comparison of
IAPt and MSAPt data, that the present Pt0.10

∧Au-d
catalysts of d < ca. 5 nm are superior to those of the
representative high-activity Pt catalysts documented
in literature.7,20,21,31 Pt0.10

∧Au-1.9/C appears to be the
most active catalyst by both IAPt and MSAPt. Those
tetrahexahedral (THH) Pt NPs enclosedwith high-index
{730}, {210}, and {520} facets7 showed a high IAPt (ca.
28 A 3mPt

�2) close to that of Pt0.10
∧Au-1.9 (32 A 3mPt

�2).
But, the very large sizes (>80 nm) of the THH Pt NPs
make their MSAPt (0.08 A 3mgPt

�1) 2 orders of mag-
nitude lower, even lower than conventional Pt/C
(0.10 A 3mgPt

�1) catalyst. A high activity by Pt mass is
essential for practical applications as the precious
metal is priced bymass (weight), rather than by surface
area. Thus, the MSAPt number could be recommended
to characterize the gain/cost factor of Pt-based cata-
lysts.18,21 Other Pt-on-Au nanostructures, which were
obtained by Pt deposition on citrate-stabilized
(4.8 nm),20 PVA-stabilized (3.0 nm),21,32 or oleylamine-
stabilized (7.4 nm)31 Au NPs, showed much lower IAPt.
We can therefore conclude that the Pt0.10

∧Au-1.9
catalyst presents to date the highest MSAPt for FAOR.

Figure 5. (a) Anodic-scan CV curves for FAOR on Pt0.10
∧Au-d/C, Pt/C (E-TEK), and Au-1.9/C. The inset shows the magnified

curve onPt/C (E-TEK). (b) Dependences of IAPt toward FAORof the Pt0.10
∧Au-dnanostructures (blue) and fractionof Au surface

atoms at corners, edges and (100) facets (red) on the particle size of Au. (c) Comparison of the Pt activity data for FAOR (at 0.40
V) in Pt0.10

∧Au-d/C with those of high-activity nanostructures in literature.
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When the total mass of Pt and Au is taken into account,
the MSAmetal(PtþAu) of Pt0.10

∧Au-1.9 is still 6.8 times
higher than the MSAPt of conventional Pt/C, and 8.5
times higher than that of the THH-Pt catalyst.7 In this
regard, the Pt0.10

∧Au-1.9 could reduce the cost of Pt
catalyst by a factor of 7�15 while holding an equiva-
lent performance to the conventional Pt/C catalyst
for FAOR.

Physical and Chemical Properties of Au-d and Pt0.10
∧Au-d

NPs. Before discussing the surface electronic proper-
ties of Pt0.10

∧Au-d, it is important to explore the size-
dependent valence-band properties of Au NPs. It is
known that the metal valence-band structure, usually
described quantitatively in terms of the d-band center
energy, can be significantly affected by the surface
structure or coordination number of surface atoms.33,34

We use valence-band X-ray photoelectron spectrosco-
py (XPS) tomeasure the valence-band structure of Au-d
samples (Figure 6a). After subtraction of the Shirley
backgrounds, the intensity signals of the valence-band
spectra are proportional to the density of states
(DOS).35 Clearly, the DOS (intensity) near EF and va-
lence-bandwidth increased steadily with downsizing

the Au NP. The inset of Figure 6a quantitatively shows
the relationship between the surface electronic struc-
ture by d-band center (energy from EF) and the size of
Au NPs (dAu). The valence d-band center is lowered
with decreasing dAu, from�3.1 eV for Au-1.9 to�3.3 eV
for Au-4.7, and �3.5 eV for Au-10.3. These numbers
agree well with those obtained in theoretical
calculations,24 namely�3.1,�3.3, and�3.4 eV, respec-
tively, for 2, 5, and 10 nm Au NPs. Thus, the results in
Figure 6a provide the first experimental verification for
the theory that smaller Au NPs would have higher
d-band center energies.24 The variation in valence-
band structure of Au NP could modify the electronic
and catalytic properties of its carrying Pt, as shown in
theoretical and experimental studies of supported
metal clusters on Au (111)36 and single crystal transi-
tion metal surfaces.37

