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Abstract: In this work, Ag.Pt;9../C (x = 60, 80, 90 and 95) colloidal nanostructured electrocatalysts for the oxygen reduction reaction
(ORR) were prepared by sequential reduction of AgNO; and H,PtCls using an ultrasound-assisted colloidal method. The synthesized mate-
rials were characterized by UV/Vis spectroscopy, XRD, EDS and HRTEM. In addition electrochemical measurements were performed
using cyclic voltammetry (CV) and thin-film rotating-disk electrode (TF-RDE) technique in 0.5 M H,SO, at room temperature. Results of
the physical characterization showed ring-like morphology of the nanostructured catalyst with a size distribution in the range of 6-16 nm.
From steady polarization measurements, the Ag..Pt;p9../C nanocatalysts showed electrocatalytic activity towards the ORR like that obtained
for Pt/C catalyst under the same experimental conditions and also favored the multielectron (n=4¢’) charge transfer process to water for-

mation (i.e., O;+4H +4e—2H,0).
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1. INTRODUCTION

Proton exchange membrane PEM fuel cells are electrochemical
devices that will play a fundamental role in the new hydrogen
technologies due to their ability to substitute combustion engines
in automobiles [1, 2]. Nevertheless, before this becomes a reality,
some issues must be solved, related to the availability of stable
materials with reduced cost for electroctalysts and membranes that
allow a low-cost and a mass production of PEM fuel cells [3]. For
the future energy economy supported by hydrogen, although plati-
num is the best catalyst used to enhance the kinetic of the hydro-
gen oxidation and oxygen reduction reaction (ORR) that take place
in a PEMFC, is not fully adequate due to its high cost and relative
scarcity. Additionally, the high performance of fuel cells (FCs) is
usually reported using pure hydrogen as a fuel. However, from the
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technological point of view this is not a realistic alternative for
now, since most of the hydrogen is obtained from reformation of
natural gas so that it contains traces of CO, which are strongly
adsorbed on the surface of Pt, poisoning active sites for the hydro-
gen catalytic dissociation reaction [4]. In this sense, one of the
main technical problems lies in the partial or complete substitution
of platinum as electrocatalyst for PEM fuel cells.

For several years, different research groups around the world
have been looking for alternative materials or reduce the amount
of platinum required for a good performance of FCs [5-7]. There
are different strategies to reduce the amount of platinum and to
reach the target of the U.S. Department of Energy (DOE) for the
cost of fuel cell system that will be $30/kW in 2015 [8]. One of
these strategies is to develop nanostructures with core-shell mor-
phology. The core-shell morphology consists of one type of atom
surrounding a core of another type of atom. This kind of nanos-
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Figure 1. Schematic of the core-shell synthesis of nanoparticles,
Ag@Pt, using an ultrasound-assisted colloidal method: (a) shell
formation, (b) colloidal suspension and (c) supported nanoparticles
on carbon black.

tructures can help to decrease the amount of platinum in fuel cells,
and therefore their cost [9]. However, these structures can be modi-
fied by galvanic substitution caused by the reactive precursors, as it
has been observed in some core-shell systems [10]. If the morphol-
ogy of the core-shell is modified, the electroactivity of the material
is changed affecting the activity for the ORR. Thus, to study the
catalytic activity of structures modified by galvanic substitution
represents an important goal.

In this work nanostructures of Ag,Ptioox supported in carbon
black were studied. This system is known that presents galvanic
substitution [11]. In order to synthesize such nanostructures a pro-
cedure using sodium citrate as surface modifier for obtaining core-
shell nanoparticles was followed, as reported in previous studies
[12-15]. The nanostructures in solution were supported in carbon
black, previously treated by HNO3[16]. Sonochemistry has quickly
become a very important technique in the synthesis of nanostruc-
tured materials; because of the improved properties that high inten-
sity ultrasound induces on nanomaterials, such as cleaner surface
and excellent dispersion on different supports. [17] In this case it is
used to obtain well-dispersed nanoparticles in carbon black.

