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Simultaneous Tunable Structure and Composition of
PtAg Alloyed Nanocrystals as Superior Catalysts

Caihong Fang**, Jun Zhao*, Guili Zhao, Long Kuai, and Baoyou Geng*

PtAg alloyed nanostructural catalysts were firstly prepared by co-reduction of the AgNO; and H,PtCls precursors in growth

solution using a seed-mediated method. By simply changing the molar ratio of the metal precursors, the morphologies of

the porous alloyed can be tuned from multipetals to multioctahedra. Simultaneously, the alloyed composition can be

varied from Pt;6Ag,4 to PtssAgas. The catalytic properties of the prepared PtAg alloyed nanocrystals with tunable structure

and composition were tentatively examined by chosen the reduction of 4-nitrophenol with NaBH,. The reaction rate

normalized to concentration of catalysts was calculated to be 318.9 s mol™L and 277.4 s“mol™L for Pt;0Ag30and

PtssAg3q porous catalysts, which is much higher that the pure porous Pt catalysts. Moreover, PtAg nanostructures also can

serve as efficient electrocatalysts toward the methanol oxidation reaction, especially for Pt;0Agso and PtesAgas porous

nanocrystals. The electrocatalytic activity and the durability were both highly enhanced compared to the commercial Pt/C

catalyst. In addition, we also investigated the enhancement mechanism.

1. Introduction

Platinum nanocrystals (NCs) have been extensively
investigated in environmental and energy applications, such as
fuel cells, sensors, and et al, owing to their distinct catalytic
propertiesl'z. Over the past decades, a great deal of effort has
been devoted to enhancing the catalytic activity of Pt NCs.
However, the high cost and low abundance of metallic Pt
becomes a major barrier for its large-scale commercial
applications. Researchers therefore actively developed many
strategies to improve their catalytic performances in order to
increase their utilization efficiency and thereby reduce Pt
loading in catalysts. Besides the size, it has been recognized
that the catalytic performances of the metal NCs are highly
dependent on their shapes375. For example, Lou co-works have
demonstrated Pt nanoframes with curvature surfaces show
much higher electrocatalytic properties than cubic Pt and
commercial Pt nanoparticless. From the application view,
various Pt NCs have therefore been prepared, such as Pt
nanowires, Pt nanocubes, Pt octahedra, Pt multipods, Pt
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tetrahexahedron, and so forth’ ™%, Noticeably, among those

above morphologies, porous metal nanostructures, as an
excellent option, provide much larger surface area and thus
have more active sites for catalytic reactions'*3, Furthermore,
the interconnected structures can efficiently suppress the
Ostwald ripening effects and result in their high durability 1
Many research works have therefore focused on the synthesis
and applications of porous metal NCs™®. On the other hand, Pt-
based bimetallic or multimetallic NCs, including Janus,

core/shell, or alloy, have been used to replace pure pti1e 7,
Among them, alloyed NCs is the most effective wayls'lg.
Huang's prepared {111}-terminated icosahedral and

octahedral Pt3Cu NCs with high density of twin defects. Both of
them exhibit enhanced electrocatalytic activities toward
methanol oxidation reaction (MOR) and oxygen reduction
reaction relative to commercial Pt/CZO. Li et al reported
dealloying process using nanocrystalline alloys as precursors to
synthesize porous PtNi nanostructures. The electrocatalytic
tests show that PtNi porous nanostructures exhibit superior
catalytic propertiesn. PtAg alloyed NCs with different various
shapes, an example in the successful development of alloyed
metal NCs in recent years, also have been investigatedzz_u.
Take octahedral PtAg alloyed NCs as an example, they have
been proved to be an effective anodic catalyst in direct
methanol fuel cells®®. On the basis of the tremendous
published works, it has been recognized that the introduction
of other metals can not only decrease the required amount of
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Pt but also can modify the electronic structures and
crystallographic of Pt, which lead to the enhancement of their
catalytic propertieszs. Thus, the performances of Pt-based
alloyed NCs also can further be enhanced by properly
engineering their composition of the NCs involved”’.

