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Abstract

Ag-Pt alloy material is one of the most potential candidates to
improve the catalytic activity of Pt-based catalyst toward the
oxygen reduction reaction (ORR), which can reduce the
dosage of the high-cost metal Pt used in the cathode of fuel
cells. But it is hard to synthesis Ag-Pt alloy with nanosize in an
easy and cheap way. In this study, the Ag-Pt alloy nanoparti-
cles supported on carbon (Ag-Pt/C) with different Ag at.%
were prepared by a facile one-pot approach with low costs.
The XRD, TEM and XPS measurements were applied to verify
the alloy structure of Ag-Pt nanoparticles. These Ag-Pt/C
samples showed enhanced mass activities and catalytic stabili-
ties for the ORR, which was up to two times higher than that

of the commercial Pt/C catalyst at 0.9 V (vs. reversible hydro-
gen electrode). Furthermore, the membrane electrode assem-
bly (MEA) made from the Ag-Pt/C catalyst also showed a
higher power density in H2-O2 fuel cell test compared to the
MEA made from the commercial Pt catalyst. These enhance-
ments are attributed to the higher utilization of Pt and the
regulated oxygen adsorption energy of Pt in the surface,
which was confirmed using the density function theory calcu-
lation.

Keywords: Ag-Pt Alloy, Electrocatalysis, Electrocatalyst, Fuel
Cell, Membrane Electrode Assembly (MEA), Oxygen Reduc-
tion Reaction (ORR), Proton Exchange Membrane Fuel Cells
(PEMFC), Supported Catalysts

1 Introduction

Fuel cells have great potential in the field of new energy ap-
plications, because of its high energy conversion efficiency,
extreme energy density, zero-pollution and other advantages
[1–4]. However, there is still a long way for the practical appli-
cation of fuel cells on a large-scale since some technical prob-
lems remain to be solved. The low catalytic performance of
catalyst for fuel cell cathode is one of the key problems. The
reaction at the fuel cell cathode is the oxygen reduction reac-
tion (ORR), and the optimal catalyst for the ORR is made by
pure platinum (Pt) metal and carbon black, which is still not
powerful enough for catalyzing ORR. Therefore, in order to
ensure the output power of the fuel cells, a large dosage of the
Pt metal is needed to be used in the cathode of fuel cells, while
Pt is expensive and rare in the earth. As a result, the costs of

fuel cell are too high, which is not conducive for the commer-
cial promotion of fuel cells [5, 6].

The idea of solving this problem is reducing the dosage
amount of the Pt metal while maintaining its catalytic perfor-
mance for ORR [7, 8]. If an excellent Pt-based catalyst with a
higher ORR catalytic performance and lower costs can be real-
ized, the quality of the Pt metal used in a fuel cell will be
reduced, meanwhile the cell costs will be significantly
reduced. Tian and coworkers have improved the intrinsic cata-
lytic activity of the surface of Pt metal by preparing the Pt
nanoparticles with high-index crystal plane [9]. Also, reducing
the amount of Pt in the catalyst by doping the non-noble met-
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als into the Pt is another way to reduce the costs and enhance
the catalytic performance of Pt-based catalyst [10–12]. For
example, Schalow and Zhang have reduced the platinum con-
tent of the catalyst by using the multiple structures of Pt and
other metal like core-shell structure [13, 14]. Meanwhile, the
platinum-free metal catalysts [15, 16] and non-metallic cata-
lysts [17–19] for the ORR have become a hotspot of the ORR
research too. Furthermore, the highly efficient yttria-stabilized
zirconia materials prepared by electrophoretic deposition pos-
sess controllable morphology [20, 21] and the novel materials
with interfacial lattice-strain effects have a suitable electronic
structure[22, 23], which also show a great potential in ORR
catalysis and fuel cell cathode application.

In the above mentioned methods, alloying the Pt with other
metal is an effective method to prepare a novel ORR catalyst
with lower cost and improved ORR performance. Stamenko-
vic and coworkers have reported that the (111) surface of Pt3Ni
alloy has a very high intrinsic activity for the ORR, which is
theoretically up to 80 times as high as the (111) surface of Pt
[24]. Thus, the Pt-based alloy catalysts have caught the atten-
tion of many researchers. Throughout the summary of a large
number of studies, it has been found that the performance of
Pt-based alloys is improved because the other metal atoms are
introduced to tune the Pt electronic structure. As the d-band
center of the Pt surface of the catalyst decreases to a suitable
location, its catalytic performance is effectively enhanced
[25–27].