How the d-band center would affect the property of
AuNPs in electrocatalysis is still an open question. As Pt
with a relatively lower d-band center would have a
higher activity for oxygen reduction reaction (ORR),37�39

we employed the cathode ORR to probe the d-band
center effect on the catalytic property of Au-d particles
after they were immobilized on carbon black. TEM
analysis confirmed that the Au particle sizes were kept
unchanged on the carbon support except for Au-1.9,
whose average size increased to 5.1 nm after the
immobilization (Supporting Information, Figure S8).
Figure 6b reports the polarization curves of ORR in
O2-saturated 0.5 M KOH electrolyte, showing the
currents normalized to the Au loading. The kinetic
currents derived from these polarization curves are
then normalized after mass-transport correction to the
electrochemically active surface area of Au (EASAu,
obtained by using the method of Trasatti and Petrii40)
to quantitatively compare the intrinsic activity (IAAu) of
Au-d, as shown in the inset of Figure 6b. These data
clearly show that Au NPs with higher d-band center
energies would be more active toward ORR. Another
translation of these data leads to the establishment of a
good correlation between the IAAu and the fraction of
Nc,e,(100) at the surface of Au-d particles (Supporting
Information, Figure S9) since the Au d-band center and
the fraction of Nc,e,(100) are actually closely related. All
these correlations point to that the size-dependent
catalytic property of Au NPs is closely associated with
the variation in the coordination state of surface Au
atoms. This would not be surprising since it is well
established that ORR on single crystal Au(hkl) is very
structure-sensitive in an alkaline electrolyte, show-
ing the activity order (IAAu) of Au(111) < Au(110) <
Au(100).41,42

ORR was also conducted on Pt0.10
∧Au-d/C catalysts

to study whether the Pt d-band center could be affe-
cted by the size of Au NP. The results (Figure 7a) show
that Pt entities on smaller Au NPs are inferior to those
on larger AuNPs. The IAPt data, whichwere obtained by

Figure 6. (a) As-measured and background-subtracted
(upper) valence-band XPS spectra of Au-d NPs. The Shirley
backgrounds are shown as the dotted curves. The inset
shows the d-band center energies as a function of the Au
particle size. (b) Polarization curves of ORR on Au-d/C. The
inset correlates IAAu (at �0.25 V) with the Au particle size.
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normalizing the kinetic current to the EAS of Pt in
Pt0.10

∧Au-d/C, increased monotonously with increas-
ing dAu, as shown in the inset of Figure 7a. The differ-
ence in IAPt was as high as 20 times between Pt0.10

∧Au-
10.3/C and Pt0.10

∧Au-1.9/C. These IAPt data demon-
strate that downsizing theAuNPup-shifted the d-band
center of their carried Pt entities. Thus, Pt entities
having higher d-band center energies would have
stronger bonding with their adsorbed O and OH
species and then produce slower overall ORR
kinetics.

The relative d-band center energies of Pt in the
Pt0.10

∧Au-d nanostructures were double checked with
the independent data from electrochemical CO-strip-
ping studies, as the CO-stripping peak potential on
Pt catalysts correlates directly with the Pt d-band
center.33,43,44 A higher lying Pt d-band center can lead
to a stronger CO adsorption due to a decreased elec-
tron back-donation from Pt to the antibonding orbitals
of CO molecules.43 Figure 7b shows the background-
subtracted CO-stripping curves on the Pt0.10

∧Au-d
nanostructures. Indeed, the CO-stripping peak position

on Pt0.10
∧Au-d shifted steadily to higher potentials

with downsizing of the Au NP. The small shoulder
peaks at ca. 0.6 V would arise from the oxidation of
CO adsorbed on the uncovered Pt-free Au surface of
the Pt0.10

∧Au-d samples, which was documented in
earlier literature.45,46 Thus, the present Pt-related
CO-stripping peak potential data are a further piece
of strong evidence that Pt entities on smaller Au NPs
have a higher d-band center than those on larger
Au NPs.

