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Carbon-supported monometallic, binary and ternary nanocatalysts based on Pt, Pd and Au were
synthesized by a “water in oil” microemulsion method and characterized by atomic absorption
spectrometry, thermogravimetry, transmission electron microscopy, X-ray diffraction, and electrochemical methods. A comparative study of the oxygen reduction reaction on monometallic, alloyed binary and
ternary nanocatalysts has been performed. The catalytic activity and the selectivity of the nanocatalysts
towards the ORR have been determined by rotating disc electrode and rotating ring disc electrode in O2saturated 0.1 M HClO4 electrolyte. It was shown that the addition of palladium to platinum led to a
constant decrease of the activity with the Pd ratio. The modiﬁcation of platinum by gold allows improving
the activity of the catalyst towards ORR for gold ratio up to 50 at%. Ternary Pt70Pd15Au15/C and
Pt50Pd25Au25/C were synthesized. These catalysts showed improved catalytic activities towards ORR.
Aging tests have been carried out, showing that a part of the loss in the activity of gold containing
catalysts is due to gold segregation from the bulk to the surface of nanoparticles.
ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The activation of the oxygen reduction reaction (ORR), which
occurs at the cathode of Proton exchange membrane fuel cells
(PEMFCs), and the durability of cathode catalysts under operating
conditions are both key issues to make the PEMFC technology
marketable. In acidic environment, the ORR is achieved with costly
Pt-based catalysts [1,2], and the low reaction kinetics require high
catalyst loadings at the cathode [3,4]. But beyond the high cost of
Pt-based catalysts, their relatively low durability at high electrode
potentials is another important drawback for fuel cell development. Cathode catalysts undergo indeed several degradation
processes under PEMFC working conditions, such as the increase
of the particle size due to mobility/agglomeration processes [5,6],
detachment of catalytic particles due to carbon corrosion [7,8], and
3D Otswald ripening leading to dissolution of platinum [9,10] and
eventually to its redeposition on other Pt particles (size increase)
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[11] and inside the proton exchange membrane or ionomer in the
catalytic layer [12] (disconnected Pt particles).
Numerous studies were carried out these last decades for
developing new catalysts with both improved catalytic activity and
long-term durability. The formation of platinum alloys with
transition metals such as Ni, Co, Fe, Cr represents a promising
way for improving the activity of Pt-based catalysts [3,13–15]; Ptbased alloys have often demonstrated higher electrocatalytic
activity towards ORR than pure platinum [16,17]. However, the
addition of non-noble transition metals may involve lower stability
than pure platinum due to their dissolution [18,19], which leads to
a loss of performances in PEMFC. Another approach consists in
alloying platinum with other noble metals such as palladium [20].
Recent studies with PtPd based catalysts have demonstrated an
improvement of the electroactivity towards ORR in acidic medium
explained by a synergetic effect between Pd and Pt [21]. It has also
been shown that PtAu based catalysts with appropriate gold
atomic ratio could exhibit similar ORR activity to that of platinum,
which also enables reducing the amount of platinum in the
catalysts [22,23]. Furthermore, Au was also proposed to prevent
platinum and/or palladium dissolution by raising the Pt and/or Pd
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oxidation potential [24,25], therefore it could be expected that
alloying platinum with gold would allow enhancing the durability
of catalysts.
In this context, the present study aims at systematically
comparing the catalytic activity and the selectivity towards the
ORR of binary and ternary catalysts based on Pt, Pd and Au in order
to determine the best atomic ratio for this reaction, in terms of
kinetics current density and of number of exchanged electrons per
oxygen molecule reduced. For this purpose, monometallic (Pt/C,
Pd/C and Au/C), binary (PtxAu100x/C, PtxPd100x/C and PdxAu100x/
C) and ternary (PtxPdyAuz/C) nanocatalysts supported on carbon
Vulcan XC-72 have been synthesized and comprehensively
characterized. The morphologies, compositions and structures of
the particles were characterized by physical methods (transmission electron microscopy, X-ray diffraction and atomic absorption),
whereas metal loadings on the carbon support was determined by
thermogravimetric analysis. Electrochemical active surface areas
and surface compositions were estimated by cyclic voltammetry.
Electrocatalytic activity, selectivity and durability of catalysts were
studied by the rotating disc and rotating ring disc electrodes.
2. Experimental
2.1. Synthesis method

microemulsion method. Hexachloroplatinic acid hexahydrate
(H2PtCl6.6H2O, 99.95% purity), potassium tetrachloropalladate
(K2PdCl4, 99.99% purity) and tetrachloroauric acid trihydrate
(HAuCl4.3H2O, 99.9% purity) are purchased from Alfa Aesar.
Sodium borohydride (NaBH4, 99% purity) and polyethylene glycol
dodecyl ether (Brij1L4) were purchased from Sigma Adrich.
Carbon Vulcan XC-72 was provided by CABOT. Brij1L4 (16.1 g)
was mixed with n-heptane (37 g) under stirring until obtaining a
homogeneous solution. Aqueous solution (1.6 mL) of 0.1 mol L1
metal salts dissolved in ultrapure water (18.2 MV, milliQ from
Millipore1) was added under stirring until a translucent and stable
microemulsion was obtained. The reduction of metal cations was
carried out by addition of solid NaBH4 (0.1 g). After the reduction
process with NaBH4, a given amount of Carbon (Vulcan XC72),
previously treated under N2 at 400  C for 4 hours, was directly
added to the colloidal solution in order to obtain a metal loading of
40 wt %. Finally, the mixture containing the supported catalyst was
ﬁltered and washed several times with acetone, ethanol and ultrapure water, successively. After dying overnight at 70  C in an oven,
the catalytic powder was thermally treated 2 hours at 200  C under
air to eliminate remaining surfactant. Catalysts with different
atomic ratios were obtained: binary PtxPd100x/C, PtxAu100x/C,
PdxAu100x/C (x = 0, 10, 30, 50, 70, 90 and 100), and ternary
Pt60Pd20Au20 and Pt50Pd25Au25 materials.

