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Molten Salts Medium Synthesis of Wormlike Platinum Silver
Nanotube without any organic Surfactant or Solvent for Methanol
and Formic Acid Oxidation

,C

Haidong Zhao,” Rui Liu,” Yong Guo ° and Shengchun Yang™®

In current research, the Pt,Ag, (x/y=86/14, 79/21, 52/48, 21/79, 11/89) nanoparticles (NPs) are synthesized in the KNO;-
LiNO3 molten salts without using any organic surfactant or solvent. The SEM results suggest that when the content of Ag is
higher than 48%, the wormlike Pt,Ag, nanotubes (NTs) can be synthesized. The diameter of the Pt,Ag,NTs shows a slow

decrease with the increase of Ag content. The TEM and HRTEM results indicate that the growth of hollow Pt,Ag, NTs

undergo an oriented attachment process and a kirkendall effect approach. The results of cyclic voltammetry (CV)

measurement indicates that the Pts,Ag,s catalyst presents a remarkable enhancement for methanol electrooxidation,

while the PtgsAgy catalyst prefers electrochemically oxidizing the formic acid compared with that of the commercially

available Pt black.

1. Introduction

Platinum-based alloy have attracted considerable attention in
the fuel cell field and electrocatalytic application, due to their
high catalytic activity and low cost™. As is well-known, the
preparation methods and synthetic routes usually have a great
influence on the catalytic activity of the bimetallic alloy NPs®.
The platinum-based bimetallic alloy NPs, such as PtAg5'7, ptcu®
10, PtPb™Y 12, Pth13, PtRhM, Pt3Ni15 etc., can be directly
prepared by co-reduction of metal ions in agueous or organic
solution with the capping agents (e.g. CTAB/CTAC, PVP,

13,15-17

oleylamine/oleic acid etc.,) presence . The capping agent

layer (“‘stabilizer””’) which covering on the surface of NPs will
tremendously passivate the performance of the catalystls.
Therefore, the NPs must be cleaned by chemical, thermal and
plasma approaches before it is used as the catalyst, but these
treatments are not always effective’. Furthermore, the highly
toxic organic surfactants and solvents, which are excessively
used in the synthesis, will lead to complicating the preparation
procedure, and

restricting their commercial applications,

causing serious environmental pollution. Hence, exploring
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facile, green, and capping agent/ organic solvent-free
methods, which can be used to prepare platinum and
platinum-based alloy NPs with clean surfaces, is still a
challenge for the catalytic field.

In our previous research, we developed a green molten salts
method, which have been proven to be a facile, effective and
green approach for the synthesis of surfactant-free platinum

19-21
For

and platinum-based alloy NPs example,
successfully prepared the Pt nanosheetslg, Pt*° and Pt,(Cuy21
concave NPs in the molten salts of KOH-NaOH and KNO3-LiNO3

without using any capping agent or organic solvent. Notably,

we

the Pt concave NPs prepared through this organic-free method
are actually with very “clean” surface, as well as many high
index facets and exposed atom steps, thus exhibiting an
catalytic
compared with the commercial used Pt/CZO. This approach

enhanced activity toward methanol oxidation
offers a green and eco-friendly method to synthesize the
platinum and platinum-based alloy NPs.

In current case, we demonstrate that the molten salts
medium method can be successfully employed for the
synthesis of wormlike Pt,Ag, NTs, and their electrocatalytic
activity toward methanol and formic acid electrooxidation are

also investigated.

2. Experimental
2.1 Materials.

LiNO; (CR, 98.0%), silver acetate (CH3;COOAg, AR, 99.0%), tetra-
ammine platinum oxalate (Pt(NHs),C,0,4, AR, 99.0%), methanol
(CH30H, HPLC, 99.9%), formic acid (HCOOH, HPLC, 99.0%) and
Pt black (JM) were purchased from Aladdin Reagent Company.
KNOj3 (Tianjin Hengxing Chemical Reagent, AR, 99.0%), KOH
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(Tianjin Hengxing Chemical Reagent, AR, 85.0%), HCIO, (Tianjin
Xinyuan Chemical Reagent, GR, 70.0-72.0%), 2-propanol
(Tianjin Fuyu Chemical Reagent, AR, 99.8%) and 5% Nafion
solution (Aldrich Chemistry). All chemicals were used as
received without further purification.

