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Celdas de combustible de Membrana 
de Intercambio de Protones (PEMFC)

Cátodo

Ánodo Nafion®

Aplicaciones
Estacionarias

Transporte

Portables

Militares

Conduce los H+ generados  en el ánodo → al cátodo (donde se consumen)

Antecedentes

Energía eléctrica a partir de H2

ánodo y cátodo: capa activa de Pt o Pt/X 

en contacto directo con la membrana

🔑 Elemento clave: 

Membrana de electrolito polimérico 

H2 → 2H+ + 2e- O2 + 4H+ + 4e-→ 2H2O

Separación de gases H2 y O2. 
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Membranas basadas en CnF(2n+1)SO3H (PFSA) → Nafion

hidrofóbico

hidrofílicos

El transporte de H+ se acopla al movimiento de moléculas de agua

Nafion:

Estabilidad química 

Necesita estar hidratado

Antecedentes

Estudiar este comportamiento mediante  el pH local de la superficie metálica

H+

Canal de protones
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thickness, but it can be calculated from the concentration and
the volume of Nafion solution deposited on the electrode and
by using a dry density of 1.5 g cm-3. Typical variations in
thicknesses correspond to about 0.88-1.7 µm (they were not
measured and were calculated by using an apparent density for
the Nafion film). The Nafion-coated electrode was then cured
at 135 ( 5 °C for 1 h to evaporate the solvent and to improve
the adhesion between the polymer film and the electrode.1,4,33

Infrared spectroscopic experiments were performed in a
Nicolet Magna 850 infrared spectrometer following the same
experimental protocol used before.40 p- and s-polarized lights
were used in these experiments. For CO adsorption experiments,
only p-polarized light was used. As in electrochemical experi-
ments, the solution was purged with argon to remove oxygen,
and a platinum coil wire and a reversible hydrogen electrode
(RHE) were used as counter and reference electrodes, respec-
tively. A BaF2 infrared window was used to reach vibrational
wavenumbers down to 900 cm-1. The spectra were shown as
the ratio -log(RES/RER), where RES and RER are the single beam
spectra obtained at the sample and the reference potentials,
respectively.

Carbon monoxide was adsorbed at 0.1 V by bubbling CO
(99.997% -N47-) gas through the solution. The excess of
dissolved CO was removed by purging with Ar. The charac-
teristic hydrogen adsorption/desorption region was completely
blocked by the adsorption of CO.

The reference potentials were set as +100 mV for Pt(111)/
Nafion experiments and +900 mV for CO-Pt(111)/Nafion
experiments (CO was completely oxidized at that potential) and
+100 mV for CO2 (this potential is more negative than the onset
potential of the oxidation of CO to CO2).

Results and Discussion

Pt(111)/Nafion Interface. Cyclic Voltammetry. Pt(111)/
Nafion interface was initially characterized with cyclic volta-
mmetry. Nafion film showed good stability and electrode
adherence. The first CV recorded after inserting the electrode
into the cell showed that Pt(111) surface was blocked. Figure 1
shows the CVs of Nafion-free (0.1 M HClO4) and Nafion-
covered Pt(111) (1, 0.1, and 0.01 M HClO4) in different HClO4

solutions after applying multiple potential cycles between
0.06-0.90 and 0.06-1.2 V for several minutes (2-4 min), as
cleaning procedure. Up to 0.90 V, the electrode surface reaches
a stationary condition, while a more positive upper potential
limit slowly increases the active surface area, indicating a
modification in the membrane distribution near the electrode
surface due to changes in the metal-ionomer interactions. After
repetitive cycling up to 1.2 V, surface defects grow on Nafion-
free and Nafion-covered Pt(111) electrodes. In the next results
presented in this work, only potential cycles between 0.06 and
0.90 V were applied to the covered electrode as a cleaning
procedure.

Actually, the state of the art of the different adsorption states
of a well-ordered Pt(111) electrode in acidic solutions without
anion specific adsorption, as perchloric or trifluoromethane
sulfonic acid solutions,41 recognizes two zones that can be
clearly distinguished (Figure 1). At potentials below 0.40 V,
pseudocapacitative currents originated by hydrogen adsorption/
desorption processes (denoted as underpotential deposition of
hydrogen, H+ + e- f HUPD) are observed. At potential above
0.55 V, the pseudocapacitative current observed has been
traditionally assigned to the water dissociative adsorption as OH
species.42 In the case of Nafion-coated Pt(111) (Figure 1), these
two zones are still differentiated, but they are modified
quantitatively, especially at lower pH solutions: the hydrogen
and OH adsorption/desorption regions are significantly blocked,
probably because a fraction of the Pt(111) surface is covered
by hydrophobic PTFE backbone and becomes electrochemically
inactive.1,4,18

Careful inspection of the CVs reveals a significant feature
on the Nafion-covered surfaces: a small, new pseudocapacitive
process, relatively irreversible and pH dependent in the potential
region between 0.45 and 0.55 V. This behavior could indicate
specific interaction between the membrane and electrode surface,
markedly visible at pH ) 2.0. This result is in contrast with
the common consideration of Nafion as a nonadsorbing elec-
trolyte accepted in the literature,18,20 but agrees with recent works
of Subbaraman et al. on Pt(111)34,35 and other works with
polycrystalline Pt, which suggested strong adsorption of sul-
fonate groups in Nafion on Pt sites.29,30,33

