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studied using the thin-film rotating disk electrode (RDE) technique. The physical properties of the Pt—-Ru
nanoparticles in the electrocatalyst were previously determined by transmission electron microscopy
(TEM), high resolution TEM, fast Fourier transform (FFT), electron diffraction and X-ray diffraction (XRD).
The corresponding compositional and size-shape analyses indicated that nanoparticles generally pre-
sented a 3D cubo-octahedral morphology with about 26 at.% Ru in the lattice positions of the face-centred
cubic structure of Pt. The kinetics for HOR was studied in a hydrogen-saturated 0.5M H,SO4 solution
using thin-film electrodes prepared by depositing an ink of the electrocatalyst with different Nafion
contents in a one-step process on a glassy carbon electrode. A maximum electrochemically active sur-
face area (ECSA) of 119m? gPt~! was found for an optimum Nafion composition of the film of about
35 wt.%. The kinetic current density in the absence of mass transfer effects was 21 mA cm~2. A Tafel slope
of 26 mVdec!, independent of the rotation rate and Nafion content, was always obtained, evidencing
that HOR behaves reversibly. The exchange current density referred to the ECSA of the Pt-Ru nanopar-
ticles was 0.17 mA cm~2, a similar value to that previously found for analogous inks containing pure Pt
nanoparticles.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) have been the object of
extensive research in the last years because of their potential and
environmentally friendly portable and transport applications [1].
The most common fuel in PEFCs apart from methanol is hydrogen,
which is oxidized in the anode from reaction (1):

Hy — 2H* 4+ 2e~ (1)

Highly dispersed pure metal or alloy nanoparticles on carbon have
shown good electrocatalytic performance as anodes for the above
hydrogen oxidation reaction (HOR). One of the most widely used
electrocatalysts is the Pt—-Ru alloy, because of its large tolerance
to carbon monoxide present in the hydrogen fuel coming from
oil reforming. This behavior has been explained by two alterna-
tive ways: (i) through the so-called bifunctional mechanism [2],
which presupposes that CO poisoning the active sites of the Pt cat-
alystis converted into CO, with participation of oxygenated species
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adsorbed on Ru, as expressed by reaction (2):
Pt-CO + Ru-OH — Pt + Ru + CO; +H" +e~ (2)

and/or (ii) by the electronic effect produced by alloyed Ru on CO-
poisoned Pt atoms yielding a weakening of the Pt-CO bond that
enhances its oxidation to CO; [3,4].

Several innovative syntheses of Pt-Ru nanoparticles with
excellent electrocatalytic properties (particle size, dispersion, com-
position, etc.) for PEFCs have been proposed from microemulsion
|5,6], colloidal [7,8], impregnation [9,10] and polyol [11] meth-
ods. Carbonaceous materials in the form of carbon nanotubes [12],
carbon nanofibers [13], mesoporous carbon [14,15] and graphitic
carbon [16] have also been recently reported as support of Pt-Ru
nanoparticles. Nevertheless, partially crystalline Vulcan XC-72 car-
bon is currently employed as substrate of highly dispersed metal
nanoparticles in commercial electrocatalysts [17].

A large number of papers have been published dealing with the
structure of different unsupported and carbon-supported Pt and
Pt-Ru nanoparticles and/or their electrocatalytic activity on HOR
[18-40]. The kinetic parameters are usually determined by rotating
disk electrode (RDE) voltammetry using an ink of the electrocat-
alyst deposited on a glassy carbon electrode [27]. Most inks are
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prepared in a two-step process involving the direct deposition of
the electrocatalyst on the electrode surface from aqueous slurry,
followed by the coating of this layer with an appropriate amount
of Nafion. The use of two-step depositions for Pt black and carbon-
supported Pt electrocatalysts, for example, showed that the mass
transport effects through the Nafion film on the kinetics of HOR can
be avoided when its thickness is lower than 0.5 pwm [20,23,27].

However, the technical electrodes are in general membrane-
electrode assemblies (MEAs) prepared by deposition of the catalyst
ink in one step [41-46], suggesting that the one-step deposi-
tion on glassy carbon (GC) electrodes can be viewed as a good
approach to study the properties of the technical systems [40].
The suitable relative amounts of Nafion in the catalyst layers
of different MEAs have been determined for carbon-supported
Pt, with values in the range 30-50wt.%, depending to a certain
extent on the metal loading. The poorer performance for Nafion
contents smaller than 30 wt.% has been explained by the limited
proton conductivity and the incomplete wetting of catalyst by the
ionomer [43,45], whereas for contents higher than 50 wt.%, the
process becomes diffusion-controlled because the pore diameter
decreases [42,44-46]. Maximum electrochemically active surface
areas (ECSAs) for 30-40 wt.% Nafion, in agreement with these quan-
tities, have been obtained by us using the one-step deposition
technique of carbon-supported Pt catalysts on GC electrodes [40].
With Pt-Ru catalysts, the interest is mainly devoted to methanol
fuel [47,48], with optimum Nafion contents in the MEAs also sim-
ilar, about 25-33 wt.%, slightly increasing its performance from
15wt.%.

In this paper, the structural and electrochemical char-
acterization of a novel high performance (HP) commercial
carbon-supported Pt-Ru electrocatalyst has been carried out. The
structural properties have been determined by means of trans-
mission electron microscopy (TEM), high resolution (HR) TEM,
fast Fourier transform (FFT), electron diffraction and X-ray diffrac-
tion (XRD). As a result, the size, shape, and composition of Pt-Ru
nanoparticles, as well as their dispersion over the carbon support,
have been obtained. The electrochemical performance has been
studied using the thin-film RDE technique with electrodes prepared
by one-step deposition of electrocatalyst-Nafion inks on GC, eval-
uating the influence of the ionomer content in the film. The ECSAs
of the different samples and the CO tolerance of the electrocat-
alyst have been measured by CO stripping voltammetry in 0.5M
H,S04. Finally, the reversibility and kinetic parameters of HOR in
the catalyst have been determined in the Hy-saturated solution.
Tafel slopes, the kinetic current density in the absence of mass
transfer effects related to the Nafion film thickness (j,), and the
exchange current density of HOR, have been obtained. We expect
that the present results will serve as reference values to be com-
pared with those obtained using new catalysts prepared with the
same purpose.