The nanostrured materials were characterized by UV/Vis spec-
troscopy; XRD, EDX and HRTEM, showing a ring-like morphol-
ogy. The kinetic parameters of the ORR on carbon-supported mate-
rials were measured in order to elucidate the activity of the oxygen
reduction reaction using a thin film rotating disk electrode (TF-
RDE). These last results contribute to compare the catalytic activity
for the ORR of the bimetallic catalyst to polycrystalline platinum.

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis

The synthesis of core-shell nanoparticles was carried out using
hexachloroplatinic acid (H,PtCls-6H,0) and silver nitrate (AgNO;)
as precursors of Pt and Ag, respectively. Trisodium citrate dehy-
drated as the surface modifier.
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Figure 2. UV/Vis spectra of silver-platinum nanoparticles whose
approximate composition is AgosPtos, AgooPtio, AgsoPtyy and
AgsoPtyo, all trisodium citrate stabilized.

Colloidal silver solutions were prepared using 4.63, 4.39, 3.9 and
2.93 mM concentrations of AgNOj;aqueous solutions. Then 1.02
mM of trisodium citrate was added to each solution. The silver ions
were reduced by 1.51 mM of sodium borohydride (NaBH,), which
was in excess to reduce also the platinum ions to form the platinum
shell.

To form the shell, the colloidal silver solutions were subjected to
high-intensity sonication (Sonics and Materials Ultrasonic Proces-
sor®, standard probe, 0.5 in, 100 W/cm2), while 50 ml of aqueous
solution of H,PtClg, at 0.975, 1.95, 3.90 and 7.80 mM was added to
each solution, yielding approximately AgosPtos, AgooPtio, AgsoPtso
and AggoPty as estimated compositions.

Solutions of colloidal core-shell particles were dispersed into
300mg Vulcan XC-72 (Cabot®) porous carbon, which was added
while the solution was under ultrasonic vibration. The porous car-
bon was previously subjected to a cleaning and functionalization
process with HNO; to remove impurities and to create positive
acidic sites. The carbon attracted the core-shell colloidal particles,
which leads to the precipitation as powder. The precipitate was
washed several times with deionized water and dried. This proce-
dure yielded the Ag,Pt 00./C electrocatalysts, which were subse-
quently characterized. In order to compare the catalytic activity of
the obtained electrocatalysts a commercial 20wt.% Pt/C-Etek cata-
lyst was used as a comparative reference.

2.2. Characterization

The size of the Ag,Ptig0x nanoparticles and the morphology of
the AgPt00/C composites were characterized by high-resolution
transmission electron microscopy (HRTME) using a JEM-2010F
FEG-TEM equipment, operated at 200kV. To obtain the diffraction
pattern, a fast Fourier transform (FFT) was applied, using Digital
Micrograph software. A Rigaku X-ray diffractometer (XRD) with
Co Ka radiation (A= 1.78899 A), operated at 30 kV and 16 mA,
was employed to determine the phases present in the catalysts, as
well as their crystallite sizes. Energy dispersive X-ray spectrometry
(EDX), using a Philips XL-30 environmental scanning electron
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Figure 3. HRTEM micrographs for AgiPt oo« (a) AgosPtos/C, (b) AgeoPt10/C, (c) AggoPty/C and (d) AgeoPtso/C. The upper-left side of each
image is the diffraction pattern of the darker region for each particle and the lower-left side is the particle size distribution.

microscope (ESEM), was used to determine the chemical composi-
tion of the nanoparticles.

The catalytic activity was determined by cyclic voltammetry
(CV), using a three-electrode test cell at room temperature. A thin-
film electrode technique was used to obtain the voltammetric
curves. A 5 mm diameter glassy carbon disk held in a Teflon cylin-
der was used as the working electrode, on which a thin-layer of
Nafion-impregnated catalyst was cast. The loading of both cata-
lysts, Ag,Pti00/C and Pt/C, on the electrode was 0.64mg/cm’. A
platinum mesh was wused as the counter electrode and
Hg/Hg,S0./0.5M H,SO, (MSE = 0.680 V/NHE) as the reference
electrode. The potentials in the electrochemical experiments were
referred to NHE (normal hydrogen electrode). Electrochemical
studies were performed with a Voltalab PGZ402 potentiostat. The
electrolyte was a 0.5M H,SO, solution, prepared from deionized
water, which was degassed with ultrahigh-purity N,. The electro-
lytic solution was saturated using O, in order to study the oxygen
reduction reaction.

