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Electrocatalysis is a special field in Electrochemistry that has
gained a special growth after the late eighties due to the
application of new hybrid techniques. However, most of the
applications have run for academic purposes but not for
technical uses in the industry. Nowadays, the application of
new concepts of electrocatalysis for industrial electrochemi-
cal processes has appeared as a necessity and not only attract-
ing attention for chemists but for engineers. Therefore,
industrial electrocatalytic processes have only been presented
in the literature from the chemical engineering point of view
with few further electrochemical explanations and mainly
during the late seventies. The design and preparation of an
electrocatalyst (electrodes for technological uses) are based
on new concepts such as a controlled surface roughness,
atomic topographic profiles, defined catalytic centre sites,
atomic rearrangements, and phase transitions in the course
of the electrochemical reactions.

Maybe the best interpretation of electrocatalysis is due to
A. J. Appleby as an electrochemical reaction with an adsorbed
species, either as reactant and/or product, which can change
the kinetics of the reaction and in some cases also the
mechanism. Although the old conception of electrocatalysis
is mainly related to an experimental field of electrochemistry
when using platinum-type metals, the advances in theory
and modeling are main keys for a successful interpretation
of the data.

The perspective and limitations of electrocatalysis in
the laboratory together with their theoretical implications
are also presented to give the readers a clearer view of

the problems inside electrocatalytic reactions. This special
issue also gathers the experiences of different authors who
have worked on the principles of electrocatalysis with rel-
evancy to experimental situations of particular importance
in electrochemical engineering. This is the case of the
work by T. Fahidy in the use of the Bayer’s rule for an
electrochemical reactor in order to avoid the possibility
of reactor breakdown, reactor’s safety, and environmental
considerations well beyond purely scientific quantities.

One of the most important features of electrocatalysis
arises from the different electrode kinetics using different
crystallographic orientations for the electrode surface. A
cathodic treatment develops (111) stepped planes similarly
to the electrofacetting performed after applying the square
wave program shown with X-ray diffraction patterns. These
arrangements are well explained in the paper by C. Zinola,
using combined techniques and particularly studying the
methanol electrooxidation reaction. In spite of being most
of the electrocatalytic reactions studied in the scientific
community only for rather simple species, some of them
involve low-weight amino acids, showing changes in the
adsorbed configurations and chiral responses when the
nature of the electrode surface is changed, as shown by
K. Watanabe. Chiral behavior was clearly observed as an
oxidation current difference between the enantiomers of
alanine, aspartic acid, and glutamic acid.

The fast and contemporary advances in electrocatalysis
have been already treated in other books but only considering
the progress in the application of surface science and
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ultrahigh vacuum techniques to electrochemistry with no
extrapolation to the possible industrial applications of these
findings. Some combined techniques, such as differential
electrochemical mass spectrometry, show the possibility of
the continuous analysis of an electrode reaction with the
detection of volatile or gaseous products in the course of the
electrochemical reaction as shown by M. J. Lázaro for car-
bon dioxide electroreduction. Differential electrochemical
mass spectrometry studies showed that the carbon support
degradation, the distribution of products, and the catalytic
activity toward the carbon dioxide electroreduction depend
significantly on the surface chemistry of the carbon support.

There are various applications of electrocatalysis for
technological electrochemical reactions, organic electrosyn-
thesis, galvanoplasty, electrode sensors, fuel cells, batteries
preparations, and so forth Some of them are presented
here in order to give an insight into the possibilities of
this science. Thus, the avoiding of interferences in the
case of hydrogen peroxide electroreduction has been gained
using alloys such as palladium-gold electrodes as reported
by R. Mussarlieva with application for glucose biosensors.
The surface topography of the electrode modified with
Pd + Au mixed in proportions 90 : 10, exhibiting optimal
combination of sensitivity and linear dynamic range towards
hydrogen peroxide electrochemical reduction.

However, it seems that the main application is the case
of fuel cells and one of the scopes is the possibility of long-
lasting experiments without contamination or poisoning of
the electrode surfaces. A. S. Aricó studied the continuous use
of IrO2/Pt electrocatalysts in fuel cells with good results that
are also presented in this special issue. The IrO2/Pt compo-
sition of 14/86 showed the highest performance for water
electrolysis and the lowest one as fuel cell. Polymer electrolyte
fuel cells are one of the most used devices for low-to-medium
power density sizes. However, platinum electrocatalysts are
often changed to platinum/ruthenium alloys because of the
application of the electrocatalytic Langmuir-Hinshelwood
surface mechanism. In this issue the use of dendrimers
during the synthesis of platinum/ruthenium electrocatalysts
for polymer electrolyte fuel cells shows interesting results
that are strongly dependent on the physical characteristics
of the alloy as presented by E. Pastor. After the activation
of the catalysts by heating at 350◦C, the real importance of
the use of these encapsulating molecules and the effect of
the generation of the dendrimer become visible. Not only
the use of alloys of combined electrodeposited species offers
electrocatalytic differences for fuel cell application, but also
the preparation of Au core-Pd shell/C electrodes as shown by
X. Liu for a direct borohydride-hydrogen peroxide fuel cell.
The results show that the Au-Pd/C catalyst with core-shell
structure exhibits much higher catalytic activity for the direct
oxidation of NaBH4 than pure Au/C catalyst, i.e. a direct
borohydride-hydrogen peroxide fuel cell, in which the Au-
Pd/C with core-shell structure is used as the anode catalyst
and the Au/C as the cathode catalyst.

New advances relevant to electrocatalysis such as spec-
troscopic or hybrid techniques with new theoretical con-
siderations act as a final point from them it is possible to
evolve to a new projection of the electrocatalytic reaction

itself. One of the purposes of this special issue is to present
the field of electrocatalysis as an interfacial approach to
a dynamic and permanently changing electronic-to-ionic
conductor interphase with real technical applications.

Carlos F. Zinola

Maria E. Martins

Elena Pastor Tejera

Newton Pimenta Neves Jr.
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Electrocatalytic activity toward ethanol electrooxidation of Pt particles in PtLa/C catalysts with different Pt : La ratios has been
studied with different electrochemical and spectroscopic techniques, and the results were compared to those of Pt/C catalyst. Signi-
ficant enhancement in the electrocatalytic activity has been achieved by depositing the Pt particles with lanthanum oxides/hydro-
xides using an alcohol reduction method. Compared to Pt/C catalyst, PtLa/C materials exhibit a lower onset potential and a higher
electron-transfer rate constant for the investigated reaction. These studies illustrate the possibility of utilizing Pt/C with La oxides/
hidroxides as electrocatalyst for direct alcohol fuel cells (DAFCs).

1. Introduction

In catalysis, numerous applications can be found for lantha-
num oxide. It is used as support for metals that catalyze reac-
tions such as methanol decomposition, ammonia oxidation,
and methane dry reforming [1–4]. It is also recognized as an
active and selective catalyst for several processes [5–7]. It has
been shown that lanthanum oxides can substantially modify
the chemical behaviour of highly dispersed metal catalysts
[6]. In this system, several chemical species are present such
as La2O3 or La(OH)3 [8], which could be implied in the elec-
trooxidation of alcohols like methanol or ethanol, for exam-
ple.

In the past decades, direct alcohol fuel cells (DAFCs) have
received much attention due to their possible applications in
transportation and portable electronic devices [9–15]. Meth-
anol or ethanol can be directly used as fuel in DAFCs without
external reformer. Ethanol has higher energy density com-
pared with methanol [15, 16] and it is more attractive as fuel
for DAFCs: it is safer and can be produced in great quantities
from biomass. However, the ethanol electrooxidation has
slow reaction kinetics that is still the main problem for its

direct application in an ethanol fuel cell (DEFC). A lot of
work has been done with the purpose to prepare catalysts
with sufficiently high catalytic activity and CO tolerance for
ethanol electrooxidation. It is accepted that the coexistence of
some metal oxides with Pt can improve the catalytic activity
of Pt-based catalysts for this reaction.

In the present work, the effect of the addition of La
oxides/hidroxides to Pt/C is investigated for ethanol electro-
oxidation [16]. PtLa/C catalyst powders with different com-
positions were prepared and compared to Pt/C. X-ray diffra-
ction (XRD), cyclic voltammetry (CV), steady-state polariza-
tion experiments, and Fourier transform IR spectroscopy
(FTIRS) were employed as characterization techniques to
provide information on the physicochemical properties as
well as on the catalytic activity of these materials towards the
electrochemical reactions of ethanol.

2. Experimental

PtLa/C with different Pt : La atomic ratios and Pt/C catalysts
were prepared by an alcohol reduction process in alkaline
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environment (KOH/Pt : La molar ratio of 8) using Vulcan
XC 72R as support. Metal precursors were H2PtCl6·6H2O
(Aldrich) and LaCl3·xH2O (Aldrich), and ethylene glycol
(Merck) was employed as solvent and reducing agent [17–
19]. The reduction potential of La is about 3.5 V more
negative than that of Pt [20]. Therefore, it is not possible
to reduce La(III) ions to La0 in the conditions of the chosen
methodology. Thus, in alkaline medium La(III) ions are de-
posited as lanthanum oxide and/or hydroxide. On the other
hand, Pt (IV) ions can be reduced by ethylene glycol to meta-
llic Pt nanoparticles, which are placed on the carbon sup-
port. Characterization of prepared materials by XRD and
transmission electron microscopy (TEM) has been described
in a previous work where it was proved that La is deposited
in the form of oxides and hydroxides by this procedure [21].
The diffractograms of PtLa/C electrocatalysts showed the
peaks characteristic of fcc Pt and the presence of the contri-
butions of La2O3 at 26◦, 29◦, 34◦, and 56◦ (JPDF 000–83–
1354) and those of La(OH)3 at 27◦, 31◦, and 43◦ (JPDF 000–
75–1900) [21, 22].

Dispersive X-ray (EDX) analysis using a scanning elec-
tron microscope Philips XL30 with a 20 keV electron beam
and provided with EDAX DX-4 microanalyser was used to
establish the real composition of the materials investigated in
the present paper.

The electrochemical measurements for the ethanol oxi-
dation reaction were carried out with a three-electrode
flow cell. A hydrogen electrode in the electrolyte solution
(RHE) was used as reference and a glassy carbon as counter
electrode. The working electrode was prepared with 40 µL of
a homogeneous mixture of 4 mg of powder electrocatalyst,
ultrasonically dispersed in 1 mL of Milli-Q ultrapure water,
and 38 µL of Nafion (Aldrich, 5 wt.%) [23]. This ink was de-
posited onto a glassy carbon polished surface disc, with geo-
metric area of 0.28 cm2, and dried in N2 atmosphere before
its utilization.

Electrochemical experiments were performed in a
1 mol L−1 CH3CH2OH + 0.5 mol L−1 H2SO4 solution for
both PtLa/C and Pt/C electrocatalysts. Cyclic voltammo-
grams (CVs) were recorded in the 0.05–0.90 V potential
range at 0.01 Vs−1 and the current-time curves at a constant
potential of 0.55 V. Activation pretreatment by potential cycl-
ing between 0.05 and 0.40 V in the base electrolyte (H2SO4

0.5 mol L−1) was applied until a stabilized CV was achieved
(the upper potential was set to 0.40 V in order to avoid La
dissolution from the alloy). A potentiostat/galvanostat Auto-
lab PGSTAT30 was used for these studies.

Electroactive area was calculated from the hydrogen
adsorption/desorption region assuming 0.210 mC/cm2 for
the oxidation of an H adsorbed monolayer. Density current
values in the paper are calculated with respect to the electro-
active areas.

Fourier transform IR spectroscopy (FTIRS) experiments
were carried out with a Bruker Vector 22 spectrometer equip-
ped with an MCT (mercury cadmium telluride) detector. A
small glass flow cell with a 60◦ CaF2 prism at its bottom was
employed. For each spectrum, 128 interferograms were col-
lected at selected potentials with a resolution of 8 cm−1, by
applying 0.05 V single potential steps from a reference

Table 1: Pt : La ratios from EDX analysis and current density from
chronoamperometric curves obtained at 0.55 V.

Electrocatalysts Atomic ratios (Pt : La) CV0.55 (mA cm−2)

PtLa 30 : 70 37 : 63 0.288

PtLa 50 : 50 57 : 43 0.213

Pt — 0.092

potential (0.05 V) in the positive going direction. Spectra are
represented as the ratio R/R0, where R and R0 are the reflec-
tance at the sample and reference spectra, respectively [11].
In this way, positive bands represent the loss and negative
bands the gain of species at the sampling potential.

The working electrodes for FTIRS consist of a thin layer
of a certain amount of the metal/C catalysts deposited over
a polycrystalline gold disk. The geometric area of the disk was
0.85 cm2. 40 µL of the homogeneous mixture of powder
electrocatalyst was pipetted on the top of the gold disk and
dried at ambient temperature. The electrolyte was
0.1 mol L−1 HClO4 containing 1.0 mol L−1 of ethanol.

3. Results and Discussion

The real compositions of the catalysts were established from
EDX analysis and results are summarized in Table 1. The
measured atomic ratios of PtLa/C were close to nominal
ones, so it can be deduced that Pt and La oxides/hydroxides
were successfully loaded on the carbon support without
metal loss.