Apparently, the reversibility, peak position, and the extent
of the adsorption of the new charge transfer process are strongly
pH dependent; however, these results should be taken with
caution: although the pH within the Nafion coating is not altered
by changes in the pH of the solution, the measured peak
potential can change in response to the changes in the ionic
strength of the solution, which affect the Donnan potential43,44

and Nafion acidity.45 On the other hand, in the absence of
Donnan potential effects (i.e., high ionic strength of supporting
electrolyte), process irreversibility could be due to different
causes: the reduced mobility and the limited spacing between
the anions arising from the structure of the ionomer membrane,
similar to the suggested by Subbaraman et al.,34 or the
development of an estable membrane morphology, induced by
the electric field, which needs higher perturbations to come back
to the “original” state.46,47

In the same form, pH near the electrode surface should be
less than the pH of the solution, considering Nafion acidity,45,48–50

and CVs presented in Figure 1 are slightly shifted to lower
potential values. The extent of this shift also depends on pH
and ionic strength of the electrolyte, which modifies cluster size,
water structure, and ion solvation inside the membrane.43–45

Alternatively, higher proton discharge currents during the
cathodic swept could suggest an enhancement of this reaction

Figure 1. Cyclic voltammograms of bare Pt(111) electrode in Ar-
saturated 0.1 M HClO4 solution and Nafion-covered Pt(111) electrodes
in Ar-saturated 1, 0.1, and 0.01 M HClO4 solutions at a scan rate of 50
mV s-1. Insets: Detailed views of the new pseudocapacitative processes
at 0.45-0.55 V at different pH’s.
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Diluir 1000 veces la sol de Nafion 5 % 
(w/w). 

Nafion se extiende uniformemente 
sobre Pt por spin-coating a 750 rpm 
en una atmósfera de Ar. 

Tiempo de secado entre 15 y 30 min. 

El electrodo se curó a 135-+5 °C 
durante 1 h.
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unprecedented electrochemical activity of Nafion in the vicinity
of monatomic high steps.

’EXPERIMENTAL METHODS

1. Nafion-Free Electrode Preparation. All Pt single crystals
used in this study were orientated, cut, and polished as described
previously.35 Pt metal used to manufacture the single crystals was
provided by Goodfellow Metals Ltd. (purity = 99.999%). The
electrodes were flame-annealed and cooled in a H2 atmosphere
followed by immersion into ultrapure water and transfer to the
electrochemical cell to form a meniscus contact with the electro-
lyte. The initial cyclic voltammogram (CV) was then recorded at
a sweep rate of 50 mV/s unless stated otherwise. This method
has been shown to produce well-ordered Pt surfaces.36

The concentration of the aqueous perchloric acid electrolyte
used for the experiments was 0.1 M. All electrolytes were
prepared using 18.2 MΩ cm Milli-Q water and Aristar grade
HClO4. The Nafion used for the experiments was obtained from
Johnson Matthey (5% solution of 1100 equivalent weight). All
gases (N2 and H2) were provided by BOC (99.999%). KBr used
as a source of bromine adatoms in order to protect the electrode
surface from contamination during Nafion film preparation was
provided by Alfa (99.95%).
Electrochemical experiments were performed in a three-

electrode, two-compartment Pyrex glass cell described elsewhere.37

All glassware, including the electrochemical cell and its acces-
sories, were cleaned by soaking for >12 h in a dilute solution of
KMnO4 (99.8% purity, Aldrich) dissolved in concentrated
sulfuric acid (95% purity, Fisher). These items were then rinsed
thoroughly and steamed withMilli-Q 18.2MΩ cmwater. O2 and
CO2 were purged from the cell by bubbling with N2 for 20 min.
Cyclic voltammetry was performed using a CHI 600 potentio-
stat. All potentials quoted in this article are relative to a Pd/H
reference electrode in contact with the electrolyte solution.
XPS measurements were performed on a Kratos Axis Ultra-

DLD photoelectron spectrometer, using monochromatic Al
radiation operating at 120 W. The base pressure during acquisi-
tion was 1 ! 10"9 Torr. Spectra were collected in the Hybrid
operating mode over an approximate area of 400 ! 300 μm, at
pass energies of 40 and 160 eV for high resolution and survey
scans, respectively. The spectra were subsequently analyzed
through CasaXPS v.2.3.15 using sensitivity factors supplied by
the manufacturer.
2. Nafion-CoveredPlatinumElectrodePreparation.Nafion

solutions were prepared by diluting the as-received, concentrated
5%Nafion solution by a factor of 1000 with ultrapure water. After
initial voltammograms were obtained confirming cleanliness and
surface order, the single crystals were washed with ultrapure
water and dipped into a 10"3 M solution of KBr to form a
monolayer of irreversibly adsorbed bromide adatoms. The
electrode was then rinsed with ultrapure water, and a known
amount of the diluted Nafion solution was added to the bead
electrode to form a hanging hemispherical droplet such that only
the polished, crystal face was covered with Nafion. The electrode
was then heated to∼145 !C (as measured by a chromel"alumel
thermocouple touching the electrode stem) using a hair dryer for
5 min to evaporate away the excess of liquid droplet attached and
allow the polymeric film to flow. The crystal was then reintro-
duced to the electrochemical cell via a meniscus contact and the
cyclic voltammogram was recorded. Rapid potential cycling
between hydrogen evolution potentials and the onset of surface

oxide formation ("0.1 to 0.85 V versus Pd/H, sweep rate =
0.2 V/s) ensured that the attached bromide adlayer was desorbed
while allowing the Nafion film to be both redeposited and
hydrated on the platinum surface without contamination.