Syntheses of Pt, Pd and Au-based catalysts supported on a
carbon black support have been performed by a “water-in-oil”
Table 1
Data from physicochemical characterizations (TGA(a), TEM(b), XRD(c), atomic absorption spectrometry(d) and electrochemical methods(e)) of binary PtxAu100x/C, PtxPd100x/C
and PdxAu100x/C catalysts.
Pt/C

Pt90Au10/C

Pt70Au30/C

Pt50Au50/C

Pt30Au70/C

Pt10Au90/C

Au/C

Metal wt%(a)
Particle size/nm(b)
Lattice parameter/Å(c)
Lv/nmc
Pt at%(d)
Au at%(d)
EASAPt(H)/m2 g1(e)
EASAPt(Ox)/m2 g1(e)
EASAAu(Ox)/m2 g1(e)
EASAtotal/m2 g1(e)
Surface Au ratio at% (e)

36
4.6
3.922
4.55
100
0
47
44
0
47
0

36
–
3.944
2.61
91
9
47
41
0
47

40
–
3.986
2.95
72
28
40
33
0
40

e

41
4.4
4.006
3.13
53
47
29
26
12
41
29

38
–
4.039
3.27
31
69
9
12
15
24
62

39
–
4.061
5.51
12
88
1
9
21
22
95

40
6.4
4.078
5.43
0
100
0
0
15
15
1

Metal wt%(a)
Particle size/nm(b)
Lattice parameter/Å(c)
Lv/nm(c)
Pd at%(d)
Au at%(d)
Reduction peak/V(e)
XPd (surface alloy at%)(e)
XAu (surface alloy at%)(e)
EASAAu(alloy)/m2 g1(e)
EASAAu(Ox)/m2 g1(e)
EASAPd(H)/m2 g1(e)
EASAtotal/m2 g1(e)
Surface Au ratio at%(e)

Pd/C
36
4.1
3.896
4.79
100
0
0.66
–
–
0
0
38
38
0

Pd90Au10/C
38
–
3.919
3.86
90
10
0.706
92
8
3
0
40
43
8

Pd70Au30/C
40
–
3.955
4.67
71
29
0.753
83
17
5
7
32
44
27

Pd50Au50/C
37
4.4
4.001
3.51
51
49
0.829
70
30
3
9
11
23
52

Pd30Au70/C
37
–
4.028
4.79
32
68
0.866
63
37

Pd10Au90/C
37
–
4.055
6.01
10
90
0.885
60
40

e

e

16
1
17
94

20
0
20
100

Au/C
40
6.4
4.078
5.43
0
100
–
–
–
0
15
0
15
100

Metal wt%(a)
Particle size/nm(b)
Lattice parameter/Å(c)
Lv/nm(e)
Pt at%(d)
Pd at%(d)
Reduction peak/V(e)
XPt (surface alloy at%)(e)
XPd (surface alloy at%)(e)
EASAPdPt(H)/m2 g1(e)

Pt/C
36
4.6
3.922
4.55
100
0
0.78
100
–
47

Pt90Pd10/C
39
–
3.918
3.77
89
11
0.78
100

Pt70Pd30/C
40
–
3.911
3.61
68
32
0.77
92
8
42

Pt50Pd50/C
39
4.2
3.907
4.31
48
52
0.76
83
17
30

Pt30Pd70/C
35
–
3.904
3.24
24
76
0.735
63
37
34

Pt10Pd90/C
36
–
3.899
3.26
7
93
0.7
33
67
42

Pd/C
36
4.1
3.896
4.79
0
100
0.66
–
–
38

e

e
45
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Fig. 1. (a)–(c) TEM images and histograms of size particle distributions for the Pt/C, Pd/C and Au/C monometallic catalysts; (d)–(f) TEM images and size distributions for the
Pt50Pd50/C, Pt50Au50/C and Pd50Au50/C binary catalysts. All catalysts ate loaded with 40 wt% metals.

2.2. Physicochemical characterizations
Thermogravimetric analyses were carried out with a TA
Instrument SDT Q600. Catalytic powder (ca. 3 mg) was put in an
alumina crucible and heated under air from 25  C to 900  C with a
temperature slope of 5  C min1. Atomic absorption spectroscopy
(AAS) analyses were carried out with a Perkin Elmer AA200 Atomic
absorption spectrometer. Transmission electron microscopy (TEM)
observations were performed using a JEOL JEM 2100 (UHR) with a
resolution of 0.19 nm. The mean particle size and size distribution
of nanoparticles were determined from the Feret’s diameters by
counting 500 isolated nanoparticles using the imageJ software [26]
in order to have acceptable statistics. X-ray powder diffraction
patterns were recorded on a PANalytical « Empyrean » diffractometer. Measurements were performed from 2u = 20 to 2u = 110 in

step mode (0.06 step and acquisition time of 10 s/step). XPS
measurements were performed with a Kratos Axis Ultra DLD. An Al
anode was used as source operating (Ka = 1486.6 eV). The pressure
in the analytical chamber of the spectrometer was kept below 8–
109 Torr. For each sample, a survey scan was performed, followed
by a core level spectrum of the Pt 4f, Au 4f and Pd 3d regions. The
binding energies were lined up with respect to the C 1s peak at
284.6 eV.
2.3. Electrochemical measurements
Electrochemical measurements have been performed in a
conventional three electrode electrochemical cell at room temperature using a reversible hydrogen electrode and a glassy carbon
plate (3 cm2 geometric surface area) as reference and counter
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Fig. 2. XRD patterns of the (a) Pt and Au based catalysts, (c) Pd and Au based catalysts and (e) Pt and Pd based catalysts. (b, d, f) Graph of the related lattice parameters as a
function of the catalyst atomic ratios.