The cyclic voltammograms for ethanol oxidation on
PtLa/C and Pt/C electrodes in 1.0 mol L−1 CH3CH2OH +
0.5 mol L−1 H2SO4 solution at room temperature are given
in Figure 1. It can be observed that the CVs exhibit the ir-
reversible nature of the ethanol electrooxidation that is char-
acteristic of Pt-based catalysts. The onset for ethanol electro-
oxidation occurs at approximately 0.50 V but a shift to more
negative potentials is clearly apparent when introducing La
species in the material, especially in the case of the PtLa/C
(30 : 70) catalyst. Moreover, different maximum current den-
sities are achieved during the positive potential scan. The
highest current density is apparent for PtLa/C (30 : 70) cata-
lysts, and it is about twice that obtained for Pt/C. The PtLa/C
(50 : 50) electrocatalyst also increases the catalytic activity, by
a factor of 1.5 when compared to Pt/C. Therefore, the acti-
vity order towards ethanol electrooxidation can be establish-
ed as follows: PtLa/C (30 : 70) > PtLa/C (50 : 50) > Pt/C.
Then, the content of La oxides/hydroxides in the PtLa/C cata-
lysts affects the catalytic activity for ethanol electrochemical
oxidation allowing the oxidation at lower potentials and in-
creasing the current density values.

Considering that ethanol does not react on La oxides/
hidroxides, from these data it can be concluded that the
addition of La oxides/hydroxides significantly increases the
catalytic activity of Pt towards ethanol electrooxidation. Pro-
bably this result is related to the improvement of the
kinetics of CO and other adspecies oxidation on Pt through
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Figure 1: Cyclic voltammograms for ethanol electrooxidation
on Pt/C, PtLa/C (50 : 50), and PtLa/C (30 : 70) electrocatalysts in
1.0 mol L−1 CH3CH2OH + 0.5 mol L−1 H2SO4 in the 0.05 to 0.90 V
potential range at room temperature. Scan rate: 0.010 Vs−1.

a bifunctional mechanism [24] (as no alloy is formed in these
materials according to previous results in [21]).

To compare the cyclic voltammetric and the potentio-
static responses of the electrocatalysts, chronoamperometric
curves in 1.0 mol L−1 CH3CH2OH + 0.5 mol L−1 H2SO4 were
recorded at 0.55 V during 900 s. Results are given in Figure 2
and stable current density values summarized in Table 1. The
same trend previously established from the CVs is observed.

All current-time curves display an initial fast current
drop in the first 90 seconds followed by a slower rise only
apparent for PtLa materials. This observation could be ex-
plained assuming that a fast poisoning of the Pt surface takes
place in the first instants, but, in the presence of La oxides/
hydroxides, slower oxidation of the poisons occurs to a cer-
tain extent at 0.55 V. Thus, the current increases until achiev-
ing a stable value when the concurrence between both pro-
cesses (poisoning and oxidation of the adspecies) acquires
the equilibrium. In other words, PtLa/C electrocatalysts are
more resistant to the poisoning caused by ethanol interme-
diate adspecies causing a significant increase of performance
with the augment of La oxides/hidroxides content. This be-
haviour could be attributed to the oxophilic character of La
in La(OH)2 and La2O3 [25].

Using CeO2, an increment in performance was also des-
cribed by Xua and coworkers [24]. They attributed the acti-
vity enhancement for alcohol electrooxidation after the addi-
tion of CeO2 to the Pt catalysts to the bifunctional mech-
anism, where the formation of chemisorbed oxygen species
was favoured by CeO2 and promotes the oxidation of adsorb-
ed carbon monoxide on the surface of Pt. Neto et al. [26] ob-
served an improvement in ethanol electrooxidation using
nanocrystalline Pt/CeO2 composite electrodes. From the
studies of carbon monoxide oxidation over Pt–CeO2 and Pt–
SnO2, these authors associated the increase in the activity
with the oxygen spillover from the oxides onto the Pt sites
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Figure 2: Current-time curves at 0.55 V in 1.0 mol L−1 CH3CH2OH
+ 0.5 mol L−1 H2SO4 solution for Pt/C, PtLa/C (50 : 50) and PtLa/C
(30 : 70) electrocatalysts.

[26]. In a similar way, it is also possible that, in our case, the
release of oxygen from the surface of La oxides/hidroxides
particles contributes to facilitating the oxidation of adsorbed
CO and other intermediate species on the Pt surface.

To provide complementary information on the electro-
chemical oxidation of ethanol, Fourier transform IR spec-
troscopy (FTIRS) was employed as catalyst characterization
technique. According to Iwasita et al. [27], possible products
during ethanol electrooxidation are CO2, acetaldehyde, and
acetic acid, although ethyl acetate could also be produced
by the reaction of acetic acid with ethanol. Figure 3 presents
the IR spectra acquired with p-polarized light in 1.0 mol L−1

CH3CH2OH + 0.5 mol L−1 H2SO4 solution during the pro-
gressive ethanol electrooxidation from 0.05 V up to 0.90 V for
PtLa/C (50 : 50) catalyst. HClO4 was used instead of H2SO4

in order to avoid the bands related to the adsorption of
sulphate/bisulphate species.

In Figure 3, the growing in CO2 production is indicated
by the asymmetric stretching vibration band at 2343 cm−1.
The positive going features at 2983 and 2901 cm−1 corre-
spond to CH3CH2OH and indicate the consumption of the
alcohol in the thin layer. At 0.80 V all other contributions in
the spectrum are well developed. At 1715 cm−1, the stretch-
ing band of the carbonyl group (C=O) is observed. Both
acetaldehyde and acetic acid could be responsible for this
band, so it is not appropriated for identification purposes
[27]. As the potential is stepped to more positive values, two
other negative features at 1354 and 1278 cm−1 appear in the
spectrum, parallel to the carbonyl band. According to Iwasita
et al. [27], the spectrum of pure acetic acid presents in this
region two bands due to the coupled C–O stretching and OH
deformation.

These results confirm that CO2 and acetic acid are
produced during ethanol oxidation. On the other hand, the
identification of acetaldehyde in the presence of comparable
quantities of acetic acid is difficult. The characteristic features
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+ 0.1 mol L−1 HClO4 solution for PtLa/C (50 : 50) electrocatalysts.
P-polarized light; resolution: 8 cm−1; Eref = 0.05 V.

of acetaldehyde are the C=O stretch (in the region of the sig-
nal at 1715 cm−1) and the symmetric CH3 deformation (in
the region of the signal at 1354 cm−1). These bands can be
then strongly overlapped with those of acetic acid. Assuming
that the dual-path mechanism is acting for ethanol electro-
oxidation, CO2 and acetic acid can be considered as repre-
sentative of the two reactions pathways (acetaldehyde is pro-
duced in the same route as acetic acid).

The acetic acid (1278 cm−1) and CO2 (2343 cm−1) pro-
ductions can be followed integrating their characteristic
bands from the spectra in Figure 3 and plotting the result as a
function of the potential. The integrated intensity values are
given in Figures 4 and 5, respectively. The same procedure for
spectra collection has been followed with PtLa/C (30:70) and
Pt/C, and the results for their integration are also included in
Figures 4 and 5.

The bands at 2343 and 1278 cm−1 in Figures 4 and 5 fol-
low similar potential dependences, increasing the intensity as
the sample potential is set more positive. It is also observed
that the amount of both acetic acid and CO2 rises with the
increment of La oxides/hidroxides content in the catalyst.
However, some differences are apparent between the two
PtLa/C electrocatalysts and have to be remarked.

In general, the onset electrooxidation potential observed
in the CVs in Figure 1 is related to the onset in the CO2 pro-
duction (Figure 5) in all catalysts, whereas the formation of
acetic acid starts at more positive potentials (Figure 4). This
result suggests that it is necessary that adsorbed species ini-
tiate their oxidation to CO2 in order to liberate Pt sites, where
ethanol molecules from the solution can further react and
produce acetaldehyde and acetic acid. Although the onset
potentials for both CO2 and acetic acid are similar for
the three catalysts studied, from a detailed inspection of
Figures 4 and 5, it is clearly observed a faster increase in the
production of both CO2 and acetic acid in the presence of
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Figure 4: Potential dependence of the integrated band intensity
(1278 cm−1) from Figure 3 corresponding to acetic acid, for Pt/C,
PtLa/C (50 : 50), and PtLa/C (30 : 70) electrocatalysts.
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Figure 5: Potential dependence of the integrated band intensity
(2343 cm−1) from Figure 3 corresponding to CO2, for Pt/C, PtLa/C
(50 : 50), and PtLa/C (30 : 70) electrocatalysts.

La oxides/hydroxides. In the case of Pt : La 50 : 50, the higher
currents observed in Figure 1 with respect to Pt are due to the
formation of higher amounts of acetic acid (Figure 4). For
Pt : La 30 : 70, both CO2 (Figure 5) and acetic acid (Figure 4)
productions are enlarged with respect to Pt, but mainly CO2

when compared with PtLa 50 : 50. Therefore, it seems that
initially the presence of La oxides/hydroxides contributes to
enhancing the catalytic activity facilitating the bulk ethanol
reaction; but increasing its content in the catalyst, also the
electrooxidation of adsorbed intermediates to CO2 (and,
therefore, the cleavage of the ethanol molecule) is favoured.
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To produce CO2 or CH3COOH, CH3CH2OH needs at
least a second oxygen atom. The reaction mechanism must
involve some form of adsorbed oxygen species, which pro-
bably come from La oxides/hidroxides in addition to PtOH
from water splitting. Although there is an evident rise in the
performance of the catalyst with the increment of La oxides/
hidroxides content, this is mainly due to a faster oxidation
of bulk ethanol to acetic acid, that is, without breaking the
C–C bond. However, it is also shown that with appropriate
amounts of La oxides/hydroxides also the efficiency to CO2

(and, therefore, the cleavage of the molecule) can be enhan-
ced.

4. Conclusions

The combination of electrochemical and spectroscopic tech-
niques has allowed a comparative analysis of the behaviour
of Pt/C, PtLa/C (50 : 50) and PtLa/C (30 : 70) electrocatalysts
towards ethanol electrooxidation. A significant increase of
performance was observed with the increment of La oxides/
hidroxides content, indicating that the addition of La species
improves the activity of Pt for this reaction. FTIR results
show that higher amounts of acetic acid are produced during
ethanol oxidation at PtLa/C (50 : 50). Also the formation of
CO2 is favoured if the La oxides/hydroxides content is rais-
ed to Pt : La 30 : 70, and, therefore, the presence of these com-
pounds as oxygen source can favour both bulk alcohol re-
actions (acetic acid formation) and adsorbed species oxida-
tion (CO2 production).

The onset for ethanol oxidation is observed at 0.50 V, that
is, in the potential range used for a DAFC. The enhancement
of activity towards alcohol electrooxidation in this potential
region due to the addition of La oxides/hidroxides to Pt
opens a possibility to utilize these materials as electrocatalysts
for these devices. However, the detection of representative
amounts of acetic acid clearly indicates that the C–C bond is
not completely broken and further optimization of the cata-
lysts is needed to improve the energy efficiency of ethanol
electrooxidation.

Acknowledgments

The authors thank FAPESP (Process 03/03127-0), CNPq
(CTENERG 504793/2004-0), CAPES (Process 3982-07-6),
MICINN (MAT2008-06631-C03-02), and ACIISI (PI2007/
023) for the financial support.

References

[1] G. Mul and A. S. Hirschon, “Effect of preparation procedures
on the activity of supported palladium/lanthanum methanol
decomposition catalysts,” Catalysis Today, vol. 65, no. 1, pp.
69–75, 2001.

[2] J. Petryk and E. Kolakowska, “Cobalt oxide catalysts for am-
monia oxidation activated with cerium and lanthanum,” Appl-
ied Catalysis B, vol. 24, no. 2, pp. 121–128, 2000.

[3] S. Irusta, L. M. Cornaglia, and E. A. Lombardo, “Hydrogen
production using Ni-Rh on La,” Journal of Catalysis, vol. 210,
no. 1, pp. 7–16, 2002.

[4] O. V. Manoilova, S. G. Podkolzin, B. Tope et al., “Surface aci-
dity and basicity of La,” Journal of Physical Chemistry B, vol.
108, no. 40, pp. 15770–15781, 2004.

[5] S. J. Huang, A. B. Walters, and M. A. Vannice, “Adsorption and
decomposition of NO on lanthanum oxide,” Journal of Cata-
lysis, vol. 192, no. 1, pp. 29–47, 2000.

[6] M. Traykova, N. Davidova, J. S. Tsaih, and A. H. Weiss, “Oxi-
dative coupling of methane—the transition from reaction to
transport control over La,” Applied Catalysis A, vol. 169, no. 2,
pp. 237–247, 1998.

[7] H. Vidal, S. Bernal, R. T. Baker, G. A. Cifredo, D. Finol, and J.
M. Rodrı́guez-Izquierdo, “Catalytic behavior of lanthana pro-
moted Rh/SiO,” Applied Catalysis A, vol. 208, no. 1-2, pp. 111–
123, 2001.
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[25] L. M. Cornaglia, J. Múnera, S. Irusta, and E. A. Lombardo,
“Raman studies of Rh and Pt on La2O3 catalysts used in
a membrane reactor for hydrogen production,” Applied Catal-
ysis A, vol. 263, no. 1, pp. 91–101, 2004.