’RESULTS

1. Voltammetric Studies. 1.1. Pt{hkl} Basal Plane Single Crystal
Electrodes. a. Nafion-Free Basal Plane Electrodes. CVs of Nafion-
free and Nafion-covered basal plane Pt{hkl} single crystal electro-
des in 0.1 M HClO4 are shown in Figure 1. For all three surfaces,
the CV profile recorded is in accordance with previous reports of
well-ordered and clean Pt{hkl} electrodes in aqueous perchloric
acid.38,39 Broadly speaking, two potential regions may be deli-
neated from the data ascribable either to adsorbed oxygen
fragments derived from water dissociation (OHad) at positive
potentials or hydrogen underpotential deposition (HUPD) adsorp-
tion states associated with chemisorbed hydrogen at more negative
potentials. It is interesting to note that only Pt{111} gives rise to a
clear separation of both of these electrosorption processes as a
function of potential40"43 as epitomised here by the electrosorp-
tion features in the range 0 and 0.4 V (HUPD) and between 0.6 and
0.8 V (OHad). For Pt{100} and Pt{110}, evidence is growing that
some overlap between the potential regions of OHad and HUPD

Figure 1. Cyclic voltammograms of Nafion-free and Nafion-covered
Pt{hkl} as a function of Nafion loading (number of droplets of Nafion
solution applied and evaporated) in 0.1MHClO4. Sweep rate = 50mV/s.

Diluir 1000 veces la sol de Nafion 
5 % (w/w). 

Pt se enjuagar y se sumergir en 
10-3 M de KBr para -> monocapa 
de adatoms de Br

Enjuagar, añadir una gota 
hemisférica  de la sol de Nafion

calentar a ∼145 ºC (tocando el 
tallo del electrodo) con aire 
caliente por 5 min 

(Figure 1c): adsorption of hydrogen (denoted as underpotentially
deposited hydrogen, H+ + e-T Hupd) between 0.05 and 0.4 V
is followed first by a double layer region (0.4 to 0.645 V) and
then by adsorption of OH (hereafter denoted as OHad) above
0.6 V. In H2SO4 the hydrogen Hupd potential region is the same
as in HClO4, confirming that on Pt(111), (bi)sulfate anions are
not coadsorbed with Hupd. The adsorption of (bi)sulfate anions
is, however, observed between 0.35 and 0.5 V as a reversible,
butterfly like, pseudocapacitive feature (charge under the peak
is ∼75 µC/cm2), presumably due to the long-range ordering of
the (bi)sulfate anion on the (111) surface geometry.29,32,34,35,37

Due to strong adsorption of (bi)sulfate anions, OH adsorption

is almost completely attenuated on Pt(111) and is represented,
at least in part,38 by a small pseudocapacitance between 0.7 and
0.8 V.

Interaction of (bi)sulfate anions with Pt(100) and Pt(110) is
substantially different.34,39 For example, the initial anion adsorp-
tion of bisulfate on Pt(100) is observed in the Hupd potential
region (Figure 1b), causing the appearance of sharp peaks
centered at 0.3 and 0.45 V. Furthermore, while in perchloric
acid solutions the Hupd region is immediately followed by OH
adsorption (in Figure 1b between 0.6 < E < 0.8 V), in the
presence of (bi)sulfate anions, OH adsorption, which appears
as a small peak at 0.8 V, is separated from the Hupd potential
region by a narrow double layer feature. In the case of Pt(110),
in solutions containing (bi)sulfate anions the Hupd region appears
as a single sharp peak that is centered at 0.15 V (Figure 1a); in
perchloric acid solutions, however, the Hupd is extended up to
0.3 V with two clearly visible Hupd peaks (Figure 1a).

b. Nafion-CoWered Pt(111), Pt(100), and Pt(110) Surfaces.
CVs recorded on Nafion-free and Nafion-covered Pt(hkl) single
crystal surfaces in 0.1 M HClO4 are also shown in Figure 1.

Careful inspection of the CVs reveals several significant features
on the Nafion-covered surfaces. First, the appearance of sharp
peaks in the Hupd potential regions are observed on Pt(110) and
Pt(100), indicative of anion specific adsorption on these two
surfaces (Figure 1, panels a and b). Second, suppression of the
charge under the OHad peaks on Pt(100) and Pt(110) surfaces
(Figure 1, panel a and b) is also seen signaling that OH
adsorption is in a strong competition with some coadsorbing
species. The peak for OHad on Pt(100) is found to lay between
that observed in 0.1 M HClO4 and 0.05 M H2SO4 electrolytes.
Third, an irreversible, “mini-butterfly”, pseudocapacitive feature
is observed on Pt(111) in the same potential region where the
reversible (bi)sulfate adsorption is observed in sulfuric acid
solutions (Figure 1c). Interestingly, the observed changes in CVs
signal that, in fact, Nafion is not a nonadsorbing electrolyte,
i.e., in contrast to the existing viewpoints, it may contain some
ions that can significantly alter the two-phase interfaces of
Pt(hkl) surfaces.