electrodes, respectively. The supporting electrolyte was a 0.1 mol
L1 HClO4 (Suprapur, Merck) solution in ultra-pure water. The
working electrode was prepared by deposition of a catalytic ink
onto a glassy carbon disc (0.7068 cm2 geometric surface area).
The catalytic ink consisted in the dispersion of 17.7 mg of catalytic
powder in 2.117 ml of ultra-pure water, 0.529 mL of 2-propanol
(LC-MS CHROMASOLV1, Fulka) and 0.354 mL of Naﬁon1 solution
(5 wt% Naﬁon1 perﬂuorinated resin solution in aliphatic alcohols).
After homogenization in an ultrasonic bath (about 50 seconds),
3 mL of catalytic ink was deposited on the freshly polished glassy
carbon disc, leading to the metal loading of 100 mgmetal cm2.
Cyclic voltamograms were recorded using a Model 362 Scanning
Potentiostat from Princeton Applied Research. The freshly
prepared working electrode was introduced in a N2-satured (Air
liquid, U quality) 0.1 mol L1 HClO4 electrolyte and several cyclic
voltammograms (CVs) were performed between 0.05 V and 1.45 V
vs RHE at the scan rate of 50 mV s1 until stable CVs were obtained.
Then, three CVs were recorded over the same potential range at a
scan rate of 5 mV s1, the last one allowing determining the
electrochemical active surface area (EASA).
Studies of oxygen reduction reaction (ORR) were performed in
an O2-saturated (Air Liquide, U Quality) 0.1 M HClO4 electrolyte
from 1.05 V to 0.3 V vs RHE under quasi-steady state conditions at a
scan rate of 1 mV s1. The rotating disc electrode (RDE) technique
with different rotation rates in revolutions per minute (2500 rpm,
2000 rpm, 1500 rpm, 1000 rpm and 500 rpm) was used to
determine the kinetics parameters (number of electron exchanged,

limiting current densities, kinetics current densities, Tafel slopes).
The ratio of hydrogen peroxide formed during the oxygen
reduction reaction was determined using the rotating ring disc
electrode (RRDE) technique (Pine instrument) at 2500 rpm. The
RDE and RDDE measurements were performed using Voltalab VM4
PGZ402 potentiostats (Radiometer analytical).
Aging measurements were performed for ca. 27 hours according to the following severe procedure in O2-saturated 0.1 M HClO4
electrolyte, repeated 5 times: 5 voltammograms between 1.05 V
and 0.3 V were recorded at different electrode rotation rates and at
a scan rate of 1 mV s1, then 200 cycles between 1.25 and 0.6 V at
20 mV s1 and 2500 rpm were performed, followed by 10 cycles
between 1.25 and 0.05 V at 50 mV s1 without electrode rotation.
At last, evaluations of the aged catalyst surface area and of the
catalytic activity towards ORR were made.
3. Results
3.1. Physicochemical characterization
It is known that the synthesis method of Pt/C catalysts has an
inﬂuence on their structure and further on their catalytic activities
[27]. It is likely that in the case of binary and ternary catalysts, the
synthesis method may have a more important inﬂuence because
different alloying levels could be achieved, not to speak about the
different surface compositions. Therefore, it becomes difﬁcult to
compare electrocatalytic results from different works using
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different synthesis methods. Here, the water in oil microemulsion
method was preferred for the synthesis of all catalysts because it is
easy and rapid to implement and it allows preparing reproducibly
nanoparticles with mean particle sizes in the range of 4 to 5 nm
from a wide range of metal salts. Particularly, the formation of Pt/
Au alloys is generally impossible at low temperatures by chemical
methods, except by the microemulsion method [22]. Moreover, a
particular attention was paid to the determination of the catalyst
surface compositions.
The metal loadings of carbon-supported catalysts conﬁrmed by
thermogravimetric analysis ranged from 35 to 40 wt %, which is in
accordance with the expected (nominal) value of 40 wt %. The
compositions of the binary catalysts were also analyzed using
atomic absorption spectroscopy. All binary catalysts showed the
expected atomic ratios conﬁrming that metal salts were completely reduced during the synthesis process. Results are given in
Table 1.
Fig. 1 presents a characteristic set of TEM images and the
corresponding size distributions for Pt/C, Pd/C, Au/C, Pt50Au50/C,
Pt50Pd50/C and Pd50Au50/C catalysts. All samples display uniform
repartition of nanoparticles on the carbon support. While Pd and Pt
based samples led to monomodal distributions, gold catalyst
clearly presents a multimodal size distribution. The mean particle
sizes were determined from lognormal models of the distributions,
leading to 4.6  0.6 nm, 4.1  0.9 nm and 6.4  0.8 nm for pure Pt/C,
Pd/C and Au/C, respectively, and to 4.2  0.4 nm, 4.4  0.4 nm and
4.4  0.4 nm, for Pt50Pd50/C, Pt50Au50/C and Pd50Au50/C, respectively.
Fig. 2a, c, e represent XRD patterns of binary PtxAu100x/C,
PdxAu100x/C and PtxPd100x/C catalysts, respectively. All catalysts
display diffraction patterns typical of face centered cubic (fcc)
structure, with addition in the case of catalysts with high Pd ratios
(>70 at %) of diffraction peaks related to PdO phase as, for example,
that at ca. 2u = 34 . In all cases, a shift of the diffraction peaks
assigned to the fcc structure is observed with the change in atomic
ratio. The lattice parameter of each catalyst was calculated
considering the mean value of the four lattice parameters obtained
for (111), (2 0 0), (2 2 0), and (3 11) planes using the Bragg equation
[28]. The monometallic nanoparticles exhibit mainly the crystalline structure of the pure metals, conﬁrmed by the calculated
lattice parameter values close to the those of bulk metals, i.e.
3.922 Å, 3.896 Å and 4.078 Å for Pt/C, Pd/C and Au/C, respectively.
The values of the lattice parameters for all binary catalysts are
given in Table 1. Fig. 2b, d, f illustrate the linear variations of the
lattice parameter with the atomic ratio for PtxAu100x/C,
PdxAu100x/C and PtxPd100x/C, respectively. According to the
Vegard’s law, such trends are consistent with the formation of
alloyed structure. XRD results are also in agreement with the
catalyst compositions determined by atomic absorption spectrometry. Catalyst crystallite sizes (Scherrer lengths Lv) were determined using the Scherrer equation. Crystallite size values ranged
from 3 to 6 nm (Table 1), which are close to those of the mean
particle size as determined by TEM. It seems then that the
nanoparticles are monocrystalline.
Fig. 3a gives the CVs of PtxAu100x/C catalysts. Pure Pt/C and Au/
C catalysts display typical CVs in acidic medium, with the oxide
reduction peak at ca. 0.78 V vs. RHE and ca. 1.22 V vs. RHE for
platinum and gold, respectively. No signiﬁcant shift in the
positions of oxide reduction peaks is observed, only their
intensities are changed with the Pt/Au atomic ratio. The intensity
of the peak at ca. 0.78 V decreases, whereas that at ca. 1.22 V
increases, as the Au content increases. This suggests the enrichment of the particle surface by Au. However, the Au oxide
reduction peak is only observed for high Au atomic ratio (Au  50 at
%). Then, the active surface areas (EASA) related to surface
platinum atoms and gold surface atoms were determined from the
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Fig. 3. Cyclic voltammograms recorded on (a) PtxAu100x/C catalysts, (b)
PdxAu100x/C and (c) PtxPd100x/C catalysts without electrode rotation (san
rate = 5 mV s1, N2-saturated 0.1 M HClO4, T = 293 K).
Table 2
Data from physicochemical characterizations (TGA(a), TEM(b), XRD(c) and atomic
absorption spectrometry(d)) of ternary Pt70Pd15Au15/C and Pt50Pd25Au25/C catalysts.
Pt70Pd15Au15