Herein, we successfully combined together the benefits of
shape and composition control of metal alloyed NCs and
demonstrated a facile seed-mediated method to prepare
monodispersed PtAg alloyed NCs with porous nanostructures.
By employing Pt nanoparticles as seeds, the mixture of AgNO;
and H,PtClg as precursors, porous PtAg alloyed NCs can be
easily prepared at room temperature. Silver ions serve as both
the shape-directing agents and the composition manipulator.
Controllable Pt/Ag atomic ratios at the range of 1.94 (PtggAgss)
to 3.17 (Pt;gAg,s) are successfully achieved by just simply
varying the ratios of H,PtClg to AgNO; added into growth
solution. Most importantly, the synthesized PtAg alloyed NCs
simultaneously involve an interesting fine-structures evolution.
The morphologies display a branched structure with a round
corners and a rough surface when AgNO; was presented at a
low concentration in growth solution. Interestingly, the "round
corners and rough surface" gradually grown into sharp
octahedra as the concentration of AgNOj; increasing, resulting
in a facile porous morphology that is formed by several PtAg
octahedral NCs. To our best knowledge, this is the first work
that can obtain such porous nanostructures and
simultaneously change the composition and the shape of
porous metal NCs. Furthermore, we also evaluated the
catalytic properties in the reduction of 4-nitrophenol (4-NP) by
NaBH, and the electrocatalytic performances toward MOR
using PtAg alloyed NCs as catalysts. PtAg alloyed
nanostructures exhibit excellent catalytic activities toward the
reduction of 4-NP. Moreover, the porous PtAg NCs, exhibits
strikingly high catalytic activity. Especially, the specific and
mass activities for Pt;sAg,, catalysts were both greatly
enhanced relative to commercial Pt/C catalysts.

2. Results and discussion

2.1 Materials characterizations

The porous PtAg NCs were prepared using a seed-mediated
method. In a typical process, Pt nanoparticles with a size of 2.5
+ 0.2 nm (Fig. S1) served as seeds which were prepared
through the reduction of H,PtClg with ice-cold NaBH, in
aqueous cetyltrimethylammonium bromide (CTAB) solution.
The as-prepared seed solutions were injected into the growth
solution prepared by sequential addition of H,PtCls, AgNOs3,
HCI, and ascorbic acid into aqueous CTAB. PtAg alloyed NCs
can be grown after left the above homogeneous mixture
undisturbed for 4 days. During the whole growth process,
CTAB was used as surfactant that can prevent aggregation of
our products.

The porous PtAg alloyed NCs are displayed in Fig. 1a-f, together
with their structural characterization results. Scanning electron
microscopy (SEM) imagies (Fig. 1a, ¢, and e) indicate that all of the
obtained products under different ratios of AgNO; to H,PtClg have a
well-defined and uniform shape. Transmission electron microscopy
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(TEM) characterizations give more clear images. The NCs obtained
under the ratio of 1:16.5 exhibit branched porous nanostructures.
The outer shape shows a quasi-spherical morphology with an
average outer size of 38.5 + 2.0 nm (Fig. 1b). It is remarkable that
such porous NCs (named multipetals) have round corners and
rough surface on each branch. The branches inherit the petal-like
structures even the ratio was increased to 1:6.60 (Fig. S2a). From
the TEM images, it is clearly that the round corners gradually grown
into sharp corners as the ratio was carefully changed to 1:3.30 (Fig.
S2b). After the ratio of AgNO; to H,PtClg was further increased to
1:1.65, the outer shape of the alloyed NCs shows octahedra-like
morphologies (named porous-octahedra, Fig. 1d). Some of the
round corners in multipetals transfer to sharp corners. It should be
noticed that there are still part of nanopetals with round corners in
the obtained nanostructures. The outer size is also grown into 79.2
+ 4.2 nm measured from two sharp tips in the across arc position.
To our surprise, the multinpetals can evolve into a new type of
branched structures when the ratio of AgNO; to H,PtCls was
increased to 1:0.66. As shown in Fig. 1f, the NCs maintain the
branched structures from the multipetals. However, almost 100% of
their branches transfer to sharp corners and display an octahedral
shape. The outer morphology grows into multioctahedra. The edge

