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A B S T R A C T

Carbon-supported binary and ternary nanocatalysts based on Pt, Me (Me = Ni, Co, Cu) and Au were
synthesized by a “water in oil” microemulsion method and characterized by atomic absorption
spectrometry or energy dispersive spectroscopy, X-ray photoelectron spectroscopy, thermogravimetry,
transmission electron microscopy, X-ray diffraction, and electrochemical methods. A comparative study
of the oxygen reduction reaction on binary and ternary nanocatalysts has been performed. The catalytic
activity and the selectivity of the nanocatalysts towards the ORR have been determined in O2-saturated
0.1 M HClO4 electrolyte. For binary systems, it was shown that the addition of Ni and Co to Pt led to an
improvement of the catalytic activity, whereas the addition of Cu was detrimental for the ORR. The higher
activities were achieved for atomic ratios close to that of Pt3Me deﬁned compounds with Pt7Ni3/C
displaying the highest activity. The modiﬁcation of binary catalysts with gold led to increase the activity
in the case of systems containing Co and Cu, and led to maintain the activity in the case of Ni-containing
catalysts. The order of initial activity is: Pt6Ni2Au2/C > Pt6Co2Au2/C > Pt6Cu2Au2/C. Aging tests have been
carried out on ternary catalysts, showing that a part of activity loss was due to gold segregation from the
bulk to the surface of nanoparticles. After aging study for 1000 potential cycles between 0.6 and 1.05 V vs.
RHE in O2-saturated electrolyte, the order of activity was: Pt6Cu2Au2/C > Pt6Co2Au2/C > Pt6Ni2Au2/C.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
In the very acidic environment of proton exchange membrane
fuel cell (PEMFC), the oxygen reduction reaction (ORR) kinetics is
very low [1]. In order to achieve acceptable fuel cell performances,
the use of platinum nanoparticles (Pt-NPs) as catalytic material is
currently unavoidable [2,3], the lack of intrinsic activity being
overcome by relatively high Pt loadings in cathodes [4,5]. But,
platinum is an expensive and strategic metal and its loading in
electrode has to be decreased to make PEMFC technology scalable
towards a large commercialization.
A very convenient way to improve the catalytic activity of
platinum consists in modifying Pt-NPs with transition metal atoms
such as Ni, Fe, Co, Cr, Cu [6–9]. Indeed, Pt-based alloys have often
demonstrated higher electrocatalytic activity towards ORR than
pure platinum [10,11]. But, it has also been proposed that the
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addition of non-noble transition metals could involve a lower
stability than pure platinum due to their dissolution [12,13],
leading further to a loss of performances in PEMFC. Other authors
have shown that the dealloying of the nanoparticle surface, leading
to a core-shell structure having a Pt rich surface, could enhance the
catalytic activity of a binary Pt-based system. On the other hand,
gold was proposed to prevent platinum dissolution by raising the
Pt oxidation potential [14,15], a property which could be
interesting to enhance the stability of core-shell Pt-based catalysts
with Pt rich surface. Moreover, it has also been shown that PtAubased catalysts could exhibit similar or even higher catalytic
activity towards ORR than pure platinum [16–18].
In this context, the aim of the present work is to synthesize
ternary PtxMeyAuz (Me = Ni, Co, Cu) catalysts and to evaluate their
activity towards the ORR and their stability under potential cycling.
But, the synthesis of ternary systems is not trivial and it is ﬁrst
necessary to study the structure and electrochemical behavior of
binary PtxMe10-x/C catalysts (5  x  10) in order to determine the
best atomic ratio in terms of microstructure and activity towards
ORR by comparing kinetics current densities and mass activities.
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For this purpose, all nanocatalysts supported on carbon Vulcan XC72 have been prepared by the same water in oil microemulsion
method in order to avoid the appearance of differences in catalytic
performances which would be an artifact of the synthesis method.
In a previous work, we showed that the “water in oil” microemulsion method led to the formation of PtxAu10-x alloyed
structures whatever the Au atomic ratio [18]. Therefore, in the
present work, we will focus on the structure and electrochemical
behavior of PtxNi10-x/C, PtxCo10-x/C and PtxCu10-x/C binary catalysts
and PtxMeyAuz (Me = Ni, Co, Cu) ternary catalysts. The binary and
ternary catalytic materials were then comprehensively characterized by physicochemical methods to access metal loading, catalyst
composition, morphology and microstructure, and electrochemical methods to access and compare active surface areas and surface
compositions, electrocatalytic activity and stability.
2. Experimental
All catalysts (Pt/C, PtxNi10-x/C, PtxCo10-x/C, PtxCu10-x/C and
PtxMeyAuz) have been synthesized using a water-in-oil microemulsion method. First, 16.0 g of Brij1 L4 (Sigma-Aldrich) were
added to 37 g of n-heptane (Chromasolv1 from Sigma-Aldrich,
 99% purity). Then 1.6 mL of an aqueous solution containing the
metal salts (H2PtCl66 H2O, HAuCl43 H2O, CuCl22 H2O, NiCl2 and
CoCl2 from Alfa Aesar, 99.9% purity) at a total concentration of
0.1 mol L1 were added to the solution which was stirred until a
homogeneous translucent microemulsion was obtained. After
preparation, the microemulsion was stabilized by resting for
20 min. The reduction of metal ions inside the water nanodroplets
was performed by addition of 100 mg of sodium borohydride
(NaBH4 from Sigma-Aldrich, 99% purity). After the hydrogen
evolution has stopped, the desired amount of carbon powder
Vulcan XC72 (Cabot Corp.), previously heat treated at 400  C for 4 h
under nitrogen atmosphere, was added to the colloidal suspension
in order to reach nominal metal loading of 40 wt%. Then, acetone
was added to the colloidal suspension and the mixture was ﬁltered
over a 0.22 mm hydrophilic PVDF membrane ﬁlter (Durapore1
from Millipore). The resulting powders were abundantly rinsed
with acetone, ethanol and ultra-pure water. The carbon-supported
catalysts were dried overnight in an oven at 60  C. The catalytic
powder was then heat treated at 200  C for 2 hours under air
atmosphere in order to eliminate the remaining surfactant from
the catalyst surface.
Thermogravimetric analyses were carried out with a TA
Instrument SDT Q600. The catalytic powder (ca. 5 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) images were acquired using a JEOL JEM 2100
(UHR) with a resolution of 0.19 nm. Mean particle sizes and
nanoparticle size distributions were determined from the Feret’s
diameters by counting 500 isolated nanoparticles using the ImageJ
software [19]. X-ray powder diffraction patterns were recorded on
a PANalytical “Empyrean” diffractometer, 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 Me (Ni, Co and Cu)
2p regions. The binding energies were lined up with respect to the
C 1 s peak at 284.6 eV. Platinum was ﬁtted according to the ﬁt
obtained on reference spectra recorded on Pt0 (Casa XPS
component parameters: LF(0.6,1.3,100,90)), cobalt oxides and
copper oxides were ﬁtted with reference spectra recorded on
Co3O4, Co(OH)2, CuO and Cu(OH)2 standards.
Electrochemical measurements have been carried out in a three
electrode electrochemical cell at 293 K using a reversible hydrogen
electrode (RHE) and a glassy carbon plate (4 cm2 geometric surface
area) as reference and counter electrodes, respectively. The
working electrode was prepared by deposition of a catalytic ink
onto a glassy carbon disc (0.07068 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, Fluka) and 0.354 mL of Naﬁon1 solution
(5 wt% Naﬁon1 perﬂuorinated resin solution in aliphatic alcohols
from Aldrich). After homogenization in an ultrasonic bath (about
50 seconds), 3 mL of catalytic ink were deposited on the freshly
polished glassy carbon disc, leading to a metal loading of
100 mgmetal cm2. Cyclic voltamograms (CVs) 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 (Suprapur,
Merck) in ultra-pure water (Millipore-MilliQ, 18.2 MV cm)
electrolyte. 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.
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