[26] A. O. Neto, L. A. Farias, R. R. Dias, M. Brandalise, M. Linardi,
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Carbon xerogels (CXs) have been prepared by polycondensation of resorcinol and formaldehyde. Two synthesis pHs were studied
in order to evaluate its influence on the electrochemical behaviour of Pt catalysts supported on previous carbon xerogels,
synthesized by conventional impregnation method. Catalysts were also synthesized over a commercial carbon black (Vulcan-XC-
72R) for comparison purposes. Characterization techniques included nitrogen physisorption, scanning electron microscopy, and
X-ray diffraction. Catalysts electrochemical activity towards the oxidation of carbon monoxide and methanol was studied by cyclic
voltammetry and chronoamperometry to establish the effect of the carbon support on the catalysts performance. Commercial
Pt/C catalyst (E-TEK) was analyzed for comparison purposes. It was observed that the more developed and mesopore-enriched
porous structure of the carbon xerogel synthesized at a higher initial pH resulted in an optimal utilization of the active phase and
in an enhanced and promising catalytic activity in the electrooxidation of methanol, in comparison with commercial catalysts.

1. Introduction

One of the main challenges nowadays in polymer-electrolyte
fuel cell technology is the optimization of the catalytic sys-
tems employed in anode (fuel oxidation) and cathode (oxy-
gen reduction), towards the enhancement of their catalytic
activity and durability, at each time lower noble metal—
normally Pt—loads. In the case of the anode of direct metha-
nol fuel cells (DMFCs), the detailed mechanism of methanol
oxidation has been elucidated during the last decades using
a variety of experimental procedures, and several reviews
can serve as a reference for the reader [1, 2]. Basically, the
electrochemical oxidation of methanol on Pt involves several
intermediate steps such as dehydrogenation, CO-like species
chemisorption, OH (or H2O) species adsorption, chemical
interaction between adsorbed CO and OH compounds, and
CO2 evolution. The catalytic activity strongly depends on the
metallic composition (it is well known that the presence of a
second metal like Ru or Sn considerably enhances the OH
adsorption and, consequently, the electrocatalytic activity),
the particle size, the metallic surface structure, and the metal-
support interaction [1–3].

Employing high-surface area carbon supports has been
regarded as one of the most plausible options for achieving
an optimal utilization of the active phase. Thus, in the last
decade, an increasing number of publications report the
synthesis and use of advanced carbon supports for fuel cell
systems, such as carbon nanotubes [4, 5], carbon nanofibers
[6, 7], ordered mesoporous carbons [8], and carbon xerogels
and aerogels [4, 8–13], which can lead to more stable, highly
active catalysts, at lower platinum loadings (<0.1 mg·cm−2)
than in the case of using conventional carbon black supports,
leading therefore to lower catalyst cost [14]. In the prepara-
tion of carbon-supported catalysts, textural properties of the
support can be properly adjusted in order to overcome mass
transfer limitations while favouring an adequate dispersion
of the active phase. This fact becomes especially significant
in the case of the preparation of catalysts for electrochemical
applications; their electrochemical properties may become
strongly dependent on their final textural features, with
adequate specific surface area and abundance of mesopores
in the pore size range of 20–40 nm, resulting fundamental
for a highly accessible catalytic surface area [15].
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Since their introduction by Pekala in 1989 [16], resor-
cinol-formaldehyde aqueous gels have received considerable
attention, due to the possibility of fine-tuning their textural
properties by adequately modifying different parameters
involved in their preparation [17]. In this way, it is possible
to obtain a wide variety of materials with different properties
which can be used in a wide range of applications [18]. Apart
from this fact, these synthetic carbon materials possess high
purity, and, moreover, whereas carbon blacks are constituted
of aggregates connected through van der Waals bonds, car-
bon gels display monolithic structures at the micrometer
scale, and, as a consequence, the pore texture of a carbon gel
micromonolith remains identical in the catalytic layer of a
membrane-electrode assembly [14, 19]. In previous studies
[14, 19], PEMFCs cathodes were prepared from Pt catalyst
supported on carbon aerogels and xerogels. The results ob-
tained clearly evidenced that an adequate choice of the
carbon pore texture can in fact lead to a significant decrease
of the diffusion-induced potential losses. Liu and Creager
[20] have recently reported as well evidence of lower mass
transfer resistance in Pt-loaded carbon xerogels vis-à-vis the
same electrocatalyst prepared using carbon black Vulcan XC-
72 R as support.

Arbizzani et al. [15] studied the specific catalytic activity
of DMFC anodes based on PtRu catalysts deposited by
chemical and electrochemical route on mesoporous cryo-
and xerogel carbons. Their results were compared with those
obtained with PtRu supported on Vulcan, being the specific
catalytic activity more than double when Vulcan is substi-
tuted by former carbons.

Job et al. [21] also synthesized highly mesoporous carbon
via sol-gel condensation of resorcinol and formaldehyde.
Electrooxidation of methanol in alkaline electrolyte was car-
ried out using Pt and PtNi catalysts supported on high-
ly mesoporous carbon xerogels. The electrocatalytic tests
showed better performance of the catalysts when impreg-
nated on this kind of carbon support.

In a more recent work [5], the same group prepared mul-
tiwalled carbon nanotubes and high surface area mesoporous
carbon xerogel and used them as supports for monometallic
Pt and bimetallic PtRu catalysts. In order to assess the
influence of the oxygen surface groups of the support, the
mesoporous carbon xerogel was also oxidized with diluted
oxygen before impregnation. A remarkable increase in the
activity was observed when the PtRu catalysts were supported
on the oxidized xerogel. This effect was explained in terms
of the metal oxidation state. It was shown that the oxidized
support helps to maintain the metals in the metallic state, as
required for the electrooxidation of methanol.

However, carbon gels have also been tested as carbon
supports in several applications different from the field of
electrocatalysis. For example, Job et al. [9] prepared Pt/C
catalysts by impregnation of three xerogels possessing vari-
ous pore textures. They observed that the specific catalytic
activity measured towards benzene hydrogenation was 4–
10 times higher in the presence of the carbon-xerogel-
supported catalysts than the one determined for analogous
active charcoal-supported ones. This enhanced catalytic
activity was attributed to higher Pt dispersion on the carbon

surface, due to the abundant presence of large mesopores and
wide mesopores in the carbon xerogel pore structure, which
in the end facilitated its impregnation with the precursor of
the active phase.

Carbon gels preparation comprises several steps, basi-
cally, (i) sol-gel synthesis and gel curing, (ii) drying, for
removing the excess solvent, and (iii) carbonization of the
organic gel. Carbon aerogels differ from carbon xerogels in
the drying procedure applied in each case. While supercrit-
ical drying is used to synthesize carbon aerogels, carbon
xerogels are prepared using conventional evaporative drying.
This last option results in the shrinkage of the initial porous
structure of the gel [22, 23], but its consequences can be
really advantageous, depending on the final application of
the carbon material. Furthermore, synthesis costs are also
substantially reduced by means of choosing evaporative
drying. Carbon xerogels possessing microporous, micro-
mesoporous, to micro-macroporous structures can be pro-
duced by varying the morphologies of the primary particles
that compose them, the degree of interconnectivity among
primary particles, and by means of controlling gel structure
shrinkage during drying, which is as well determined by
the original structure of the organic gel. Resorcinol to
formaldehyde molar ratio, kind and amount of catalyst
used, solvent, dilution, and pH have a decisive influence
in final gel properties. With respect to pH effect on the
porosity of carbon gels, Mahata et al. [24] prepared carbon
xerogels at two different pH values, 5.5 and 6, observing
that the materials prepared at the lower pH values possessed
considerably higher mesopore area but lower average pore
diameter. Lin and Ritter [25] previously reported similar
observations. They prepared carbon xerogels at pH values
between 5.5 and 7.0, observing, that as the pH decreased
from 7.0 to 6.5, the surface area increased sharply from 0
to 600 m2·g−1, then remained constant over the pH range
from 6.5 to 5.5. In contrast, the pore volume increased almost
linearly as the pH decreased between 7.0 and 5.7, and then
remained constant at around 0.8 cm3·g−1 over the pH range
from 5.7 to 5.5. These results indicate that the increase in the
pore volume that occurred with a decrease in the pH from 6.5
to 5.5 corresponded to the creation of larger pores which did
not contribute much to the surface area. They also observed
that higher pH values led to carbon gels with a weaker pore
structure which collapsed easily after drying and pyrolysis.
They stated that higher pH hindered the condensation
reaction leading to less cross-linking of the structures and
resulting in a much weaker gel structure than at lower pH.
A few years later, Zanto et al. [23] claimed the opposite,
comparing carbon aerogels and xerogels synthesized at pH
values of 5.5 and 7.0. The highest pH corresponded to the
highest development of surface area and porosity. These
authors explained this fact by stating, that at their higher
pH setting, cross-linking of the already formed clusters
occurred to a greater extent due to lower concentration
of protons in the media, what resulted in a more porous
polymeric structure. Zubizarreta et al. [26] noticed that
the time required for gelation, curing, and drying of their
organic gels depended on the pH of the initial solution.
This parameter also influenced the structure of the materials
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after drying, being less compact at the lowest pH values
employed. In consequence, surface area and pore volume of
the carbon gels decreased with increasing synthesis pH. Job
and coworkers reported as well the strong influence that the
pH of the solution in the synthesis of a carbon xerogel exerts
on the final properties of these carbon materials [27]. As pH
was increased from 5.45 to 7.35, carbon gels evolved from
micro-macroporous to exclusively microporous materials,
that is, pore size distribution becoming narrower at higher
pHs, whereas surface area passed through a maximum at
a pH of 6.50. However, these series of published works
also evidence that there is no general agreement on the
influence of this parameter in controlling the carbon gel final
structure and that this might depend as well on the rest of
the parameters involved in the gel synthesis and, in general,
on the experimental procedure and setup used in each case.

In the present paper, mesoporous carbon xerogels have
been synthesized at two pH values: 5.5 and 5.8, with the
aim of evaluating its influence on the carbonaceous textural
properties and, in turn, on the electrochemical behaviour
of Pt-supported electrocatalysts. Although in recent years,
PtRu, PtSn, and other Pt alloys have replaced Pt for the
preparation of anodic catalysts, due to their enhanced
performance and resistance towards CO poisoning [25–28],
Pt was exclusively used as active metal through the present
work in order to simplify the catalytic system. In this sense,
this is a preliminary study focused on the evaluation of the
particular influence of the carbon support in the catalyst
activity, independently of the influence of other parameters
such as Pt : M (Ru, Sn, etc.) atomic ratio, oxidation state, or
the interaction between the bimetallic sites. Future works will
comprise the introduction of bimetallic systems on the best
support. Commercial Pt-supported catalyst (E-TEK) has also
been studied for comparison. Moreover, in order to compare
the results obtained using the synthesised carbon xerogels as
supports, a catalyst was prepared using a commercial carbon
black (Vulcan-XC-72 R) instead. Voltamperometric studies
towards carbon monoxide and methanol oxidation were
carried out in order to analyze the influence of the carbon
support on the electrochemical behaviour of Pt catalysts
[29].

2. Experimental

2.1. Synthesis of Carbon Xerogels. Resorcinol (1,3-dihydrox-
ybenzoic acid)-formaldehyde organic gels were synthesized
following the procedure described in detail in [27]. 9.91 g
of resorcinol (99% Vol) were first mixed with 18.8 mL of
deionised water under magnetic stirring and poured into
sealable flasks. After dissolution, the pH value was generally
close to 2 and was first increased close to the chosen value
(5.5 and 5.8) by addition of concentrated sodium hydroxide
solution (5 and 2 N solutions were used). Afterwards 13.5 mL
of formaldehyde solution (Aldrich, 37% wt. in water, stabi-
lized by 10–15% wt. methanol) were added to the mixture
(resorcinol/formaldehyde ratio was 0.5), and the pH value
was then finally adjusted by addition of diluted sodium
hydroxide solution (0.5 N). The use of three different alkaline

solutions of various concentrations enabled us to minimize
the amount of water added during pH adjustment.

Gelation was performed at 85◦C in an oven. The obtained
aqueous gels were then dried without any pretreatment, at
65◦C for 5 h, and then, temperature was risen up to 110◦C
and held for another 5 h, as described elsewhere [25]. After
drying, the gels were pyrolyzed at 800◦C under nitrogen flow
in a tubular oven, following the heating pattern described
elsewhere [27]. Carbon xerogels obtained were named:
CX 550, the one synthesized at pH = 5.5, and CX 580, in the
case of adjusting to pH = 5.8 during its synthesis.

2.2. Pt Catalysts Synthesis. Pt was deposited on carbon
xerogels by impregnation and reduction with sodium boro-
hydride [2]. The amount of metallic precursors was adjusted
in order to obtain a final nominal metal loading of 20% w/w.
An aqueous solution of H2PtCl6 (Sigma-Aldrich) was slowly
added into a dispersion of carbon xerogel or carbon black
in ultrapure water under sonication. pH was adjusted to 5
with a 5 N NaOH solution. The loaded metal was reduced by
addition of sodium borohydride, maintaining temperature
around 18◦C. Subsequently, catalysts were filtered and
thoroughly washed with ultrapure water and dried overnight
at 60◦C.