3. RESULTS AND DISCUSSION

The ultrasound-assisted colloidal process started with the forma-
tion of charged silver nanoparticles, which were stabilized by a
surface modifier (trisodium citrate) [13]. The negatively charged
particles of silver, attract the positive ions of the other metal, form-

ing in this way a shell of ions, which later were reduced to zero-
valent metal, M°, by the reducing agent (NaBH,). These colloidal
particles were formed with an excess of negative charge and were
adsorbed onto the surface of high porosity carbon, taking advantage
of its positively charged cavities. The positive charges of the car-
bon were generated by an acid treatment using HNO; [16]. The
ultrasonic pretreatment destroys the agglomerated carbon particles,
increasing both the available area for adsorption of the colloidal
particles and the reactive area [17]. A scheme of the synthesis proc-
ess is depicted in Fig. 1.

Fig. 1a shows the formation of the platinum shell on silver,
which consists of four stages: (1) formation of colloidal silver, (2)
attraction of Pt** positive ions to the surface of Ag nanoparticles,
(3) reduction of Pt*" ions by NaBH, to Pt°, and (4) union of Pt at-
oms on the surface of Ag. Then the nanoparticles were kept in sus-
pension by electrostatic forces generated by the negative citrate
groups (Fig. 1b) [13]. The same negative charges favored the sur-
face adsorption of functionalized carbon by acid groups produced
by the HNO; (Fig. 1c) [16].

The first characterization to elucidate the interaction between
silver and platinum was carried out by UV/Vis spectroscopy [12].
Fig. 2 shows the plasmon absorption spectra of the colloidal sus-
pensions of all the samples; it is noted that when platinum precur-
sor is added, the absorption spectrum differ from that of alone col-
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Figure 4. (a) Energy dispersive X-ray spectrometry and (b) X-ray
diffraction for the samples whose compositions were confirmed to
be AgQSPtOS/C, Agg()Pt]()/C, Aggoptzo/c and Ag60Pt40/C (C) CyCllC
voltammetry curves at a scan rate of 200mVs™, in 0.5M H,SO,
solution saturated with N.

loidal silver. The UV/Vis spectra of the Ag,Pt;0x samples show
one broad peak with an absorption decreasing in the 350-450 range
where the maximum absorption for silver is found, this change is
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Figure 5. Steady-state current-potential curves for the electrocata-
lysts: AgosPtos/C, AgooPt1o/C, AggoPtyo/C and Pt/C, at different
rotation rates, in an oxygen-saturated 0.5 M H,SO, electrolyte, at
600 rpm.

attributed to the insertion of Pt atoms into the crystal lattice of Ag
which modifies the plasmon properties [11].

Once the particles of each sample were supported on carbon, the
morphology was studied using HR-TEM. The resulting images are
shown in Fig. 3. The edge portion of each particle was darker than
the central zone, which was a consequence of a higher density of
atoms. This confirms the aim of the experimental work, in which it
was sought that Pt atoms join on the surface of silver nanoparticles
that form the core. The upper-left side of each image shows the
diffraction pattern taken from the darker region of the particle; the
patterns indicate a crystalline arrangement of atoms. The size distri-
bution diagrams using samples of 50 particles had the highest fre-
quency in the range of 6 -18 nm.

According to a semi-quantitative analysis by energy dispersive
X-ray spectroscopy (Fig. 4a) the samples composition was approxi-
mately: Ag95Pt05/C, Agg()Pt]o/C, Agg()Ptz()/C and Ag60Pt4()/C.