Table 1
Physicochemical characterization of binary and ternary materials, metal loadings determined by TGA, particle sizes by TEM, crystallite sizes by XRD, atomic ratios by AAS and/
or EDS.

Pt/C
Pt9Ni1/C
Pt7Ni3/C
Pt5Ni5/C
Pt9Co1/C
Pt7Co3/C
Pt5Co5/C
Pt9Cu1/C
Pt7Cu3/C
Pt5Cu5/C
Pt5Ni1.7Au3.3/C
Pt6Ni2Au2/C
Pt5Co1.7Au3.3/C
Pt6Co2Au2/C
Pt5Cu1.7Au3.3/C
Pt6Cu2Au2/C

Loading (wt%)

Particle size (nm)

Crystallite size (nm)

AAS Atomic ratio (at%)
Pt

Me

Au

Pt

Me

Au

41
38
41
41
41
42
38
38
42
38
35
41
37
38
36
39

4.6
3.7
3.9
4.0
3.4
3.8
3.1
2.8
2.6
2.5
3.8
3.8
3.0
3.0
2.7
2.7

4.5
2.4
2.4
1.8
2.7
2.4
1.8
2.9
3.3
2.4
2.3
2.5
2.1
2.4
3.0
3.4

100
87
71
52
92
74
52
90
66
54
51
61
52
60
–
–

–
13
29
48
8
26
48
10
34
46
12
17
14
19
–
–

–
–
–
–
–
–
–
–
–
–
37
22
34
21
–
–

100
87
65
49
88
74
51
92
71
43
48
–
–
–
48
56

0
13
35
51
12
26
49
8
29
57
12
–
–
–
20
22

–
–
–
–
–
–
–
–
–
–
40
–
–
–
32
22

EDS atomic ratio (at%)
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Fig. 1. XPS core level spectra recorded on binary and ternary materials. Each component used to ﬁt the spectra are presented with the corresponding legend. The red line is the
envelope of the ﬁt. Platinum was ﬁtted according to the ﬁt obtained on reference spectra recorded on Pt0 (Casa XPS component parameters: LF(0.6,1.3,100,90)), cobalt oxides
and copper oxides were ﬁtted with reference spectra recorded on Co3O4, Co(OH)2, CuO and Cu(OH)2 standards. Pt oxide refers to Pt+II, identiﬁed from XPS spectra as PtO
surface oxide [20] and Au oxide refers to Au 4f doublet observed at 85.2 eV (4f7/2) and 88.9 eV (4f5/2). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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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).
Aging measurements were performed in 0.1 M HClO4 electrolyte
for ca. 27 hours according to the following severe procedure
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 0.6 V and 1.05 at 50 mV s1 and
2500 rpm were performed, followed by 10 cycles between 0.05 and
1.25 V at 50 mV s1 without electrode rotation. At the end of this
procedure, the active surface area and the catalytic activity
towards ORR of the aged catalysts were evaluated.
3. Results and discussion
3.1. Characterization of catalytic materials
TGA analyses have been performed for all binary PtxMe10-x/C
and ternary PtxMeyAuz/C materials in order to compare the actual
metal loadings with the nominal one. Metal weight loadings are
given in Table 1. All materials display actual metal loadings very
close to the nominal ones (i.e. 40 wt%). PtxMe10-x/C and PtxMeyAuz/
C materials have also been characterized by atomic absorption
spectroscopy (AAS) and/or energy dispersive spectroscopy (EDS)
measurements in order to determine their bulk atomic compositions. Results are reported in Table 1. For all materials, both
analytical methods lead to atomic ratios close to the nominal ones.
Both these results indicate that all metallic ions have been
incorporated in the nanoparticles during the synthesis process.
Fig. 1 presents the core level spectra recorded by XPS on
selected binary and ternary materials and the corresponding
atomic compositions are given in Table 2. For Ni containing
materials (Fig. 1a–h), the Pt 4f core level spectra (Fig. 1a,c,f) reveal
that Pt is mainly present under the Pt0 form (more than 90% of Pt)
with the presence of Pt surface oxide decreasing from ca. 8% of total
Pt atoms for Pt7Ni3 to ca. 7% of total Pt atoms for Pt6Ni2Au2 and to
ca. 6% of total Pt atoms for Pt5Ni1.7Au3.3 (Table 2). The Ni 2p core
level spectra are practically identical for the three materials
(Fig. 1b,d,g) and typical of the presence of Ni+II, and Ni(OH)2 was
identiﬁed from the binding energies observed [20,21]. For Co and
Cu containing materials (Fig. 1i–r), Pt is still mainly present as Pt0