2.3. Carbon Xerogels and Catalysts Textural and Morphological
Characterization. The textural and morphological features
of the synthesized carbon xerogels were determined by
means of nitrogen physisorption at −196◦C (Micromerit-
ics ASAP 2020) and scanning electron microscopy (SEM,
Hitachi S-3400 N). Textural properties such as specific
surface area, pore volume, and pore size distribution were
calculated from each corresponding nitrogen adsorption-
desorption isotherms applying the Brunauer-Emmett-Teller
(BET) equation, Barrett-Joyner-Halenda (BJH), and t-plot
methods.

SEM combined with energy dispersive X-ray spectro-
scopy (SEM-EDX) was used to determine the amount of
metal deposited. An analyzer EDX Röntec XFlash de Si(Li)
was employed with this purpose. Catalysts were as well
characterized by X-ray diffraction (XRD), using a Bruker
AXS D8 Advance diffractometer, with a θ-θ configuration
and using Cu-Kα radiation.

2.4. Electrochemical Characterization. Electrochemical char-
acterization has proven to be of key importance in deter-
mining the electrocatalytic activity of these materials [29,
30]. Catalysts electrochemical activity towards the oxidation
of carbon monoxide and methanol was studied by cyclic
voltammetry and chronoamperometry at room temperature
as in previous works [6, 8, 31]. A cell with a three-elec-
trode assembly at room temperature and an AUTOLAB
potentiostat-galvanostat were used to carry out the electro-
chemical characterization. The counter electrode consisted
on a pyrolytic graphite rod, while the reference electrode
was a reversible hydrogen electrode (RHE). Therefore, all
potentials in the text are referred to the latter. The working
electrode consisted of a pyrolytic graphite disk (7 mm) with
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a thin layer of the electrocatalyst under study deposited onto
it. For the preparation of this layer, an aqueous suspension
consisting of 2 mg of Pt/C catalyst was obtained by ultra-
sonically dispersing it in Nafion solution 10% wt. (15 μL)
and ultrapure water (500 μL) (Millipore). Subsequently an
aliquot of 40 μL of the dispersed suspension was deposited
on top of the graphite disk (7 mm) and dried under inert
atmosphere prior to its use.

After preparation, the electrode was immersed into de-
aerated 0.5 M H2SO4 electrolyte, prepared from high purity
reagents (Merck) and ultrapure water (Milli-Q). The elec-
trolyte was saturated with pure N2 or CO (99.997%, Air
Liquide), depending on the experiments. Prior to the elec-
trochemical characterization, the electrode was subjected to
potential cycling between 0.05 and 1.10 V versus RHE at a
scan rate of 500 mV·s−1 until a stable voltammogram in the
base electrolyte (0.5 M H2SO4) was obtained. CO stripping
voltammograms were obtained after bubbling this gas in the
cell for 10 min at 0.20 V versus RHE, followed by nitrogen
purging to remove the excess of CO. The admission potential
was selected considering that, for this value, maximum
adsorbate coverage is achieved for CO adsorption on Pt.
Afterwards, potential cycling between 0.05 V and 1.10 V
versus RHE at 20 mV·s−1 was carried out to follow CO
oxidation. Electrochemical Pt active areas were determined
from the integration of the current involved in the oxidation
of a CO monolayer, taking into account that CO linearly
adsorbs on Pt and assuming 420 μC/cm2 involved in the
oxidation process. Current values were normalized with
respect to the electroactive area.

Cyclic voltammograms for the electrooxidation of
methanol were carried out in a 2 M CH3OH + 0.5 M H2SO4

solution, at scan rate of 20 mV·s−1, between 0.05 and 1.10 V
versus RHE, and current was normalized with respect to each
catalyst electroactive area.

Chronoamperometries were performed at 0.60 V versus
RHE in a 2 M CH3OH + 0.5 M H2SO4 solution, in order
to evaluate the evolution of the electrocatalytic activity with
time of the prepared catalysts in the electrooxidation of
methanol. All the experiments were carried out at room
temperature (25 ± 1◦C), and current was normalized with
respect to each catalyst electroactive area.

3. Results and Discussion

3.1. Influence of Synthesis pH in Carbon Xerogel Textural
Features. Surface areas and pore volumes (total, mesopore
and micropore) of the synthesized carbon xerogels and
the commercial carbon black (Vulcan) determined from
nitrogen physisorption isotherms are shown in Table 1. High
values of surface area, 436 and 493 m2/g, were measured
for the carbon xerogels CX 550 and CX 580, respectively,
considerably higher than the one obtained for Vulcan XC-
72R, 223 m2/g. Total pore volume in the case of the carbon
xerogel synthesized at the highest pH, CX 580, 1.09 cm3/g,
is also noticeably higher than for the carbon black Vulcan
and carbon xerogel CX 550, 0.47 cm3/g. The pH of the initial
solution clearly plays a definitive roll in the development

Table 1: Carbon supports (xerogels and carbon black) textural
properties.

Sample
Surface

area, SBET

(m2 g−1)

Total pore
volume

(cm3 g−1)

Mesopore
volume
Vmeso,BJH

(cm3 g−1)

Micropore
volume

Vmicro, t-plot

(cm3 g−1)

CX 550 436 0.47 0.25 0.21

CX 580 493 1.09 0.87 0.20

Vulcan 224 0.47 0.41 0.04

of porosity: a slight pH increase led to an almost two-fold
higher pore volume and about 10% higher surface area.
The main difference between CX 550 and CX 580 is the
total pore volume which is more than double for the latter
(1.09 cm3/g for CX 580) than for the former (0.47 cm3/g for
CX 550). Mesopore volume values reflect that these are the
pores which are preferentially formed when using a higher
solution pH. In fact, a 3-fold increase in mesopore volume
value can be observed when comparing CX 580 to CX 550,
while it almost doubles the value determined for Vulcan
carbon black. In the case of the synthesized carbon xerogels,
micropore volume remains constant, independently of the
synthesis pH, and, in any case, substantially higher than for
Vulcan carbon black.

With respect to the morphology of carbon xerogels, SEM
images (Figure 1) show that carbon xerogel synthesized at
the lowest pH value of 5.5, CX 550, is formed by small
polymer particles that are interconnected with large necks
giving the gel a fibrous appearance. The appearance of the
carbon xerogel synthesized at the highest pH, CX 580, differs
slightly from the one observed for CX 550. At higher pH
carbon gel structure looks less defined, more compact, and
conformed by smaller polymeric particles pointing either to
a higher degree of cross-linking, as suggested by Zanto et
al. [23] or even due to a partial collapse of porosity during
drying and pyrolysis, as stated by Lin and Ritter [25].

3.2. Pt/Carbon Xerogel Catalysts Physico-Chemical Charac-
terization. Pt catalysts supported on the synthesized carbon
xerogels were characterized by SEM-EDX and XRD. Their
properties are summarized in Table 2. SEM-EDX analyses
were carried out to determine the metal concentration in
the electrocatalysts. Pt concentrations around 17-18% weight
were obtained, close to 20% nominal loading. XRD patterns
(Figure 2) show the typical reflectances of the face-centered
cubic structure of platinum. Pt crystallite sizes obtained from
the 220 peak in the XRD diffractograms (shown in Figure 2)
using the Scherrer’s equation are shown in Table 2.

Platinum supported on low pore volume carbon xerogel
(Pt/CX 550) presents the highest crystal size of 6.2 nm,
whereas using the carbon xerogel with the high pore volume
(CX 580) leads to a considerable decrease in crystal size to
4.5 nm. This result highlights the importance of the support
textural properties in the metallic crystal growth, where the
impregnation of the carbon support can be impeded to a
certain extent when there is a low presence of mesopores.
Moreover, using Vulcan carbon black with a similar pore
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Figure 1: SEM micrographs of carbon xerogels: (a) CX 550; (b) CX 580.
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Figure 2: Diffractograms obtained by XRD for Pt catalysts assayed.

Table 2: Pt electrocatalysts properties.

Sample % w/w Pt Pt crystal size (nm)

Pt/CX 550 17 6.2

Pt/CX 580 18 4.5

Pt/CB Vulcan 17 4.0

Pt-E-TEK 18 3.0

volume than CX 550 and half the surface area leads to a
similar crystal size than the other CX 580, pointing out that
not only textural properties are important but carbonaceous
surface structure plays a role. On the other hand, the com-
mercial catalyst (Pt-E-TEK) presents the lowest Pt crystal size
of 3.0 nm. These differences in crystal domain size of the
active phase will result in different electrocatalytic behaviour,
which is the main purpose of the next section.

3.3. Electrochemical Characterization and Catalytic Activity.
Pt catalysts supported on carbon xerogels were characterized
by cyclic voltammetry (CV). CO stripping was performed
in order to establish the influence of the textural properties
of the different supports in the electrochemical performance
of each of the Pt catalysts towards CO electrooxidation.
The electrooxidation of CO presents a strong dependence
on the electrode surface state in terms of morphology and

structure [32–34]. CO stripping voltammograms obtained
are shown in Figure 3. The second cycles recorded after CO-
stripping, which correspond to the voltammograms in the
base electrolyte for clean surfaces, are also shown.

The COad oxidation peak for Pt/CX catalysts was ob-
tained around 0.82 V versus RHE, as for Pt-E-TEK, as report-
ed in the literature for commercial catalysts [34]. Whereas
the maximum occurs at similar potential values, slight differ-
ences are observed as a contribution at more negative poten-
tials (0.68–0.74 V versus RHE). The catalysts prepared by
impregnation (Pt/CX 550, Pt/CX 580, and Pt/CB Vulcan)
present an onset potential at around 0.68 V versus RHE with
a small shoulder not observed for Pt-E-TEK. This contri-
bution to CO oxidation could be ascribed to the presence
of certain surface arrangements in which CO is adsorbed
with a slightly lower energy to platinum. Nevertheless, this
contribution, although small compared to the peak observed
at 0.82 V versus RHE, is independent of the crystal size (from
4.0 nm for CB Vulcan up to 6.2 nm for CX 550), which is
important to remark for the subsequent discussion about
methanol oxidation. The charge observed at potential values
higher than 0.9 V versus RHE could be attributed to the
oxidation of the active phase or even the support to form
oxygen functional groups [35], but, in any case, it represents
a reversible process since the second cycle corresponds to the
voltammogram in the base electrolyte, which means that a
complete oxidation of the CO monolayer has been achieved
in the first scan and the hydrogen adsorption-desorption
region remains the same. Further spectroelectrochemical
studies will be conducted and will serve to analyze these ef-
fects in deep.

To sum up, it can be concluded that, in this case, a differ-
ent textural structure of the carbon xerogels does not seem
to be a determinant factor for obtaining increased catalytic
activity in the electrooxidation of CO.

The analysis of the CVs also shows some differences in
the current densities observed in the double-layer region
(0.4–0.6 V), between the catalysts supported on carbon
xerogels (Pt/CX 550 and Pt/CX 580) and on carbon blacks
(Pt-E-TEK and Pt/CB Vulcan). At 0.4 V, the double-layer
current density (obtained during the second voltammetric
scan) is about 4 times higher for Pt/CXs. This fact implies
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Figure 3: Cyclic voltammograms during CO stripping for Pt catalysts assayed in a 0.5 M H2SO4 solution. Scan rate ν = 0.02 V/s.

that the capacitive behaviour is more apparent for the cat-
alysts supported on the carbon xerogels than in the case of
the one prepared using Vulcan XC-72 R or for Pt/E-TEK
commercial catalysts, as previously reported in [31]. In this
sense, the more developed textural properties (higher surface
area) of the carbon xerogels employed as supports favours the
capacitive behaviour of the catalysts.

The activity of the electrocatalysts towards the oxidation
of methanol was studied by means of cyclic voltammetry,
in a deaerated 2 M CH3OH + 0.5 M H2SO4 solution at
room temperature. Onset potentials and peak current den-
sities measured obtained from the cyclic voltammograms
(Figure 4) are shown in Table 3. Main differences can be
observed at the sight of the current densities measured. While
current densities are quite similar for catalysts prepared using
CX 550, CX 580, and CB Vulcan as supports, considerably
lower current densities were determined for the commercial
catalyst Pt/E-TEK.

The specific activity increases as a function of particle
size [36]. Pt/CX 550 presents the higher particle size, but
on the contrary does not present the higher specific activity.

On the other hand, Watanabe et al. found that the specific
activity for methanol oxidation on a carbon-supported Pt
electrocatalyst does not change for a particle size above
2 nm (Pt fcc structure); thus, the mass activity increases as
the dispersion of the metal phase is increased [37]. In the
case of our Pt/CXs catalysts, Pt catalyst prepared using the
carbon xerogel synthesized at a higher pH shows a higher
catalytic activity, which may be due to its better metal phase
dispersion, when compared to the Pt catalyst prepared using
the carbon xerogel synthesized at a lower pH, that presents a
higher particle size.