Both the IAPt for ORR (Figure 7a) and CO-stripping
peak potential (Figure 7b) indicate that the Pt d-band
center in Pt0.10

∧Au-d shifts up with downsizing Au NP.
These results would imply that the high-energy sur-
face Au atoms up-tuning the d-band center of Au NP
also enhance the d-band center of the Pt entities in
Pt0.10

∧Au-d, probably due to valence-band coupl-
ing.10,36 Density functional theory (DFT) calculations
have disclosed that the d-band center energy for Pt
overlayer (�1.80 eV) on Au surface is significantly
higher than that for bulk Pt (�2.25 eV).47 This up-
shifted d-band center happens to equal that of

Figure 7. (a) Polarization curves of ORR on Pt0.10
∧Au-d/C.

The inset correlates IAPt (at 0.35 V) with the Au particle size.
(b) Backgound-subtracted anodic-scan CO-stripping curves
on Pt0.10

∧Au-d/C. The inset correlates the CO-stripping peak
potential with the Au particle size.

Figure 8. Correlation between the IAPt for FAOR and the “Pt
d-band center*” as scaled by the CO-stripping peak poten-
tials for Pt0.10

∧Au-d catalysts.

Figure 9. Long-term catalytic activity and stability of
Pt0.10

∧Au-1.9/C for FAOR in comparison with conventional
Pt/C (E-TEK) catalyst.
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Pd (�1.80 eV), on which anodic FAOR proceeds exclu-
sively via the direct reaction pathway.48 Figure 8
correlates the IAPt for FAOR of Pt0.10

∧Au-d with the
“Pt d-band center*” scaled by the CO-stripping peak
potential (Figure 7b), which indicates that Pt entities
having higher Pt d-band center energies are intrinsi-
cally more active in having FAOR proceeded on the
direct reaction pathway. These data uncover the
nature behind the activity change of Pt entities for
FAOR in the Pt0.10

∧Au-d nanostructures. This corre-
lation could have important implications for estab-
lishing a physical basis to anticipate the Pt activity in
different nanostructures.

Moreover, chronoamperometric (CA) measure-
ments of FAOR were carried out to compare the
long-term catalytic activity and stability of Pt0.10

∧

Au-1.9/C with conventional Pt/C catalyst (Figure 9).
The current density was recorded at a practical opera-
ting voltage (0.06 V)49 for 60 min. Surprisingly, the
steady state Pt mass activity of Pt0.10

∧Au-1.9/C (823
A 3 gPt

�1) remained ∼300 times higher than that of
Pt/C catalyst (3 A 3 gPt

�1), demonstrating the great

advantage of Ptm
∧Au-d nanostructures for Pt-saving

catalytic electrodes.

CONCLUSIONS

This work points out for the first time two important
correlations for Pt-on-Au nanostructures in electroca-
talysis: one correlates the Pt activity for FAOR with the
surface electronic structure of Pt, and the other corre-
lates the surface electronic structures of Pt and their
underlying Au NPs. These findings provide unprece-
dented insights into the fundamental interactions and
effects that control the activity of Pt.
The surprisingly high activity of Pt in the Pt0.10

∧Au-
1.9 catalyst for FAOR demonstrates a new avenue to
high-efficiency Pt catalyst, namely to construct Pt
entities with desirable surface electronic structures in
bi- or multimetallic nanostructures by engineering at
the nanoscale the valence-band structure of the under-
lying metal NPs, which may be exploited to develop
new and high-performing metallic nanostructures for
saving precious metals in catalysts used for other
technological applications.