but the addition of gold leads to an increase of the amount of Pt
surface oxide (Fig. 1i,k,n,p and Table 2). The Co 2p and Cu 2p core
level spectra reveal that both cobalt and copper are mainly under
oxide forms (Fig. 1j,l,o,q), namely Co3O4 and Co(OH)2 for cobalt and
Cu3O4 and Cu(OH)2 for copper, with a small amount (23% of all
copper atoms) of Cu0 (Table 2). As observed in the case of Ni
containing materials, the spectra of non-noble metals remain
practically identical with the addition of gold in the materials. For
all ternary materials, the Au 4f core level spectra (Fig. 1e,h,m,r)
reveal that gold is mainly present as Au0. An Au 4f doublet is
however observed at higher binding energies (85.2 eV (4f7/2) and
88.9 eV (4f5/2)) corresponding to 10 to 15% of gold atoms. The
presence of this doublet could ﬁnd its origin in two phenomena: (i)
the presence of gold surface oxide or (ii) an interaction between
gold and nickel, cobalt or copper in the alloy [22], the latter
hypothesis being unlikely in the case of Au–Ni interactions since
the increase of the Au 4f doublet binding energy has been reported
to be lower than that observed in Fig. 1e,h [23]. The analysis of
atomic composition from XPS (Table 2) and the comparison with
data from EDS and AAS in Table 1 indicates that the surface of
binary and ternary materials is platinum rich compared to the bulk
(Table 2) except for Pt7Co3 and Pt6Co2Au2 with Pt/Co ratios close to
the bulk composition with a deﬁcit in surface Au for Pt6Co2Au2.
The PtxMe10-x/C and PtxMeyAuz/C materials have been observed
by transmission electron microscopy (TEM) to access the
morphology of catalysts, the mean size and the size distribution
of metal nanoparticles on the carbon support. Fig. 2a–f presents, as
examples, typical TEM images with the corresponding size
distributions of Pt7Me3/C and Pt6Me2Au2/C materials. Nanoparticles based on Ni and Co are spherical, relatively well dispersed
on the carbon support, although agglomerates are visible. Cucontaining materials display a bean-like morphology. The mean
ferret diameters of isolated particles are given in Table 1. Binary
and ternary materials containing Ni or Co display mean particle
sizes in the 3 nm to 4 nm range, whereas materials containing Cu
display lower mean particle sizes in the range of 2 nm to 3 nm.
Fig. 3a–c displays the XRD patterns of the binary PtxMe10-x/C
and ternary PtxMeyAuz/C materials. All patterns display a diffraction peak at 2u = 25 , assigned to the carbon support, as well as
typical diffraction peaks at ca. 40 , 45 , 70 and 85 assigned to
diffraction on (111), (200), (220) and (311) planes of a fcc structure
[24], even in the case of materials containing cobalt, which
however crystallizes in the hexagonal compact system (JCPDS 00-

Table 2
Composition of binary and ternary materials from X-ray Photoelectron Spectroscopy. All values are given in at%.

Pt0 (a)
PtOx (b)
Pt total
PtOx/Pt total
Ni(OH)2
Co3O4 (c)
Co(OH)2 (c)
Total Co
Cu0
CuO (d)
Cu(OH)2 (d)
Total Cu
Au0
AuOx (e)
Total Au
Pt : M : Au
(a)
(b)
(c)
(d)
(e)

Pt7Ni3

Pt6Ni2Au2

Pt5Ni1.7Au3.3

Pt7Co3

Pt6Co2Au2

Pt7Cu3

Pt6Cu2Au2

73.5
6.2
79.7
7.8
20.3
–
–
–
–
–
–
–
–
–
–
80 : 20

62.6
4.3
66.9
6.5
17.1
–
–
–
–
–
–
–
14.4
1.6
16.0
67 : 17 : 16

57.2
3.6
60.8
5.8
11.6
–
–
–
–
–
–
–
25.09
2.59
27.7
61 : 11 : 28

71.3
2.7
74.0
3.7
–
18.5
7.5
26.0
–
–
–
–
–
–
–
74 : 26

57.6
4.8
62.4
7.6
–
15.3
7.5
22.8
–
–
–
–
13.1
1.7
14.8
62 : 23 : 15

72.5
4.5
77.0
5.9
–
–
–
–
5.3
7.4
10.3
23.0
–
–
–
77 : 23

64.0
5.3
69.3
7.6
–
–
–
–
3.4
4.3
6.4
14.1
14.1
2.5
16.6
69 : 14 : 17

Platinum was ﬁtted according to the ﬁt obtained on reference spectra recorded on Pt0 standard (Casa XPS component parameters: LF(0.6,1.3,100,90)).
PtOx refers to Pt+II, identiﬁed from XPS spectra as PtO [20].
the different cobalt oxides observed in Co 2p core level spectra were ﬁtted with references recorded on Co3O4 and Co(OH)2 standards.
the different copper oxides observed in Cu 2p core level spectra were ﬁtted with references recorded on CuO and Cu(OH)2 standards.
AuOx refers to Au 4f doublet observed at 85.2 eV (4f7/2) and 88.9 eV (4f5/2).
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Fig. 2. (a)–(c) TEM images and histograms of size particle distributions for the Pt7Ni3/C, Pt7Co3/C and Pt7Cu3/C bimetallic catalysts; (d)–(f) TEM images and size distributions
for the Pt6Ni2Au2/C, Pt6Co2Au2/C and Pt6Cu2Au2/C ternary catalysts. All catalysts are loaded with 40 wt% metals.