Silver (Ag) is a cheap metal with a price far lower than Pt,
although its electronic structure is similar to that of Au and
Cu, according to the Nørskov’s theoretical calculation work,
the catalytic activity of Ag for ORR may also at a high rate
[28]. Besides, the lattice parameters of Ag metal are similar to
that of Pt metal, indicating that they are easy to grow together
to form an alloy [29]. Hence, Ag has a potential to form an
alloy catalyst with Pt to exhibit excellent ORR catalytic proper-
ties. Up to now, there are many works on the Pt based alloys,
and researchers have tried many combinations of Pt and var-
ious metals. We have reported the hollow Ag-Pt bimetallic cat-
alyst (with average sizes of 17 nm [30] and 7 nm [31]) with
excellent ORR performance. There are a few studies about the
Ag-Pt dendrite (~250 nm) [32], hollow Ag-Pt chain (~50 nm)
[33] and hollow Ag-Pt alloy (~100 nm) [34], which also shows
the potential of the Ag-Pt alloy in the ORR catalyzing. How-
ever, there is few study on the high quality carbon supported
Ag-Pt alloy with smaller size (< 5 nm) used as an ORR catalyst
[35], which may be due to the high difficulty in directly
synthesizing Ag-Pt alloy using a simple one-pot method,
because the frequently-used cheap Pt salts usually contain
Cl ions which would form AgCl precipitate instead during the
co-reduction process.

In this work, a simple one-pot synthesis has been designed
to prepare the Ag-Pt alloy nanoparticles loaded on carbon
(Ag-Pt/C) with an average diameter of 4 nm, and the mecha-
nism of the catalytic properties of Ag metal in Ag-Pt alloy has
also been studied. This method has following advantages:
(i) K2PtCl4, which is easy to get, is used as the Pt sources to

prepare Ag-Pt alloy, but there is no AgCl precipitate formed
during the preparation process; (ii) compared to other high
temperature synthesis methods, its reaction temperature is
only 120 �C, which does not consume too much energy in the
synthesis, and has a high energy efficiency; (iii) not any surfac-
tant is used in order to avoid the problem that the coverage of
the surfactant on the catalyst surface will block the contact of
the catalyst with oxygen, resulting in a low catalytic perfor-
mance of oxygen reduction; (iv) the bimetallic nanoparticles
are directly loaded on the carbon supports to avoid the
agglomeration of nanoparticles. Compared with the commer-
cial Pt/C catalyst, the as-prepared Ag-Pt/C catalyst shows a
preferable ORR performance and the catalytic stability in the
electrochemical rotating disk electrode (RDE) testing and the
H2–O2 fuel cell test.

2 Experimental

2.1 General Materials

The silver nitrate (99.8%) and sodium borohydride (98%)
were bought from Aladdin Company. The anhydrous ethanol
(AR), perchloric acid (AR), ammonia solution (30 wt.%), iso-
propanol (AR) were received from Shanghai Sinopharm. And
the ethylene glycol (EG, AR) was purchased from Xilong
Science Co. Ltd. The Vulcan XC-72R carbon support came
from Cobalt. Nafion ionomer (5 wt.%) was bought from
Dupont and the commercial Pt/C was obtained from Johnson
Matthey (HiSPEC� 4000 for Pt 40 wt.% and HiSPEC� 9100
for Pt 60 wt.%). The carbon monoxide (99.9%), nitrogen
(99.999%) and oxygen (99.999%) were purchased from Xin-
hang Air Co. Ltd. (Xiamen, China).

The materials were directly used after receiving, and the
purity of other reagents was analytical grade.