length of each octahedron was measured to be 8.1+ 1.2 nm.
— . i

= bea o i T, ok
Fig. 1 Porous PtAg alloyed NCs produced by varying the ratios
of H,PtCls to AgNO; in growth solution. (a, ¢, and e) SEM
images of the porous PtAg alloyed NCs. (b, d, and f) TEM

images of the corresponding porous nanostructure samples.
The ratios of AgNOs; to H,PtClg in growth solution were
controlled to be 1:16.5, 1:1.65, and 1:0.66, respectively.

Fig. 2a is the X-ray diffraction (XRD) patterns taken on the
as-prepared porous nanostructures. Three prominent peaks

This journal is © The Royal Society of Chemistry 20xx
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present in all of the three samples, which can be indexed as a
cubic structures with the peak positions located between the
pure Pt and Ag diffraction patterns, respectively. These results
strongly reveal the formation of alloyed NCs. The X-ray
photocopy (XPS) survey spectra were also performed to
explore the surface state and interaction of Pt and Ag. Fig. 2b
is the typical results of as-synthesized porous-octahedra NCs.
The characteristic Pt 4f displays two strong peaks at 70.7 eV
(Pt 4f;/,) and 74.0 eV (Pt 4fs),), demonstrating Pt dominantly
exists in metallic Pt° state. In addition, the XPS peaks of
metallic Ag0 state located at 367.45 eV and 373.45 eV is
assigned to Ag 3ds;, and Ag 3dsj,, respectively. The binding
energy of Ag0 exhibits a negative shift compared to the pure
monometallic Ag, which is ascribed to the charge transfer
phenomenon in bimetallic or multimetallic nanostructures®®%.
It has been proved by density functional theory calculations
that the electrons transfer from metal atoms can cause
binding energy decrease, revealed from XPS spectrum3°.
Herein, we therefore confirmed that the electrons around Ag
transfer to Pt, leading to the substantial decrease in the local
electron density around Ag atoms. Such electron transfer
results in the negative shift in binding energy of metallic Ago.
The XPS spectra of the other two samples (PtAg multipetals
and multioctahedra) also exhibit the similar results (Fig. S3).
Furthermore, the compositions of those porous PtAg NCs were
further characterized by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis. The three samples
we as-synthesized were determined to be Pt;sAg,4, Pt;0Ag30,
and PtggAgs, NCs, respectively.
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Fig. 2 (a) XRD patterns of the as-prepared porous Pt;sAg,4,
Pt;0Ag30, and PtggAgss nanostructure samples. The yellow and
dark green vertical lines indicate the peak positions of pure Ag
(PDF card No.: 03-0931) and Pt (PDF card No.: 04-0802),
respectively. The light green dotted lines correspond to the

This journal is © The Royal Society of Chemistry 20xx

peak position of pure Pt. (b) XPS spectra of Pt 4f and Ag 3d of
the as-prepared porous-octahedra PtAg (Pt;,Ag30) NCs.