Having established the effect of Nafion on the CVs of Pt(hkl),
a key question concerning the nature of adsorbing species needs
to be addressed. In an attempt to resolve this issue, voltammetric
behaviors of the Nafion-covered Pt(111) surfaces will be
investigated in more detail. The choice of Pt(111) was prompted
by several factors, including, well-defined separation between
the Hupd and mini-butterfly potential regions and distinguished
attenuation of OH adsorption. The area under the anodic peak
is ∼21-24 µC/cm2, corresponding to surface coverage of ∼0.1
ML. In general, this charge can be produced either by adsorption
of some anionic species, or desorption of some cationic species
or even an anion adsorption process which is accompanied by
a cation desorption process.

i. Nature of the Adsorbing Species from Nafion Coatings.
To resolve this issue, we utilize the so-called CO displacement
experiment,40 a method which relies on monitoring the quantity
as well as the polarity of the charge assessed via chronoampero-
metric measurements. For our purposes here, three electrode
potentials were chosen in the CO displacement experiments on
Pt(111) (Figure 2), 0.09, 0.45, and 0.56 V. These three potentials
correspond to the Hupd potential region, and just before and just
after the observed mini-butterfly peak, respectively. At 0.09 V,
a positive charge of ∼160 µC/cm2 is assessed in the CO
displacement experiment, indicative of Hupd being completely
displaced from the Pt(111) surface. In contrast, a negative charge
of ∼10 µC/cm2 at 0.45 V and ∼32 µC/cm2 at 0.56 V is assessed

Figure 1. Characteristic voltammograms for Pt(hkl) surfaces in
nonadsorbing (0.1 M HClO4) and strongly adsorbing (0.05 M H2SO4)
supporting electrolytes. Also shown are the voltammograms for Nafion
covered Pt(hkl) surfaces in 0.1 M HClO4. Notice the features arising
from coadsorption of (bi) sulfate anions and sulfonate anions with Hupd

for Pt(110) and Pt(100) surfaces (a and b). Occurrence of reversible
butterfly and irreversible “mini-butterfly” features for Pt(111) in the
double layer region (0.4-0.645 V) for (bi) sulfate and sulfonate anions
respectively. OHads is also influenced by the presence of strongly
adsorbing anions. (scan rate 50 mV/s).

8416 J. Phys. Chem. C, Vol. 114, No. 18, 2010 Subbaraman et al.
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Pt se enjuaga después de los 
vc iniciales 

Se protege la superficie con 
una gota de agua 

Se añade a la gota solución de 
Nafion con y sin DMF, se 
transfiriere a una placa caliente 
a 115 °C en Ar. 

tiempos de secado entre 15 y 
30 min.

ARTICLESNATURE CATALYSIS

Pt(553) [5(111)×(110)]. We verified the absence of surface faceting 
on our stepped Pt electrodes by integrating the charge densities of 
step-related Hupd peaks and comparing them with those predicted 
from a hard-sphere model48. By comparing their CV profiles with 
that of Pt(111), we assigned the oxidation peak between 1 and 1.15 V 
to the formation of *O on (111) terrace (*O(terrace)), the intensity of 
which decreases with increasing step density (Supplementary Fig. 
6). The *O(terrace) peak of all stepped Pt surfaces shifts positively with 
the HClO4 concentration (Supplementary Fig. 7), in line with the 
trend of Pt(111). From 0.02 to 0.2 M, the peak potential of *O(terrace) 
on Pt(111) increased by 30 mV, followed by Pt(151514) of 25 mV, 
Pt(554) of 19 mV and Pt(553) of 14 mV (Fig. 5a). Following the 
voltammetry results and the kinetic descriptor, ORR activities on all 
Pt surfaces are expected to decrease with the HClO4 concentration, 
in the sequence of Pt(111) > Pt(151514) > Pt(554) > Pt(553). This 
was experimentally verified by normalizing jk of other concentra-
tions to that of 0.1 M HClO4, as displayed in Fig. 5b, which suggests 
that a single-crystal Pt surface with a higher step density is less sen-
sitive to the electrolyte effect. We therefore deduce that the electro-
lyte effect mainly applies to the (111) terraces of Pt surfaces, but also 
that terraces still make a significant contribution to the overall ORR 
activity of stepped Pt surfaces.