2.2 Synthesis of Ag-Pt Alloy Nanoparticles Loaded on Carbon
(Ag-Pt/C)

The Ag-Pt/C catalysts were obtained by a one-pot synthe-
sis. First, AgNO3 of 8.0 mg or other amount, 19.5 mg K2PtCl4
(the Pt content of the Ag-Pt/C was fixed to be about 40 wt.%
in the final product for comparing with the commercial Pt/C
catalyst of 40 wt.% Pt), 1.0 mL ammonia solution and 0.5 mL
DMF were mixed by ultrasonic treatment. After standing for
6 h, the color of the solution turned green, and then the mixed
solution was added into a mixture of 30.0 mL ethylene glycol
and 14.0 mg commercial carbon support. Then keeping this
hybrid solution at 120 �C for 6 h, so that the Ag-Pt alloy cata-
lyst loaded on the carbon support (Ag-Pt/C) can be formed
successfully. After the reaction finished, the products were
separated by centrifugation, then washed by water/ethanol
for three times, and dried for 6 h at 60 �C in vacuum. Finally,
the products were grinded into fine powder for further charac-
terization. The experimental process is as displayed in Figure 1.
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2.3 Characterization of Structure and Morphology

The crystal information of the catalysts was analyzed by
X-ray diffraction (XRD) method. XRD patterns were obtained
from the Mini Flex 600X-ray diffractometer (Rigaku) using
Cu Ka radiation. The voltage was 40 kV and the current was
30 mA. The sample was dispersed in the ethanol, and then
dripped on a glass slide to form a sample layer for testing. The
test was carried out in a step scan mode at the scan speed of
2.0 � min–1.

The morphology of the samples were observed by TEM
method, using the Holland FEI Tecnai F-30 HRTEM (300 kV),
the crystal structure and the elemental distribution of the sam-
ple were also characterized by the F-30 at the same time with
the help of the energy dispersive X-ray spectroscopy (EDS)
and the selected area electron diffraction (SAED). The sizes
and lattice fringes of the nanoparticles were analyzed by the
Gatan Digital Micrograph software. The sample was dispersed
in the ethanol and dropped on a copper grid for TEM charac-
terization.

We also used ICP-AES method to determine element con-
tents of the samples, the tests were performed by inductively
coupled plasma (ICP, NCS Testing Technology, Plasma 1000).
The samples were dissolved completely with aqua regia of a
fixed volume, and the liquid supernatant was tested after the
sedimentation of the carbon support.

The X-ray photoelectron spectroscopy (XPS) tests for char-
acterizing the valence state of the elements were carried out
by a Quantum-2000 X-ray scanning probe electron spectrosco-
py (PHI, United State) with Al Ka radiation, and 284.6 eV is
the value of C1s spectrum for adjusting the binding energy.

2.4 Electrochemical Measurements

The electrochemical performances of the samples were
measured on a CHI 730E workstation with a three-electrode
cell. The KCl-saturated Ag/AgCl electrode was chosen to be
the reference electrode and then convert to reversible hydro-
gen electrode (RHE) by calculation, and a graphite electrode
was used as the counter electrode. First, the dry sample of
required amount was mixed with 980 mL ethanol and 20 mL
Nafion ionomer (5 wt.%), and then mixed by ultrasonic for
3 h. After that, 10 mL mixture was loaded dropwise onto a
rotating disk electrode (a surface area of 0.247 cm2, PINE), and
dried naturally. The loading amount of Pt on the electrode sur-
face should be restrained in 3 mg.

We used a CO-stripping measurement to analyze the elec-
trochemical surface area (ECSA) of the samples. The scan rate

of the test was 50 mV s–1, and the electrolyte
was 0.1M HClO4. The ECSA is calculated
based on the ratio of the total charge of the
subtracted CO adsorption peak to the
420 mC cm–2 (the specific charge of the CO
monolayer adsorption). The ORR catalytic
activity of samples was measured by linear
scanning voltammetry (LSV). The electrolyte

of the test was 0.1M HClO4 with oxygen saturation. The scan-
ning speed was 10 mV s–1, and the rotating speed of the rotat-
ing disk electrode was 1,600 rpm. The accelerated durability
test (ADT) was implemented in 0.1M HClO4 with oxygen
saturation by potential scanning between 0.6 and 1.0 V for
15,000 cycles at a scanning speed of 50 mV s–1. The electro-
chemical tests above were all carried out at 25 �C.