PtAg alloyed NCs were further verified by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) imaging and high-resolution TEM (HRTEM) (Fig. 3a-f).
HAADF-STEM images indicate that Pt;cAg,4 NCs are porous and
assume a roughly spherical shape (Fig. 3a). To more clearly
reveal the detailed structure and the crystalline structures of
the NCs, HRTEM and electron diffraction (ED) were acquired.
The HRTEM imaging of the individual NCs further prove that
the NCs is multipetal morphology (Fig. 3b). Clear lattice fringe
of a entire NC with an interfringe lattice of ~0.23 nm can be
observed. This interfringe lattice is corresponding to the lattice
spacing of the PtAg {111} facets. ED patterns performed the
entire NC display a single set of the sharp diffraction spots
(Insert in Fig. 3b). HRTEM together with the ED patterns
therefore unambiguous reveal that the porous NCs are single-
crystalline which covered by {111} facets. These similar
features are also observed in the characterizations of Pt;pAgs
and PtggAgs, NCs. Noticeably, it is clearly that an evolution
from round multipetals to sharp multioctahedra occurs as the
ratio of AgNO; to H,PtClg increasing, which are agreed well
with the SEM and TEM results (Fig. 3c-f). HRTEM and ED or
fast Fourier transform (FFT) patterns also confirm a high
quality of single-crystalline. Moreover, the elemental mapping
was acquired to reveal the elemental distributions. Fig. 3g—j
display the results of the Pt;pAgsg NCs. Both Ag and Pt signals
are observed, which strongly confirms the coexistence of these
two elements. The complete overlapping of these two
components unambiguously proves the formation of PtAg
alloyed structure. The elemental mapping of the Pt;cAg,4 and
PtscAgss NCs also exhibit the similar results, verifying the
formation of alloyed NCs obtained under different ratio of
AgNO; to H,PtClg (Fig. S4).

To unravel the growth mechanism of the porous PtAg
alloyed NCs, systematically performed control
experiments. It is found that Ag" in growth solution appears to

we

be the key for the formation of porous PtAg alloyed
nanostructures. Colorless and transparent solution instead of
brown solution was obtained without AgNO; in growth
solution even after the reaction was carried out for over half a
(Fig. S5). We resulting
transparent solution at a high speed (over 12000 r/min). No

month also centrifugated the
precipitate can be collected at the bottom of the centrifuge
tubes, further indicating that no nanostructure samples were
prepared in absence of Ag".

In addition to Ag’, pH value also plays a critical role.
Experimentally, we found that the multioctahedra-shaped NCs
can be easily grown when the pH values of the growth solution
were fixed at the range of 1.98 to 2.44 (Fig. S6a-d). PtAg
multipetals were obtained if the pH value were increased to
the range of 3.47 to 10.82 (Fig. S6e-h). Furthermore, the NC
size is readily controlled by changing the amount of seeds
injected into growth solution. The average size decreases from

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Porous Pt;cAg,4, Pt;0Ag30, and PtgsAgss alloyed NC samples. (a,b) HAADF-STEM and HRTEM images of the porous Pt;sAg,4
alloyed NCs, respectively. (c,d) HAADF-STEM and HRTEM images of the porous Pt;oAgso alloyed NCs, respectively. (e,f) HAADF-
STEM and HRTEM images of the porous PtgsAgs, alloyed NCs, respectively. Inserts in b and d show the corresponding ED
patterns. Insert in f is the corresponding FFT pattern. The yellow lines indicate the margin of the porous structures in b, d, and f.

The scale bar ini also applies for g, h, and j.

79.2 £ 4.2 nm to 34.5 £ 2.7 nm with the quite similar porous
structures as the seed volume was increased from 200 to 1000
uL (Fig. S7a-d).

Taken all the results, it is apparent that Ag’ is essential for
the formation of porous PtAg alloyed nanostructures.
Moreover, the ratio of AgNO; to H,PtClg in growth solution
also have very significant influence on the morphology and the
composition of the alloyed NCs. Ag" have been intensely
reported as the shape-directing agents on the basis of

This journal is © The Royal Society of Chemistry 20xx

underpotential (UPD) mechanism®%. In

approach, Ag’ is more reactive at room temperature in

deposition our
aqueous precursor solution at initial stage. Silver ions are
reduced to Ag0 and form a Ag UPD layer, which will deposit
preferentially on the small-sized Pt seed nanoparticles. On the
other hand, it is well established that H,PtClg in growth
solution is first converted into Pt" species during the synthesis
of Pt NCs*%. The formed Ag UPD layer can undergo a galvanic
replace reaction with the pt" species, by which Ag" promote