015-0806). Indeed, for PtxCo10-x catalysts, no other diffraction peak
is observed indicating that all the cobalt is inserted in the Pt fcc
structure. In addition to the characteristic diffraction peaks of fcc
structure, the Pt0.5Cu0.5/C presents also some diffraction peaks at
2u = 36 and 62 , suggesting the formation of a CuO phase, which
crystallizes in the base centered monoclinic system (JCPDS 00048-1548).

The crystallite sizes of the catalysts were determined using the
Scherrer equation [25] (Table 1). Materials containing Ni or Co
display mean crystallite sizes between 2 and 3 nm, which are lower
than the mean particle sizes determined by TEM (between 3 and
4 nm). These differences in sizes can translate the presence of
polycrystalline nanoparticles. Conversely, materials containing Cu
display mean crystallite sizes of ca. 2–3 nm, which are very close to
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Fig. 4. Graph of the related lattice parameters as a function of the binary catalyst
atomic ratios (a) Pt10-xNix/C, (b) Pt10-xCox/C and (c) Pt10-xCux/C bimetallic catalysts
(x  5).

Fig. 3. XRD patterns of the (a) PtxNiyAuz/C catalysts, (b) PtxCoyAuz/C catalysts and
(c) PtxCuyAuz/C catalysts (* peaks related to a CuO structure).

the mean particle sizes from TEM measurements, indicating the
presence of monocrystalline nanoparticles.
On the diffraction patterns corresponding to the binary
PtxMe10-x/C materials in Fig. 3a–c, a shift of the fcc diffraction

peak positions towards higher 2u values with the increase of the
non-noble metal atomic ratios in the materials can be observed.
The corresponding lattice parameters were calculated using the
Bragg equation [26]. Fig. 4a–c presents the variation of the lattice
parameter as a function of the non-noble metal atomic ratio in
nanomaterials. For all PtxMe10-x/C materials, a quasi linear
variation of the cell parameter with the non-noble metal atomic
ratio from 0 to 30 at% is obtained. For higher atomic ratios, the cell
parameter remains constant; it seems that for non-noble metal

S.D. Lankiang et al. / Electrochimica Acta 242 (2017) 287–299

atomic ratio 30 at%, the Vegard’s law for true alloys [27] is
veriﬁed. However, when comparing the experimental slopes to the
theoretical ones in the case of catalysts modiﬁed by non-noble
metals crystallizing in a fcc structure, i.e. Ni and Cu modiﬁed
catalysts, the former is lower than the latter, and by projection of
the experimental cell parameter value on the theoretical Vegard’s
straight line, a maximum of ca. 20-25 at% of Ni composition of the
alloyed phase is obtained, close to that of the Pt3Ni1 deﬁned
compounds. In the case of PtxCu10-x catalysts, ca. 15-20 at% of Cu are
inserted inside the crystal lattice. So that, binary materials seem to
be composed of Pt, Pt3Me and Me phases in variable proportions
depending on the overall atomic compositions (which are close to
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the nominal ones). The Me phase is moreover observed in the case
of PtCu/C materials (observed as an oxide phase revealed by
additional peaks at 2u = 36 and 62 ). In the case of material
containing Ni and Co, no additional diffraction peak is observed,
which could translate the formation of an amorphous hydroxide
phase.
The diffractograms corresponding to the ternary materials in
Fig. 3a–c also display a shift of the diffraction peak position with
the atomic composition, but conversely to the case of binary
PtxMe10-x/C materials, the shift occurs towards smaller 2u values
indicating an increase of the cell parameter. The increase of the cell
parameter is likely due to the insertion of gold in the PtMe lattice.

Fig. 5. Cyclic voltammograms recorded on (a) Pt/C, (b,c,d) Pt10-xNix/C catalysts, (e,f,g) Pt10-xCox/C catalysts and (h,i,j) Pt10-xCux/C catalysts without electrode rotation (san
rate = 50 mV s1, N2-saturated 0.1 M HClO4, T = 293 K).
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The changes in the cell parameter values do not allow concluding
on alloy formation with the non-noble metals. However, the
ternary materials were intentionally synthesized with a Pt:Me
atomic ratio kept at 3:1 and the absence of additional diffraction
peaks to those due to platinum fcc structure is an indication of the
complete insertion of non-noble metal in the crystal lattice [28].
3.2. Electrochemical evaluation of catalytic materials
In a ﬁrst time, the surface of the binary catalysts was studied by
cyclic voltammetry. The dissolution process (dealloying) of Ni, Co
and Cu in acidic medium has been extensively studied and is now
well documented [29–31]. Fig. 5a–j shows the CVs recorded in
acidic medium on Pt/C, PtxNi10-x/C, PtxCo10-x/C et PtxCu10-x/C
materials until stabilization of the signals was reached. In the case
of the Pt/C catalyst (Fig. 5a), stable voltammograms are obtained
after only few cycles. During these ﬁrst cycles, the surface cleaning
of the remaining impurities from the synthesis or from the Naﬁon
solution added to the ink [32] occurs, as evidenced by the decrease
of the current density in the Pt oxide region and the ﬂattening of
the signal in the potential region of surface oxide formation to form
a plateau, as well as the Pt surface reconstruction as evidenced by
the decrease of the peak current between 0.2 and 0.3 V in the
hydrogen region showing the destruction of small (100) surface
structures [33,34]. The same behavior can be observed on the CVs
recorded on PtxNi10-x/C (Fig. 5b–d) and PtxCo10-x/C (Fig. 5e–g)
catalysts. In the case of Cu-containing catalysts, supplementary
current peaks can be observed in the CVs (Fig. 5h–j). For the Pt5Cu5/
C the ﬁrst cycles are typical of those for underpotential deposition
of copper on platinum polycrystalline surfaces with ﬁrst redox
peaks at ca. 0.75 V vs RHE (oxidation) and 0.68 V vs RHE
(reduction), and second redox peaks at ca. 0.40 V vs RHE
(oxidation) and 0.35 V vs RHE (reduction) [35]. The reduction
peak at ca. 0.2 V vs RHE results from bulk copper deposition [36].
For Pt7Cu3/C the oxidation peak at 0.75 V is smaller but still
accompanied with a reduction peak at ca. 0.4 V. For Pt9Cu1/C the
oxidation peak at ca. 0.75 V vs RHE in the ﬁrst cycles disappears
with the number of voltammetric cycles, and no reduction peak is
detected, likely due to the low amount of copper dissolved during
the oxidation at 0.75 V vs RHE and the diffusion of the dissolved
copper ions far from the electrode surface. These results conﬁrm
the XRD measurements where a CuO phase has been detected.
After the stabilization step, PtxNi10-x/C, PtxCo10-x/C and PtxCu101
(Fig. 6a–c). The CVs present the
x/C CVs are recorded at 5 mV s