The Ag-Pt/C sample with Ag content of 15 at.% (Ag-Pt/
C-15%Ag) was made into the membrane electrode assembly
(MEA) by a traditional gas diffusion layer (GDL) method. The
carbon paper (as the GDL) of the cathode with a Pt loading of
0.597 mg cm–2 was painted with the Ag-Pt/C ink made of
mixing the Ag-Pt/C sample, Nafion ionomer and isopropanol,
and the carbon paper of anode with a Pt loading of 0.358 mg
cm–2 was painted with the Pt/C ink made by mixing the com-
mercial Pt/C catalyst (JM, 60%), Nafion ionomer and isopro-
panol. The two carbon papers were hot-pressing with the
Nafion under 80 �C under 5 MPa for 5 min to form the MEA.
The whole Pt loading of the MEA using the Ag-Pt/C catalyst
was 0.955 mg cm–2, and the total metal loading was
1.013 mg cm–2.

The standard MEA made with the commercial Pt/C cata-
lyst (JM, 60 wt.% Pt) was established by the same method, but
the catalyst used in the cathode side was also the commercial
Pt/C catalyst (JM, 60% Pt). The Pt loading of the cathode side
and the anode side was 0.650 mg cm–2 and 0.365 mg cm–2,
respectively, and the total Pt loading of the standard MEA was
1.015 mg cm–2.

The H2–O2 fuel cell tests were carried out on the Arbin tes-
ter using a test fixture with 4 cm2 flow field area. The flowing
rate of oxygen and hydrogen gas was 0.15 slpm (standard liter
per minute) with a 60% relative humidity. The fuel cell was
operated under 70 �C. And before being tested, the MEA was
run at a fixed current density of 0.050 A cm–2 for 24 h to be
fully activated.

2.5 Density Function Theory (DFT) Calculation

The slabs (Figure S5) were built from (2 · 2) unit cells for
the oxygen coverage of 0.25. And 12 Å was set to be the vacu-
um layer of the calculated slabs we used.

The oxygen adsorption energy was calculated using the
Eq. (1):

DEO ¼ E slabþOð Þ � E slabð Þ � 1=2E O2ð Þ (1)

The oxygen adsorption energy of the surface of the slabs
was calculated by Vienna ab initio simulation package (VASP)

Fig. 1 The experimental process of the synthesis of Ag-Pt/C.
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[36] and the projector augmented-wave (PAW) approach [37].
The exchange-correlation functional is described by Perdew,
Bruke, and Ernzerhof (PBE) [38] with the generalized gradient
approximation (GGA) as the parameter. According to our con-
vergence test, the 550 eV was configured to be the energy cut-
offs for all the calculations. And the valence states of O (2s2p),
Pt (6s5d), and Ag (5s4d) are for solving the Kohn-Sham equa-
tions.

3 Results and Discussion

3.1 Structure and Morphology of the Samples

Figure 2a shows the XRD pattern of the sample, which was
synthesized by directly heating two kinds of metal salts with
the carbon support in ethylene glycol. The comparison among
the sample patterns and the standard Pt pattern (JCPDS num-
ber: 04-0802), Ag pattern (JCPDS number: 04-0783), AgCl pat-
tern (JCPDS number: 31-1238) indicates that, without the prep-
aration of precursor solution, the main components of this
sample are pure Pt metal and AgCl, which are not consistent
with our expected Ag-Pt alloys. The reason for this case is that
the Pt salt used in our experiments is K2PtCl4, which contains
Cl ions, and the Ag ions will combine with Cl ions to form
AgCl precipitates rather than be reduced to Ag by EG owing
to the ultra-low solubility of AgCl. In order to solve this prob-
lem, we blend AgNO3 and K2PtCl4 in DMF solution at first,
and then add ammonia solution to dissolve the generated
AgCl and form soluble silver ammonia ions ([Ag(NH3)2]+),
while PtCl4

2– with some Cl ions removed will transfer into
dichlorodiamineplatinum (Pt(NH3) 2Cl2) with ammonia. And
the color of the solution will turn into yellow-green that is the
same as that of dichlorodiamineplatinum [39]. Then the Ag
ions, Cl ions and Pt salt can be dissolved in DMF simulta-
neously, no more AgCl precipitation will be produced.