J. Name., 2013, 00, 1-3 | 4
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the reduction of Pt" to Pt°33, Moreover, the oxidation etching
in the presence of Br™ and 0213, occurring preferentially at the
sites with high energy at the surface, the porous
nanostructures are thus formed. Together with the selective
chemisorption of Ag" at the surface of Pt nanoparticles seeds
induces the preferential overgrowth, producing NCs with petal
or octahedral constitutions. Simultaneously, as the increase of
the deposited metal Ag atoms, they will gradually mix with Pt
atoms due to the small lattice mismatch of 4.1% between
cubic Ag and Pt (the lattice contact of Ag and Pt is 4.08 and
3.92 nm, respectively)25’34. Eventually, the porous PtAg alloyed
nanostructures with different fine structure and composition
are formed.

2.2 Catalytic performances

The catalytic performance was tentatively evaluated in the
reduction of 4-NP by NaBH,. 4-NP exhibits a absorption peak
at around 317 nm in neutral or acidic solution. The addition of
NaBH,; makes the absorption peak shift to about 400 nm due
to the deprotonation of the OH group in 4-NP**. Such
characteristic peak drops gradually in intensity if the reduction
reaction is started. The reaction therefore can be monitored
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by measuring the absorption spectra as a function of reaction
time. The peak intensity at 400 nm decreases dramatically to
~14 % of its initial intensity after Pt;oAgsg NCs were added in
just 10 min, revealing the reduction of 4-NP (Fig. S8a).
Additionally, we also calculated the reaction rate constant k to
be 3.14x107° s™* from the rate equation In[C(t)/C(0)]=kt (Fig.
S8b). Considering the catalyst mass, the reaction rate equation
can be calculated as following 3
20 _ primpee » 29 i) = ket
dt dt