Stepped Pt surfaces are known to show higher ORR activi-
ties than Pt(111) in 0.1 M HClO4 (refs. 31,49). Previous studies have 
explained this phenomenon based on the oxygen binding energy 
descriptor. Two types of active sites, categorized by the so-called 
generalized coordination number, were proposed on stepped sur-
faces as illustrated in Fig. 5c. Site A (terrace atoms adjacent to steps) 
has a higher generalized coordination number than site B (basi-
cally equal to the terrace atom of Pt(111) electrode). This endows 
stepped Pt surfaces with lower oxygen binding energy and thus 
higher ORR activity than Pt(111) following the traditional ther-
modynamic descriptor, as supported by voltammetry and DFT 
calculation results12,50. However, previous studies rarely discussed 
the fact that sites of type B (less energetically favourable sites) also 
contribute to the ORR rate of stepped surfaces, which show a strong 
electrolyte effect as demonstrated above. Therefore, we propose an 
enhanced model for ORR electrocatalysis on Pt surfaces: the ORR 
rate is jointly governed by the electrode and electrolyte effect, which 
can be modelled by the traditional thermodynamic oxygen bind-
ing energy descriptor and our proposed kinetic descriptor of the 
*O to *OH transition rate, respectively (Fig. 5c). While the ther-
modynamic descriptor ascribed higher activities of stepped Pt sur-
faces to the presence of site A; the kinetic descriptor predicts higher 
ORR activities on site B of all Pt surfaces with a lower concentration 
of NSA anions, with Pt(111) being the most sensitive (Fig. 5d and 
Supplementary Table 2).

With this model, we can understand the longstanding puzzle of 
the different structure sensitivity of ORR on Pt surfaces in acid ver-
sus alkaline media—compared with stepped surfaces, the ORR rate 
of Pt(111) is lower in acid, but higher in alkaline media51. In acid, 
site A serves as the dominant reactive site according to the thermo-
dynamic descriptor, which explains the higher ORR rate of stepped 
surfaces. In alkaline media, previous studies found that alkali metal 
cations are preferentially located at the step sites21,52. This results in 
the blockage of site A and as a result site B provides the main con-
tribution to the ORR activity on stepped Pt surfaces (Fig. 5c). In 
this scenario, the ORR rate is solely governed by the kinetic descrip-
tor according to the above proposed model. Using E*O (Fig. 5a) as a 
kinetic descriptor, Pt(111) is then predicted to have a higher ORR 
activity than stepped Pt surfaces because of a faster *O to *OH tran-
sition on Pt(111) compared with stepped surfaces, in agreement 
with the experimental trend.

Discussion
The ORR is a complex multi-proton multi-electron transfer reac-
tion. In the traditional approach for modelling the ORR activities 
of various electrocatalysts, this complexity is mapped onto a single 
thermodynamic descriptor, namely the binding energy of *OH or 
*O on the catalyst. This descriptor has a proven ability to predict 
and/or reproduce many experimental trends14, but there remain 
experimental observations for which this descriptor has no explana-
tive or predictive power. In this paper, we have shown that one such 
experimental observation is the effect of the electrolyte composi-
tion on the ORR rate. Specifically, in acidic media the concentra-
tion of non-specifically adsorbed anions (such as perchlorate and 
methanesulfonate), and in alkaline media the concentration of 
non-specifically adsorbed cations (such as the alkali cations), have 
a significant effect on the ORR rate on Pt(111), which does not fol-
low the traditional thermodynamic descriptor. To this end, we have 
introduced a kinetic descriptor, namely the kinetic rate of the *O to 
*OH transition, which can be estimated from the reversibility of the 
*O ↔ *OH transition on the (111) terrace. This kinetic descriptor 
tracks well the observed changes in the ORR rate with the concen-
tration/identity of anions, cations and ionomers on Pt(111) surfaces 
(Supplementary Fig. 8). We also measured a higher ORR activity 
on polycrystalline Pt electrodes in a lower concentration of HClO4 
(Supplementary Fig. 9), showing that the effect also transfers to 
more practical surfaces.

This observation requires a discussion of the molecular basis 
for this kinetic descriptor. In the classical mechanism of ORR on Pt 
surfaces, equations 1–4, the transition from *O to *OH is the pen-
ultimate reaction step. In the prevalent thermodynamic model, the 
parameter that determines the rate of ORR is the thermodynamics  
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Fig. 4 | Effects of Nafion coating on the voltammetry and oxygen reduction reaction activity of Pt(111). a, Cyclic voltammograms recorded at a scan rate 
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La solución de Nafion diluye 
1000 veces. 

se añadió Nafion (10 μl) a la 
gota de agua protectora de 
Pt(111)

se seca en un flujo de Ar antes 
de las pruebas electroquímicas.
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cómo enfriar la superficie?

cómo se protege de la atmósfera?


región de Hads constante?

desplazamiento de OH adsorbidos por aniones SO3 fuertemente adsorbidos?


adsorción de aniones SO3 limitada a la DL?

la corriente de pico depende del potencial inferior y el espesor del recubrimiento?

Estrategia:

recubrir la superficie con una capa de ionómeros con 
misma estructura de la membrana, o bien de ionómeros 
de menor peso molecular pero con el mismo grupo 
funcional terminal de la membrana adherido a la 
superficie
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Fig. 1. Cyclic voltammograms of Pt{1 1 1} as a function of palladium coverage in
monolayers. Sweep rate = 50 mV/s and (a) 0.1 M aqueous sulphuric acid, (b) 0.1 M
aqueous perchloric acid and (c) nafion-coated electrode in 0.1 M aqueous perchlo-
ric  acid electrolyte. In (c), 2/3 refers to peak that emerges in hydrogen evolution
potential region when palladium coverage exceeds one monolayer and is therefore
ascribed to second and third layer palladium.

highlight the rise and fall in intensity of the first monolayer peak
as the coverage reaches, then exceeds 1 monolayer. In a similar
fashion, the changes in CV response when palladium coverage as
measured in perchloric acid electrolyte are reported in Fig. 1(b).
The presence of palladium at the Pt{1 1 1} surface is now signified
by two overlapping, broad electrosorption peaks at around 0.2 V.