The XRD diffraction patterns of the Ag-Pt/C samples pre-
pared with a precursor solution are displayed in the Figure 2b.
The diffraction peaks of AgCl in the Figure 2a are disap-
peared, indicating that the preparation of the precursor solu-
tion can avoid the formation of AgCl precipitation. The loca-
tions of diffraction peaks of those three Ag-Pt/C catalysts are
all between the pure Pt and pure Ag, which is due to the for-
mation of the Ag-Pt alloys. Since the Ag atoms are doped into

pure Pt lattice, the lattice parameter will be changed to one
between the lattice parameters of pure Pt and pure Ag, result-
ing in the change of the positions of XRD diffraction peaks.
Moreover, it can be observed that the position of diffraction
peaks of the samples is closer to the pure Ag with the
increased Ag at.% in the Ag-Pt alloy. In addition, the broad
diffraction peak width of the sample implies that the particle
size of Ag-Pt alloy in the samples should be expected to be
very small. To sum up, the XRD results demonstrate that, by
employing the precursor, we successfully prepared Ag-Pt
bimetallic nanoparticles with small diameter.

Figure 3 displays the TEM photos of the Ag-Pt/C-15%Ag.
The TEM images of other samples are displayed in the Figure
S1 (see Suporting Information). As we see from the TEM
photos, the metal nanoparticles are evenly distributed on the
carbon support without distinct aggregation. The average di-
ameter of the nanoparticles is ~ 4 nm (the particle size distri-
bution of the samples are provided in Figure S1 and S2),
which is consistent with the prediction of XRD results. The
lattice fringes of the nanoparticles are shown in Figure 3c and
the lattice spacing of the metal particles is about 0.228 nm,
between the spacing of pure Pt (111) (0.2265 nm) and pure Ag
(111) (0.2359 nm), indicating that these nanoparticles should
be the alloys of Ag and Pt. There are several obvious diffrac-
tion rings in the SAED of the sample, which coincide with the
diffraction peaks in the XRD pattern. The TEM characteriza-
tion shows the micromorphology of the Ag-Pt/C sample,
proving that the sample is composed of the Ag-Pt alloy nano-
particles loaded on carbon support.

The elemental distribution in the red box on the dark field
photo of the Ag-Pt/C-15%Ag samples is scanned and the result
is shown in Figure 3e. It is seen that the positions of the nano-
particles in the dark field photo have more signals detected in
the elemental mapping, which proves that the nanoparticles in
the Ag-Pt/C is composed of Ag and Pt.

We have applied XPS to analyze the distribution of ele-
ments and their valence states on the sample surface. The XPS
full spectrum, Pt4f and Ag3d spectra of each sample are shown
in the Figure S3, and the results of the XPS peak fitting for Pt4f

are summarized in the Table S1 (see Suporting Information).
According to the statistics, the proportion of the Pt2+ on the
surface of the metal particles increases with the rise of the Ag
atom ratio in the Ag-Pt alloy, which is due to the increase

of the number of Pt atoms alloyed with Ag
atoms. Together with the XPS results, the
characterization results above have proved
the formation of the Ag-Pt alloy.

In order to compare the performance of
the Ag-Pt/C samples with various Ag atomic
ratios (Ag-Pt/C-X%Ag), the different amount
of AgNO3 has been used in the preparation
process. The final Ag content of each sample
has been tested by the ICP, EDS and XPS
methods and summarized in the Table 1. The
Ag content in the Ag-Pt alloy increases from
8% to 15%, and about 25%, respectively, with

Fig. 2 XRD patterns of the sample made without precursor (a) and the Ag-Pt/C samples with
different Ag at.% (b).
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the increase of the AgNO3 usage in the reactants. However,
the 25% seems to be the maximum value of the Ag at.%, which
may be attributed to the proportion of the Ag-Pt alloy is Pt3Ag
[40].