2.2 Preparation of the Pt,Ag, alloy NPs.

The typical preparation procedure of the Pt,Ag, NPs is as
follows: 6.6 g of KNO; and 3.4 g of LiINO; were mixed and
heated to 170 °C with magnetic stirring to form the molten
salts (the eutectic temperature of LINO; and KNO; is 125°C,
Fig.S1), and kept the temperature until all the salts dissolved.
Then, with vigorously stirring, the calculated amount of
CH;COOAg, Pt(NH;3),C,0, and 22.4 mg KOH were added into
the glass flask. The reaction was keep stirring in air for 2 h at
170°C, and then naturally cooled down to room temperature.
Then, the products were washed 3 times with distilled water
to remove the residual salts. For the preparation of wormlike
Pt,Ag, NTs, the content of Ag should be higher than 48% in the
precursors (seeing supporting information for details).

2.3 Characterization Methods.

The Powder X-ray diffraction (XRD) patterns of the Pt,Ag,NPs
were measured on a Bruker D8 advance X-ray diffractometer.
The scanning electron microscope (SEM) images characterized
on a JEOL 7000F field emission SEM system, and the average
atomic compositions of the Pt,Ag, NPs were obtained by the
energy-dispersive X-ray (EDX) integrated with the SEM system.
The transmission electron microscopy (TEM) system of JEOL
3010 with 300 kV acceleration voltages was used to analyze
the TEM and high-resolution TEM (HRTEM) images.

2.4 Electrochemical Measurements

The performance of the Pt,Ag, NPs in acidic (HCIO,) media was
carried out on an electrochemical workstation (Pine AFCBP1)
by using CV technique. The reference and counter electrodes
used the saturated calomel electrode (SCE) and a lcmxlcm
platinum plate (99.9%), respectively. The 0.1 M HCIO,4, which
diluted from the stock solution with distilled water, was used
The by
ultrasonically dispersing 5 mg of the PtAg, catalyst in 5 mL
mixed solvent which contained distilled water, 2-propanol and
5% Nafion solution with the volume ratio of 4: 1: 0.025. A
quantity of 10 pL of the dispersion was dropped onto the top

as electrolyte. working electrode prepared

of glassy carbon electrode and dried in air for obtaining the
working electrode. The CV tests were carried out in nitrogen
(99.9%)-saturated 0.1 M HCIO, solution at room temperature
with the scanning rate of 50 mV st and in the potential region
from 0.02 to 1.1 V. The of PtAg, alloy
electrooxidation methanol were measured in 0.1 M HCIO, + 1
M CH;3OH solution with a scanning rate of 50 mV s, And that
of Pt,Ag, NPs electrocatalytic oxidation formic acid were
measured in 0.1 M HCIO, + 0.5 M HCOOH solution with a

activities
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scanning rate of 100 mV s In all of the experiments, stable CV
curves were recorded after 50 cycles.