Pt50Pd25Au25

Metal wt%(a)
Particle size/nm(b)
Lattice parameter/Å(c)
Lv/nm

38
3.5
3.941
2.77

36
3.7
3.959
2.81

Atomic composition
Pt at%(d)
Pd at%(d)
Au at%(d)

AAS
69
15
16

XPS
69
18
13

AAS
47
28
25

XPS
51
22
27
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hydrogen desorption region and oxide reduction region, respectively, after correction of the double layer capacitive current,
considering a value of 210 mC cm2 for the desorption of a
monolayer of adsorbed hydrogen on Pt polycrystalline smooth
surface [27] and 335 mC cm2 for the reduction of the AuO layer
formed with a upper limit of 1.45 V vs RHE in acidic medium [29]. It
can be noted that Pt EASA determined from the H UPD region
(EASAPt(H)) and from the surface oxide reduction peak (EASAPt(ox))
are in good agreement. From these results, an estimation of the
surface composition can be made; it appears that for bulk Au
atomic ratios up to 70%, the metal particle surfaces are Pt rich,
which translates into the formation of a core-shell like structure,
with the PtAu alloy core of almost nominal composition
surrounded by a Pt rich skin. This segregation of Pt atoms only
affects the few ﬁrst atomic layers since XRD measurements
indicate a linear variation of the lattice parameter with the Au
atomic fraction. The total active surface areas, deﬁning as the
summations of EASAAu(ox) + EASAPt(H), are ranging from ca.
47 m2 g1 for pure Pt/C to ca. 15 m2 g1 for Au/C, and decrease
with the increase of Au atomic ratio.
Fig. 3b gives the CVs of PdxAu100x/C catalysts. Pd/C catalyst
displays typical CV in acidic medium, with the oxide reduction
peak at ca. 0.66 V vs. RHE. Bimetallic catalysts can present common

or separated potential regions for the reduction of surface oxides.
The Pd-Au alloy system exhibits a common zone where those
oxides are reduced. The related reduction peak shifts towards
higher potential values as the atomic ratio of gold increases. As
shown by Rand and Woods, the potential where the reduction peak
of the alloy surface oxides (Epalloy) is observed depends on the
surface composition, which can therefore be estimated using the
following equation (Eq. (1)) [30]:
X Pd ¼

Ealloy
 EAu
p
p
Au
EPd
p  Ep

ð1Þ

where XPd and XAu (XAu = 1  XPd) are the Pd and Au surface atomic
fractions and EpPd, EpAu and Epalloy are the oxide reduction peak
potentials for the monometallic Pd and Au nanoparticles,
respectively. Results are given in Table 1. It is interesting to
remark that no noticeable gold oxide formation or reduction zone
is observed in the voltammograms of materials with palladium
atomic content over 50%, which indicates that the catalyst surface
is mainly composed by Pd and Pd-Au alloy catalytic sites. In these
cases, the surface is palladium-rich for all PdxAu100x/C alloys with
x  50%. Again, this segregation of Pd atoms only affects the few
ﬁrst atomic layers since XRD patterns indicate a linear variation of