characteristics of that of pure Pt. From these CVs, the electroactive
surface areas (ESAs) have been determined by integration of the
hydrogen desorption region between 0.05 and 0.4 V vs RHE after
correction from the double layer capacitive current and considering 210 mC cm2 for the desorption of a full monolayer of hydrogen
adsorbed on a ﬂat and smooth Pt polycrystalline surface [37].
Results are given in Table 3. In the case of the Pt/C catalyst as an
example, an active surface area of 47 m2 gPt1 was determined
from the CV, whereas the calculation from the particle size
(4.6 nm) led to 61 m2 gPt1. The difference could be due to the
presence of particle agglomerates.
The electroactive surface areas are lower for binary and ternary
materials than for pure Pt material. Considering that the particle
and crystallite sizes of binary and ternary materials are smaller
than that of pure Pt/C catalyst (according to TEM and XRD
measurements, respectively), it could be concluded that foreign
atoms (non-noble metals for binary catalysts and non-noble
metals and gold for ternary materials) present at the surface of the
nanoparticles lead to a lower apparent Pt surface area. But it has
been reported by several authors that the electrochemical
stabilization of PtMe alloys in acidic media led to the dissolution
of the non-noble metal and to the formation of a Pt skin overlayer
with modiﬁed surface electronic structure [38]. For materials
containing nickel, the most important ESA losses start for the lower
Ni atomic ratio and then the ESA does not change with the Nickel
atomic ratio. Because the particle size is invariant with the Ni
atomic ratio, it seems that the “water in oil” synthesis method
coupled with the voltammetric stabilization step leads to the
formation of a core-shell like structure with a Ni rich core and a Pt
rich shell. In the case of PtxCo10-x/C materials, while the particle
size remains constant, the electronic structure changes induced by
the increase of the Co atomic ratio in the core of the particles
(according to XRD and TGA measurements) leads to the decrease of
the ESA. The same trend can be observed in the case of the PtxCu10x/C catalysts. But in this latter case, the loss of the ESA becomes
very important for 50 at% Cu in comparison to the loss observed for
the Pt5Ni5/C and Pt5Co5/C materials, which could be explained by
the formation of a non-alloyed CuO phase as evidenced by XRD
measurements and electrochemical measurements. Indeed, even
after the electrochemical stabilization step, Cu was still present at
the surface of the catalytic nanoparticles, as shown in Fig. 5j.
Fig. 7a–c presents the stable cyclic voltammograms recorded on
PtxNiyAuz/C, PtxCoyAuz/C and PtxCuyAuz/C ternary catalysts. The
general shapes of the voltammograms are very close to that of a

Fig. 6. Stable cyclic voltammograms recorded on (a) Pt10-xNix/C catalysts, (b) Pt10-xCox/C catalysts and (c) Pt10-xCux/C catalysts without electrode rotation (san rate = 5 mV s1,
N2-saturated 0.1 M HClO4, T = 293 K).
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Table 3
Electrochemical characterization of binary materials: ESA (electrochemical surface area), b (Tafel slope), j0 (exchange current density), jk,geom (kinetic current density with
respect to the geometric surface area of the electrode), jk,metal (kinetic current density with respect to the active surface area) and MA (mass activity).
ESAcata (m2 g1)
Pt/C
Pt9Ni1/C
Pt7Ni3/C
Pt5Ni5/C
Pt9Co1/C
Pt7Co3/C
Pt5Co5/C
Pt9Cu1/C
Pt7Cu3/C
Pt5Cu5/C
Pt5Ni1.7Au3.3/C
Pt6Ni2Au2/C
Pt5Co1.7Au3.3/C
Pt6Co2Au2/C
Pt5Cu1.7Au3.3/C
Pt6Cu2Au2/C

47
31
37
33
43
40
30
40
39
17
24
19
15
15
36
28

ESAPt (m2 gPt1)
47.0
32.0
42.0
43.0
44.5
45.0
39.0
41.5
44.5
22.5
42.5
27.5
26.5
21.5
64.0
40.5

b (mV dec1)
64
66
66
62
64
62
69
69
72
65
63
62
63
67
67
67

j0 (mA cm2)
4

2.5  10
2.9  104
1.3  103
3.1 104
3.7  104
3.5  104
6.5  104
5.1 104
1.6  104
2.3  104
2.9  104
1.0  103
2.0  104
1.1 104
2.7  104
3.7  104

pure platinum material; however, gold rich catalysts
(Pt5Me1.7Au3.3/C) present an additional small negative peak
current at ca. 1.2 V vs RHE related to the reduction process of
surface gold oxides, which indicates the formation of non-alloyed
gold patches at the nanoparticle surface. The ESAs have been
determined from the hydrogen desorption zone on Pt (ESAPtH) and
the Au oxide reduction zone (ESAAuox) of the cyclic voltammograms, considering a charge of 210 mC cm2 for the desorption of a
hydrogen monolayer from a ﬂat and smooth Pt polycrystalline
surface and 350 mC cm2 for the desorption of an oxide monolayer
from a ﬂat and smooth Au polycrystalline surface [39]. Results are
given in Table 3. As in the case of binary systems, ternary catalysts
display generally lower ESA than the pure Pt/C catalyst. The gold
oxide reduction peak at ca. 1.2 V vs RHE could be integrated for
Pt5Ni1.7Au3.3/C, Pt5Co1.7Au3.3/C, Pt5Cu1.7Au3.3/C and Pt6Cu2Au2/C.
The gold surface proportion could further be determined using the
following equation:
Ausurf: at% ¼