These peaks reach a maximum intensity at a palladium coverage
of 1 monolayer and then decrease in intensity and broaden fur-
ther with significant intensity appearing at potentials >0.25 V. A
marked perturbation of the so-called “butterfly peak” at 0.75 V cor-
responding to OH adsorption on Pt{1 1 1} [41] is also observed as
palladium coverage increases. An analogous peak at more nega-
tive potentials (0.62 V) appears attributable to OH adsorption on
palladium. It is noteworthy that at precisely one monolayer of pal-
ladium, this Pd–OH feature exhibits a sharp “spike” at 0.63 V [43]
but this feature is attenuated upon increasing palladium coverage
still further. Both Fig. 1(a) and (b) illustrate the marked influences
of anion adsorption on the voltammetry observed. In the case of the
more strongly adsorbing sulphate anion, the Pt–OH peak at 0.75 V
(and Pd–OH at 0.62 V) is completely absent because water splitting
to produce OH is inhibited by the strongly adsorbed sulphate anion.
In fact in sulphuric acid Pt–OH formation is reported take place on
Pt{1 1 1} at much more positive potentials (1.2 V [44]). This shift
or overpotential for adsorption of components of the double layer
caused by anion adsorption is also observed in the hydrogen under-
potential (H UPD) region between 0 and 0.3 V in that protons can be
converted to adsorbed hydrogen on palladium more readily in per-
chloric acid (as signified by the onset of this process at 0.3 V for the
monolayer of palladium in the first layer) than in sulphuric acid
where adsorption begin at potentials <0.2 V. Above 1 monolayer,
the palladium H UPD peaks broaden and decrease in magnitude as
does the Pd–OH peak at 0.62 V.

In Fig. 1(c), data for Nafion-coated Pt{1 1 1} in perchloric acid as a
function of palladium coverage is recorded. An interesting juxtapo-
sition of elements pertaining to palladium deposition behaviour in
both aqueous sulphuric and perchloric acid behaviour is deduced.
For Pd H UPD, the electrosorption peaks most resemble those in sul-
phuric acid with a marked narrowing and a shift to more negative
potentials relative to perchloric acid. There is a degree of hystere-
sis in the palladium monolayer peak on the forward and reverse
potential sweeps as also observed for Nafion induced peaks on clean
Pt{1 1 1} (0.43 V “spike” on positive-going sweep and a broader
asymmetric peak on the negative-going potential sweep at 0.38 V).
The origin of this effect was  discussed in detail in reference [45] but
in summary is thought to reflect the degree of long range order in
the Nafion/palladium adlayer. A single peak ascribable to second
and third layer palladium may  also be discerned at potentials <0 V
(peak 2/3) in Fig. 1(c). Although the absolute intensity of the pal-
ladium H UPD electrosorption peaks (for palladium coverages < 1
monolayer) is less than in sulphuric acid, the onset of second/third
layer palladium is signified by the growth in a second H UPD peak
at more positive potentials as also found in aqueous sulphuric acid.
Furthermore, the potential of zero total charge (pztc) for Pd on
Pt{1 1 1} in aqueous sulphuric acid is reported to be close to the
Pd H UPD peak maximum [46]. We speculate for Nafion covered
Pd/Pt{1 1 1}, that this is also the case and therefore a model of how
Nafion is interacting with the surface and generating such narrow
H UPD peaks would involve a change in local surface charge at the
peak potential causing Nafion sulphonate groups to adsorb/desorb
from the surface with simultaneous desorption/adsorption of H
UPD.

The action of even small amounts of adsorbed palladium (0.1
monolayers) is to cause a significant attenuation in the magni-
tude of the Pt{1 1 1} Nafion double layer feature (sharp peak at
0.42 V). This supports our original contention in reference 25 that
the peak is a product of long range order in the Nafion film and
therefore, islands of palladium growing on the surface must lead
to the break-up of the long range order in the Nafion/Pt{1 1 1} con-
jugate structure. To summarise the above, palladium appears to
favour a strong interaction with sulphonate groups of the Nafion
adlayer leading to significant changes in H UPD behaviour rela-
tive to perchloric acid as would be expected for a “specifically”
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adsorbing anion such as (bi-)sulphate [8].  So far as OH adsorption
is concerned however, similarities with the action of specifically
adsorbing anions ceases.

Unlike in Fig. 1(a) where strong specific adsorption of sulphate
anions blocks completely the Pt–OH and Pd–OH features in the dou-
ble layer observed in the potential range 0.6–0.8 V in perchloric
acid. (Fig. 1(b), in (c) such features, although modified slightly are
always observed. From this, it appears that the strength of interac-
tion of sulphonate groups with the electrode surface is insufficient
for them to compete successfully for sites with adsorbed OH. Since
adsorbed OH is often implicated in electroxidation activity of a
material [8],  it is interesting now to compare the activity towards
formic acid and methanol electrooxidation of Pd/Pt{1 1 1}with and
without Nafion adsorbed.