Characterization of the samples by X-ray diffraction (Fig. 4b)
showed a slight displacement of the characteristic peaks of silver
toward platinum positions, as the concentration of H,PtCls in-
creased. The absence of the characteristic diffraction peaks of Pt in
all the cases is a strong evidence of alloying between platinum and
silver, as it has also been observed in other studies of core-shell
systems [18, 19]. Accordingly, it is possible to argue that the core-
shell morphology of the nanoparticles was modified as a function
of the platinum precursor concentration. This is possible due to a
galvanic substitution produced by the [PtCle]> anion as has been
reported by Zhao et al [11], according to the reaction:

4Ag+[PtCl |~ - Pt+4Ag" +6C1- (1)

According to Zhao et al., the [PtClé]Q' anions attack uncovered
silver nanoparticles and excavate the silver core of Ag@Pt
nanoparticles, oxidizing Ag to Ag'. The Ag' ions produced in the
reaction are reduced again by trisodium citrate or NaBH, and the
resultant Ag® atoms are alloyed with platinum atoms deposited on
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Figure 6. Koutecky-Levich (j ' vs »™?) plot at various electrode
potentials, the density current values for all the samples were taken
at E of 0.7 V.

the surface. This process produces ring-like nanostructures (Fig. 3).
The same phenomenon has also been observed in Au-Ag systems
when HAuCl, is used as precursor [10].

The XRD patterns only showed the presence of platinum as a
displacement of the characteristic peaks of silver, but by cyclic
voltammetry it was possible to distinguish its presence due to the
high sensibility of this technique to elucidate electroactive metals
located on catalytic surfaces (Fig. 4c). The electrochemical peaks
associated to the adsorption and desorption of hydrogen (around
0.0-0.25V), the reduction of oxygen (around 0.65 V) and that of the
onset of Pt oxide formation (around 0.80V) were a strong signal to
elucidate the platinum presence. However small displacements of
the positions of the peaks were observed that can be attributed to
the effect of the incorporation of silver to Pt.

The electrochemical characterization of a catalyst deposited in a
thin-layer rotating disk electrode in 0.5M H,SO, solution led to the
determination of the catalytic activity of the synthesized materials.
From the analysis of the obtained curves (after charge transfer and
mass transport correction), applying equations (2)-(4) (see below),
the kinetic parameters of the ORR on the synthesized electrocata-
lysts were determined. Analysis results were important not only to
get information about the ORR kinetics but also about the most
probable pathway [20].

Due to the low solubility of oxygen in acidic media, the ORR
depends strongly on the hydrodynamic conditions. The ORR char-
acteristic set of polarization curves from TF-RDE measurements at
600 rpm is summarized in Fig. 5. Starting close to the open circuit
potential (E,.), and scanning the potential in cathodic direction, an
increase of currents in the mixed kinetic-diffusion control region, in
the range of -0.80 to -0.75 V/NHE for AggoPty, AgsoPtsy and Pt,
and -0.76 to -0.70V/NHE for AgysPtos and AggoPto was observed,
followed by the appearance of a diffusion-limiting currents region.
Carbon particles behavior shows an inferior activity in terms of
larger overpotential, and smaller, almost negligible under the same
electrode potential. High rotation rates accelerate oxygen to the
electrode surface and result in large currents. The overall measured
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Figure 7. Mass transfer-corrected Tafel plots for the studied elec-
trocatalysts in the region where the data fit was carried out.

oxygen reduction reaction current density, (j), at several rotating
speeds (o), under different constant potentials, can be applied to
construct Koutecky-Levich (K-L) plots, j/ versus o (Fig. 6),
based on the K-L equation:

1 1 1 1 1

—=—4—= +

j j. j, nFAKG = 0.62nFADY*v°Cy0"?
Where j, is the kinetic current density, j, is the diffusion-limiting
current density, n is the overall number of transferred electrons, F'
is the Faraday constant (96500 C mol™), k is the rate constant for
oxygen reduction, Cy is the saturated O, concentration in the elec-
trolyte, D, is the diffusion coefficient of O,, and v is the kinetic
viscosity of the solution. The number of electrons involved in the
ORR is determined from the slope of the K-L curves. In this case ®
is represented in rpm given by o =2z f/60. The effect of the oxygen
diffusion through the Nafion film is significant only when the elec-
trode is covered with a thick film and can be neglected in the pre-
sent study since the amount of Nafion in the prepared catalyst is
sufficiently small. The experimental values obtained from Fig. 6 is
in agreement with the theoretical value calculated for the four-
electron transfer processes, using literature data for oxygen solubil-
ity, Cy ( Cp=1.1 x 10 mol em™), oxygen diffusivity D ( Dy =1.4 x
10°cm?s™), and kinetic viscosity of the electrolyte, v (v =1 x 10"
Zem®s ™ [21].