ESAAuox
ESAAuox þ ESAPtðHUPD Þ

ð1Þ

The gold ratios at the nanoparticle surfaces (compared with the
Pt surface atomic ratio) are 11 at% for Pt5Ni1.7Au3.3/C, 18 at% for
Pt5Co1.7Au3.3/C, 10 at% for Pt6Cu2Au2/C and 21 at% for Pt5Cu1.7Au3.3/
C, i.e. much lower than the nominal value (39.7 at% for
Pt5Me1.7Au3.3/C and 25 at% for Pt6Me2Au2/C). This indicates that
for catalysts containing Ni and Co, gold tends to segregate towards
the core of the particle. Considering the ternary materials
containing copper, it seems that that the gold surface composition
is higher than for the other ternary systems, although remaining
lower than the nominal one, and further that copper tends to
segregate inside the nanoparticles. The ESA loss of the PtxCuyAuz/C
material compared to the pure Pt/C catalyst could be explained by
the presence of gold and low amount of copper at the particle
surface.
3.3. Electrocatalytic evaluation of binary and ternary catalysts
towards ORR
For the study of the oxygen reduction reaction (ORR), the quasistationary current vs potential curves are recorded on a freshly
deposited catalytic ﬁlm during slow negative potential sweeps
(scan rate of 1 mV s1) between 1.05 and 0.3 V vs RHE for different
rotation rates v from 500 to 2500 rpm (revolutions per minute) of
the rotating disc electrode (RDE) in O2-saturated 0.1 M HClO4
supporting electrolyte. Typical sets of the current density (referred
to the geometric surface area) vs potential curves are shown in

jk,geom @ 0.9 V (mA cmgeom2)

jk,metal @ 0.9 V (mA cmPt2)

MA @ 0.9 V (A gPt1)

5.3
5.6
12.7
6.4
7.5
7.4
4.1
3.6
3.0
3.0
7.6
10.3
5.4
6.0
4.3
5.7

0.11
0.18
0.34
0.19
0.17
0.18
0.13
0.09
0.08
0.18
0.32
0.54
0.35
0.40
0.12
0.20

53.0
57.6
142.8
81.7
75.7
81.0
50.7
37.4
35.6
40.5
136.0
148.5
92.8
86.0
76.8
81.0

Fig. 8a for Pt6Ni2Au2/C catalysts, as an example. All polarization
curves exhibit three distinguishable potential regions. The ﬁrst one
from ca. 0.9 V to 1.05 V vs RHE corresponds to the kinetic control
region, the second one from ca. 0.7 V to ca. 0.9 V vs RHE
corresponds to a mixed kinetic-diffusion control region and the
third one from 0.3 V to ca. 0.6 V vs RHE corresponds to the diffusion
limiting current density plateau. The current densities are roughly
proportional to v1/2 in the last two regions. The analysis of data
was carried out by separating the contribution of the diffusion of
molecular oxygen in the bulk electrolyte from that of the surface
processes involved in the oxygen reduction reaction [40,41]. For
this purpose, the mathematical treatment of the Koutecky-Levich
(KL) plots drawn from the polarization curves (Fig. 8b) was carried
out using the generalized Koutecky-Levich equation (Equation (2))
in order to take into account the oxygen diffusion in the 3-D porous
catalytic ﬁlm and the oxygen adsorption on Pt nanoparticles
[18,42].
1 1
1
¼ þ Diff
j
je j

ð2Þ

l

with,
¼ 0:2nFDO2 n1=6 C O2 v1=2
jDiff
l

ð3Þ

1
1
1
1 1
1
¼
þ
þ ¼ þ
je jFilm jAds jk jl j0 eh=b
l
l

ð4Þ

2=3

where j is the current density at a potential E, je is the current
Diff

is the
density of process occurring at the electrode surface, jl
limiting current density due the oxygen diffusion from the bulk of
is the limiting
the solution towards the electrode surface, jFilm
l
current density due the oxygen diffusion in the catalytic ﬁlm from
is the limiting
the electrode surface towards the active sites, jAds
l
current density of oxygen adsorption on active sites, j0 is the
exchange current density, h is the overpotential (h = Eeq-E) and b is
the Tafel slope.
is dependent on the electrode rotation rate and can be
jDiff
l
calculated using the following data: n the number of exchanged
electron per reduced oxygen molecule, F the Faraday constant
(96485 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), C O2 the oxygen concentration in
the considered electrolyte (1.3  106 mol cm3) [43,44], v the
rotation rate of the electrode in revolution per minute (rpm), and
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Fig. 7. Cyclic voltammograms recorded on (a) PtxNix/3Au(3-4x)/3/C catalysts, (b)
PtxCox/3Au(3-4x)/3/C catalysts and (c) PtxCux/3Au(3-4x)/3/C catalysts without electrode
rotation (san rate = 5 mV s1, N2-saturated 0.1 M HClO4, T = 293 K).