Next, we compare the atomic ratios obtained by ICP, EDS
and XPS to study the distribution uniformity of the elements
in the Ag-Pt nanoparticles. The ICP and EDS
are analytical methods for analyzing the bulk
of the material, so they can measure the over-
all element content of the samples. Therefore,
the results of ICP and EDS are almost the
same. However, the atomic ratios measured
by XPS are significantly lower than those by
other two methods for the samples with Ag
of 8 at.% and 15 at.%, while the atomic ratios
measured by XPS for the sample with Ag
atomic ratio of 25% are similar to those by
other methods. The XPS is a method for the
surface characterization, so the difference of
the results obtained by the three methods
indicate that the surface of the Ag-Pt alloy
with low Ag atomic ratio is enriched by the
Pt atoms, and the Ag atoms are mainly
distributed in the inner of the Ag-Pt alloy
nanoparticles. On the contrary, the elemental
distribution in the Ag-Pt/C-25%Ag is uni-
form.

3.2 Electrochemical Performance of the Samples

Figure 4 displays the CO stripping curves and the sum-
mary of the ECSA for the fresh and aged samples. The com-
mercial Pt/C catalyst (Pt 40 wt.%) is selected as the standard
sample for comparison. The CO stripping test indicates that
the ECSA of Ag-Pt/C-8%Ag sample is 85.50 m2 gPt

–1, and it
reduces to 61.56 m2 gPt

–1 after the ADT, losing 28% of its origi-
nal ECSA. The Ag-Pt/C-15%Ag sample possesses an ECSA of
88.21 m2 gPt

–1, and after the ADT, the value decreases to
66.16 m2 gPt

–1, with 75% remaining. The ECSA of the fresh
Ag-Pt/C-25%Ag sample is 82.33 m2 gPt

–1, and 65.04 m2 gPt
–1 for

the aged Ag-Pt/C-25%Ag sample, reduced by 21%. All the
Ag-Pt/C samples have higher ECSA than that of the Pt/C
(74.49 m2 gPt

–1) and the Ag-Pt/C-15%Ag sample exhibits the
highest value. This is a result of the alloying of Pt and Ag that
the doping of Ag reduces the number of inactive Pt atoms
inside the nanoparticles, which raise the utilization of Pt and
thus the ECSA of the Pt-based catalyst. Besides, the Ag-Pt/C
samples also retain more of their ECSA than that of the Pt/C
(lose 49% of its ECSA after ADT), which represents the better
catalytic stability. It is worth noting, that the retention rate of
the ECSA increases with the rise of the Ag atomic ratio of
the Ag-Pt/C sample, which manifests that the doping of Ag

Fig. 3 TEM images (a-c), SAED (d) and element mapping (e) of the
Ag-Pt/C-15%Ag sample.

Table 1 The atomic ratios of different samples.

The use of AgNO3 / mg Ag : Pt in the reactant Ag : Pt in the product(a) Ag : Pt in the product(b) Ag : Pt in the product(c)

1.0 11 : 89 8 : 92 8 : 92 4 : 96

2.0 20 : 80 15 : 85 14 : 86 9 : 91

4.0 33 : 67 24 : 76 25 : 75 -

8.0 50 : 50 27 : 73 26 : 74 25 : 75

(a) ICP analysis results (Table S3).(b) EDS analysis results.(c) XPS analysis results (Figure S3, Table S2).

Fig. 4 CO stripping curves of the different samples before and after the ADT (a-c) and the
summary of the ECSA (d).
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atoms into the Pt metal will enhance the stability of
the Pt metal, and the more the Ag atoms dope, the
more stable the Pt metal is.

The LSV curves of the different samples are pre-
sented in the Figure 5, which is used to test the cata-
lytic activity of each sample for the ORR. At the
beginning of the test, the potential of the electrode
sweeps negatively from 1.05 V (vs. RHE). Although
the oxidation-reduction potential of oxygen is 1.23 V
(vs. RHE), the overpotential of ORR on the modern
catalyst is so large that the ORR can only occur
below ~ 0.95 V [23]. The half-wave potential of the
Ag-Pt/C-8%Ag, Ag-Pt/C-15%Ag and the Ag-Pt/C-25%Ag sam-
ple is 21 mV, 43 mV and 79 mV, respectively, more positive
than that of the Pt/C, indicating that the overpotential of the
ORR is reduced on the Ag-Pt/C catalyst. Furthermore, the Pt
mass activities (at 0.9 V vs. RHE) of the fresh and aged sam-
ples have been calculated and summarized in the Figure 5b
and the Table S4. The LSV curves taken after the ADT of the
samples are displayed in the Figure S4.