3. Results and discussion

The typical SEM and enlarged SEM images of the as-prepared
Pt,Ag, alloy NPs with different feeding molar ratios of
Pt(NH;),C,0,/ CH;COOAg 8:1, 4:1, 1:1, 1:4 and 1:8 were shown
in Fig. 1. According to the EDX results (Table 1), the obtained
products were named as PtggAg14, Pt;0Ags1, PtsyAgas, Ptr1Ag79
and Pty;Aggq, respectively. The average atomic compositions of
these NPs matched well with the feeding ratios of precursors.
From Fig. 1a and 1b, we can see that the as-prepared PtggAgqa
and Pt;0Ag,; NPs have relatively uniform size and shape. With
decreasing the content of the Pt, the average particle sizes
show a slow decrease from 82.5+12.1 nm for PtgsAgis to
69.6+12.2 nm for Pt;0Ag,; NPs, and to 59.4+11.5 nm for
Pts,Ag4s. (Fig. S1a-c). When the content of Ag was higher than
48%, the Pt,Ag, NTs, as well as some NPs in the product can be
observed. (Fig. 1c, d and e). And the SEM results also indicated
that the proportions of NTs in the products prepared at higher
Ag ratios are obviously higher than the samples obtained at
lower Ag ratios. The diameter of these NTs shows a slow
decrease from 32.1+5.9 nm for Pts,Agss to 20.9t4.6 nm for
Pt,1Ag79, and to 15.2+2.4 nm for Pt;;Agge. (Fig. S1 d-f) While in
the reaction system when CH3;COOAg was use as the only
precursor (the content of Ag was 100%), only irregular Ag NPs
with the average particle sizes about 104.3+28.3 nm were
obtained. (Fig. 1f and S1g)

The TEM images of the Pts,Ag,g were shown in Fig. 2. As one
can see from the Fig. 2a, most of the particles show a hollow
interior and a worm like morphology, indicating the formation
of the wormlike Pt,Ag, NTs. Fig. 2b and 2c are local area
enlarged images of Fig. 2a. The wall thickness and diameter of
the as-formed Pts,Ag,s NTs was about 7.1 nm and 27.8 nm,
respectively. (Fig. 2b) From the insert image in Fig. 2b, the
nanotube (NT) structure can be further identified. Fig. 2c

Fig. 1 SEM images of the (a) PtssAgus, (b) PtisAg2y, () PtsAgas, (d) PtaiAgys, (€) PtiiAges,
(f) Ag.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 EDX analysis of Pt,Ag, atomic molar ratios in the alloy NPs prepared at different Pt(NH;),C,0,/ CH;COOAg feeding ratios.

Sample PtAgy PtgsAg14 Pt70Ag21 Pt71A829 Pts2Agas Pt3cAges Pt21Ag79 Pt11Ags9
As added molar ratio (x : y) 8:1 4:1 1:1 1:2 1:4 1:8
EDX value molar ratio (x : y) 6.1: 1.0 3.9:1.0 2.4:1.0 1.1:1.0 1.0:1.7 1.0:3.9 1.0: 8.5
= ] & - &
o N o e 9
A >, . AA_A._
PtssAg14 o "

Solid NPs

[—
25 nm

Fig. 2 (a), (b) and (c) TEM images of the Pts,Ag.s; (b) and (c), the enlarged local area of
(a); the inset image in (b) is the enlarge TEM images of the hollow nanotube; (d),
HRTEM image of the Pts,Agss labeled with square in (c); (e), (f) FFT images of Pts,Agss
labeled in (d).

shows the enlarged image of quasi NT aggregated with
several NPs from which both of the NPs with and without
hollow interiors can be observed as shown by the arrows in
the image. Fig. 2d shows the HRTEM image of the Pt5;Agss
NTs labeled with a square in Fig. 2c. The fringe spacing (0.230
nm) fell in the range between those two pure monometal of
the Pt and Ag, which can be defined to the (111) plane of the
PtAg aIonZZ, illustrating the PtAg alloy NTs are obtained. As
shown in Fig. 2e, the discrete and hexagonal spots in the FFT
pattern of a selected grain indicates a high degree of
crystallinity of the alloy NPs. While the FFT pattern obtained
from the grain boundaries (Fig. 2f) presents a circular point
distribution, indicating a random distribution of lattice

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 XRD patterns of the Pt, PtgsAgis, Pt7oAB21,Pt71AB20,PtsoABas, PtisABess Pt1ABss,
Pt11Agss, and Ag.