Fig. 4. (a) XRD patterns of the Pt60Pd20Au20/C and Pt50Pd25Au25/C ternary catalysts. TEM images and histograms of particle size distributions from TEM observations on (b)
Pt60Pd20Au20/C and (c) Pt50Pd25Au25/C ternary catalysts.
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the lattice parameter with the Au atomic fraction. For Pd atomic
content lower than 50%, a gold oxide reduction peak appears on the
voltammograms, which means that non-alloyed Au catalytic sites
are present on the PdAu surface. The surface of Pd10Au90/C is
mainly composed by gold atoms as the voltammogram is similar to
that of Au/C. From these results, an attempt was made to evaluate
the electrochemical active surface areas and the surface composition of metal particles by determining QHdes for Pd (and further the
Pd electrochemical active surface area EASAPd), the EASAAualloy in
the PdAu surface alloys from the Pd/Au ratio in alloys and the
EASAAu of non-alloyed Au surface atoms from QredAuO. For bulk Au
atomic ratios 50%, the surface PdAu alloys are Pd rich, but the
compositions of the whole metal nanoparticle surfaces are in
agreement with the nominal Pd/Au ratios, indicating the formation
of Au islands at the surface of the metal nanoparticles. For bulk Au
atomic ratios higher than 50 %, the PdAu surface alloys remain Pd
rich, but the Au islands are bigger and bigger, and the whole
particle surfaces become Au rich. All these results are consistent
with previous study in alkaline media of PdxAu100x/C catalysts
synthesized by slightly modiﬁed water in oil micro-emulsion
method [31].
Fig. 3c gives the CVs of PtxPd100x/C catalysts. Pure Pt/C and Pd/
C catalysts display typical CVs in acidic medium, with the oxide
reduction peak at ca. 0.78 V vs. RHE and ca. 0.66 V vs. RHE for
platinum and palladium, respectively. For PtxPd100x/C catalysts,
only a single reduction peak of surface oxides is recorded, which
shifts towards lower potential values as the atomic ratio of Pd
increases. In this case, because both metals Pt and Pd adsorb and
desorb hydrogen in this potential region, the EASA of catalysts are
determined from the charges involved in Hdes region assuming
210 mC cm2 for the desorption of a H monolayer from a smooth
polycrystalline surface. By extension of the method of Rand and
Wood for the determination of the PdAu surface alloy composition,
the position of the surface oxide reduction peak for PtxPd100x/C
materials was used for determining the surface composition of the
alloy. Because no other reduction peak at ca. 0.66 V and ca. 0.78 V,
corresponding to pure Pd and pure Pt, respectively, is observed, it is
assumed that surface Pd and Pt atoms are totally alloyed,
conversely to PdxAu100x materials where non-alloyed Au atoms
were considered for high Au atomic ratios. From these results, an
estimation of the surface composition can be made; it appears that
for all Pd atomic ratios, the metal particle surfaces are Pt rich,
which translates into the formation of a core-shell like structure,
with the PtPd alloy core of almost nominal composition
surrounded by a Pt rich skin. Again, this segregation of Pt atoms
only affects the few ﬁrst atomic layers since XRD measurements
indicate a linear variation of the lattice parameter with the Pd
atomic fraction.
Two ternary PtxPdyAuz/C catalysts were also synthesized and
characterized. The choice of the nominal atomic compositions,
Pt70Pd15Au15/C and Pt50Pd25Au25/C, will be explained below. First,
the bulk atomic compositions determined by atomic absorption
are very close to the nominal ones (Table 2). Fig. 4a shows typical
diffraction patterns of a fcc structure where it can be seen that the
diffraction peaks of ternary catalysts are shifted toward lower 2u
values; the lower the Pt atomic ratio, the higher the shift toward
lower 2u values is. The crystallite size of both ternary catalysts are
very close, so that it can be reasonably concluded that the shifts of
diffraction peaks are due to alloying of Pd, Au and Pt. TEM
measurements in Fig. 4b indicate about same particles size values
of ca. 3.4  0.4 and 3.7  0.8 nm for, Pt70Au15Pd15/C and
Pt50Au25Pd25/C, respectively. Table 2 gives the main characterization results.
Fig. 5 gives the typical CVs of the ternary catalysts and the
comparison with that of pure Pt/C. No Au surface oxide reduction
peak is visible on the CVs of ternary catalysts in the backward scan
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Fig. 5. Cyclic voltammograms recorded on a Pt/C catalyst and on Pt60Pd20Au20/C
and Pt50Pd25Au25/C ternary catalysts (san rate = 5 mV s1, N2-saturated 0.1 M HClO4,
T = 293 K).

direction, so that the contribution of gold to the whole active
surface area is negligible. The values of EASA were then determined
from the hydrogen desorption region after correction of the
background current. Values of 48 and 29 m2 g1 were obtained for
Pt70Au15Pd15/C and Pt50Au25Pd25/C, respectively. Conversely to
that was observed in the case of PtxAu100x and PtxPd100x
catalysts, no shift of the oxide reduction peak position is observed
on the ternary catalysts, so that no information concerning the
surface composition could be obtained by electrochemical method.
XPS measurements have then been carried out on the ternary
catalysts; results are given in Table 2. No difference in composition
is observed between atomic absorption and XPS measurements. In
the case of nanoparticles XPS cannot really be considered as a
surface method for determining the composition. But, the
enrichment of surfaces by a given metal should lead to differences
in atomic ratio values obtained from XPS and AAS; so that the fact
that same values are obtained using both methods indicates no
signiﬁcant differences in bulk and surface compositions of the
nanoparticles.
3.2. Electrocatalytic activity toward the oxygen reduction reaction
(ORR)
The ORR was examined in O2-saturated 0.1 M HClO4 solution
using the RDE with different rotation rates in order to evaluate the
activity and selectivity of catalysts. Fig. 6a displays a typical set of
hydrodynamic polarization curves recorded on Pt/C, as an
example. The polarization curves present the typical zone of
kinetic activation of the oxygen reduction reaction from ca. 1.05 V
to ca. 0.95 V vs RHE, then the mixed control region from ca. 0.95 V
to ca. 0.75 V vs RHE, and at last the diffusion limited region
characterized by a ﬂat plateau was observed from 0.75 V to 0.3 V vs
RHE. From the mathematical treatment of the Koutecky-Lévich
(KL) plots drawn from the polarization curves (Fig. 6b) using the
classical KL equation (Eq. (2)) [32], the number of exchanged
electrons per oxygen molecule reduced (Eq. (3)) and the apparent
kinetic current densities (Eq. (4)) can be estimated [11] as a
function of the electrode potential (Fig. 6c). Indeed, in the case of
volumic electrodes, only the apparent kinetic current density,
which integrates charge transfer kinetics and limitations due to
oxygen diffusion in the catalytic ﬁlm and adsorption on active sites
[33,34], can be determined.
1
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Fig. 6. (a) Hydrodynamic polarization curves recorded at 293 K in O2-saturated
0.1 M HClO4 electrolyte at a scan rate of s = 1 mV s1 for a Pt/C catalyst. The electrode
rotational rate (v) was set at 500, 1000, 1500, 2000 and 2500 rpm. (b) KouteckyLevich straight lines determined at different potentials from the polarization
curves. (c) Curves of the inverse of the absolute value of the apparent kinetics
current density jk1as a function of the electrode potential E to determine the
limiting current density jl.