0.2 the coefﬁcient used when v is expressed in rpm. The limiting
and the
current density of oxygen adsorption on catalytic sites jAds
l
limiting current density of oxygen diffusion in the catalytic ﬁlm
are both independent of the electrode rotation rate, therefore
jFilm
l

it is not possible to separate their contributions, and only the
limiting current jl can be determined by plotting (je)1 as a function
of the electrode potential. At last, the exchange current densities,
the Tafel slopes, kinetics current density jk and the mass activity
MA at 0.9 V can be evaluated. The detailed mathematical treatment
of the generalized Koutecky-Levich equation is fully explained
elsewhere [18,41,45]. Fig. 8c shows the curves of jk,geom with
respect to the electrode geometric surface area as a function of the
electrode potential for Pt/C, Pt5Ni1.7Au3.3/C and Pt6Ni2Au2/C
catalysts and Table 3 gives the different kinetics data for all tested
binary and ternary catalysts.
The values obtained for the Pt/C catalyst are 5.3 mA cm2,
0.11 mA cmPt2 and 53 A gPt1 for jk,geom, jk,metal and MA,
respectively. The value of jk,metal is twice lower than that obtained
with commercial Pt/C catalysts, whereas that of the MA is three
times lower (the mass and speciﬁc activities of commercial Pt/C at
0.9 V vs. RHE are ca. 150 A gPt1 and ca. 0.23 mA cmPt2) [46].
The low MA can be explained by the particle size of 4.6 nm for our
Pt/C catalyst against ca. 2.5 nm for commercial Pt/C catalyst. All
PtxNi10-x/C catalysts lead to values of jk and MA (mass activity) at
0.9 V higher than those obtained on the Pt/C catalyst, with the
Pt7Ni3/C catalyst being the most active. As discussed in the
physicochemical characterization section, this last catalyst has an
atomic composition close to that of the Pt3Ni deﬁned compound,
which is known to be an excellent catalyst for the ORR [47]. On the
other hand, the lower activity of the Pt5Ni5/C catalyst is more
surprising considering that this material has same particle size,
same electroactive surface area as the Pt7Ni3/C one and that the
PtNi alloy composition as determined from the Vegard’s law is very
close to that of the Pt7Ni3/C catalyst. The difference in activity
between both these catalysts seems then to be due to the bulk
structure and particularly to the different proportions of phases,
i.e. Pt3Ni, PtNi and Ni solid solution. Conversely to PtxNi10-x/C
catalysts, the activities of the PtxCo10-x/C catalysts measured by the
value of jk and MA at 0.9 V decrease with the Co atomic ratio.
Pt9Co1/C and Pt7Co3/C materials lead to kinetic current densities
and mass activities at 0.9 V higher than those on pure Pt/C, whereas
Pt5Co5/C is less active. The order of activity follows in this case the
same trend as the electroactive surface area. Since the particle sizes
are constant with respect to the Co atomic ratio and since the Pt/Co
alloy structure for the Pt7Co3/C and Pt5Co5/C is close to that of the
Pt3Co deﬁned compound, as a result the decrease of the ESA and of
the activity with the Co atomic ratio can be linked to the increase of
the amount of cobalt present at the particle surface. For PtxCu10-x/C
catalysts, the values of jk and MA are lower than that for the Pt/C
catalyst. The low catalytic activity of the PtxCu10-x/C catalysts can
be attributed to the high coverage of the particle surface by copper,
particularly by copper oxide phase as determined by XRD, XPS and
cyclic voltammetry. Amongst the binary catalysts, the Pt7Ni3/C
catalyst, which according to XPS measurements displays the
highest Pt surface enrichment amongst all catalysts, leads to the
highest activity in terms of exchange current density j0 (which
measures the intrinsic activity of catalysts), kinetics current
densities (jk,geom and jk,metal) at 0.9 V and mass activity (MA) at
0.9 V, with values of 1.3  103 mA cm2, 12.7 mA cm2, 0.34
mA cmPt2 and 142.8 A gPt1, respectively. But, this trend is not
respected with Pt7Co3/C and Pt7Cu3/C catalysts and moreover Nibased binary catalysts display lower active surface area than Coand Cu-based ones, indicating that other effects are involved by the
presence of Ni, such as different electronic and/or geometric effects
(Pt coordination number and Pt–Pt distance).
Same evaluations of the catalytic activity were performed with
the ternary catalysts. Again, Ni-containing catalysts (Pt6Ni2Au2/C
and Pt5Ni1.7Au3.3/C) display the highest activities (j0, jk,geom, jk,metal
and MA) amongst the ternary systems. Since the ratio Pt/Ni is ﬁxed
at 3:1, the lower activity of Pt5Ni1.7Au3.3/C compared to Pt6Ni2Au2/C
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the beneﬁcial effect of cobalt in the catalysts. Pt6Cu2Au2/C shows
catalytic activities, in terms of j0 and jk at 0.9 V, higher than those of
Pt/C, whereas those of Pt5Cu1.7Au3.3/C are lower than those of Pt/C.
Considering the cyclic volatmmograms recorded in supporting
electrolyte (Fig. 7c), the low catalytic activity of Pt5Cu1.7Au3.3/C
could be due to the high gold concentration at the particle surface
since the Pt/Cu ratio has been ﬁxed at 3:1. But interestingly, the
mass activities of both copper-containing ternary catalysts are
higher than that of platinum, Pt6Cu2Au2/C displaying the highest
catalytic activity, which indicates again the beneﬁcial role of Cu in
the ternary catalyst conversely to what was observed in the case of
the Cu-based binary systems.
The aging study of ternary catalysts has been carried out by
potentiodynamic cycling of the electrodes in O2-saturated 0.1 M
HClO4 electrolyte. Every 200 cycles between 0.6 V and 1.05 V at
50 mV cm1, CVs were recorded in deaerated electrolyte in order to
determine the ESAPtðHUPD Þ and ESAAuox as explained earlier, as well as
the Au surface atomic ratio (Equation (1)). The choice of the upper
potential limit was motivated by the necessity to avoid the
degradation process due the carbon corrosion and detachment of
nanoparticles [48,49]. Table 4 compares the results obtained
before and after the aging process for 1000 cycles. For all ternary
catalysts, results indicate relatively low Pt surface loss compared
with the pure Pt/C catalyst. The small changes in ESAPtðHUPD Þ are
related to the low upper limit potential of 1.05 V vs RHE, which may
have two effects: the limitation of the non-noble metal dissolution
rate which will lead to limit the decrease of activity by dealloying
effect [50], and the protection of the platinum surface atoms by the
non-noble metal atoms present on the particle surface acting as
sacriﬁcial anodes [51]. In the case of Pt6Ni2Au2/C, Pt5Ni1.7Au3.3/C
and Pt6Co2Au2/C, the loss of ESAPtðHUPD Þ is accompanied with an
increase of the ESAAuox , i.e. an increase of the surface Au atomic
ratio, whereas, no increase of surface Au atomic is detected with
the Pt6Cu2Au2/C catalyst.
In Fig. 9, the values of jk are reported as a function of the number
of aging cycles. For all catalysts, a very important loss of activity
occurs for the ﬁrst 200 aging cycles and then the value of jk tends to
reach a plateau. Considering the Pt/C catalyst, the value of jk
decreases from 5.30 mA cm2 to 2.35 mA cm2 after 1000
cycles, corresponding to an activity loss of ca. 55 %. The activity
loss after 1000 cycles reaches ca. 77% for Pt6Ni2Au2/C and 70%
Pt5Ni1.7Au3.3/C, both catalysts leading to the same activity as Pt/C
after 1000 cycles although achieving higher initial activity.
Pt6Co2Au2/C catalyst losses 55% of activity after 1000 cycles, as
in the case of Pt/C catalyst, but keep higher jk value than Pt/C. The
higher stability is obtained with the Pt6Cu2Au2/C catalyst with an
activity loss of only 45% after 1000 cycles and a ﬁnal jk value of
3.20 mA cm2.