3.2. Formic acid electrooxidation on Pd/Pt{1 1 1}with and
without Nafion adsorbed

Fig. 2 shows the positive-going potential sweep for a series of
Pd/Pt{1 1 1}bimetallic electrode surfaces undergoing formic acid
electrooxidation (0.1 M HCOOH).

As discussed in Section 3.1,  each electrolyte will therefore
exhibit a different extent of anion interaction in the presence of
a constant concentration of formic acid. In Fig. 2(a) it is seen that
the onset of electrooxidation occurs just positive of 0.2 V when the
last vestiges of adsorbed hydrogen are desorbing from the Pt{1 1 1}

surface. As palladium coverage increases, the onset of HCOOH
electrooxidation is seen to shift to more negative potentials, the
magnitude of the shift being commensurate with the difference in
pztc values between clean Pt{1 1 1} and Pd/Pt{1 1 1} in sulphuric
acid [43,46]. On Pt{1 1 1} a broad maximum in HCOOH electroox-
idation current is observed between 0.5 and 0.7 V as reported
previously [47,48]. Low coverages of palladium (<0.3 monolayers)
lead to an increase in formic acid electrooxidation current in this
potential range but subsequent palladium additions quench surface
activity. We ascribe electrooxidation in this potential range to free
platinum sites. The small apparent increase in activity observed for
small palladium dosages is probably due to the convolution of two
processes:

(i) HCOOH electrooxidation on free platinum sites,
(ii) HCOOH electrooxidation on palladium islands (peak at 0.22 V

indicated on figure as 1st layer Pd) which give rise to currents
that overlap with the free platinum sites region (0.4–0.8 V).

The sharp H UPD peak associated with first layer palladium
at 0.18 V (Fig. 1(a)) is hardly perturbed by reaction with HCOOH
(Fig. 2(a)) indicative of a rather small surface coverage of adsorbed
HCOOH species. The appearance of a second HCOOH peak max-
imum at 0.28 V is correlated with palladium in the second/third
monolayer. When the data in Fig. 2(a) and (b) are compared, it is
seen that the HCOOH electrooxidation currents on palladium in

Fig. 2. 0.1 M HCOOH electrooxidation voltammetry as a function of palladium coverage in monolayers. Sweep rate = 50 mV/s and (a) 0.1 M aqueous sulphuric acid, (b) 0.1 M
aqueous  perchloric acid, (c) nafion-coated Pt{1 1 1} in 0.1 M aqueous perchloric acid electrolyte for !Pd < 1 monolayer and (d) same as (c) but for !Pd > 1 monolayer.

Antecedentes

Ads específica del anión SO3 no interfiere con la adsorción y la posterior 
descomposición del ácido fórmico en los electrodos de Pd/Pt{111}.

HClO4 0,1 M

θNafion HClO4 0,1 M 

para θPd < 1 monocapa

θPd > 1 monocapa.

Electrooxidación de HCOOH 0.1 M

R. Subbaraman, D. Strmcnik, V. Stamenkovic, and N. M Markovic. J. Phys. Chem. C 2010, 114, 8414–8422
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perchloric acid are almost an order of magnitude larger. This exem-
plifies the influence of a strongly adsorbing anion ((bi-)sulphate)
competing successfully for HCOOH adsorption sites and its impact
on electrocatalytic activity. In the absence of such a strong specific
adsorption (perchloric acid), electrooxidation current is enhanced.
This finding is in complete agreement with previous studies [49,50]
indicating that palladium adlayers on Pt{1 1 1} can significantly
enhance electrocatalytic activity for HCOOH electrooxidation in
perchloric acid. Again, Fig. 2(b) highlights the sensitivity of HCOOH
electrooxidation to the overall morphology of the palladium film
with discrete peaks being observed for regions of clean Pt{1 1 1},
first and second/third layer palladium (centred at 0.5–0.6, 0.2–0.3
and 0.43 V respectively). What is also evident from Fig. 2(b) is the
greater activity exhibited by the first palladium monolayer rela-
tive to atoms in the second monolayer as signified by the drop
in absolute current when the coverage of palladium exceeds one
monolayer.

The changes induced upon the behaviour depicted in Fig. 2(b)
by forming a Nafion adlayer are shown in Fig. 2(c) and (d). It is
seen that despite the HCOOH electrooxidation peak from Nafion
on first layer palladium on Pt{1 1 1} exhibiting a slightly narrower
peak width at half maximum than observed in perchloric acid alone,
all the features of Fig. 2(b) are reproduced with singular reaction
potential ranges for clean Pt{1 1 1}, first, second/third palladium
adlayers almost identical to behaviour recorded using Nafion-free
surfaces. The narrowing of the HCOOH electrooxidation peak for
first layer palladium may  be related to the stronger interaction
of sulphonate with the palladium compared to perchlorate anions
but evidently, this interaction is of insufficient intensity to block
HCOOH adsorption.

Fig. 3 summarises this set of results for HCOOH electrooxidation
as a function of palladium coverage.