2. Experimental
2.1. Materials and reagents

HP 20wt.% 1:1 Pt-Ru alloy on Vulcan XC-72 carbon black
(Pt-Ru/C electrocatalyst, actual analysis giving 19.9 wt.% Pt-Ru)
and unsupported HP 1:1 Pt-Ru nanoparticles, used for comparison
purposes, were purchased from E-Tek. The ionomer was a 5wt.%
solution of Nafion perfluorinated ion-exchange resin in a mixture of
aliphatic low molecular weight alcohols (isopropanol:n-propanol
in weight ratio 55:45) and water (15-25wt.% in the mixture),
supplied by Aldrich. Glassy carbon disk electrodes of 0.071 cm? geo-
metric surface area were provided by Metrohm. Analytical grade
96 wt.% H,SO4 from Merck was used to prepare 0.5 M H,SO,4 as the

electrolyte for the electrochemical experiments. All solutions were
prepared with high-purity water obtained with a Millipore Milli-
Q system (resistivity > 18 M2 cm). H, and Ar gases were Linde 5.0
(purity > 99.999%), while CO gas was Linde 3.0 (purity > 99.9%).

2.2. Physical characterization of the Pt—Ru/C electrocatalyst

The size distribution, dispersion, crystallographic phases and
morphologic quantification of the Pt-Ru nanoparticles from sup-
ported electrocatalyst were analyzed by TEM and HRTEM using a
JEOL JEM 2010F TEM 200 KV, which allowed obtaining the corre-
sponding images and the electron diffraction pattern. The samples
were prepared by placing a drop of a suspension obtained by ultra-
sonic dispersion of 0.5 mg of the Pt—-Ru/C electrocatalyst in 3 ml of
n-hexane for 10 min, over a holley-carbon copper grid and evapo-
rating the solvent until total drying using a 40 W lamp for 15 min.
TEM and HRTEM images were recorded with a Gatan MultiScan
794 CCD camera. Gatan Digital Micrograph 3.7.0 software was used
for the digital treatment of images and analysis of selected areas
of interest by FFT. Crystallographic data obtained from electron
diffraction pattern and FFT were contrasted with CaRIne Cristal-
lography 3.1 and PCPDFWIN 2.3 software, respectively.

XRD patterns of the supported and unsupported electrocatalyst
were obtained using a PANAlytical X'Pert PRO Alpha-1 diffrac-
tometer equipped with a Cu Ka radiation (A=0.15406 nm). The
samples were placed on a Si-Xtal support and the 20 angle var-
ied between 10° and 140°. Experimental diffraction patterns were
modeled using a WinPLOTR 2008 sofware to fit the correspond-
ing diffraction signals to individual peaks in order to calculate the
exact value for 26 peak angle and the width at half-height (FWHM),
as well as the mean size of the nanoparticles.

2.3. Electrochemical experiments

Aqueous inks of electrocatalyst concentration between 2.5 and
10mgml-! were prepared by sonicating different proportions of
Pt-Ru/C electrocatalyst, Millipore Milli-Q water and ionomer solu-
tion for 45 min. The Nafion composition in the inks were in the
range 0-80 wt.%. About 2.5-5.0 .l of each ink were then deposited
with a digital micropipette, Labopette Variabel from Hirschmann or
Witopet from Witeg, on the surface of the GC disk electrode and its
weight was carefully measured with an accuracy of £0.01 mg using
an AG 245 Mettler-Toledo analytical balance. Afterwards, the pre-
pared electrode was dried at room temperature for 24 h in a clean
atmosphere of a dessicator. Deposited volumes of inks and electro-
catalyst concentrations were chosen to obtain Pt loads on the GC
surface in the range 3-40 pgcm~2. Prior to the one-step deposi-
tion, the GC tip was consecutively polished with aluminum oxide
pastes of 0.3 and 0.05 pm (Buehler Micropolish Il deagglomerated
a-alumina and vy-alumina, respectively) on a Buehler PSA-backed
White Felt polishing cloth until achieving a mirror finish, being
rinsed with Millipore Milli-Q water in an ultrasonic bath between
polishing steps.

The compositional homogeneity and covered area of the
Pt-Ru/C-Nafion ink over the GC electrode were studied by X-Ray
Fluorescence (XRF) spectroscopy using a Fisher X-Ray System XDAL
spectrometer, as previously described [40]. Elemental composition
data obtained through XRF measurements of different areas of the
inks were only used for qualitatively comparison between spec-
tra and not for the determination of alloy composition. Inks with
heterogeneous composition were ruled out for electrochemical
experiments. XRF images were analyzed with Digital Micrograph
3.7.0 software to calculate the real coverage of the GC surface, which
attained values over 90% in most cases.

Although in the one-step technique the catalyst is embedded in
the Nafion film, we used an apparent Nafion thickness (L, in cm) in
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each ink as a measure of the ionomer content (apart from the mass
fraction), which was calculated from Eq. (3):
XNfWink

: PnfAccbce 3
where Xyrdenotes the mass fraction of Nafion in the ink suspension,
Wink is the mass of deposited ink (g), onr is the density of Nafion
(1.98 gcm~3 [20]), Acc is the geometrical area of the GC surface
(cm?) and O¢c is its coverage by the Pt-Ru/C — Nafion ink measured
from XRF images. Values of L between 0.03 and 5.0 wum were found
for the different inks tested.