Fig. 8. (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 Pt6Ni2Au2/C catalyst. The
electrode rotational rate (v) was set at 500, 1000, 1500, 2000 and 2500 rpm. (b)
Koutecky-Levich straight lines determined at different potentials from the
polarization curves. (c) 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 PtxNix/3Au(3-4x)/3/C catalysts.

is certainly related to the presence of gold at the nanoparticle
surface in the case of the catalyst with the higher gold surface
atomic ratio as evidenced from XPS and cyclic voltammetry
measurements. The Pt6Co2Au2/C and Pt5Co1.7Au3.3/C materials lead
to electrocatalytic activities close to that of pure Pt/C, in terms of j0
and jk at 0.9 V, although the electroactive surface areas are lower
than that of Pt/C. Therefore, the mass activities are higher for the
ternary systems than for the Pt/C catalyst, which indicates again

Beyond the classical degradation processes of nanoparticles, i.e.
particle mobility/agglomeration [52,53] and/or 3D Ostwald
ripening [54,55], and particle detachment due to the carbon
support corrosion (even if the contribution of this latter process to
the electrocatalytic performance degradation is certainly low due
to low upper potential limit of aging cycles), the difference in
electrocatalytic activity losses between the ternary catalysts
involves changes in surface structures and compositions. The
dissolution kinetics of the different non noble metals at the
nanoparticle surface could also be proposed as explanation. But, if
dealloying of the materials by progressive dissolution is the only
degradation process, it should lead, at least in a ﬁrst time, to an
improvement of the catalytic activity [56,57], which was not
observed. It is worth to note that the highest activity losses are
observed for the Pt6Ni2Au2/C, Pt5Ni1.7Au3.3/C Pt6Co2Au2/C catalysts,
which undergo gold surface enrichment during the aging test.
Therefore, the degradation mechanism of catalysts appears to be
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Table 4
Evaluation of the Electrochemical Surface Area characterization of ternary materials before and after the aging test.

Pt6Ni2Au2/C
Pt5Ni1.7Au3.3/C
Pt6Co2Au2/C
Pt6Cu2Au2/C

before
After
before
After
before
After
before
After

ESAPtH (mg cm2)

ESAAuox (mg cm2)

ESAtotal (mg cm2)

at% Au

19
17
24
21
15
12
28
27

0
1
3
4
0
1
3
2

19
18
27
25
15
13
31
29

0
6
11
16
0
9
8
7

complex, involving, in addition to probable aggregation/Ostwald
ripening processes, particle detachment, dealloying of non-noble
metals from the particle surface and gold surface segregation in the
case of ternary catalysts containing nickel and cobalt, whereas in
the case Cu based ternary catalyst the last process is avoided,
which explains the highest activity after aging testing of
Pt6Cu2Au2/C material.
4. Conclusion
Binary and ternary catalysts based on Pt, Me (Me = Ni, Co, Cu)
and Au have been synthesized using a colloidal method and their
electrochemical behavior towards the oxygen reduction reaction
has been evaluated. The synthesis method leads to the formation of
alloys with a maximum insertion of non-noble metals in the
platinum lattice of ca. 25 at%, corresponding to that of Pt3Me
deﬁned compounds. Concerning the binary catalysts, higher
activities than pure platinum were observed for Pt10-xNix/C and
Pt10-xCox/C materials, with Pt7Ni3/C leading to the highest activity
in terms of both kinetic current density and mass activity at 0.9 V,
whereas Cu-containing materials led to lower activities than pure
Pt/C. The modiﬁcation of binary systems by gold has a beneﬁcial
effect on activity for Co- and Cu-containing materials, but no effect
for Ni-containing materials which achieve about the same
activities as the Pt7Ni3/C one, the Nickel-containing materials still
displaying the higher activities. The ternary catalysts were tested
in terms of stability. It was shown that under our experimental
conditions, the loss in electrocatalytic activity involved not only
changes in surface structures and compositions, and the dissolution of the non-noble metals at the nanoparticle surface, but also a
gold surface enrichment in the case of ternary catalysts containing
nickel and cobalt, whereas in the case Cu based ternary catalyst the
last process is avoided, which explains the highest activity after
aging testing of Pt6Cu2Au2/C material.
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