It is evident that the high activity of a palladium monolayer on
Pt{1 1 1} is reflected irrespective of the adsorbing anion. However,
activity in sulphuric acid is significantly reduced as compared with
the non-specifically adsorbing medium perchloric acid. Astonish-
ingly, specific adsorption of sulphonate anions from Nafion upon
the palladium adlayer hardly changes activity in perchloric acid.
This indicates that the order of adsorption strength for the various
double layer anions and HCOOH on palladium monolayer islands
is:

Perchlorate < Nafion sulphonate < HCOOH < (bi-)sulphate

Fig. 3. HCOOH peak current for HCOOH electrooxidation as a function of palladium
coverage.

3.3. Methanol electrooxidation on Pd/Pt{1 1 1} with and without
Nafion adsorbed

Fig. 4 shows methanol electrooxidation behaviour (0.1 M MeOH)
as a function of palladium coverage on Pt{1 1 1} for aqueous acidic
(bi-)sulphate, perchlorate and Nafion electrolytes.

In contrast to Fig. 2, the trends in methanol electrooxidation
peak intensity as palladium coverage increases suggests rapid

Fig. 4. 0.1 M CH3OH electrooxidation voltammetry as a function of palladium cov-
erage in monolayers. Sweep rate = 50 mV/s and (a) 0.1 M aqueous sulphuric acid, (b)
0.1 M aqueous perchloric acid, (c) nafion-coated Pt{1 1 1} in 0.1 M aqueous perchlo-
ric  acid electrolyte.

θNafion en HClO4 0,1 M.
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Electrooxidación de CH3OH 0.1 M 

H2SO4 0,1 M HCOl4 0,1 M

La electrooxidación del CH3OH se inhibe 

La competencia entre de -SO3 ads y el CH3OH por los sitios 
superficiales es importante para determinar la actividad del electrodo.

Antecedentes

R. Subbaraman, D. Strmcnik, V. Stamenkovic, and N. M Markovic. J. Phys. Chem. C 2010, 114, 8414–8422
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General:


Investigar el comportamiento de la adsorción de ionómeros (por ejemplo SO3-) sobre electrodos 
monocristalinos.


Específicos:

1. Conseguir θ (de Nafion u otros ionómeros) estables y reproducibles. Estudiar la topografía de los 
recubrimientos mediante AFM. FTIR


2. Determinar el potencial de carga cero mediante VC y diferentes estrategias,

 i) la reacción de reducción de K2S2O8 y/o N2O (moléculas sonda) y con desplazamiento con CO, 

ii) utilizar la técnica de salto de temperatura inducido por láser pulsante.


3. Utilizar VC para investigar el comportamiento de la adsorción del anión SO3 en diferentes electrolitos,  
estudiar la variación del pH, la concentración de los ionómeros y la su longitud de cadena fluorada.


4. Reproducir los pasos 1,2 y 3 pero con diferentes ionómeros adsorbidos en diferentes superficies 
monocristalinas (Co, Ni, Pt/Pd, Pt/Ru)


5. Estudiar las reacciones electrocatalíticas de interés en las celdas de combustible y observar su 
desempeño con adatoms en la superficie,(Fe,Co,Ni) o (Bi, As, Ge).

9

Objetivos
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pH 1 2 3 4 5 6 13
Electrodo Pt

Electrolito

Ni

HClO4 + KClO4

CH3-SO3H

Pt/Ru Pt/Ni

+ NaF

1. Recubrimiento estable y reproducible

Diferentes concentraciones de ionómero

NaOH

Moléculas  sonda K2S2O8

N2O
Tecnica de salto de temperatura

Microscopía AFM y/o FTIR

Recubrimiento + electrooxidación de HCOOH, MeOH, HER, ORR + adatoms

Metodología
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2023 Ene Feb Abr May Jun Jul Sept Oct Nov DIc
Revisión de bibliografía
Preparar y caracterizar los electrodos Pt
Preparar y caracterizar los electrodos Pt/Pd
Preparar y caracterizar los electrodos Pt/Ru
Preparar y caracterizar los electrodos Ni
Establecer la estrategia para realizar los recubrimientos de 
ionómeros sobre los electrodos
Caracterizar los recubrimientos con AFM y/o TFIR
Informe de avances y resultados

Planificación temporal

2024 Ene Feb Abr May Jun Jul Sept Oct Nov DIc
Revisión de bibliografía
Caracterizar la interfase electrodo-ionomero en diferentes 
electrolitos HClO4, CH3SO3 y/o CF3SO3

Caracterizar la interfase electrodo-ionomero variando el pH 
(desde 1 a 6, y en medio básico)
Determinar el pzc electrodo-ionómero utilizando una 
molécula sonda (K2S2O8, NO2 y/o CO)
Determinar el pzc electrodo-ionómero mediante la técnica de 
salto de temperatura inducido por láser
Informe de avances y resultados
Redacción de las publicaciones
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Planificación temporal

2025 Ene Feb Abr May Jun Jul Sept Oct Nov DIc
Revisión de bibliografía
Realizar los recubrimientos en diferentes electrodos 
monocristalinos con y si adatamos, llevar a cabo procesos 
redox de reacciones de interés en las PEMFC
Redacción de Tesis
Redacción de las publicaciones
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Algunos resultados preliminares
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M. Luo and Marc T. M. Koper Nature Catalysis, 5, 
2022, 615–623
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