where j is the current density, jldiff is the diffusion limiting current
density of O2 in the electrolyte, which is dependent on the
electrode rotation rate (Eq. (3)) and can be calculated using the
following data: n is the number of exchanged electron per reduced
oxygen molecule, F the Faraday constant (96,485 C mol1), DO2 the
diffusion coefﬁcient of oxygen in 0.1 M HClO4 (1.7  105 cm2 s1),
n the kinematic viscosity of the electrolyte (1.0  102 cm2 s1), CO2
the oxygen concentration in the considered electrolyte (1.3  103
mol dm3) [35,36], v the rotation rate of the electrode in
revolution per minute (rpm), and 0.2 the coefﬁcient used when
v is expressed in rpm. In Eq. (4), jlads is the limiting current density
of oxygen adsorption on active sites, jlﬁlm is the limiting current
density of oxygen diffusion in the catalytic ﬁlm, jo is the exchange
current density, h is the overpotential, and b is the Tafel slope.
Because the limiting current density of oxygen adsorption on

Fig. 7. Values of the kinetics current density for the ORR as a function of the
electrode potential determined from the mathematical treatment of KL plots for (a)
PtxAu100x/C, (b) PdxAu100x/C and (c) PtxPd100x/C.
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Table 3
Tafel slopes and number of exchanged electrons for the oxygen reduction reaction on PtxAu1x, PdxAu1x and PtxPd1x catalysts.
Catalysts

Pt/C

Pt90Au10/C

Pt70Au30/C

Pt50Au50/C

Pt30Au70/C

Pt10Au90/C

Tafel slopes/mV decade1
nelectrons @ 0.8 V
nelectrons @ 0.55 V

63
3.99
3.99

59
3.99
3.99

63
3.99
3.98

59
3.99
3.98

70
3.98
3.9

69
3.97
3.76

Catalysts
Tafel slopes/mV decade1
nelectrons @ 0.8 V
nelectrons @ 0.55 V

Au/C
99
–
2.3

Pt90Pd10/C
52
4
3.96

Pt70Pd30/C
54
3.99
3.88

Pt50Pd50/C
46
–
3.84

Pt30Pd70/C
62
–
3.72

Pt10Pd90/C
96
–
2.28

Catalysts
Tafel slopes/mV decade1
nelectrons @ 0.8 V
nelectrons @ 0.55 V

Pd/C
54
3.98
3.94

Pt90Pd10/C
67
3.99
3.97

Pt70Pd30/C
64
3.99
3.97

Pt50Pd50/C
62
4
3.97

Pt30Pd70/C
63
3.99
3.93

Pt10Pd90/C
60
3.98
3.95

active sites jlads and the limiting current density of oxygen diffusion
in the catalytic ﬁlm jlﬁlm are both independent of the electrode
rotation rate, it is not possible to separate their contributions, and
only the limiting current jl as deﬁned in Eq. (5) can be determined
by plotting (jkapp)1 as a function of the electrode potential
(Fig. 6c).
From this mathematical treatment of the generalized KL
equation, the kinetics current density jk can be evaluated as a
function of the electrode potential, as it is shown in Fig. 7a, b, c for
PtxAu100x/C, PdxAu100x/C and PtxPd100x/C binary catalysts,
respectively. It can be seen in the potential range examined that
alloying Pt with another metal leads generally to lower kinetics
current densities than those recorded on pure Pt/C catalysts, except
in the case of Pt90Au10/C catalyst which leads to slight improvement of activity for potential from 1.05 V to 0.85 V vs RHE.
The number of exchanged electrons per oxygen molecule
reduced, n, has been estimated from the slope of the KL straight
lines obtained for every binary catalyst (Table 3). On Pt/C and Pd/C
the oxygen reduction reaction occurs via a 4-electron process
leading to water as main reaction product, at both 0.8 V (in the
mixed kinetics diffusion control region) and 0.55 V (in the diffusion
plateau region) potentials, whereas gold leads to n = 2.3, i.e. to a 2electron process for the oxygen reduction reaction into hydrogen
peroxide as main reaction product. Alloying of Pt or Pd with gold
leads to a decrease of the number of electrons exchanged as the
atomic ratio of gold is increased.
Results on activity and selectivity studies on binary materials
indicated that the best catalysts were those with more than 50 at%
Pt, allowing selecting the compositions of ternary catalysts which