When comparing Pt/CX 580 with Pt/CB Vulcan, with
similar Pt crystal sizes (4.5 versus 4.0), Pt/CX 580 shows a
slightly higher specific activity. In this case, the nature of
the support may have some kind of positive influence on
this parameter, presumably in terms of diffusion, since the
CO stripping studies do not show, as explained before, a
preferential surface structure for platinum independent of
the carbon support. Carbon xerogel possess a highly devel-
oped mesopore structure (high pore volume and average
pore size), what favours the diffusion of reactants towards Pt
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Figure 4: Cyclic voltammograms for the electrooxidation of methanol in a 2 M CH3OH + 0.5 M H2SO4 solution at Pt catalysts and Pt-E-
TEK. Scan rate ν = 0.02 V/s.

Table 3: Onset and peak potentials extracted from methanol oxi-
dation cyclic voltammetries measured for both the synthesised and
commercial catalysts.

Catalyst
Onset

potential/V
versus RHE

Forward
anodic

peak/mA cm−2

Reverse anodic
peak/mA cm−2

Pt/CX 550 0.53 1.13 1.00

Pt/CX 580 0.51 1.24 1.21

Pt/CB Vulcan 0.49 0.86 1.23

Pt-E-TEK 0.48 0.43 0.42

particles. In fact, the most active catalyst towards methanol
oxidation reaction is Pt/CX 580, which support presents the
best textural features among the studied materials in this
work.

Methanol electrooxidation chronoamperometric meas-
urements presented in Figure 5 show that Pt/CX 580 reaches
initially the highest current density, what it may be favoured

due to its enriched mesopore structure, favouring reactants
diffusion. However, current density in the case of carbon
xerogels supported catalysts decay uniformly with time,
which is not the case of carbon-black-supported catalysts.
This effect may be attributed to the accumulation of interme-
diate products that will be clarified with further spectroelec-
trochemical studies.

4. Conclusions

With the aim of analyzing the influence of the pH during
carbon xerogel synthesis in their final textural properties
and behaviour as supports in the preparation of Pt elec-
trocatalysts, two different carbon xerogels were synthesized
adjusting each corresponding initial solution to different
pH values, namely, 5.5 and 5.8. The determination of their
textural and morphological properties by means of nitro-
gen physisorption evidenced notably higher development
of mesoporosity and more compact structure (studied
by means of scanning electron microscopy) in the case of
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Figure 5: Current density-time curves recorded in a 2 M CH3OH
+ 0.5 M H2SO4 solution at E = 0.60 V versus RHE for Pt-supported
and Pt-E-TEK catalysts.

the carbon xerogel synthesized at the highest pH. Both mate-
rials show higher surface areas than those measured for
Vulcan XC-72R; however, the carbon xerogel synthesized
at the lower pH showed an important contribution of
microporosity and lower amount of mesopores than this
commercial carbon black. Pt catalysts were synthesized
using the carbon xerogels prepared and Vulcan XC-72R as
supports. XRD analysis showed smaller Pt crystallite size in
the case of the carbon xerogel possessing a more developed
porous structure, that is, the one synthesized at higher
initial pH. More developed porosity, concretely abundance
of mesopores, resulted in an optimized impregnation of the
carbon surface, contributing to a more adequate active-phase
dispersion.

Electrochemical characterization showed similar toler-
ance towards CO poisoning for the catalysts prepared using
the synthesized carbon xerogels and the analogous catalysts
prepared using Vulcan XC-72R as supports. Among carbon
xerogels, slight differences were observed with small contri-
butions to CO oxidation at more negative potentials.

Methanol electrooxidation studied by voltamperometric
analyses showed that current densities obtained were consid-
erably higher in the case of the carbon-xerogel-based cata-
lysts and the Pt/CB Vulcan catalyst, compared to the com-
mercial Pt/E-TEK. Pt/CX 580 showed the highest specific
activity which may be a combination of both adequate metal
dispersion and a highly developed mesoporous structure,
that may favour reactants diffusion towards reactive sites.

In fact, methanol chronoamperometry showed higher
initial current density in this case, although electrocatalytic
activity soon decreased with time reaching similar current
density values than CB Vulcan supported catalyst. At the
beginning of the curves, the higher catalytic activity of the
Pt/CX 580 catalyst may be due to diffusional effects that
are favoured for Pt/CX catalyst (given its higher mesopore
structure when compared to Vulcan).

Nevertheless, at the sight of the results obtained in this
work, it can be concluded that the more developed and meso-
pore-enriched porous structure of the carbon xerogel synthe-
sized at a higher initial pH resulted in a more optimal utiliza-
tion of the active phase and in an enhanced and promising
catalytic activity in the electrooxidation of methanol, in
comparison to analogous catalysts prepared using Vulcan
carbon black as support and to commercially available Pt
catalysts.
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Avenida Astrof́ısico F. Sánchez s/n, 38071 La Laguna, Spain

3 Instituto de Catálisis y Petroleoquı́mica, CSIC, c/Marie Curie 2, 2. 28049 Madrid, Spain

Correspondence should be addressed to G. Garcı́a, gonzalo@icp.csic.es and M. J. Lázaro, mlazaro@carbon.icb.csic.es

Received 30 April 2011; Accepted 9 September 2011

Academic Editor: Maria E. Martins
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Vulcan XC-72R-supported Fe catalysts have been synthesised for the electroreduction of CO2 to high-added value products.
Catalysts were obtained by the polyol method, using ethylene glycol as solvent and reducing agent. Prior to the metal deposition,
Vulcan was subjected to different oxidation treatments in order to modify its surface chemistry and study its influence on the
physicochemical and electrochemical properties of the catalysts, as well as on the product distribution. The oxidation treatments
of the supports modify their textural properties, but do not affect significantly the physicochemical properties of catalysts. However,
DEMS studies showed that the carbon support degradation, the distribution of products, and the catalytic activity toward the CO2

electroreduction reaction depend significantly on the surface chemistry of the carbon support.

1. Introduction

Carbon dioxide (CO2) emissions are the inevitable result
from the burning of fossil fuels for electricity and energy
(80% anthropogenic CO2) [1]. During the last years, CO2

concentration in the atmosphere has been increasing, being
the major responsible of global warming. Therefore, reduc-
ing the CO2 concentration in the atmosphere has become
a critical issue. Different methods have been developed to
reduce its emissions, such as chemical, thermochemical, pho-
tochemical, electrochemical, and biochemical procedures
[2–4]. Among them, the electrochemical reduction seems
to be of particular interest since it could both mitigate the
greenhouse gas emission and use CO2 as carbon source for
producing a variety of useful products like (e.g., formic acid,
methanol, etc.) for energy source [1, 4–8]. CO2 reduction
would be carried out making use of renewable energy to
result in a net decrease of CO2 emissions [9, 10].

In recent years, different metallic electrodes have been
studied for the electrochemical reduction of carbon dioxide,

since the product distribution strongly depends on the used
material, surface metallic arrangement, and surface energy
[11–17]. Copper has been found to be one of the most
effective electrode materials for the CO2 reduction process
at atmospheric pressure and room temperature in aqueous
solutions [11, 12, 16]. On the other hand, CO2 is hardly
reduced on group VIII-X metal electrodes such as Fe, Co, and
Ni, under similar conditions [15–17].

One of the main problems of this process is the low
solubility of CO2 in water at atmospheric pressure and
room temperature. For this reason, in the last years, the
electroreduction of CO2 has been studied at high pressure
[18–21] or low temperatures [21–24] on different metal
electrodes. It has been reported that, at low temperatures
(ca. 2◦C) or high pressures (ca. 30 atm), the catalytic activity
of the electrodes toward the electrochemical CO2 reduction
increases and the selectivity of the resultant products can
change, even for metal catalysts of the group VIII-X [18–
24]. In this context, Azuma et al. reported that the CO2
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reduction efficiency increased dramatically on some metal
electrodes, such as Ni, as the temperature decreased [24].
Conversely, at high pressure, formic acid and/or carbon
monoxide are efficiently formed on metal electrodes of the
group VIII-X. Moreover, the formation of short and long
chain hydrocarbons such as methane, ethane, propane, and
iso- and normal-butanes has also been observed on Fe, Co,
and Ni electrodes [18–20].

Since the solubility of CO2 in aprotic solvents is high-
er than in water, the electroreduction of CO2 has also
been studied using organic molecules (methanol, acetoni-
trile, dimethyl formamide, propylene carbonate, etc.) as
reaction medium [25–32]. Higher CO2 solubility increases
the current density, however, the low electrolytic conduc-
tivity gives high ohmic losses. For this reason, methanol is
often added into a supporting electrolyte in order to balance
these two aspects. For example, Kaneco et al. reported that
the faradic efficiencies for CO2 reduction products using Cu
electrode in a methanol solution at low temperatures were
better than those obtained without methanol at ambient
temperature [29, 30]. In addition, Ohta et al. reported the
formation mainly of methane, carbon monoxide and ethane,
on different metal electrodes (among them Fe, Co, and Ni)
using methanol into the supporting electrolyte [27].

Therefore, the effective electrochemical reduction of CO2

on metal surfaces of the group VIII-X using high pressures,
low temperatures, and/or nonaqueous solvents has been
demonstrated. Among these metals, Fe is well known as
catalyst for the hydrocarbon formation in the Fischer-
Tropsch reaction. Therefore, its catalytic activity toward the
electrochemical CO2 reduction is expected to be interesting
[33].

On the other hand, carbon materials have also been
used as electrodes for the electrochemical CO2 reduction.
However, until now, the electrocatalytic activity of these
electrodes is not clear. Christensen et al. reported that CO2

is reduced to CO and carbonate on a glassy carbon electrode
in acetonitrile solution [32]. Moreover, Hara et al. reported
the formation of hydrocarbons such as methane, ethane,
ethylene, propane, and n-butane during the electrochemical
CO2 reduction on a glassy carbon electrode under 30 atm
[34]. However, there are not many studies about the elec-
troreduction of CO2 on metal catalysts supported on carbon
materials in aqueous electrolytes. These electrodes could
have different properties than those of the corresponding
metal or carbon material. The support could improve the
dispersion of the metal and, therefore, the activity and/or
selectivity could be changed. Nowadays, among all kinds
of carbon supports, carbon blacks are the most commonly
used, especially for electrochemical applications (e.g., in
the fuel cells field), due to their mesoporous distribution
and their graphite characteristics. Vulcan XC-72 is the most
frequently used because of its good compromise between
electrical conductivity and high specific surface area [35, 36].
The surface chemistry of carbon materials can be modified
by oxidation treatments in gas or liquid phase in order
to create functional groups. These functional groups may
significantly affect the dispersion and anchoring of the metal
on the carbon materials and, therefore, may affect the

Table 1: Nomenclature of functionalizated Vulcan XC-72R.

Sample Oxidizing agent
Temperature

(◦C)
Time
(h)

Vulcan — — —

Vulcan NSTa0.5 HNO3-H2SO4 1 : 1 (v/v) 25 0.5

Vulcan NcTb0.5
Concentrated HNO3

(65%)
115 0.5

Vulcan NcTb2
Concentrated HNO3

(65%)
115 2

performance of the electrocatalysts. In addition, it is well
known that surface oxygen groups are the responsible for
both the acid-base and the redox properties of the carbon
materials. It has been reported that the acidic groups on the
carbon surface decrease the hydrophobicity of the carbon,
whereas the less acidic groups improve the interaction
between metal particles and carbon materials [37]. However,
the functionalization of Vulcan XC-72R has not been studied
for the CO2 electroreduction reaction.

In this work, different Fe catalysts supported on Vulcan
XC-72R have been prepared for studying the electroreduc-
tion of CO2 in aqueous solution under 1 atm and room
temperature. Prior to the metal deposition, Vulcan was sub-
jected to different oxidation treatments, using HNO3 or
HNO3-H2SO4 1 : 1 (v/v) mixture as oxidizing agents, in order
to create functional groups. In this way, the influence of
the surface chemistry of the carbon support on the physic-
ochemical and electrochemical properties of the catalysts for
the CO2 electroreduction process can be studied.

In the present communication, the modified and un-
modified carbon supports were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
temperature programmed desorption (TPD), and N2-
physisorption. On the other hand, carbon-supported cat-
alysts (Fe/C) were characterized by energy dispersive X-
ray analysis (EDX), XRD, SEM, and N2-physisorption. In
addition, the electrochemical properties of the catalysts
and the formation of gaseous and volatile products of
the reduction of CO2 were followed by in-situ differential
electrochemical mass spectrometry (DEMS).

2. Experimental

2.1. Functionalization of Vulcan XC-72R. In order to create
functional groups, Vulcan XC-72R (Cabot) was modified
with different oxidation treatments in liquid phase, using
concentrated HNO3 (65% wt.) (Nc) and an HNO3-H2SO4

1 : 1 (v/v) mixture (NS) as oxidizing agents [38]. The
oxidation treatments were carried out at room (Ta) and
boiling temperature (Tb) for 0.5 or 2 h. The nomenclature
used for the different materials and the oxidation conditions
are summarized in Table 1.