Electrochemical trials were performed with a conventional
thermostated double wall three-electrode cylindrical glass cell
from Metrohm of 200 ml capacity. The reference electrode was a
Metrohm double junction Ag|AgCl|KCl (saturated) electrode and
the counter electrode was a 3.78 cm? Pt bar. All potentials given
in this work are referred to the RHE in the working electrolyte. All
experiments were conducted at 25.0 + 0.1 °C by water circulation
through the double wall of the cell using a Julabo MP-5 thermostat.
Each GC electrode covered with a Pt—-Ru/C-Nafion ink was coupled
to an Ecochemie Autolab RDE to be used as the working electrode.
To evaluate its surface condition, characteristic cyclic voltammo-
grams were recorded between 0.02 and 0.98V in 0.5M H,S0, at
decreasing scan rates of 100, 50 and 20 mV s~ using an Ecochemie
Autolab PGSTAT100 potentiostat—-galvanostat with computerized
control by an Autolab GPES software. After the electrode prepa-
ration, 15 cyclic voltammograms at 100mVs~! and 15 more at
50mVs~! were performed to assure the electrode cleanness. For
these measurements, the electrolyte was previously deareated by
sparging Ar gas for 30 min and an Ar flow was kept over it during
the potential cycling. Such cyclic voltammograms were in general
practically quasistationary after the second scan. Cyclic voltam-
mograms for CO stripping under Ar atmosphere were made under
similar conditions at 20 mV s~ 1. Before beginning these trials, pure
CO was bubbled through the solution for at least 15 min main-
taining the electrode potential at 0.01V to assure the complete
adsorption of CO on its surface and the excess of this gas was fur-
ther removed by sparging Ar for 30 min. The charge involved in CO
oxidation was obtained as a function of the Pt load by the corre-
sponding application of the GPES software, thus determining the
ECSA of Pt-Ru nanoparticles in the electrocatalyst.

The HOR on the Pt-Ru/C-Nafion electrodes was studied in a H,-
saturated 0.5M H;SO4 solution. This gas was previously sparged
for 30 min and kept over the electrolyte during the experiments.
RDE voltammograms between 0.00 and 0.40V at a scan rate of
5mVs~! were obtained at increasing rotation rates (w) from 400
to 3600 rpm. CO stripping voltammograms performed after these
RDE experiments led to the same ECSAs as those obtained before,
thus showing that there were not Pt-Ru/C-Nafion losses from the
electrode during rotation.

3. Results and discussion
3.1. TEM and HRTEM analysis

TEM and HRTEM images for the Pt-Ru/C electrocatalyst are
shown in Fig. 1a and b, respectively. They reveal the presence
of metal nanoparticles on the surface of the Vulcan carbon black
support. The examination of 115 nanoparticles showed a size dis-
tribution between 1.5 and 5.5 nm, with an average value of 3.1 nm.

The HRTEM images were also utilized to determine the two-
dimensional projection areas of Pt-Ru nanoparticles to clarify
their shape. These areas were also evaluated for more than 100
nanoparticles by means of a digital contrast treatment that allowed
differentiating between them and the carbon support. Fig. 2
presents the measured area of the nanoparticles in front of the cor-

Fig. 1. (a) TEM and (b) HRTEM images of the HP 20 wt.% 1:1 Pt-Ru/C Vulcan XC-72
electrocatalyst. The inset in plot (b) shows the details of a Pt-Ru nanoparticle.
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Fig. 2. Variation of the projected two-dimensional area of Pt-Ru nanoparticles with
their size. The theoretical relationships for elliptical (eccentricity equal to 0.85),
square, hexagonal and circular shapes are also represented (38, 34, 23, and 5%
approached the square, hexagonal, elliptical and spherical form, respectively).



A. Veldzquez et al. / Journal of Power Sources 195 (2010) 710-719 713

responding size, along with the theoretically expected relationship
for elliptical, square, hexagonal and circular geometries. A predom-
inance of projections with two-dimensional hexagonal (34%) and
square (38%) geometries can be observed, which are fully compat-
ible with a three-dimensional cubo-octahedral shape. This finding
is of special interest because several works have been recently
published dealing with the relation between the nanoparticle mor-
phology and its corresponding electrocatalyst performance as fuel
cell components [35,36,38]. The cubo-octahedral configuration
comprises both (100) and (11 1) surface planes and is more stable
than other morphologies such as octahedral, tetrahedral or cubic
[24,28,37], then being a more useful structure for the preparation
of long-term anodes for PEFCs.

Techniques coupled to TEM were employed to study the com-
position of the observed nanoparticles. Fig. 3a depicts the electron
diffraction pattern from a global image of the Pt-Ru/C electrocat-
alyst. Signal 2 was related to the group of (111) planes of the
face-centred cubic (FCC) structure of platinum, with an interpla-
nar distance of d=0.2246 nm. In contrast, signals 1 and 3 were
tentatively assigned to certain oxides of platinum such as Pt304

Fig. 3. (a) Electron diffraction pattern of the HP 20wt.% 1:1 Pt-Ru/C Vulcan XC-
72 electrocatalyst, showing the diffraction signals 1-3 related to Pt and PtOy (see
the text). (b) FFT analysis of the nanoparticle of the inset, the points 1-6 being
compatible with PtOy species.