orientation of the attached grains. The growth process can be
further revealed by the HRTEM characterizations as shown in
Fig. S2. From Figs. S2a and S2d one can see that several
septums obviously divides the hollow interiors, while a
partially broken septum can also be observed as shown by
the red arrow in Figs. S2a and S2b. These observations imply
that the formation of wormlike NTs can be firstly due to the
linear aggregation of NPs to form a wormlike nanowire, and
then the Kirkendall effect induces the diffusion of two kinds

of alloy element and form the hollow tubular structure™ 2%,

Fig. 3 shows the XRD patterns of Pt,Ag,, pt and Ag NPs. As
one can see that the diffraction peaks of the PtgsAgia,
Pt,1Ag79 and Pt;;Agsq locating at the Pt-rich and Ag-rich region
can be identified with the crystal planes of (111), (200), (220),
(311), and (222), respectively, in response to a face-centered
cubic (fcc) structure. The Pt,Ag, NPs diffraction peaks located
between the corresponding positions of pure metallic Pt and

J. Name., 2013, 00, 1-3 | 3
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Ag indicates that the alloy phase was obtained®. From the
Fig. 3 we also can see that all diffraction peaks were shifted
synchronously to lower angles with the decrease of pt
proportion in the NPs. The redundant diffraction peak
showed in the alloy of Pt;gAg,1, Pt71Ag,9, Pts,Agag and PtigAges
can be due to the mixture of diffraction peaks from Pt-rich
and Ag-rich region alloy. For pt-Ag bimetallic bulk materials, a
large miscibility gap would exists when the temperature
below about 1200 °C (Fig. S3). Therefore, the bulk PtAg alloy
only could be formed at very high atomic compositions ratio
of either Pt or Ag. For example, when the Pt and Ag elements
atomic ratio falls outside the range between Ag,Ptsg and
AggsPts below 400 °C, the PtAg bulk materials would exist in
two phases: one is Ag-rich and the other is Pt-rich aIonszs.
Yang Hong et. al. reported that the Pt-Ag alloy NPs (Pt/Ag
molar ratio from 4/1 to 1/4) can be prepared in solution
system from their corresponding precursors salts®®. And
similar with our current research, the XRD result in Fig. 3 is a
powerful evidence for the obtained of Pt-Ag alloy in
nanoscale.

In order to study the formation process of the Pt,Ag, alloy
NTs, the products obtained at different reaction time were
analyzed through the SEM and EDX (Fig. 4). In the first 2
minutes, only a lot of irregular NPs can be observed, and the
EDX results indicates that only Ag and Pt elements with the
atomic ratio about 2.7:1 were detected except for basal Si
signal. (Fig. 4a) The ratio of Ag in the product is far higher
than that of Pt, which is mainly due to the CH3;COOAg thermal
decomposition rate faster than that of the Pt(NH3),C,0,, then
the Ag-rich phase is generated. However, only after further 2
minutes, as shown in Fig. 4b, some irregular NPs aggregating
into worm-like nanostructure can be found. The composition
of pt dramatically increased with the atomic ratio about 1:1.3
for Ag and Pt elements, suggesting the Pt precursor was
decomposed quickly after the first 2 minutes, and the large
quantities of pt atoms adsorbed on the pre-generated Ag-rich
phase, leading to the pt-rich phase formed. After 1 h, as
shown in Fig. 4c, the irregular NPs and worm-like structure
coexist in the product, and the EDX analysis result suggests
that the composition of Pt,Ag, NPs was 1:1.1 for Ag and Pt
elements, approximate equal to the feeding mole ratio

Elem Wt% At% ‘b Wit s Wt

SiK 8446 96.27 .8 i 37.28 y 13.10
AgL 916 272 18.50 .4 x > 2844
P e17 o1 [l . 43.06 12, 1 53.45

L gL

Fig. 4 SEM images and EDX spectrum results (inset images) of Pts;Ags,s NTs
synthesized under different reaction times: 2 min (a), 4 min (b) and 1 h (c),
respectively.