Equation 2 allows to predict if the ORR follows the pathway of
peroxide formation (n=2¢") or a multielectron path (n=4¢") for wa-
ter formation, which is the case for the synthesized nanocatalysts of
this research. From these results, we suggest that oxygen reduction
may proceed via the overall four-electron transfer reaction to water
formation, i.e., O,+4H +4e—2H,0. This means that the pathway
toward peroxide formation is less favorable than water formation.
The catalytic activity of the bimetallic nanomaterial can be
measured in terms of the electrochemical kinetic parameters
deduced from the mass transfer-corrected Tafel slopes [22].
Fig. 7 shows Tafel plot, using the data of Fig. 5, previously

2
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corrected to give the kinetic current density, j; determined
using the equation:

Jp =" 3)

where j and j; are the overall and diffusion-limiting current den-
sities described above. The basis of the potential dependence of the
electrochemical reaction rates, expressed as kinetic current density,
is the Tafel equation, n, = a + b log j, where b is the so-called Tafel
slope, conventionally written in the form of the following equation:

dE " naF

where n and o are the number of electrons transferred and the
charge transfer coefficient, respectively, and b is one of the most
frequently used diagnostic criteria in the elucidation of the electro-
chemical reaction mechanism. It is well known that the rate of the
ORR is directly related to the exchange current density, j, and
exponentially related to b. Table 1 summarized the kinetic parame-
ters deduced from the Tafel equation and reported for the same
cathodic reaction on nanometric Ag,Pt;ox and Pt, both obtained by
our group of research in similar conditions and used for compari-
son. The Tafel parameters were in agreement with those reported
for platinum in 0.5 M H,SOy [23]. The exchange current density,
Jjo was determined by extrapolation of the linear Tafel region to the
reversible potential.

From an analysis of the exchange current density of Table 1 it
can be seen that platinum is the material with the best catalytic
activity, however the activity of the Ag,Pt;(./C catalysts is close to
Pt/C despite the smaller mass of the platinum-containing catalysts.
Even though there is not enough information to give a detailed
explanation for certain changes in the electronic structure of plati-
num generated by the presence of silver as core, it is notorious that
a small amount of platinum inside the Ag structure modifies the
electrochemical behavior of Ag. Moreover, it can be observed that
the studied materials had a Tafel slope, b, in or near the range of
0.060-0.120 V/dec, which is characteristic of the ORR mechanism
where the rate determining step is the first electron transfer to oxy-
gen adsorbed on the catalyst surface [24]. Results reveal that these
materials could be considered as strong candidates to be used as
cathodes for PEM fuel cells. The characterization of the membrane
electrode assembles (MEA’s) are in processing. Those results will
be a strong indicator for determining if the material can be used in
practical applications.

b:—%——23£ (4)

4. CONCLUSIONS

Ag,Pt)00/C colloidal nanostructured catalysts with activity for
the ORR were prepared by sequential reduction of AgNO;and
H,PtClg, using an ultrasound-assisted colloidal method. Results of
the physical characterization showed ring-like morphology with
size distribution in the range of 6-16 nm for each sample. The sin-
gular morphology was attributed to the galvanic substitution pro-
duced by [PtCl]* anions as it was reported by Zhao[11]. The ORR
favored a multielectronic path (n=4e’) for water formation with
catalytic activity towards the ORR similar to polycrystalline plati-
num. This activity was inferred from the electrochemical kinetic
parameters, which correspond to the exchange current density,
charge transfer coefficient and Tafel slope. So these materials are
good candidates to be used as cathodes for PEM fuel cells.
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