2.2. Synthesis of the Carbon-Supported Fe Electrocatalysts.
Fe electrocatalysts were prepared by polyol method, using
ethylene glycol (EG) as solvent and reducing agent. The
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synthesis involved the following steps: first, the metal pre-
cursor, Cl3Fe · 6H2O (Sigma-Aldrich), was dissolved in ethy-
lene glycol under sonication and the pH was adjusted to 11
using a 1 M NaOH/EG solution. Then, a known amount of
Vulcan was added to the metal solution and the resultant
suspension was heated at 195◦C for 2 h under mechanical
stirring. Subsequently, the mixture was quickly cooled in a
cold-water bath and the pH was adjusted to 1 using HCl
(37%, Sigma-Aldrich). Finally, catalysts were filtered, washed
with water, and dried at 70◦C. Appropriate amounts of metal
precursors were used to obtain a theoretical metal loading of
20 wt.%.

2.3. Physicochemical Characterization. Metal content of the
electrocatalysts was obtained using a Hitachi S-3400 N mi-
croscope coupled to a Röntec XFlash analyzer.

Temperature programmed desorption (TPD) experi-
ments were carried out in a U-shaped quartz reactor using a
Micromeritics Pulse Chemisorb 2700. The temperature was
increased positively at a rate of 10◦C min−1 up to 1050◦C
under Ar flow. The amounts of CO and CO2 desorbed
from the carbon samples were analyzed online by mass
spectroscopy using a Thermostar GSD 301 T (Balzers).

Nitrogen adsorption and desorption isotherms were
measured at −196◦C using a Micromeritics ASAP 2020.
The total surface area was determined using the (Brunauer,
Emmett and Teller) BET equation and total pore volume
was determined using the single point method at P/P0 =
0.99. The micropore volume was determined using the
t-plot method. Pore size distribution (PSD) curves were
obtained from the analysis of the adsorption branch of the
nitrogen isotherm using the (Barrett, Joyner and Halenda)
BJH method. The maximum of the PSD was used as the
average pore diameter.

X-Ray diffraction (XRD) patterns were recorded using a
Bruker AXS B8 Advance diffractometer with a θ-θ configu-
ration and using Cu Kα radiation.

2.4. Preparation of Working Electrodes. The working elec-
trodes (7 mm of diameter, 0.25 mm of thickness) were
prepared depositing a layer of the catalysts ink onto one
side of a carbon cloth previously treated at 320◦C for 1 h.
Catalyst inks were prepared by mixing 0.5 mg of catalyst,
0.01 g of Nafion dispersion (5 wt.%, Sigma-Aldrich), and
10 μL of ultrapure water. The final metal load of the working
electrodes was 0.26 mg Fe/cm2.

2.5. DEMS Setup. A scheme of the DEMS setup used for
the in situ spectrometric and electrochemical measurements
is described in detail in [39]. Briefly, the working electrode
(WE) is fixed between a PTFE membrane (Scimat) and a
carbon glassy rod, which also keeps the electric contact.
The cell was designed to follow “in-situ” the electrochemical
properties of electrodes and, simultaneously, the gaseous
species produced on the electroactive surface through mass
spectrometry. Thus, the experimental setup allows the simul-
taneous acquisition of mass spectrometric cyclic voltammo-
grams (MSCVs) for selected m/z (mass to charge) ratios and
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Figure 1: XRD patterns of carbon supports.

conventional voltammograms (CVs) or simultaneous mass
spectrometric transients (MSTs) and conventional current
transient curves.

2.6. Electrochemical Measurements. Electrochemical experi-
ments were carried out in a three-electrode electrochemical
cell at room temperature and atmospheric pressure. A large
area carbon rod was used as a counter electrode, whereas an
Ag/AgCl/Sat. KCl electrode placed inside a Luggin capillary
was employed as reference. All potentials in the text are
referred to this electrode. The potenciostat-galvanostat was
an Autolab PGSTAT302 (Ecochemie). The electrochemical
cell was directly attached to the vacuum chamber of a
mass spectrometer (Balzers QMG112) with a Faraday cup
detector.

The working electrode was immersed into 0.5 M H2SO4

(Merck, p.a.) electrolyte solution, which was deaerated with
argon (N50). In order to analyze the activity of catalysts
towards the reduction of CO2, previously to each measure,
CO2 (99,99%, Air Liquide) was bubbled during 30 min.

3. Results

3.1. Characterization of the Supports. SEM and XRD tech-
niques were used to study the morphology of carbon
support, before and after the oxidation treatments. SEM
images (not shown) prove that Vulcan XC-72R is formed by
an aggregation of spherical carbon nanoparticles (primary
particles) with range sizes of 30–60 nm. After the oxida-
tion treatments, the structure of Vulcan was not altered
significantly. However, the most severe oxidation treatment
(NcTb2) resulted in a partial destruction of its morphology,
since primary particles did not show a spherical shape.

Figure 1 shows the XRD patterns of all the carbon
supports. In all the samples, a peak around 2θ = 25◦ was
observed, which is associated to the graphite (002) diffrac-
tion line. Also, (100) and (101) reflections of the graphite,
at 2θ = 24.8◦ and 2θ = 43.5◦, can be observed. These peaks
confirm that Vulcan has an intermediate structure between
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Table 2: Quantification of surface oxygen groups as CO and CO2 amounts desorbed during the TPD experiments.

Sample
CO2 and CO peak area (μmolg−1) CO + CO2

(μmolg−1)
CO/CO2

Carboxylic Lactone Anhydride Phenol Quinone + carbonyl

Vulcan — — — — — — —

Vulcan NSTa0.5 545 256 65 412 881 2160 1.54

Vulcan NcTb0.5 556 243 58 480 699 2037 1.42

Vulcan NcTb2 799 362 63 632 963 2819 1.34

Table 3: Textural properties of the supports and Fe electrocatalysts.

Sample
SBET

(m2/g)
SMICRO

(m2/g)
SMESO

(m2/g)
VTOTAL

(cm3/g)
VMICRO

(cm3/g)
VMESO

(cm3/g)

Vulcan 210 102 108 0.38 0.06 0.32

Vulcan NSTa0.5 200 104 96 0.40 0.06 0.34

Vulcan NcTb0.5 181 91 90 0.38 0.05 0.33

Vulcan NcTb2 159 77 82 0.38 0.04 0.33

Fe/Vulcan 175 76 99 0.41 0.04 0.36

Fe/Vulcan
NSTa0.5

166 55 111 0.49 0.03 0.46

Fe/Vulcan
NcTb0.5

148 58 90 0.41 0.03 0.37

Fe/Vulcan NcTb2 139 54 85 0.42 0.03 0.38

amorphous and graphitic. After the oxidation treatments,
the same peaks were observed, indicating that the original
structure of Vulcan was maintained. However, the intensity
of the peaks increased with the severity of the oxidation
treatment, except for the sample Vulcan NcTb2. This increase
is attributed to the removal of the more amorphous carbon.
In other words, the structure ratio crystalline/amorphous
increases. On the other hand, the sample Vulcan NcTb2 did
not follow the same tendency, which is attributed to the
partial destruction of the original structure of Vulcan (i.e.,
both amorphous and crystalline structures are damaged), as
observed by SEM.

The surface chemistry of the supports was studied by
TPD experiments. These measurements give information
about the surface oxygen groups created during the oxidation
treatments. Acidic groups (carboxylic groups, lactones, and
anhydrides) are decomposed into CO2 at lower tempera-
tures and basic and neutral groups (anhydrides, phenols,
quinones and carbonyls) are decomposed into CO at higher
temperatures during the TPD experiments [40]. In order to
estimate the type and the amount of oxygen groups created
during the oxidation treatments, CO2 and CO profiles can
be deconvoluted. Thus, the decomposition temperature can
be related to the type of the functional groups created [40].
Deconvolution profiles were carried out with Excel software,
using a Gaussian function to fit each functional group
contribution and the corresponding addition of Gaussian
curves was fitted minimizing the square of the deviations
by a numerical routine (conjugate gradient method). Other
authors have used this method [41].

As can be seen in Table 2, the original material had a neg-
ligible amount of surface oxygen groups. After the oxidation
treatments, the number of surface oxygen groups increased,
being the treatment with HNO3 at boiling temperature
during 2 h (NcTb2) the most effective at creating functional
groups. In addition, it is observed that the ratio CO/CO2,
which can be taken as a measure of the surface acidity [42],
decreased as the severity of the treatment increased.

Deconvolution of CO2 profiles showed that carboxylic
groups were mainly created. It is expected that these groups
decrease the hydrophobic character of the carbon materials,
improving their interaction with the metal. On the other
hand, deconvolution of CO profiles showed that phenols,
quinones, and carbonyls were mainly created. It is expected
that these groups, which are stable at higher temperatures,
act as metal anchoring sites, hindering the agglomeration of
metal particles [42].

In order to further investigate how the pore structure and
textural properties of the Vulcan XC-72R were changed dur-
ing the oxidation treatments (see Section 2.1 for oxidation
treatments details), supports were characterized by means of
N2-physisorption. Table 3 contains the textural properties of
the carbon materials obtained by N2-physisorption. Vulcan
XC-72R has a high specific surface area (210 m2 g −1) and
a large total pore volume (0.38 cm3 g−1). Nevertheless, after
the oxidation treatments, the specific surface area of all
the samples decreased indicating a partial destruction of
the original morphology, being this effect more significant
at the carbon material oxidized with the most severe
treatment (Vulcan NcTb2). However, no significant change
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Table 4: Metal load of the carbon-supported Fe electrocatalysts.

Electrocatalysts % metal (wt.)

Fe/Vulcan 16.7

Fe/Vulcan NSTa0.5 18.4

Fe/Vulcan NcTb0.5 18.9

Fe/Vulcan NcTb2 21.8

was observed in the pore volume. In fact, carbon supports are
mainly mesoporous materials but also contain an appreciable
amount of micropores, which is maintained after the surface
oxidation. Results suggest that all carbon materials present
a broad pore size distribution (PSD) in the range of
mesoporosity.

3.2. Physicochemical Characterization of the Electrocatalysts.
The catalysts metal loading was determined by SEM-EDX.
All catalysts present similar iron content to the nominal
value of 20% (Table 4). However, a clear correlation between
oxygen groups present in the surface and metal loading can
be discerned. As the number of oxygenated groups increased,
the amount of deposited Fe increased, since these oxygenated
groups acted as anchoring sites. Additionally, homogeneous
metal dispersion and deposition on all the carbon materials
was observed by SEM images.

Fe/C catalysts were analyzed by XRD technique and their
patterns are given in Figure 2. In all the electrocatalysts,
except in the sample Fe/Vulcan NSTa0.5, six characteristic
peaks appeared at 2θ = 30.1, 35.5, 43.1, 57.0, 62.6, which can
be assigned to (2 2 0), (3 1 1), (4 0 0), (5 1 1), and (4 4 0)
planes of Fe3O4 (magnetite) (JCPDS 88-0866), respectively.
No diffraction peaks corresponding to iron metal or iron
oxides species (FeO or Fe2O3) were observed. However,
the intensity of the Fe3O4 diffraction peaks was not so
relevant than that expected for 20 wt.% of iron load. This
result suggests that another crystal phase with particle size
inferior to 2 nm coexisted with Fe3O4 crystals and/or part
of the metal was deposited on carbon materials forming
a stable but not crystalline structure. In this context, it is
important to mention that particle size smaller than 2 nm
cannot be achieved by XRD analysis. Other authors have
obtained similar results depositing Fe on carbon supports
[43]. Additionally, it is noticeable that the diffraction peak
at ca. 2θ = 25◦, which is associated to the graphite (002)
diffraction line of the support, is still observed after the iron
deposition.

Textural properties of catalysts obtained by N2-physis-
orption are summarized in Table 3. Catalysts showed a lower
surface area than the corresponding carbon supports, which
is attributed to the metal particles loading on the pore
surface. In particular, a reduction of the microporosity was
observed after the catalysts loading, indicating that the metal
was mainly distributed in the micropore structure of the
support. PSD continued being broad in the mesoporosity
range. However, the pore volume in the 20–50 nm pore
diameter range is reduced, whereas in the 50–100 nm pore
diameter range is increased. These results indicate that iron
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Figure 2: XRD patterns of 20% Fe/C catalysts.

was deposited on the micropores or mesopores with average
pore diameter lower than 50 nm, in agreement with the N2-
physisorption results.

3.3. Electrochemical Performances of the Fe Electrocatalysts.
The electrochemical properties of the Fe catalysts were stud-
ied in 0.5 M H2SO4, at room temperature and atmospheric
pressure by DEMS. In this sense, DEMS studies provide
more information than a simple electrochemical technique
(i.e., cyclic voltammetry or chronoamperometry) such as the
detection of volatile and gaseous products and intermediates
generated in the electrochemical reactions with excellent
sensibility. In this context, to the best of our knowledge, this
is the first time that CO2 reduction on carbon-supported Fe
catalysts is analyzed by DEMS technique.

First, several potential cycles (not shown) between −0.2
and −1.8 V in 0.5 M H2SO4, previously deaerated with Ar,
were recorded to clean and activate the catalyst surface. In
this context, the voltammetric profile remains similar during
the activation step for all catalysts, indicating a minimal (or
inexistent) alteration of the electroactive surface. After that,
in situ spectroelectrochemical experiments were carried out
in acid solution with and without dissolved CO2.