4| J. Name., 2012, 00, 1-3

of 1:1 for Pt(NH;),C,0, and CH;COOAg, indicating a part of
the Ag atoms in Ag-rich phase were diffused into platinum-
rich phase. The result further confirms that the worm-like
NTs form from the Kirkendall effect with the interdiffusion of
two group elements.

Besides reaction time, the existence of KOH and
temperature were also sensitive for the synthesis of the
Pt,Ag, NPs. When no KOH existed or the temperature lower
than 160 °C, only CH;COOAg could be decomposed, and the
Pt(NH3)4C,0, would be gasified out of system instead of
reacting. While when the amount of KOH was excessive, the
morphology and size of the products have no significant
difference. Moreover, when the temperature was increased
higher than 170 °C, no worm-like NTs obtained, and only the
irregular NPs with the average particle sizes about 81.1+20.1
nm (180 °C) and 73.8+16.6 nm (190 °C) could be observed.

(Fig. S4, S5)

1.0

a
—— Pt black JM

0.5+ - - - Pts2Agas
&, 0.0
g
3
= -0.5

-1.04

T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

E vs RHE (V)

j(mA/cm?2)

0.0 ' 0.'2 ' O.I4 ' O.IG ' 0.8 1.0
E vs RHE (V)

Fig. 5 (a) CV curves of the Pt black (JM) (black solid) and Pts,Ag.s (red dash) recorded
after 50 cycles in 0.1 M HCIO,. (b) Sequential CV curves of the Pts,Ag,s catalysts in N,-
saturated 0.1 M HCIO,. Scan rate: 50 mV s™.

This journal is © The Royal Society of Chemistry 20xx
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Table 2 The summary of Pt black (JM), Pt;1Agss, Pt21Ag7s, PtsyAgas, PtioAgy: and PtgsAga, catalysts for methanol electrooxidation in 0.1M HCIO, + 1M MeOH.

Current densities

Peak current densities

Samples  Onset potentials (V)  Peak potentials (V) , (@ 0.85 V) I¢/1p
j (mA/cm®p) 5
j (mA/cm?p)

Pt black 0.40 0.95 2.69 1.94 0.99

Pt11Agss 0.38 0.86 0.61 0.61 4.79

Pt;1Ag79 0.32 0.90 2.71 2.57 1.63

Pts,Agas 0.30 0.84 2.86 2.84 1.72

Pt79Ag21 0.30 0.86 1.88 1.87 2.76

PtgeAg1a 0.30 0.84 1.16 1.14 1.86
Electrocatalytic characterization of the Pt,Ag, NPs catalysts
a s Bt black JM 'j was performed by using cyclic voltammetry methods. The

= acl ; .

- - - -PtirAgss 'r.p " ” representative CV curves of the Pts;Agss, Pt black (JM)
______ Pt2iAgro catalysts were shown in Fig. 5a. For commercial Pt black (JM)
it [ Pts2Agas atalyst, the classic CV features of the Pt catalyst in the acid
Sieene PtreAg21 electrolyte were observed, such as the Hadsorption/

| === PtesAgia

j(mA/em2 )

j(mA/em? o)

0.4 0:5 016 017 0.8
E vs RHE (V)

Fig. 6 (a) CV curves and (b) linear sweep voltammetry of Pt black (JM) (black solid),
Pt;1Aggy (red dash), Pt,;Ag,s (blue dot), Pts;Agss (dark cyan dash dot), PtjsAgx
(magenta dash dot dot) and PtgsAg,4 (dark yellow short dash) catalysts in 0.1 M HCIO,
+1 M MeOH. Insert image was the histogram of the area current density at 0.85 V
(vs. RHE) for Pt black and Pt,Ag, catalysts. Scan rate: 50 mV st