The Ag-Pt/C-15%Ag sample exhibits the highest Pt mass
activity that is about two times higher than that of the Pt/C.
With the increase of Ag atomic ratio, the Pt mass activities of
Ag-Pt alloy exhibit a tendency to increase at first and then
decrease, which shows that the influence of doping Ag atoms
on the ORR activity of the samples is complex. The activity
retention rate increases with the increase of the Ag atomic
ratio, which is the same as the trend observed in the ECSA.
This result again proves that the Ag atom in the Ag-Pt alloy
can improve the endurance of the Ag-Pt alloy.

It is impressive that the doping of 15 at.% Ag in the Ag-Pt
alloy brings an effective enhancement for the ORR activity of
Pt alloy catalyst. The oxygen adsorption energy of the (111)
plane of the Ag-Pt-25%Ag alloy, the Pt-rich Ag-Pt-15%Ag alloy,
and pure Pt metal was obtained by density functional theory
(DFT) calculation. The surface of the Ag-Pt-15%Ag alloy has an
oxygen adsorption energy of –1.71 eV, while –1.73 eV for the
surface of the Ag-Pt-25%Ag alloy, and –1.74 eV for the pure Pt.
According to the report of Nørskov et al. [41], the surface of
the Pt-based catalyst with a lower oxygen adsorption than that
of the pure Pt will exhibit better ORR activity due to the better
balance between the adsorption of oxygen and the desorption
of oxygenated intermediates during ORR catalysis [42]. The
theoretical calculation results together with the experimental
results demonstrate that the intrinsic ORR activity of the Ag-
Pt alloy surface is better, compared with the pure Pt surface.

It is rather unexpected that, as the Ag content in the Ag-Pt
alloy increases, the catalytic activity rises first and then
decreases. One reason for the enhancement to the ORR activity
by doping Ag atoms into the Pt metal is that the Ag atoms
replace a part of the Pt atoms inside the nanoparticles that can-
not participate in the ORR catalysis, thereby improving the
utilization of Pt. Another reason is the effect of Ag atoms on
the electronic structure of Pt atoms, which is verified by the
DFT calculation. However, as the content of Ag atoms is
further increased, it is found that the ORR activity decreases,

which manifests that the high Ag atomic ratio is adverse to the
ORR activity of the Ag-Pt alloy. After investigating the litera-
ture, we have found the cause that may engender this abnor-
mal phenomenon. For example, Yang et al. have found that
the Ag atoms on the Ag-Pt alloy surface have no adsorption
activity for oxygen [43]. It can be inferred that the increase of
the Ag at.% in the Ag-Pt alloy will raise the number of Ag
atoms on the surface of the alloy that cannot adsorb oxygen
molecules, and hence the number of catalytic active sites that
can simultaneously adsorb oxygen molecule will decline, as
shown in Figure 6.

When the Ag at.% is low, the Ag atoms tend to distribute
inside the Ag-Pt alloy nanoparticles, so there are only a few
Ag atoms on the surface, which will not hinder the oxygen
adsorption on the surface. In this occasion, the doping of Ag
improves the utilization of Pt without side effect. However,
when the Ag at.% of the Ag-Pt alloy increases steadily to 25%,
the distribution of Ag atoms becomes uniform, so that there
will be one Ag atom in every four atoms on the Ag-Pt alloy
surface. At this point, the number of Pt atoms incapable of
smoothly adsorbing oxygen will increase, such as the yellow-
circled Pt atoms and the yellow-crossed oxygen molecules in
Figure 6. That is to say, the overdoping of Ag will hinder the
oxygen adsorption on the surface of the alloy. Therefore, al-
though the high Ag doping amount can also increase the utili-
zation of Pt, the hindrance on the adsorption of oxygen is
greater, which at last decreases the catalytic activity for the
ORR of the Ag-Pt alloy with high Ag at.%.