(d=0.3949 nm for (11 0) planes) and PtO; (d=0.1270 nm for (0 1 2)
planes), respectively. As shown in Fig. 3b, the FFT analyses of
HRTEM images of the nanoparticles were also in agreement with
the presence of PtOx oxides, the points 1 and 2 being compat-
ible with Pt304 (d=0.2454nm for (012) planes), 3 and 4 with
PtO, (d=0.2102 nm for (002) planes), and 5 and 6 also with PtO,
(d=0.2529 for (01 1) planes). However, crystalline structures of Ru
or RuO, were not found.

The dispersion of Pt-Ru nanoparticles over the carbon sup-
port was quantitatively evaluated through statistical analysis of a
selected area of a TEM image considered as representative of the
electrocatalyst surface. The method is based on the evaluation of
the dispersion of tracer particles in an internally circulating flu-
idized bed [49] and was proposed by us in our previous study on
Pt nanoparticles over the same Vulcan carbon black [40]. It con-
sists in drawing of a grid with 4 x 4 square cells over a sample
image containing at least 50 nanoparticles, making the calcula-
tion of the average number of nanoparticles per cell (N ) and
the corresponding standard deviation of the total distribution of
nanoparticles in the grid (SD). The homogeneity factor (H) is then
defined from Eq. (4):

SD
H=(1—N

cell

) « 100 (4)

which presupposes that the maximum homogeneity of 100% is
attained when SD = 0. For the Pt-Ru/C electrocatalyst, H=62% was
obtained, a value similar to 57% determined previously by us for the
Pt/C one [40], indicating the existence of an analogous dispersion of
Pt-Ru or pure Pt nanoparticles over the Vulcan XC-72 carbon black.

3.2. XRD analysis

The X-ray diffractogram shown in Fig. 4a displays the typical
peaks of the Pt FCC structure. The peak at 260~ 25° corresponds to
the (002) planes of the carbon support. For comparison, Fig. 4b
depicts the XRD pattern of unsupported HP 1:1 Pt-Ru nanoparti-
cles, which exhibits the same diffraction peaks as the supported
electrocatalyst except, obviously, the carbon signal. A shift of all
peaks to higher 20 values compared to pure Pt was always found
owing to the incorporation of Ru into the Pt structure, resulting
in the contraction of the unit cell. For example, the (11 1) peak for
pure Pt appears at 39.89°, whereas for Pt-Ru/Citis located at 40.22°.
The lattice parameter for the Pt—Ru unit cell was ap;_gy = 0.3844 nm,
as determined by Eq. (5) from the corresponding interplanar dis-
tances (dj ;) obtained for the different diffraction peaks of Miller
index (hkl):

Apt—Ru (5)
h? + k2 + 12

dpy =

The well-known Vegard’s law was then applied to estimate the
nanoparticle composition. It relates the lattice parameter ap;_g, of
the Pt—-Ru FCC structure with the alloy degree of Ru (Xgr,, between
0and 1) by Eq. (6) [31]:

Ape—ru = apr — 0.0149Xgy (6)

where ap; is the lattice parameter of pure Pt (0.3923 nm). A value
of Xgy=0.26 was obtained, which is significantly lower than the
nominal 0.50 atomic composition. Since no signals were detected
for the Ru hexagonal structure neither by electronic diffraction nor
XRD, one can assume that most likely part of Ru may be either in
the form of amorphous Ru or RuO,, or incorporated into platinum
oxidized phases forming mixed oxides of Pt and Ru.
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Fig. 4. Experimental and fitted XRD pattern for: (a) HP 20 wt.% 1:1 Pt-Ru/C Vulcan
XC-72 electrocatalyst and (b) unsupported Pt—-Ru nanoparticles.

On the other hand, the average nanoparticle size (d) was deter-
mined from the Debye-Scherrer Eq. (7) [39]:

_ ka
" Bypcosf

(7

where k=0.9, A is the wavelength of the Cu Ko radiation, 6 is the
angle at the maximum of the peak and B,y is the width of the cor-
responding FWHM. A d-value of 2.6 nm was obtained for the Pt-Ru
nanoparticles, slightly lower than 3.1 nm found from TEM analysis.
However, the d-value thus determined by XRD is affected by the lat-
tice strainin Pt-Ru nanoparticles, e.g., dislocations or vacancies. The
Williamson-Hall analysis [50,51] was then used to correct the con-
tribution of nanocrystal stress to the size measured. Three different
approaches of the Williamson-Hall model were checked. The first
approach assumes the existence of a 3D-uniform deformation or
isotropic microstrain (¢) that allows calculating the corresponding
nanoparticle size D from Eq. (8):

By cosf = % +4¢esinf (8)

The other two Williamson-Hall approaches are more realistic since
they include the effect of the anisotropy of the Young’s modulus (E).
The so-called uniform deformation stress model replaces ¢ in Eq.
(8) by the anisotropic microstain &y ; (=0/Ep ;) to give Eq. (9):
kA  4osin6
ByycosO = — + ———— 9)
2 D Enki

where D’ represents the nanoparticle size, o is the uniform defor-
mation stress and Epy; is the Young's modulus in the normal
direction to the corresponding plane of Miller index (hk!). For a
cubic crystal, Ep,; is calculated as a function of the elastic compli-

ances s11, S12 and s44 by means of Eq. (10):
k212 + 2h2 + h2k2
(h? + k2 + 2)

To apply Eq. (10), we take the values related to the face-centred
cubic (FCC) platinum, ie., s;1=7.35TPa~!, s44=13.1TPa~! and
s12=—3.08 TPa~! [52], as acceptable elastic compliances. The third
Williamson-Hall approach is the so-called uniform deformation
energy density model and considers the Hooke’s law to define a
uniform deformation energy density or resilience (u) by Eq. (11),
which can be expressed as Eq. (12) in the elastic range &j, ;=0 /Ep1:

Epgr =11 — (2511 — 2512 — S44) (10)

&2 E
hki1=hkl
— _hkIZAxE 11
u 5 (11)
1/2
o _ ( 2u ) (12)
Ehri Ehki

From these considerations, the Williamson-Hall equation can be
written as Eq. (13):

1/2
4(2i) sinf (13)
Ehki

where D” is the corresponding nanoparticle size.