This journal is © The Royal Society of Chemistry 20xx

desorption region (0.02-0.3 V), a smooth double layer region
(0.3-0.6 V), and the Pt oxides formation and reduction region
(positive more than 0.6 V) %7 While CV curve of the PtAg alloy
NPs in the range of 0.02-1.1 V presents a couple of the Ag
redox peaks, as well as the H adsorption/ desorption regionzs.
The anodic peak was attributed to the oxidative dissolution/
dealloying of Ag from the alloyed PtAg NPs at 0.5-0.6 V, and
the cathodic feature at 0.3-0.4 V associated with the
reductive deposition/ alloying of Ag into the alloyed PtAg
NPs**3!. As one can see from Fig. 5b, during the Sequential
CV treatment of Pts,Ag,s NPs, the Ag atoms were dealloyed
from the NPs surface, which led to the development of the
more exposed Pt surface and higher electrochemical surface
area (ECSA) for the H adsorption/ desorption region (0-0.30
V), due to the exposed Ag surface would be inactive for H
adsorption/ desorption32. Furthermore, the redox peaks of Ag
did not disappear even after 50 cycles, indicating that Ag still
exists in the surface layer of the NPs. (Fig. 5b)

Fig. 6a shows the voltammogram of methanol oxidation on
the commercial Pt black (JM), Pt;;Agse, Pty1Ag79, Pts,Agas,
Pt,0Ag,1, and PtggAgiscatalysts in the 0.1 M HCIO, + 1 M
MeOH solution. The values of the area current density were
calculated based on the ECSA (list in table S1), which
calculated from the CV data®>. As summarized in Table 2, the

J. Name., 2013, 00, 1-3 | 5
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peak current densities in the forward scan for the methanol
oxidation are 2.69, 2.71 and 2.86 mA/cmzpton the Pt black,
Pt,1Ag;9 and Pts,Ag,s catalysts, respectively. Similarly, the
area current densities of the Pt,;Ag;q and Pts,Ag,s catalysts
measured at 0.85 V are about 1.3 and 1.5 times higher than
that of Pt black (insert image in Fig. 6b), respectively.
Furthermore, almost all alloy catalysts present a more
negative peak potential, indicating a higher CO,4s oxidation
activity on alloy catalysts. Especially, the peak potential of
Pts,Ag,g catalyst reaches to a value of 0.84 V, which shifts
negatively by 110 mV from the value of 0.95 V for the Pt
black.

The tolerance ability of the catalyst to the accumulation of
carbonaceous species can be described by the ratio between
the value of forward peak current (I;) and the backward peak
current (Ip) 11,34 As shown in Table 2, the I¢/ 1, ratios for Pt
black (JM), Pt;1Aggs, Pto1Ag79, PtsyAgss, PtsoAgy1, and PtgsAgys
catalysts were 0.99, 4.79, 1.63, 1.72, 2.76 and 1.86,
respectively. It suggests that Pt,Ag, alloy NPs have a better
activity in direct oxidation of the carbonaceous accumulated
and methanol to carbon dioxide during the process of
forward scanning. It has been reported by Feng35 and He*®
that the properties of anti-poisoning for Pt in acidic
electrolytes can be greatly improved with the presence of Ag
in the PtAg alloy, and our result further prove that the activity
of Pt,Ag, alloy catalysts toward MOR can be promoted by the
process of Ag oxidative dissolution and reductive deposition.
To investigate the catalysts performance at low potentials,
their onset potentials for MOR are listed in Table 2. Among all
the Pt,Ag, and Pt black catalysts, the Pts,Agss NPs shows the
most negative onset potential and peak potential, which
indicates that the Pts,Ag,s catalyst has a better catalytic
performance toward MOR than that of the Pt black. Fig.7a
shows the typical voltammograms of formic acid oxidation on
the catalysts of Pt black (JM), Pt;1Aggss, Pt;1A870, Pts,Agss,
Pt;9Ag,;, and PtggAgysin the 0.1 M HCIO, + 0.5 M HCOOH

solution. As listed in Table 3, the first small anodic peak
potential and current values in the forward scan were 0.57 V
and 2.45 mA/cm?’p, for Pty;Agss, 0.54 V and 1.04mA/cm?p, for
Pt,;Ag9, 0.54 V and 1.78 mA/cm?s, for Pts,Agss, 0.50 V and
1.95 mA/cm?p, for PtyoAg,: and 0.52 V and 2.84 mA/cm?p, for