The ADT results demonstrate that the Ag-Pt alloy catalyst
is significantly ascendant to the Pt/C in terms of the catalytic
stability. For the Ag-Pt/C samples, after the ADT, not only a
high electrochemical surface area remains, but also a high lev-
el of performance retention exists. We used TEM to observe
the change of the aged Ag-Pt/C-15%Ag sample, as shown in
the Figure 7. After 15,000 cycles of potential scanning, some
agglomerations appear on the carbon support and the lattice
spacing of the agglomeration is 0.227 nm, very close to the

Fig. 5 LSV curves (a) and the summary of the Pt mass activities of the different sam-
ples (b).

Fig. 6 The Ag-Pt alloy surface with different Ag at.%.
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pure Pt, which indicates that some Pt atoms of the Ag-Pt alloy
nanoparticles would dissolve and recrystallize during the pro-
cess of catalyzing the ORR. However, no other obvious change
is observed in the remnant nanoparticles, and the Ag-Pt/C
sample has basically maintained its original appearance (the
size distribution of the cycled sample is shown in Figure S2),
thereby remains a high performance. Ramirez-Caballero et al.
have used DFT calculations to find that, when the Ag-Pt alloy
is formed, the metal bonds between Pt atoms adjacent to Ag
and other Pt atoms will become stronger, improving the cata-
lytic stability of Ag-Pt alloy to a certain extent [44]. Our experi-
mental results validate their calculations and demonstrate that
the doping of the Ag atoms enhances the stability of Ag-Pt
alloy catalyst.

The H2–O2 fuel cell polarization curves of the MEA made
by the Ag-Pt/C-15%Ag (MEA of Ag-Pt/C) and the commercial
Pt/C catalyst (MEA of Pt/C) are shown in the Figure 8. Al-
though the Pt loading of the MEA of Ag-Pt/C is lower than
that of the MEA of Pt/C, the voltage drop (140.1 mV) of
the MEA of Ag-Pt/C in the activation polarization region
(0.000 ~ 0.025 A cm–2) is less than the MEA of Pt/C
(186.3 mV). As the composite of the anode side of these two
MEA is the same, the difference should come from the better

catalytic activity for the ORR of the Ag-Pt/C catalyst used in
the cathode side, which lowers the overpotential of the ORR
and thus the voltage drop for activating the ORR. Moreover,
the maximum power density of the MEA of Ag-Pt/C reaches
186.0 mW cm–2, up to 1.25 times to that of the MEA of Pt/C
(148.3 mW cm–2). Considering the Pt loading of the MEA of
Ag-Pt/C is lower, the peak Pt mass specific power of the MEA
of Ag-Pt/C is 1.33 times to that of the MEA of Pt/C, which is
impressive. This result demonstrates that the Ag-Pt/C alloy
catalyst can effectively improve the overall power density of
the fuel cells owing to its enhanced ORR catalytic activity.

4 Conclusions

In this paper, a simple one-pot approach for the carbon
supported Ag-Pt catalyst for the ORR has been reported for
the first time. The formation of Ag-Pt alloy is confirmed by
means of XRD, EDS, XPS and so on. And different analytical
methods are used to find that, in the Ag-Pt alloy with low Ag
content, the content of the elements in both the bulk phase
and the surface is quite different, indicating that the Ag atom
tend to be distributed inside the Ag-Pt alloy nanoparticles.
The electrochemical characterization shows that the Ag-Pt/
C-15%Ag sample exhibits the highest ORR activity and a better
catalytic stability. Furthermore, the MEA used the Ag-Pt/C as
the cathode catalyst shows better fuel cell performance than
the MEA made from the commercial catalyst, demonstrating
the better ORR performance of the Ag-Pt/C. The improve-
ment of the catalytic performance of Ag-Pt alloy is attributed
to the doping of the Ag atoms, which increases the utilization
of the Pt metal. Furthermore, the theoretical calculation results
show that the oxygen adsorption energy on the Ag-Pt alloy
surface is slightly lower than that of the pure Pt surface, thus
accelerating the desorption of oxygenated intermediates dur-
ing the catalysis of the ORR, therefore, the catalytic activity for
the ORR of the Ag-Pt alloy can be further enhanced. This syn-
thetic method can be instructive for preparing the composite
material that combines Ag-Pt alloy catalyst and different kind
of carbon support.
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Fig. 7 The TEM images of the cycled Ag-Pt/C-15%Ag sample.

Fig. 8 Polarization curves of the different MEA and the comparison of the Pt mass specific
power.
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