where ct and [M] (moI~L_1) is the concentration of the 4-NP
and catalysts, respectively. k' is the reaction rate normalized to
concentration of catalysts. k' was calculated to be 318.9
s mol L. Accordingly, k was experimentally calculated to be
1.56x107 s_l, 3.04x107 s_l, 1.98x10°° s*and k' was calculated
to be 34.5 s_1~mol_1~L, 277.4 s_1~mol_1~L, and 19.8 s mol™L
when Pt;6Agy,, PtegAgss and Pt black NCs was utilized as the
catalyst, respectively (Fig. S8c-h). Our findings corroborate
that the PtAg alloyed nanostructures, especially for Pt;oAgso
and PtggAgss NCs, exhibit much more excellent catalytic
activities toward the reduction of 4-NP than that of pure
porous Pt nanostructures ® and Pt black.
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Fig. 4 (a) CV curves for Pt;sAg,4, Pt;0Ag30, and PtggAgss NCs in Ny-saturated solution of H,SO, (0.05 M) and CuSO, (0.05 M) at a scanning rate
of 5 mV-s™. (b,c) Curves of specific and mass activitity normalized by ESCAs or mass of Pt for Pt;sAg,s, Pt;oAgs0, PtssAgss NCs and
commercial Pt/C in N,-saturated solution of methanol (1.0 M) and H,SO, (0.5 M) at a scanning rate of 20 mv-s™, respectively. (d) Specific
and Pt-mass activities of the Pt;sAg,4, Pt70Ag30, PtssAgas NCs and commercial Pt/C catalysts.
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The electrocatalytic MOR properties of our as-prepared
porous PtAg alloyed NCs were investigated and compared with
commercial Pt/C (20 wt.% loading). We employed the Cu UPD
method to estimate electrochemcial surface areas (ECSAs) of
Pt-based alloyed that is much more accurate for alloyed
nanostructures than  hydrogen adsorption—-desorption
method®’. The cyclic voltammetry (CV) curves were recorded
in N,-purged mixture of H,SO, (50 mM) and CuSO, (50 mM) at
a sweep rate of 5 mV-s'. ECSAs were respectively calculated
as 16.04 m>g™ for Pt;sAgas, 22.67 m>g ™ for PtyoAgso, 19.93
mz-g_1 for PtggAgss NCs from the CV curves (0.15 V-0.65 V) as
shown in Fig. 4A. The ECSA of commercial Pt/C was calculated
to be 50.89 mz'g_l(Fig. S9). The electrocatalytic activity toward
MOR was conducted in methanol solution (1 M) in acidic
condition (H,SO,4, 0.5 M). Obvious anodic peaks for MOR were
detected in CV curves for all of the Pt;sAg,s, Pt;0Ag30, and
PtesAgss alloyed catalysts (Fig. 4b), indicating that porous
alloyed nanomaterials exhibit high electrocatalytic properties.
Moreover, the oxidization peaks in forward scan gradually
move from 0.61 V to 0.64 V, 0.65 V, and 0.63 V when porous
Pt;6Ag,4, Pt;0Ag30, and PtgsAgs, NCs were used instead of Pt/C.
This shift in oxidation peak position give rise from alloyed
effect38, suggesting further again the formation of alloyed
nanostructures. Furthermore, Pt mass activity of the Pt;oAgso,
and PtggAgss at 0.5 V is respectively determined to be 237 and
161.5 mA-mg'l, much higher than that of commercial Pt/C
(128 mA-mg'l), strongly indicating that the electrocatalytic
activities are remarkably improved (Fig. 4c). The Pt;sAg,, NCs
catalysts show a mass activity of 38.4 mA-mg_1 to Pt/Cat 0.5 V.
In addition, we summarized the mass and specific activities of
various catalysts for MOR by normalized the peak current
intensity over the Pt loading mass or the specific area. As
illustrated in Fig. 4d, it is much clearly that the mass and
specific activities are significantly improved for porous Pt;,Ags
and PtgsAgss NCs compared to the commercial Pt/C catalysts. It
should be noticed that the Pt;,Ags; NCs exhibits the highest
mass and specific activity. The mass activity of Pt;,Agso NCs are
measured to be 535.8 mA-mg'l, 4.5 times, 1.4 times and 2.7
times higher than that of Pt;gAg,s, PtssAgss, and commercial
Pt/C, respectively. Similarly, the specific activity of Pt;,Agsy NCs
is 1.91 mA-cm_Z, which is 3.1 times, 1.3 times, and 4.9 times
higher than that of Pt;5Ag,,, PtssAgas, and commercial Pt/C.

The durability of the PtAg alloyed nanostructures and the
commercial Pt/C catalysts were also further tested using
chronoamperometry technique. The current exponentially
decay at the first stage before it reaches a pseudo steady
state. Such decay is unavoidable due to the methanol
concentration difference caused by diffusion on the surface of
anode and the formation of the Pt oxide >°. Clearly, the current

This journal is © The Royal Society of Chemistry 20xx

density at pseudo steady state of Pt;pAgso alloyed NCs is the
highest in contrast to Pt;gAg,s, PtesAgss, and Pt/C NCs. After
3000 s, the current density of Pt;oAgso hanostructures is 0.33
mA-cm_z, which is 7.5 times higher than that of Pt/C,
suggesting the incorporation of Ag into Pt can not only
improve its electrocatalytic activity, but also enhance its
stability for MOR in the presence of H,SO, (Fig. 5a).
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Fig. 5 (a) Chronoamperometry curves for Pt;cAg,s, Pt;0Ag30,
and PtggAgas alloyed NCs and Pt/C in the mixture of methanol
(1.0 M) and H,S0O, (0.5 M) for 3000 s at 0.5 V. (b) lllumination
of the mechanism of methanol oxidation on PtAg alloyed
catalysts.