3.3.1. Cyclic Voltammetry (CV) and Mass Spectrometric Cyclic
Voltammetry (MSCV). Figure 3 shows the CVs and the cor-
responding MSCVs for all the carbon-supported Fe catalysts
in free CO2 sulphuric acid solution. The CVs for all the
catalysts (Figure 3(a)) present a similar feature, that is, a
very high cathodic current at potentials lower than −0.5 V,
which may be related to the hydrogen evolution reaction.
However, a close inspection of the same figure shows up that
the onset potential for the cathodic current starts at different
potentials for the different electrodes. The latter becomes
clear from the MSCVs for m/z = 2 (Figure 3(c)), which
is related to the molecular hydrogen formation. Therefore,
it is possible to state that the previous carbon treatment
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Figure 3: CVs and MSCVs for Fe/C catalysts in 0.5 M H2SO4 (sweep rate 10 mV s−1, Ei = −0.2 V versus Ag/AgCl/Sat.). Inset shows a zoom
of the onset potential region during the cathodic scan.

influences the water electro-reduction, and that the catalytic
activity towards this reaction on the present Fe/C electrodes
in a CO2 free acid solution increases in the following
way: Fe/Vulcan NcTb2 ≈ Fe/Vulcan NcTb0.5 < Fe/Vulcan
NSTa0.5� Fe/Vulcan. Also, it is important to mention that
the electrochemical behavior of all the electrodes remains
similar after the electrochemical study without CO2. The
latter indicates that the electroactive surface is not damaged
(or it is minimum) by these experiments.

Additionally to the H2 formation, the mass signals m/z =
16 (CH+

4 : methane), 30 (CH3CH+
3 or H2CO+: ethane or

formaldehyde), 29 (CH3CH+
2 or CHO+: ethane/ethanol or

an aldehyde), and 45 (HCOO+ or CH3CHOH+: formic
acid or ethanol) were monitored during the cathodic scan.
Figures 3(b) and 3(d) show the only two signals (m/z = 29
and 45) that increase during the excursion toward negative
potentials. In this condition (no presence of dissolved CO2),

the species associated to the mass signals 29 and 45 must be
formed from the carbon support degradation. Interestingly,
the mass signal 45 depends strongly on the carbon support
treatment and its intensity rises in the order: Fe/Vulcan
< Fe/Vulcan NcTb0.5 < Fe/Vulcan NcTb2 < Fe/Vulcan
NSTa0.5. It is noticeable that the onset potential for the mass
signal 45 formation at the catalyst previously treated with a
mix of nitric and sulphuric acid is much lower than at the
other catalysts (around 0.2 V), while the nontreated catalyst
(Fe/Vulcan) presents a very small m/z = 45 signal at potentials
more negative than −1.3 V. In the same way, both catalysts
treated only with nitric acid develop the same onset potential
for this m/z ratio, but its production on the Fe/Vulcan NcTb2
is somehow higher.

On the other hand, the ion current intensity and onset
potential for the mass signal 29 are quite similar for all Fe/C
catalysts. However, a close inspection of this figure shows
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Figure 4: CVs and MSCVs for CO2-saturated solution in 0.5 M H2SO4 on Fe/C catalysts (sweep rate 10 mV s−1, Ei = −0.2 V versus
Ag/AgCl/Sat.).

a small but visible trend in its production, which diminishes
in the subsequent way: Fe/Vulcan > Fe/Vulcan NSTa0.5 >
Fe/Vulcan NcTb2. Fe/Vulcan NcTb0.5 catalyst presents a
different behavior toward the mass signal 29 production,
in which the onset potential is equal to Fe/Vulcan NcTb2
electrode and the ion current intensity increases linearly as
the applied potential becomes more negative.

Summarizing, at the present conditions (CO2-free solu-
tion), nontreated catalyst (Fe/Vulcan) presents the highest
and lowest catalytic activity towards hydrogen and mass
signal 45 production, respectively. Treated catalysts develop
similar behavior toward hydrogen evolution and the ionic
current for the m/z = 45 depends strongly on the catalyst
surface (see Table 2), that is, the mass signal 45 is enhanced
on the catalysts that present oxygen groups on the surface.
Additionally, mass signal 29 intensity modestly depends on
the previous history of the carbon support.

Figure 4 displays the CVs and MSCVs (m/z = 2, 29,
and 45) for all the Fe/C catalysts studied in the present
work in acidic solution in the presence of dissolved carbon
dioxide. Also, the m/z = 16, 30, and 32 were studied, but
do not present an ionic current change during the cathodic
scan. It is important to note that the intensity as well as
the behavior of the mass signals 2, 29 and 45 are totally
different to those observed in Figure 3 (in absence of dis-
solved CO2). Interestingly, in presence of dissolved CO2,
the hydrogen evolution (Figure 3(c)) decreases on Fe/Vulcan,
Fe/Vulcan NcTb0.5 and Fe/Vulcan NcTb2, while it increases
on Fe/Vulcan NSTa0.5. Moreover, the latter catalyst presents
an onset potential shift to more positive potentials for
hydrogen formation reaction, that is, water reduction is
favored on Fe/Vulcan NSTa0.5 in CO2 containing solution.
Also, the the ratio m/z = 29 Figure 3(b) changes abruptly
when CO2 is present in the working solution. The ion
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current intensity for this mass signal in a CO2-containing
solution is higher than in a CO2-free one, and it drops off in
the sequence: Fe/Vulcan NSTa0.5 > Fe/Vulcan > Fe/Vulcan
NcTb2 ≈ Fe/Vulcan NcTa0.5, whereas the onset potential is
quite similar for all the electrodes.

On the other hand, Figure 4(d) shows an important
enhancement of the mass signal 45 at all the catalysts when
CO2 is present in the solution. These experimental facts
unequivocally indicate that carbon dioxide is reduced to
form hydrocarbonated compounds such as formic acid. The
formation of acids, alcohols, or other molecules, which
contain longer hydrocarbon chains, is not discarded but this
characterization is not the principal purpose of the present
work: the main reasons of the present study are to know if it
is possible to electrochemically reduce CO2 on iron catalysts
and to establish if the carbon support influences on this
particular reaction. Therefore, only the mass signals 2 and
45 are going to be followed along the present manuscript.

3.3.2. Current Transient (CT) and Mass Spectrometric Tran-
sient (MST). Potentiostatic pulse experiments were per-
formed from a potential where nonfaradaic reactions occur
(Ei = −0.2 V) to a final potential (Ef = −1.8 V) where
the CO2 reduction reaction is controlled by mass diffusion.
Current transients for all the Fe/C catalysts used in the
present work in absence (a) and presence (b) of dissolved
CO2 in sulphuric acid solution can be seen in Figure 5. It
is observed similar faradaic current intensities than those
obtained during the potentiodymanic experiments (Figures
3(a) and 4(a)), that is, Fe/Vulcan NcTb2 presents at both
mediums (in presence and absence of dissolved CO2) the
lowest faradaic current, while the other catalysts develop
similar faradaic currents. Consistent with the results pre-
sented above, molecular hydrogen production is significantly
influenced by the presence of CO2 (Figure 6). Fe/Vulcan and
Fe/Vulcan NSTa0.5 electrodes present the highest catalytic
activity toward H2 formation in absence and presence of
CO2, respectively. Also, it is noticeable that the signal
for m/z = 2 decreases abruptly on Fe/Vulcan, Fe/Vulcan
NcTb0.5, and Fe/Vulcan NcTb2 catalysts, while the same
reaction is enhanced on the Fe/Vulcan NSTa0.5 when CO2

is present in solution.

Figure 7(a) shows the MSTs for the mass signal 45.
Currents obtained are of the same order of magnitude
than in the voltammetric experiments. However, a close
inspection of the curves reveals that the m/z = 45 signal
continuously increases on Fe/Vulcan catalyst along the time,
while the other catalysts present a constant ionic current.
The latter suggests that the support time degradation is more
important at this material. In this sense, it is important to
remind that Fe/Vulcan electrode presents small quantity of
oxygenated species on the surface (see Table 2), that is, this
catalyst suffers a dreadful condition at this potential. On the
other hand, when CO2 is present in solution (Figure 7(b))
the intensity of the mass signal 45 changes dramatically
(about five fold times), as it was observed before the
MSCV experiments (Section 3.3.1). In fact, the ionic current
intensities for the mass signal 45 grow up on the studied
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Figure 5: CTs for CO2-free (a) and CO2-saturated (b) solution in
0.5 M H2SO4 on Fe/C catalysts (Ei = −0.2 V, Ef = −1.8 versus
Ag/AgCl/Sat.).

catalysts in the following way: Fe/Vulcan NcTb2 < Fe/Vulcan
< Fe/Vulcan NcTb0.5 < Fe/Vulcan NSTa0.5.

In order to acquire a realistic result of hydrocarbon
production from carbon dioxide reduction, the mass signal
45 was subtracted from the ionic current signals obtained
with dissolved CO2 in solution (Figure 7(b)) and those
acquired in a CO2-free solution (Figure 7(a)) and repre-
sented in Figure 8. In this context, it is really important
to know that this subtraction can be only done if all
the parameters concerning to the mass spectrometer are
constant [44], and because of this, our mass spectrometer
setup was build up to make all this parameters accurate
[39]. Therefore, Figure 8 shows a realistic catalytic activity
toward carbon dioxide reduction. In fact, it can be observed
that the typical features of a reaction controlled by mass
diffusion, and even more important that the carbon dioxide
reduction, or what is the same in this event, the hydrocarbon
production depends strongly on the catalyst support and
it increases as follows: Fe/Vulcan NcTb2 < Fe/Vulcan <
Fe/Vulcan NSTa0.5 ≈ Fe/Vulcan NcTb0.5.
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Figure 6: MSTs for CO2-free (a) and CO2-saturated (b) solution
in 0.5 M H2SO4 on Fe/C catalysts (Ei = −0.2 V, Ef = −1.8 versus
Ag/AgCl/Sat.).

4. Discussion

Although the electrochemical reduction of carbon dioxide
has been hugely studied, the reaction mechanism is not
exactly known. Most of the reactions on different metal
catalysts at diverse conditions, involving homogeneous and
heterogeneous catalysis, were proposed by Sullivan [8] and
assume a high availability of protons. In general, four
principal pathways can be considered during the carbon
dioxide reduction in acidic media [44]: (i) CO(g) formation
via disproportionation; (ii) CO•2

− radical formation; (iii)
•COOH(ad) formation; (iv) the formation of adsorbed
reduced-CO2 species giving a range of reduced-CO2 and
products (CO, hydrocarbons and alcohols). The main pro-
posed reactions in the CO2 reduction mechanism are given
as follows:

CO2 + e− −→ CO•−2(ad), (1)

CO•−2(ad) + H+ −→ •COOH(ad), (2)

CO•−2(ad) + e− + 2H+ −→ CO(ad) + H2O. (3)
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Figure 7: MSTs for CO2-free (a) and CO2 saturated (b) solution
in 0.5 M H2SO4 on Fe/C catalysts (Ei = −0.2 V, Ef = −1.8 versus
Ag/AgCl/Sat.).

From CO(ad) species, a series of products CH2CO, CH3CHO,
C2H5OH, C2H4, C2H6, C3H7OH, and CH3OH can be
formed [44]. On the other hand, •COOH(ad) species can
suffer a nucleophilic attack to form CO(ad) or alternatively
may be released as formic acid:

•COOH(ad) + e− −→ COOH−(ad) −→ COOH−, (4)

or via hydrated form:

•COOH(ad) + e− + H2O −→ HCOOH. (5)

Considering the same equations, a mechanism that repre-
sents our present study can be proposed. The following
mechanism is quite similar to that described by Dubé and
Brisard [45] for CO2 electroreduction on polycrystalline
Cu electrodes in acidic media. First, adsorbed hydrogen is
formed during the cathodic sweep by the reaction

H+ + e− −→ H(ad), (6)

or by water dissociation:

H2O + e− −→ H(ad) + OH−, (7)
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followed by hydrogen evolution:

2H(ad) −→ H2. (8)

Then, carbon dioxide bubbled trough the solution may
adsorb and react on the iron-based catalysts in acidic
solution in the subsequent way:

CO2 ←→ CO2(ad), (9)

CO2(ad) + 2H(ad) −→ CO(ad) + H2O, (10)

CO2(ad) + H(ad) −→ COOH(ad), (11)

COOH(ad) + H(ad) −→ HCOOH, (12)

COOH(ad) + H(ad) −→ CO(ad) + H2O. (13)

The present mechanism is limited by the hydrogen (6)
and carbon dioxide (9) adsorption reactions, which are
necessary steps to form hydrogenated molecules. In fact, the
availability of protons and the adsorbed hydrogen coverage
on the surface have a strong influence on these reactions.
Moreover, the metal surface must interact preferentially with
a CO2 species than with adsorbed hydrogen, otherwise,

hydrogen evolution reaction will be predominant at the
electrode and carbon dioxide reduction reaction will be
hindered.

Accordingly, two main pathways are possible.