The average sizes of the Pt-Ru nanoparticles associated with
Egs. (8), (9) and (13) for the above Williamson-Hall approaches
were calculated from the plots of Bygcosf with 4sin6 for the

uniform deformation model (Fig. 5a), 4sin«91:",;,}l for the uni-

form deformation stress model and 25/2 sin GE,:,:F for the uniform
deformation energy density model (Fig. 5b). From these linear
representations, quite similar values of D=3.6 nm, D’ =3.5 nm and
D”=3.5nm were obtained. The two latter models incorporating
anisotropic factors then provide an average size which compares to
3.1 nm, the mean value measured from TEM images, indicating the
existence of dislocations and others defects in the Pt—-Ru nanopar-
ticles. Note however that more precise values are expected from
XRD measurements because much greater amount of particles is
examined at the same time.

Finally, the specific area normalized by mass of
platinum-ruthenium alloy (Spi_gy) or by platinum load (Sp¢)
was determined by considering the average nanoparticle size
(measured by TEM or calculated by the three Williamson-Hall
approaches tested from XRD data) with the assumption of a
spherical structure. The results for the specific areas obtained are
collected in Table 1. Using the alloy composition data, the corre-
sponding density of Pt-Ru nanoparticles (0,)10y) Was calculated
from Eq. (14):

Palloy = PRu XRu + opt (1 — XRu) (14)

Taking the fraction of Ru in the alloy (Xgy,=0.26) and the den-
sity of the pure platinum and ruthenium as pp;=21.47 gcm~3 and
Pru =12.37 gcm=3 [53], one obtains ey = 19.02gcm=3.

Table 1
Morphological properties of Pt—-Ru nanoparticles in the electrocatalyst, as deter-
mined by different methods.

Method Particle Spery (M2g 1)@ Spe (m2g-1)°  ECSA/Spc (%)°
size (nm)

TEM 3.1 101 155 77

XRD, uniform, & 3.6 88 133 89

XRD, uniform, o 3.5 90 136 88

XRD, uniform,u 3.5 90 136 88

a Specific area normalized by mass of Pt-Ru alloy.

b Specific area normalized by Pt mass.

¢ Per cent ratio between the maximum ECSA (measured by CO stripping for cat-
alyst inks with 35 & 5 wt.% Nafion) and specific area normalized by Pt mass.
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3.3. Study of the electrocatalyst surface and CO stripping by cyclic
voltammetry

Curve a of Fig. 6 shows a cyclic voltammogram recorded for
the Pt-Ru/C-Nafion ink on GC in deareated 0.5 M H;SO4 solution.
The upper limit of the scan was fixed at less of 1V to prevent the
loss of any Ru species by dissolution. The hydrogen monoatomic
adsorption/desorption peaks appearing in the potential range of
0.01-0.20V are very small, with charges much lower than those
obtained for similar Pt/C-Nafion inks [40]. This inhibition can be
accounted for by the presence of a large proportion of Ru on the
nanoparticle surface. Since the exchange current density for HOR
on Ru is about 0.003 Acm~2 [19], much smaller than the value of
0.3Acm™2 for Pt [19], one can suppose, as previously suggested,
that Ru does not participate in the hydrogen adsorption/desorption
processes, which then becomes less favorable [33,34].

Other notable difference between the typical cyclic voltam-
mograms for Pt—-Ru/C-Nafion and Pt/C-Nafion inks on GC is the
presence of a relatively high background current in the former,
as can be observed in curve a of Fig. 6. This phenomenon is gen-
erally attributed to the discharge of water on Ru atoms to form
hydroxylated species [2] by reaction (15):

Ru + H,0 — Ru-OH + H* +e~ (15)

The wide cathodic peak that appears at about 0.5V can thus be
assigned to the reduction of metal oxides formed in the anodic scan.
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002

I/ mA
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0,04 I I I I
0.0 0.2 0.4 06 0.8 1.0

E/V vs. RHE

Fig. 6. Cyclic voltammograms recorded (a) in the absence of CO and (b) for the
oxidation of adsorbed CO on an ink of HP 20 wt.% 1:1 Pt-Ru/C Vulcan XC-72 electro-
catalyst (load of 33 g Pt cm~2) with 30 wt.% Nafion deposited on a GC disk electrode,
in 0.5 M H,S04 at a scan rate of 20mV s~! and 25.0 °C. In the latter case, CO was pre-
viously adsorbed at 0.01 V. The baseline c taken to define the CO stripping charge is
also shown.

This potential is lower than 0.76 V found for pure Pt electrocata-
lyst [40] and it can be associated with the slower kinetics of oxide
reduction. Note that the cyclic voltammogram reported in curve a
of Fig. 6 was not altered after many repetitive scans, evidencing a
large electrocatalyst stability since it is expected that the loss of
Ru would produce a shift of the cathodic peak potential to a value
closer to that of Pt [10].

As can be seen in curve b of Fig. 6, the anodic peak potential
for the oxidation of CO to CO5 is close to 0.5V, which is much less
positive than that found for Pt/C-Nafion electrodes operating under
similar conditions [2-4,40], confirming the higher CO tolerance of
the Pt-Ru alloy.