could lead to higher activity than platinum (higher jk between
1.05 V and 0.85 V) and to selectivity towards a 4-electron process:
two ternary PtxPdyAuz/C catalysts (Pt70Pd15Au15/C and
Pt50Pd25Au25/C) have been synthesized and characterized. Fig. 8
compares the jk obtained between 1.05 V and 0.85 V vs RHE on both
ternary catalysts with those obtained with a pure Pt/C catalyst. The
Pt70Pd15Au15/C catalyst displays the same activity as the Pt/C one
whereas the Pt50Pd25Au25/C catalyst displays the lower jk.
Fig. 9 displays hydrodynamic voltammograms at the RRDE
(rotating ring disc electrode) obtained with both ternary catalysts.
In both cases, no current is detected on the Pt ring electrode hold at
a potential of 1.30 V vs RHE whereas the potential of the disc
electrode, where the catalysts are deposited, was swept between
1.05 V and 0.70 V. This means that no hydrogen peroxide (or very
low amount) was formed over this potential range, which is the
cathode potential of interest for PEMFC applications. For lower disc
electrode potentials, the current detected on the ring electrode
indicates the formation of small amounts of hydrogen peroxide,
corresponding at the maximum (disc potential of 0.3 V) to 2.4% and
3.0% for Pt70Pd15Au15/C and Pt50Pd25Au25/C, respectively.
Fig. 10 shows the change in the values of the ORR kinetics
current jk as a function of the number of aging cycles. After a high
initial catalytic activity, all catalysts display a dramatic drop in
activity after the ﬁrst series of 200 cycles, reaching all values close
to 7–8 mA cm2, i.e. 50% less for both Pt/C and Pt70Au15Pd15, and
43% less for Pt50Au25Pd25. For higher numbers of cycles, the
degradation of performance becomes less marked for all catalysts,
but is continuous. Fig. 11 compares the CVs in N2-saturated
electrolyte recorded before the ﬁrst ORR and after the last ORR
measurements. Clearly, the surface areas of the catalysts have
decreased, as lower currents are recorded in the hydrogen and
oxide regions. Moreover, in the case of ternary catalyst, a reduction
peak located at ca. 1.1 V vs RHE becomes visible in the voltammograms after the aging treatment. This peak can be assigned to the
reduction of surface Au oxides formed in the positive potential
scan up to 1.45 V, and indicates an enrichment of the catalyst
surface by gold.
4. Discussion

Fig. 8. Values of the kinetics current density for the ORR as a function of the
electrode potential determined from the mathematical treatment of KL plots for the
Pt/C, Pt60Pd20Au20/C and Pt50Pd25Au25/C catalysts.

The catalysts based on Pd and Au were less active towards ORR
than Pt in acidic medium, as these metals are less active than
platinum towards ORR in acidic medium (Fig. 12), so that no
synergetic effect between both metal was obtained which could
increase the catalytic activity. It is worth to note that PdxAu100x
catalysts display some moderate activities for Au contents 50 at%,
and no measurable activity over the 0.85 V to 1.05 V range for
higher Au ratios. This result is consistent with the characterization
results in section 3.1, where it was shown that catalyst surfaces
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synthesized by Wu et al. may have an impact on the Pt-Pt bond
distance at the surface and/or on electronic structure.
PtxAu1x/C catalysts with Au atomic ratios 70 %, where
catalyst surfaces are Pt rich, displayed some activity towards ORR
in the 0.85 V to 1.05 V potential range, as for PdxAu100x/C. When
the catalytic surface becomes gold rich, the activity over this
potential range disappears. Now, considering the PtxAu100x/C
materials with x = 90 and 70, the kinetics current densities
between 1.05 V and 0.85 V vs RHE were higher than those with

Fig. 9. Hydrodynamic polarizations curves at the RRDE for the oxygen reduction on
(a) Pt60Pd20Au20/C and (b) Pt50Pd25Au25/C disc electrode and a platinum ring
electrodes at v = 2500 rpm (O2 saturated 0.1 M HClO4 electrolyte; 1 mV s1;
T = 293 K; Pt ring potential = 1.3 V vs RHE).

were Pd rich for Au atomic ratios 50 %, and Au rich for higher Au
atomic ratios. And, Pd is much more active than Au for ORR at high
electrode potentials in acidic medium (Fig. 12).
Conversely to Wu et al. [21] who observed higher performance
towards oxygen reduction reaction with a core–shell structured
low-Pt catalyst, PdPt@Pt/C, than with Pt/C catalysts, we observed
that, the ORR activity of PtxPd100-x/C catalysts decreased monotonously with the Pd atomic ratio. However, for Pd atomic ratios up to
50 %, core-shell structures with Pt surface atomic ratios higher
than 80 % were obtained. Moreover, mean particle sizes between 4
and 5 nm were also obtained, which could not explain this
discrepancy. The particular Pd3Pt1 core structure of the catalysts

│jk│ (mA cm-2)
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Pt70Pd15Au15/C

25

Pt50Pd25Au25/C
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15
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0

0

200

400
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Number of cycles
Fig. 10. Change in the values of the kinetics current density for the ORR at 0.85 V
determined for the Pt/C, Pt60Pd20Au20/C and Pt50Pd25Au25/C catalysts as a function
of the number of aging cycles.