H dep

Taken together, two major changes are seen in the
electrocatalytic tests. One is that the electrocatalytic
performances are highly enhanced of our prepared porous
PtAg alloyed NCs with different porous morphologies and
compositions, especially for Pt;oAgsy and PtggAgss NCs,
compared to commercial Pt/C. The other is the electrocatalytic
performance of porous-octahedral Pt;pAgs, alloyed NCs is
higher than that of the PtgsAgss multioctahedral NCs. The
enhancement effect can be ascribed to the following three
reasons: (i) porous PtAg alloyed NCs with multipetals and
multioctahedra morphologies provide abundance of edges,
corners, and step atoms, which can largely increase the Pt
catalytic activity towards MOR%. Furthermore, the fine
structure of our porous alloyed NCs also is the key to enhance
their performance39. (ii) The electronic coupling between the
Ag and Pt also play a vital role®. (iii) The sharp-tip effect of our
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porous alloyed nanostructures cause the accumulation of the
negative charges on the Pt atoms at the sharp sites40, which
will benefit for the electrocatalytic enhancement. The
electrocatalytic methanol oxidation reaction in acid taken Pt as
catalysts can be generally divided into several steps as
illustrated in Fig. 5b:

Pt + CH;OH — Pt-CH,0H + Pt-H

Pt + Pt-CH,0H — Pt,—CHOH + Pt-H

Pt + Pt,-CHOH — Pt;—COH + Pt-H

Pt-H —»Pt+e +H" (4)

Pt;-COH — Pt-CO + Pt-H + e —Pt-CO+Pt  (5)

In general case, Pt-CO will suppress the electrocatalytic
activity of Pt sites. In this regard, the presence of Ag atoms in
alloyed NCs can act as electron donators that transfer
electrons to Pt, leading to a substantial increase in the electron
density at around Pt atoms. The irreversible adsorption of CO
is oxidized and therefore increases the catalytically active sites
in Pt atoms. On the other hand, the coherent contact between
Ag and Pt atoms in the alloyed NCs will undoubtedly decrease
the surface area of the active Pt sites. The ECSAs of the PtAg
alloyed nanostructures will be reduced if too many Ag atoms
are introduced. The above two affects offsets with each other.
That is the coupling enhanced effect will dominant if just a
proper amount of Ag atoms are employed, leading to the high
improvement in electrocatalytic properties of Pt;,Agso
catalysts. Otherwise, the electrocatalytic activity will be
impressed if too many Ag atoms are introduced. The mass and
specific activity of PtggAgss NCs is therefore lower than that of
Pt;0Agss NCs. Moreover, no obvious enhancement in
electrocatalytic performance of Pt;cAg,, alloyed NCs. It has
been reported that the catalytic enhancement in alloyed
nanocrystals is due to not only the alloyed effect, but also the
sharp-tip effect™. Obviously, the sharp-tips effect in Pt;sAg,4
multipetals is less than in the Pt;,Ags;, porous-octahedra and
PtecAgss multioctahedra. We therefore ascribe the relative
poor catalytic properties of Pt;sAgs, NCs to their less sharp-tip
effect.

(1)
(2)
(3)

3. Experimental section
3.1 Synthesis of porous PtAg alloyed nanocrystals

The PtAg alloyed NCs were synthesized using a seed-mediated
method. Specifically, Pt seed solution was prepared by adding
a freshly prepared, ice-cold NaBH, (0.01 M, 600 pL) into a
mixture of H,PtClg (0.01 M, 80 uL) and CTAB solution (0.1 M,
9.75 mL). The resulted solution was mixed by reversion and
then kept at 35 2C for at least 2 h. The growth solution was
obtained by sequentially adding H,PtClg (0.01 M, 660 uL),
AgNO; (0.01 M, 400 puL), HCI (1 M, 400 pL), and ascorbic acid
(0.1 M, 320 pL) into aqueous CTAB (0.1 M, 9.75 mL). The pH
value of the growth solution was measured to be 2.15 at the
current condition. The seed solution (200 pL) was rapidly
injected into the growth solution under stirring. The resultant
mixture was left at 35 2C for 4 days. The obtained alloyed NCs
were centrifugated twice to remove CTAB before
characterizations and use. The composition of PtAg alloyed

This journal is © The Royal Society of Chemistry 20xx

NCs can be tuned by changing the amount of AgNO;3 in the
growth solution. In our work, Pt;sAg,4, Pt;0Ag30, and PtgsAgas
nanostructures were synthesized when 40, 400, and 1000 pL
AgNO; was respectively added in growth solution.