The charge related to the CO oxidation on different Pt loads
in the electrocatalyst-Nafion ink was calculated by integrating the
corresponding peak current in the cyclic voltammogram between
0.40 and 0.80V and subtracting the baseline c shown in Fig. 6. Sub-
tracting curve a in the CO stripping peak region does not appear
adequate here because curve b does not retrace curve a near the
beginning of CO stripping. CO appears to block Ru sites, thus avoid-
ing Ru oxidation up to the beginning of CO oxidation (about 0.4V)
[2]. From these data, the ECSA of the Pt-Ru nanoparticles in the
electrocatalyst was calculated assuming a charge of 420 u.C cm—2
for the oxidation of a CO monolayer normalized by the Pt load [30].
Note that no CO oxidation was detected in a second anodic scan
and that repetitive cycles allowed recovering the electrocatalytic
activity for the hydrogen adsorption/desorption processes.

As can be seen in Fig. 7a, catalyst inks with Nafion contents in
the range 35+ 15 wt.% show the highest ECSAs, whereas amounts
out of this range lead to smaller values. The highest value is about
15m? g Pt~ higher than that obtained for 70 wt.% Nafion, which is
a comparable increment to that obtained with the 20 wt.% Pt/C Vul-
can XC-72 catalyst studied before (increase from 60 to 73 m2 gPt~1)
[40]. The presence of a maximum in Fig. 7a can then be explained as
indicated above. Fig. 7b shows the good linear correlation obtained
between the charge of CO stripping and overall Pt mass deposited
on the GC electrode for catalyst inks with 35+ 5 wt.% Nafion. The
slope obtained was 0.498 mC wgPt~!, which corresponds to an
average ECSA of 119 m2 g Pt~1. The last column of Table 1 gives the
per cent ratio between the average ECSA value of 119m2 gPt~! and
the specific area normalized by Pt mass, either measured by TEM
or calculated from the three Williamson-Hall approaches applied
to the XRD data. We assume that the latter methods are more pre-
cise because XRD measurements use a much bigger amount of each
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Fig. 7. (a) The dependence of the electrochemically active surface area (ECSA)
of Pt-Ru, measured from CO stripping, referred to an overall Pt content of
2545 pugPtcm~2, on the Nafion content of the catalyst ink. (b) The charge of CO
stripping as a function of the overall Pt load in the catalyst ink containing 35 £ 5 wt.%
Nafion.

sample. The high ECSA/Sp; value found in all cases indicates that a
great part of the nanoparticle surface becomes electroactive. Note,
however, that the real stoichiometry of the CO-Pt adsorption is still
under discussion and the discrepancy between stripping and XRD
measurements may be explained, at least partially, by the lack of a
precise knowledge of this stoichiometry. In addition, nanoparticle
surface area losses due to its contact with the carbon support and
agglomeration of nanoparticles may also play a role.

3.4. Electrocatalytic performance for HOR

Thin-film RDE experiments for HOR on Pt-Ru/C-Nafion inks
deposited in one step on GC disk electrodes were carried out
in a Hy-saturated 0.5M H,SO4 solution using different Pt loads
and ionomer contents. As an example, Fig. 8 presents the hydro-
dynamic anodic voltammograms recorded for an ink containing
13 pgPtcm—2 and 69 wt.% Nafion, which show increasing limiting
current density (j;) as w raises from 400 to 3600 rpm. For more
clarity, the corresponding cathodic waves are not plotted in this
figure.

To interpret the RDE data obtained for one-step inks, a similar
analytical methodology to that applied for a two-step deposition
was utilized, since analogous structural model of the components
in both kinds of inks can be assumed. The j; value for HOR in a given
RDE experiment can then be related by means of Eq. (16) to the
following three contributions [27]: (i) the kinetic current density
Jjk; (ii) the boundary-layer diffusion-limiting current density (jg),

3.00 T T T T T T T T
250 3600 rppm |
2500 rpm
. 200 -
£ 1600 rpm
“
<«
E 130 900 rpm 7]
™~
1.00 400 rpm  —
0.50 -
0.00 | | | I | | | |
0 50 100 150 200 250 300 350 400 450

E/ mV vs. RHE

Fig. 8. Hydrodynamic voltammograms for hydrogen oxidation reactions (HOR) on
anink of HP20 wt.% 1:1 Pt-Ru/C Vulcan XC-72 electrocatalyst (load of 13 g Pt cm~2)
with 69 wt.% Nafion deposited on a GC disk electrode, in a hydrogen-saturated 0.5 M
H,S04 solution (after H, bubbling for 30 min) at different rotation rates. Scan rate
5mVst.

which depends on the mass transport properties in the electrolyte,
and (iii) the film diffusion-limiting current density (js) controlled
by the diffusion of H, through Nafion:

1 1 1 1

JuoJk Jd o Jf

The j,; term corresponds to the Levich Eq. (17):
ja = 0.62nFD?/3y=1/6Cyw!/2 = BCyw!/? (17)

where n is the number of electrons involved in the oxidation
reaction, F is Faraday constant (96,498 Cmol-1), D is the dif-
fusion coefficient of the reactant (cm?s-1!), v is the kinematic
viscosity of the electrolyte (cm?s-1'), Cy is the H, concen-
tration in the solution (equal to its solubility, in M) and w
is the rotation speed (rpm). For 0.5M H,SO04 at 25°C, the
theoretical value of BCy is 6.52 x 102mAcm~2rpm~'/2 con-
sidering n=2, D=3.7x10">cm2s~1, v=1.07 x 102 cm?s~! and
Co=7.14x 1074 M[19].

On the other hand, j can be written as:

nFCfo

JF= L

(18)

where C; and Dy are the solubility and diffusion coefficients of H,
in the Nafion film and L is its thickness.
Introducing Eqs. (17) and (18) into Eq. (16), one obtains:

1 1 1 1

— =+ +
JL Jk BCoa)1/2 nFCfoL”

(19)

Eq. (19) expresses thatj;1 is a linear function of w=1/2, with a slope
equal to 1/BCy and a Y-axis intercept (Yy) given by Eq. (20):
1 1

Yo = 5 T nrG DL (20)
This equation presupposes that Y51 tends to j, when the film thick-
ness is sufficiently small. In this way, the kinetic parameters for
HOR can be obtained from the corresponding plots oij‘l vs. w112
(Levich-Koutecky diagram) and Y, Tys.L=1or Yy vs. L.