Fig. 11. Cyclic voltammograms recorded on (a) Pt/C, (b) Pt60Pd20Au20/C and (c)
Pt50Pd25Au25/C catalysts without electrode rotation (san rate = 5 mV s1, N2saturated 0.1 M HClO4, T = 293 K) before (red CV on top each graph) and after
(black CV on bottom of each graph) the aging experiments.
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Fig. 12. Hydrodynamic polarization curves recorded at 293 K in O2-saturated 0.1 M
HClO4 electrolyte at v = 2500 rpm and at a scan rate of s = 1 mV s1 for Au/C, Pd/C
and Pt/C catalysts.

pure Pt/C for the lower Au ratios and lower for the higher Au atomic
ratios. For example, at 0.85 V, Pt/C leads to the jk value of ca.
17.5 mA cm2, whereas Pt90Au10/C and Pt70Au30/C materials
exhibited jk values of ca. 18.5 mA cm2 and 13.2 mA cm2,
respectively. But, considering that gold and platinum have almost
the same atomic weight (196.96 g mol1and 195.08 g mol1,
respectively), the speciﬁc activities related to the amount of
platinum (the total metal loading in electrodes being 100 mg cm2)
might become ca. 175 A gPt1 for Pt/C, ca. 206 A gPt1 for
Pt90Au10/C and ca. 189 mA gPt1 for Pt70Au30/C, indicating the
beneﬁcial effect of modifying platinum by gold for the ORR. It has
to be noted that Hernández-Fernández et al. [22] also observed
some improvement of the catalyst activity of a PtAu/C catalyst. This
improvement is obviously related to the synthesis method which
leads to alloyed Pt/Au structures.
As we explained before in Section 3.2, for all sets of binary
catalysts containing platinum, the best results in terms of kinetics
current densities and number of exchanged electrons were
obtained for Pt atomic ratios higher than 50 at% and that of Au
lower than 30 at%. For these reasons, the composition of active and
selective ternary catalysts should lie in the lower right region of the
ternary composition diagram in Fig. 13. Pt70Pd15Au15/C and
Pt50Pd25Au25/C materials were then synthesized and characterized. Their electrocatalytic behaviors towards ORR were evaluated
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and compared to that of Pt/C catalyst. The Pt70Pd15Au15/C catalyst
displayed slightly higher activity than the Pt/C one (18.5 mA cm2
and 17.5 mA cm2 at 0.85 V, respectively), although the catalyst
contains 30% less Pt atoms, so that the speciﬁc activity related to
the amount of Pt in the catalyst is higher. Considering that the
atomic weight of palladium is 106.42 g mol1 the intrinsic activity
of Pt70Pd15Au15/C catalyst is ca. 247 A gPt1, i.e. 1.4 times higher
than that of Pt/C. The Pt50Pd25Au25/C catalyst exhibited the lower jk
(ca. 14 mA cm2). However, considering that it contains 50% less
platinum atoms than the pure Pt/C one, it remains still interesting
if the objective is to lower the platinum loading in electrode,
leading to the mass activity of ca. 250 A gPt1.
The aging tests led to three important changes in the catalyst
CVs presented in Fig. 11: lower currents in the hydrogen and oxide
regions, lower capacitive currents in the double layer region and
appearance of a gold oxide reduction peak at ca. 1.1 V. The
electrolytes were also analyzed using ICP-OES and small amount of
dissolved platinum and palladium were detected, but results were
very close to the detection limit meaning that the dissolution of
metal or detachment of particles was very low. Therefore, the
decrease in EASA is rather related to catalyst grain growth either by
Ostwald ripening or by surface mobility/aggregation of particles
(or both processes) than to material lost in the electrolyte. In terms
of activity towards the ORR, all catalysts undergo about the same
decrease for the ﬁrst 200 aging volatmmetric cycles, which seems
to indicate that the same degradation mechanism occurs, i.e. by
Ostwald ripening [9,10] and/or by surface mobility/aggregation of
particles [37]. For higher number of aging cycles, catalysts
containing gold displayed higher losses of activity compared with
the pure Pt/C catalyst. This phenomenon can be related to the
enrichment of the catalyst surface by gold, as evidenced by the
appearance of the surface gold oxide reduction peak at ca. 1.1 V;
moreover, the higher the gold ratio in catalyst, the sharper this
peak is. The propensity of Au to segregate to the surface under
operating conditions was indeed pointed out from DFT calculations
and was related to low alloy formation energies [38]. Moreover,
these authors also showed that the segregation of gold on the
surface could help to improve the stability of the platinum
nanoparticles by diffusing to defect sites and retarding Pt
dissolution. However, here we observe that the activity decreased
by the gold surface enrichment, so that it seems that the Pt-based
particle stability improvement occurred at the expense of the
activity of the catalyst.
5. Conclusion

Fig. 13. Ternary diagram indicating on each axis the binary catalysts synthesized
and characterized (boxes) and the composition region leading to highest activities
towards the ORR and selectivities for the 4-electron process (colored triangle the
right bottom of the ternary diagram), from which the compositions of PtxPdyAuz/C
ternary catalysts were chosen.

A systematic study of binary and ternary catalysts based on Pt,
Pd and Au has been carried out. Whereas classical characterization
methods led to information on the morphologies, microstructures
and bulk compositions of the catalytic materials, cyclic voltammetry allowed obtaining information on the surface composition
and structure. It was shown that bulk and surface structures/
compositions were different. It was shown by the RDE and RRDE
techniques that the addition of palladium to platinum led to a
monotonous decrease of the activity with the Pd ratio. However,
the modiﬁcation of platinum by gold enhanced the ORR activity for
gold ratio up to 50 at%. From these results on binary systems, the
best ternary catalyst compositions were proposed from a ternary
diagram: Pt70Pd15Au15/C and Pt50Pd25Au25/C. These catalysts
showed improved catalytic activities towards ORR, and were
tested in terms of stability. Under the experimental conditions, the
main degradation processes were found to be Ostwald ripening
and/or surface mobility/aggregation of particles rather than
platinum/palladium dissolution or particle detachment. However,
it was also shown that the aging test led to the segregation of gold
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from the bulk to the surface of nanoparticles, which can be good for
nanoparticles stability but is detrimental for catalyst activity.
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