3.2 Electrochemical measurements towards MOR

The glassy carbon electrodes (3 mm in diameter, Pine
Instrument) were sequentially polished with 1 and 0.05 um
Al,O3 paste (mixed Al,O; powder with DI water) before they
were cleaned by ultrasonication. The centrifugated PtAg
alloyed samples were first dispersed onto XC-72R carbon. The
ink solution was then made by dispersed Pt;cAg,4/C,
Pt;0Ag30/C, PtgsAgs4/C, or commercial Pt/C into the mixture of
N,N-dimethylmethanamide (DMF) and Nafion (5 wt.%) under
ultrasonication for about 10 min (for details of the exact mass
of each component, see Table S1 in Supporting Information).
5-6 pL of as-prepared the ink suspension was then dropped
onto the surface of modified glassy carbon disk electrode. A
beaker was covered onto the working electrodes during drying
procedure to control the evaporation rate. The electrodes
were then dried naturally at room temperature. Herein, we
should declare that the potential values in our tests are
referenced to Ag/AgCl saturated electrodes.

We employed a three electrodes system where an Ag/AgCl
electrode and a Pt mesh were employed as a reference and
counter electrode, respectively. The potential values in this
work are therefore respect to the Ag/AgCl electrode. Prior to
each electrochemical measurement, the related solution was
purged N, for about 25 min to achieve N,-saturated solution.
Chronoamperometry curves were tested by fixed the potential
at0.5V.

3.3 Characterizations

SEM images were obtained on an FESEM Hitachi S4800
microscope. TEM imaging was carried out on an FEl Tecnai G2
20 microscope operating at 200 kV. XRD patterns were
acquired on Philips X' Pert system equipped with Cu K a
radiation (A= 1.5419 A, scanning rate = 1.0°/min). The HRTEM
were taken on Tecnai G2 20 S-TWIN operated at 200 kV
accelerating voltage. XPS was measured on a Thermo ESCALAB
250 system. Elemental mapping and HAADF-STEM imaging
were carried out on an JEOL-2010 microscope equipped with
an energy-dispersive X-ray analysis system. The absorption
spectra of the solution were acquired on a Hitachi U-3900 with
cuvettes with a 1.0-cm optical path length. All of the CV and
chronoamperometry curves were conducted on an
electrochemical workstation (Zennium, ZAHNER). ICP-AES was
conducted by Optima 5300DV (Perkin Elmer). The pH values of
the growth solutions were measured on PHSJ-4F (Shanghai
INESA&Scientific Instrument Co. LTD).

4. Conclusions

In summary, we have demonstrated a facile seed-mediated
method to prepared porous PtAg alloyed NCs. The fine
structures of the alloyed NCs can be tuned from multipetals to
multioctahedra by simply changing the ratios of AgNO; to
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H,PtClg in growth solution. Simultaneously, the atom ratios of
Pt/Ag in alloyed NCs can also be varied from 3.17 (Pt;cAg2a
NCs) to 1.94 (PtesAgss NCs). Electrocatalytic measurements
reveal that the PtAg alloyed NCs, especially for Pt;oAgsg NCs,
exhibit high activity and stability in the reduction of 4-NP by
NaBH, and the electrocatalytic performances toward MOR.
Therefore, we simultaneously address two key challenges,
morphology and chemical composition, in improving the
catalytic performance of alloyed metal NCs. We thus believe
that our work will inspire new insight into rationally tailoring
the morphology and chemical composition of Pt-based alloyed
NCs to improve their performance in direct methanol fuel cells.
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