For one-step deposition as in the present work, the value of L is
not known, because it is assumed that the catalyst is well dispersed
in Nafion. However, thej; ' vs.w~"/2 plots for the different apparent
Nafion thicknesses calculated from Eq. (3) were always linear, with
a similar slope of (6.5+0.5) x 102 mA cm~2 rpm~1/2, in excellent
agreement with the theoretical value of BCy. Fig. 9 exemplifies the
characteristic Levich-Koutecky diagrams for three apparent film
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Fig. 9. Levich-Koutecky diagrams for HOR on several electrocatalyst-Nafion inks
with load of 30ugPtcm=2 and apparent Nafion thicknesses of: L1=1.97 pm;
L2=0.65 pwm and L3=0.03 wm. Scan rate 5mVs-1.

thicknesses with a load of 30 p.g Pt cm~2. The fact that parallel lin-
ear plots with increasing j;1 as L rises are obtained confirms the
influence ofjf‘l, which is related to the ionomer film content. Con-

sidering L in the following as the apparent film thickness obtained
by Eq.(3), the relationship between Yg‘ and L~ for the same Pt load
isdepicted in Fig. 10a. Note that a similar behavior is observed when
Y(;] is plotted in front of the inverse of the Nafion mass percent-
age in the ink, confirming the proportionality between the Nafion
composition and the apparent thickness. These plots can then be
suitable and quick methods for evaluating the parameter j. Fig. 10a
also shows that Y 1 becomes practically constant, approaching ji
according to Eq. (20), when the smaller Nafion contents are used,
that is, for L<0.2 wm. Note that this apparent L value agrees with
the critical thickness (value from which the diffusional resistance of
the film is negligible) determined by Lin and Shih [32] for a Pt-black
RDE from a two-step ink deposition.

By plotting Yy vs. L for the trials of Fig. 10a, the linear correlation
of Fig. 10b is found, as predicted by Eq. (20). The Y-axis intercept is
0.047 mA~! cm?, giving j, =21 mA cm~2. Moreover, the representa-
tion of Yy vs. wt.% Nafion, also shown in Fig. 10b, gives an intercept
of 0.044mA~! cm?, leading to a similar value of j, =23 mAcm~2,
which indicates that the ionomer content in wt.% is an appropri-
ate parameter for determining the kinetic current densities. The
Jji value determined for the Pt—-Ru/C electrocatalyst is significantly
lower, but of the same order of magnitude, than the value between
60 and 100 mA cm~2 reported by Gasteiger et al. [19] for smooth Pt
RDEs, although it is closer to 40 mA cm~2 found for Schmidt et al.
[23] for a two-step deposited 20 wt.% Pt/C Vulcan XC-72 electrocat-
alyst or 15 mA cm~2 obtained previously by us [40] also for 20 wt.%
Pt/C Vulcan XC-72, but deposited in one step.

On the other hand, the slope of the Yy—L plot is
4.28 x 1072 mA~! wm~! cm?, allowing estimating the C; Dy product
(permeability of H, in the ionomer) as 1.2 x 10> mMcm? s 1.
Despite this value is uncertain because the real Nafion thickness
that H, goes through is not known, it is intermediate between
4.7x105mMcm?2s-! obtained for smooth Pt RDEs [20] and
7.8x 10> mMcm?2s-! reported for a two-step deposited Pt/C-
Nafion ink [23]. In addition, the difference between the Cf Dy
product found for one-step deposited Pt-Ru/C-Nafion ink com-
pared to the two-step deposited Pt/C-Nafion ink can also be
affected by the different structure achieved by the Nafion film
depending on ink preparation, since the mass transport through
the ionomer is strongly influenced by the porosity and pore size
[22]. Note that the theoretical value for the permeability of H, in
0.5M H,S04 of CoD=2.6 x 10> mMcm? s~! [19] is greater than
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Fig.10. (a) The inverse of Levich-Koutecky intercept (Yo ) as a function of the inverse
of (O) the apparent Nafion film thickness (L) and (O) the Nafion percentage in the
electrocatalyst-Nafion ink. (b) The Levich-Koutecky intercept (O) vs. the apparent
Nafion film thickness and () vs. Nafion percentage. Load of 30 g Pt cm~2 in all inks.

our estimation of Gy Dy, indicating a higher diffusion resistance of
Nafion to H; transport. Although C; Dy cannot be determined with
precision, the good fit of the experimental data to Egs. (19) and
(20) is indicative of the validity of the method to determine the
kinetic current density.

The reversibility for HOR on the Pt-Ru/C-Nafion ink was ana-
lyzed taking into account the mass-transport corrected Tafel
plots determined for the initial anodic current density growth
of RDE polarization data. Under these conditions, the theoreti-
cally established Tafel equations for a reversible and irreversible
electrochemical process can be expressed by Egs. (21) and (22),
respectively [21,30]:

2303RT . (I, -1
_p0_ L
E=g)- 222 10g< . ) (21)
2.303RT I
_r0
E=E0+ 2= lo (IPI) (22)

where E? and Eg are constants, I is the limiting current for HOR
and « is the charge transfer coefficient. To do this study, current (I)
values in the low overvoltage region between 0 and 21 mV were
chosen. As an example, the mass transfer corrected Tafel plots for
an ink with 13 pg Ptcm=2 and 69 wt.% Nafion at different rotation
rates are presented in Fig. 11a and b assuming a reversible and
irreversible reaction, respectively. In both cases, the Tafel slope is