METHODS

Synthesis. A stepwise seed-mediated growth approach was
employed to synthesize monodisperse Au NPs in diameters of
3.2�14.0 nmusing polyvinylpyrrolidone (PVP) and ascorbic acid
as the stabilizer and reductant, respectively. The starting Au seeds
were in diameters of 1.9 nm and were obtained by reduction of
aqueous HAuCl4 with NaBH4 in the presence of PVP. Ptm

∧Au-d
nanostructures were prepared by reducing PtCl6

2� onto as-pre-
pared Au-dNPs using hydrogen as the reductant according to the
procedure described previously.18,19 Detailed preparation proce-
dures can be found in the Supporting Information.

Structural Analysis. TEM images were taken using a JEOL JEM-
2010 microscope operated at 120 kV. High-resolution TEM
images were obtained on a Philips CM200 FEG or FEI Tecnai
G2 F20 U-TWIN microscope (both at 200 kV accelerating voltage).
The samples were prepared by placing a drop of the colloidal
solution or catalyst powder dispersion in deionized water on a
Formvar/carbon film coated Cu grid (3 mm, 300 mesh), followed
by drying under ambient conditions.

UV�vis spectroscopy was recorded on a Unico UV-2102PC
spectrometer operated at a resolution of 0.5 nm. The colloidal
solution samples were filled in a quartz cell of 1 cm light-path
length, and the light absorption spectra were given in reference
to deionized water.

High resolution valence band XPS measurements were
carried out on an ESCALAB250 (VG Thermo) high performance
electron spectrometer equipped with monochromated Al KR
X-ray radiation (1484.6 eV). The analyzer was in the constant
analyzer energy (CAE) mode at a pass energy of 30 eV for all the
valence band XPS measurements. The binding energies were
measured with an accuracy of (0.1 eV, and were given with
respect to the Au Fermi edge (EF), assuming that the EF is at 0 eV.
The as-measured valence band XPS spectra, shown in Figure 6a,
were smoothed to reduce noises by using Origin 8.0 software
(Origin-Lab Corporation, Northampton, MA). For the accurate
comparison of all valence band XPS spectra, the secondary
electron background (Shirley-type, which is fitted by using a XPS
Peak 4.1 software) was subtracted from the measured spectra.
The upper limit of the binding energy was fixed at 9.0 eV for
every valence-band XPS spectrum during the integration. The
position of the d-band center is given by

R
N(ε)ε dε/

R
N(ε) dε,

where N(ε) is the density of state (i.e., the photoelectron
intensity after background subtraction).

The actual loading amount and composition of Pt and Au in
the as-prepared carbon-supported catalysts were determined
by ICP�AES (IRIS Intrepid II XSP, ThermoFisher), and the loading
of Au was determined to be around 5 wt % in all the investi-
gated Au-d/C and Pt0.10

∧Au /C samples.
Electrochemical Characterization. Electrochemical measure-

ments were performed on a potentiostat/galvanostat model
263A (PAR) controlled by PowerSuite software. A saturated
calomel electrode (SCE) and a Pt wire (diameter = 0.5 mm)
were used as reference electrode and counter-electrode, re-
spectively. All potentials reported in this work are given with
respect to SCE. HCOOH electrooxidation reaction was studied
by recording CV curves at a scanning rate of 20 mV 3 s

�1 from
�0.2 to 1.0 V in 0.5MH2SO4with 2.0MHCOOH. Chronoampero-
metric (CA) measurements of FAOR were carried out under
continuous operating conditions. The current density was
recorded at a practical operating voltage of 0.06 V for 60 min.
The ORR measurements were performed in O2-saturated 0.5 M
KOH (Au-d/C) or 0.5 M H2SO4 (Pt0.10

∧Au-d/C) electrolyte using a
glassy carbon rotating disk electrode (PINE) at a rotation rate of
1600 rpm, and the polarization curves were recorded at a
scanning rate of 10 mV 3 s

�1. At least four electrochemical
experimental data sets were collected to generate the error
bars, which were defined as the standard deviations of specific
current.
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