—— Pt black JM

- = - Pti1Agee

- - - - PtaiAgre

—-—- Pts2Agas

=--=- PtroAg21
»»»»» PtssAgia

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

(e

@0.45V 247

0.2 013 04
E vs RHE (V)

Fig. 7 (a) CVcurves and (b) linear sweep voltammetry of Pt black (JM) (black solid),
Pt,1Ags, (red dash), Pt,;Agss (blue dot), Pts,Agas (dark cyan dash dot),Pt;0Ag,; (magenta
dash dot dot) and PtgsAgys (dark yellow short dash) catalysts in 0.1 M HCIO, + 0.5 M
HCOOH. Insert image was the histogram of the area current density at 0.45 V (vs.
RHE) for Pt black and Pt,Ag, catalysts. Scan rate: 100 mV st

Table 3 The summary of Pt black (JM), Pt;;Aggo, Pt21A87s, Pts:Agas, PtyoAg,: and PtgeAgs, catalysts for formic acid electrooxidation in 0.1M HCIO, + 0.5 M HCOOH.

The first peak current

The second peak Current densities

samples ety efeipek  deme o Tesonpek curentdensile @045V
j (mA/cm?p) j (mA/cm?p) j (mA/cm?)
Pt black 0.28 0.51 0.28 0.91 1.14 0.25
Pt11Ags0 0.16 0.57 2.45 0.86 2.56 1.74
Pt21Ag79 0.16 0.54 1.04 0.91 1.39 0.87
Pts,Agas 0.18 0.54 1.78 0.86 2.87 1.38
Pt7oAg21 0.15 0.50 1.95 0.88 2.26 1.88
PtgsAg14 0.17 0.52 2.84 0.88 2.98 2.47

6 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 8



Page 7 of 8

Physical Chemistry. Chemical Physics

Journal Name

PtgsAg14, respectively. Compared with the corresponding
values of 0.51V and 0.28 mA/cmZPt for Pt black (JM), PtggAg1s
catalyst presents a more than 10 times enhancement.
Similarly, at 0.45 V, the current value of PtggAg,, catalyst
shows about 9.9 times higher than that of Pt black. (Insert
image in Fig. 7b) In addition, the onset potential of the Pt,Ag,
alloy negatively shift about 100-130 mV compared to the Pt
black can be observed in the Table 3, indicating that the less
accumulation and the more easy oxidation of CO ads on the
Pt,Ag, alloy surface contribute to a large enhancement in
durability37. And the 100-130 mV negatively shift of the onset
potential will lead to about 20%-26% enhancement in electric
efficiency, because only less than 0.5 V output voltages can
be given by a direct fuel cell under a reasonable current
density38. Furthermore, as indicated by the dark yellow short
dash shown in Fig. 7b, the relevant potential of PtgsAgi, Was
lower than those of Pt,Ag, and Pt black at a given oxidation
current density values, suggesting that the PtggAg,, catalyst
has a much higher electrochemical
HCOOH.

catalytic ability for

4. Conclusions

In summary, we have developed a green molten salts
approach for the preparation of wormlike PtAg, alloy NTs
without using any organic solvent, surfactant or capping
agent. The electrooxidation of Pts,Ag,s for methanol and
PtggAg sfor formic acid exhibit a much better performance
than commercial Pt black catalyst. This green molten salts
synthesis method has the potential to be explored to the
fabrication of other surfactant or capping agent-free alloys,
such as PtPd, PtAu, PtRu, PtRh, etc.
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