718 A. Veldzquez et al. / Journal of Power Sources 195 (2010) 710-719

0.2 T T T
@ O 400 rpm
0.0 - O 900 rpm
A 1600 rpm
02 - < 2500 rpm .
V' 3600 rpm

log [(Z,-D) /1,)]
¢
I

O
0.8 - Do =
-1.0 { I I I
(b)
03 _
_ 06F -
=
'3
~ 00 —
=
=1
= a2 E
15 - -
18 L I I L
0 5 10 15 20 25

E/ mV vs. RHE

Fig. 11. Mass transfer corrected Tafel plots assuming (a) a reversible and (b) an
irreversible kinetics for HOR on an ink of HP 20wt.% 1:1 Pt-Ru/C Vulcan XC-72
electrocatalyst (load of 13 pg Pt cm~2) with 69 wt.% Nafion deposited on a GC disk
electrode, in 0.5 M H,S0y, at different RDE rotation rates. Scan rate 5mVs-1.

practically independent of rotation rate. For the reversible reaction,
an average slope of 26 mV dec~! is obtained, very close to the the-
oretical value of 29mV dec~! for a two-electron process at 298 K
(see Eq.(21)). In contrast, an average slope of 18 mV dec~! is deter-
mined for the irreversible reaction, very far from the theoretical
value of 58 mVdec~! for a two-electron process with o=0.5 (see
Eq. (22)). No significant influence of Nafion fraction on both Tafel
slopes was observed. All these results allow establishing that HOR
behaves reversibly on the Pt-Ru/C-Nafion ink deposited in one step
on a GC electrode.

To complete the electrochemical characterization of the
Pt-Ru/C-Nafion ink, the exchange current density (jo) for HOR was
determined by using Eq. (23) [18]:

AE RT /1 1
ar=ar (1) (23)
where AE/AI is the linear polarization slope at low overvolt-
age for a given w, I; is the corresponding limiting current and
Ip is the exchange current. The good straight line predicted by
Eq. (23) between AE/AI and I7! at different rotation rates for
an ink containing 33 wgPtcm~= and 50 wt.% Nafion is shown in
Fig. 12. The slope of this plot is 13 mV, a value equal to the the-
oretical value of RT/nF for n=2 at 298K, confirming that HOR
behaves as a two-electron reversible process on the ink tested.
A jo=0.17mAcm~2 was then found by dividing the I value
obtained from the Y-axis intercept of the AE/AI vs. 1[1 plot
by the corresponding total surface area using the ECSA value
of Pt-Ru nanoparticles calculated from the above CO stripping
trials. This jp-value is very close to that determined for one-
and two-step layers of Pt/C electrocatalysts synthesized with
Vulcan XC-72 [29,40], indicating that HOR undergoes a similar

200 1 T T T
400 rpm

150 -
- 900 rpm
«
> 1600 rpm
— 100~ 2500 rpm -
§ 3600 rpm

50 -
0 I | 1 | | |
0 2 4 6 8 10 12 14
A3, -
IL x107 /A

Fig. 12. Linear polarization slope (AE/AI) at different RDE rotation rates vs. the
inverse of the corresponding limiting current (I;) for HOR on an ink of HP 20 wt.%
1:1Pt-Ru/C Vulcan XC-72 electrocatalyst (load of 33 ug Pt cm~2) with 50 wt.% Nafion
deposited on a GC disk electrode, in a Hy-saturated 0.5 M H,SO4. Scanrate 5mVs—'.

kinetic behavior using carbon-supported Pt and alloyed Pt-Ru as
electrocatalysts.

4. Conclusions

TEM and XRD analysis of commercial HP 20 wt.% 1:1 Pt-Ru alloy
on Vulcan XC-72 carbon black allowed determining the presence
of about 26 at.% Ru in the FCC Pt lattice nanoparticles with com-
patible cubo-octahedral shape and with relatively good dispersion
over the carbon support. An average nanoparticle size of 3.1 nm was
obtained from TEM measurements, whereas a more confident value
of 3.5-3.6nm was calculated from three anisotropy-corrected
Williamson-Hall models from XRD data. Cyclic voltammetry in
deareated 0.5 M H,SO,4 showed the presence of Ru on the nanopar-
ticle surface and similar CO stripping trials indicated a great ECSA
value of 119m2gPt~! for the Pt-Ru nanoparticles, for optimum
Nafion contents in the range 35 + 5 wt.%, corresponding to the use
of about 90% of the surface area of the nanoparticles. The HOR on
novel Pt-Ru/C-Nafion inks deposited in one step on GC electrodes
was studied in H,-saturated 0.5 M H,SO4 by thin-layer RDE voltam-
metry. Taking into account the apparent ionomer film thickness
calculated from Eq. (3), an excellent agreement of experimental
data with analytical equations proposed for two-step deposited
layers was found, as evidenced from the Levich-Koutecky diagram,
as well as from the Y51 -L-1 and Yy — L plots. A kinetic current den-
sity in the absence of mass transfer effects of j, =21 mAcm~2 was
obtained. The mass transport Tafel plots in the low overvoltage
region agree with a two-electron reversible process for HOR, giving
a slope of 26 mVdec~!, independent of the rotation rate and the
amount of Nafion deposited. The jy-value referred to the overall
area of the Pt-Ru nanoparticle was 0.17 mA cm—2, which is com-
parable to that obtained for one- and two-step catalyst layers of
similar electrocatalysts with Pt nanoparticles supported on Vul-
can XC-72. Our results evidence that the electrocatalyst-Nafion inks
prepared in one step are suitable to determine the kinetic parame-
ters of HOR.
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