(i) CO(ad) formation (reaction (10)): the production of
this species is favored when the metal surface is highly
covered by adsorbed hydrogen and prefer to react
with adsorbed carbon dioxide instead of reacting
with each other. Therefore, the hydrogen evolution
reaction will be apparently inhibited in this event.
It seems that this path is governing on Fe/Vulcan
NcTb2, Fe/Vulcan, Fe/Vulcan NcTb0.5 catalysts. In
fact, it is clearly observed in the MSCVs and MSTs
for m/z = 2 of all catalysts (with the exception
of Fe/Vulcan NSTa0.5) in absence and presence of
dissolved CO2 (Figures 3, 4, and 6), in which the mass
current signal associated to H2 production decreases
in presence of dissolved carbon dioxide. So, these
iron catalysts have a preference to adsorb CO2 instead
of producing molecular hydrogen, and consequently,
adsorbed hydrogen reacts with adsorbed carbon
dioxide to produce hydrogenated species mainly
through reaction (10). As it was described before,
from adsorbed carbon monoxide it is possible to
form products such as HCOH, CH2CO, CH3CHO,
C2H5OH, C2H4, C2H6, C3H7OH and CH3OH [45,
46].

(ii) COOH(ad) production (reaction (11)): this pathway
gives mainly formic acid as a final product (reac-
tion (12)). Reaction (11) is favoured on surfaces
with preference to produce molecular hydrogen, and
therefore, with a low H2 coverage. In other words,
adsorbed hydrogen species prefer to react with each
other to form molecular hydrogen instead to react
with adsorbed carbon dioxide. Therefore, hydrogen
evolution reaction is usually favoured in parallel to
this reaction. Nevertheless, adsorbed carbon monox-
ide formation (reaction (13)) cannot be discarded.
Thus, if CO(ad) is produced, the operative mechanism
will be the same than that described above (reaction
path i). In this context, Fe/Vulcan NSTa0.5 catalyst
is the only one that does not follow the behavior
observed for the other catalysts. In fact, this catalyst
enhances the hydrogen evolution (m/z = 2) and mass
signal 45 in presence of CO2. The latter suggests that
Fe/Vulcan NSTa0.5 catalyst follows principally the
reaction path (ii).

Furthermore, the native oxygenated species on the car-
bon support may follow the same reactions during the ca-
thodic scan (at least in absence of dissolved CO2, see Figures
3 and 7(a)).

In this context, the mass signal 29 can be attributed
to the first reaction path (i), while m/z = 45 can be
associated with formic acid production (ii). Nevertheless,
the last mass signal also could be linked to the reaction
path (i), that is, it could be related to a fragmentation of a
long hydrogenated species such as ethanol, which presents
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27, 29, 31, and 45 ion current signals. In this sense, in a
forthcoming work, will be discussed in detail the species
produced during the carbon dioxide reduction on iron
catalysts.

Additionally, it is observed that all the present surface
reactions are strongly affected by the carbon support. This
statement is observed in the MSCVs for m/z = 2, 29, and
45 in Figures 3 and 4, and strongly confirmed by the MSTs
for molecular hydrogen and formic acid production depicted
in Figures 6 and 7, respectively. It seems that surface oxygen
groups enhance the catalytic activity toward CO2 reduction.
However, Fe/Vulcan NcTb2 presents the lowest ion current
intensities, suggesting that longer treatment times of carbon
support in nitric acid destroy (at least partially) the support
structure, and consequently, the catalytic activity towards
CO2 diminishes.

On the other hand, the surface chemistry of the carbon
support could explain the different catalytic activity toward
CO2 reduction recorded on Fe/Vulcan NSTa0.5. Vulcan
NSTa0.5 is the only support that suffered the oxidation
treatment at ambient temperature in the presence of nitric
and sulphuric acid. A temperature effect must be discarded
since the material catalyst supported on untreated Vulcan
follows the same behavior than the other catalysts. Therefore,
the presence of sulphuric acid in the treatment that provides
high quantity of oxygenated species on the surface seems to
be the main responsible for the different behavior observed
during the carbon dioxide reduction on Fe/Vulcan NSTa0.5
electrode.

5. Conclusions

Fe catalysts supported on Vulcan XC-72R were synthesized
by the polyol method, using ethylenglycol as solvent and
reducing agent. Before the metal deposition, surface chem-
istry of the Vulcan was modified by different oxidation
treatments in order to study the influence of the surface
chemistry of the support on the catalytic properties of the
materials. During these treatments surface oxygen groups
were created, being HNO3 treatment at boiling temperature
for 2 h the most effective in creating functional groups, while
HNO3-H2SO4 treatment at room temperature produces the
highest CO/CO2 ratio of functional groups in the surface.
These treatments strongly affect the behavior of the iron-
based catalysts toward the carbon dioxide reduction. In
fact, two main reaction paths were identified during the
carbon dioxide reduction, both influenced by the sur-
face properties of the carbon support. Additionally, these
treatments also modified the textural and morphological
properties of Vulcan. A decrease of the surface area, as
well as a partial destruction of its structure, was observed
as the severity of oxidation treatments increased. Finally,
Fe/Vulcan NSTa0.5 and Fe/Vulcan NcTb0.5 present the
highest and lowest catalytic activity toward the hydrogen
evolution reaction, though both catalysts develop the highest
production of the mass signal 45 (formic acid and/or
higher carbon-chain products) in presence of dissolved
CO2.
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The carbon-supported bimetallic Au-Pd catalyst with core-shell structure is prepared by successive reduction method. The core-
shell structure, surface morphology, and electrochemical performances of the catalysts are characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), ultraviolet-visible absorption spectrometry, linear sweep voltammetry, and
chronopotentiometry. The results show that the Au-Pd/C catalyst with core-shell structure exhibits much higher catalytic activity
for the direct oxidation of NaBH4 than pure Au/C catalyst. A direct borohydride-hydrogen peroxide fuel cell, in which the Au-
Pd/C with core-shell structure is used as the anode catalyst and the Au/C as the cathode catalyst, shows as high as 68.215 mW cm−2

power density.

1. Introduction

Fuel cells constitute an attractive class of renewable and
sustainable energy sources alternative to conventional energy
sources such as petroleum that has finite reserves. Among
all types of fuel cells, the direct borohydride-hydrogen
peroxide fuel cell (DBHFC) has recently attracted increasing
attentions because of some excellent features such as high
open circuit potential, low operation temperature, and high
power density [1–8]. The DBHFC is comprised of BH4

−

oxidation at the anode and H2O2 reduction at the cathode;
thus, it can be used as a promising power source for space and
underwater applications. Generally, the key of development
of DBHFC is anode electrocatalyst Cao et al. [9] have
prepared Au/Ni-foam electrode by spontaneous deposition
of Au nanoparticles on nickel foam substrates and achieved
an open-circuit voltage of about 1.07 V and a peak power
density of 100 mW cm−2 at 170 mA cm−2 and 0.6 V at 60◦C.
Chatenet et al. [10] reported that electrooxidation of BH4

−

can exchange about 7.5 electrons on Au and Ag electrodes
in contrast to about 4 electrons on Pt electrode. The high
electron utilization efficiencies of Au and Ag towards BH4

−

electrooxidation are attributed to their low activity towards

BH4
− hydrolysis. However, the catalyst, which causes the low

activity towards BH4
− hydrolysis, simultaneously has a low

catalytic activity towards BH4
− electrochemical oxidation

reaction. Thus, it is very important for DBHFC application
to develop high-activity electrocatalysts for the borohydride
oxidation reaction (BOR).

In our previous works, high-activity catalysts such
as carbon-supported hollow gold nanoparticles (HAu/C)
[11, 12] and AuCo/C [13] have been studied. Usually, the
core-shell structure is an effective morphology to enhance
catalytic activity. The improvement of catalytic activity of
core-shell bimetallic nanoparticles is attributed to the unique
structure in electrocatalysis, which has gained much atten-
tion in recent years [14]. Besides, the activity of core-shell
structure is related with the underlying interface between
the core and shell metals due to the bimetallic mechanism
[15]. It is reported that the core-shell nanoparticle catalysts
such as Ni@Pd/MWCNTs [16] and Ptshell-Aucore/C [17] have
effectively enhanced the catalytic activity for the electrooxi-
dation of methanol. Palladium is an appropriate choice as the
shell of the catalyst since it has the similar catalytic activity
as platinum, which is more expensive than the former.
In this paper, carbon-supported bimetallic Au-Pd catalyst
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with the core-shell structure was prepared by successive
reduction method. The electrochemical performances for
the borohydride oxidation reaction were examined by linear
voltammetry, chronoamperometry, chronopotentiometry,
and fuel-cell performance measurement.

2. Experimental

2.1. Preparation of Carbon-Supported Core-Shell Au-Pd
Nanoparticles. The preparation of Au seed was reported
elsewhere [18, 19]. Concisely, the citrate-stabilized Au nano-
particles were prepared by NaBH4 reduction of 0.5 mM
HAuCl4 aqueous solution in the presence of trisodium
citrate in 100 mL ice ultrapure (18.2 kΩ) water with vigorous
stirring [20]. Stirring was continued for 12 h to decompose
the unreacted NaBH4. Then 0.25 mL 0.1 M H2PdCl4 aqueous
solution and freshly prepared 1.25 mL 0.1 M ascorbic acid
aqueous solution were added dropwise to the Au hydrosol.
The solution was continuously stirred for 2 h and then added
50 mg Vulcan XC-72R carbon slurry (metal loading was
20 wt. %). After stirring 5 h, the suspension was filtrated to
recover solid product, which was fully washed with water
and alcohol. The recovered solid product was dried in vac-
uum at 80◦C overnight. Comparatively, carbon-supported
monometallic Pd and Au samples with the same overall metal
loading were prepared by similar procedures.

2.2. Characterization of Anode Catalysts. The samples for
transmission electron microscopy (TEM) were prepared by
putting one drop of the sample slurry on a copper grid
followed by drying in a desiccator. Electron micrographs
were taken with a FEI Tecnai G2 microscope at 200 kV.
A diffractometer (D/MAX-3C) was employed using Cu Kα
radiation (λ = 1.54056 Å) and a graphite monochromator
at 50 kV, 100 mA, to obtain XRD spectra of the samples.
Continuous X-ray scans were carried out from 10◦ to 90◦ of
2θ. The UV-Vis spectra of the hydrosols were measured by a
Lambda 25 spectrometer equipped with quartz cells.

2.3. Electrochemical Performance of Anode Catalysts. A con-
ventional three-electrode cell was used to perform the
electrochemical tests of the anode catalysts at 25◦C with a
CHI660A Electrochemistry Workstation. The Au-Pd/C was
used as working electrode, an Ni foam mesh with 3× 5 cm2

as counter electrode and an Ag/AgCl, KClstd as the reference
electrode. The electrolyte was 0.1 M NaBH4 + 3.0 M NaOH.
The working electrode was prepared as follows: 5 mg of Au-
Pd/C powder was dispersed by ultrasonic for 2 h in 0.5 mL
blend solution of 0.125 mL 5 wt. % Nafion solution and
0.375 mL deionized water. Then 5 μL of slurry was pasted
on the surface of the glassy carbon (GC) electrode (3 mm in
diameter) which was polished to mirror by 0.5 μm alumina
and sonicated 5 min prior to use. The dispersed catalyst on
the GC surface was dried for 5 h at ambient temperature.

2.4. Fuel Cell Test. The performance of the direct NaBH4-
H2O2 fuel cell (DBHFC) was evaluated by a battery testing
system at 25◦C in standard atmospheric pressure. The
schematic of direct NaBH4-H2O2 fuel cell was shown in

1 2

3
4 5

Figure 1: Simple schematic illustration of DBHFC (1) anode cat-
alyst, (2) cathode catalyst, (3) the activated Nafion 117 membrane,
(4) 1 M NaBH4 + 3 M NaOH, and (5) 2 M H2O2 + 0.5 M H2SO4.
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Figure 2: XRD patterns of Au/C, core-shell Au-Pd/C, and Pd/C.

Figure 1, and it consisted of Au/C cathode, core-shell Au-
Pd/C anode, activated Nafion 117 membrane separator,
anolyte composed of 1 M NaBH4 + 3 M NaOH, and catholyte
composed of 2 M H2O2 + 0.5 M H2SO4. The fresh anolyte
and catholyte were continuously supplied and withdrawn
from the cell at a rate of 0.7 mL min−1 during the testing
process. The load was applied in steps of 5 mA within the
range of 0–150 mA. Each step lasted 2 min, and the current
was continuously applied from one value to the next without
disconnecting the cell.

The catalyst ink was made by mixing isopropyl Nafion
solution and carbon-supported catalyst and coated onto
stainless steel gauze. Then it was dried in vacuum at 80◦C
for 12 h and pressed at 16 MPa for 1 min. Finally, the loading
mass of catalysts was about 4.5 mg cm−2.

3. Results and Discussion

3.1. Physical Characterization. Figure 2 showed the XRD
patterns of Au/C, core-shell Au-Pd/C, and Pd/C. As shown
in Figure 2, the rather wide diffraction peaks at 2θ ≈ 25◦ in
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Figure 3: TEM images of Au/C (a), core-shell Au-Pd/C (b), and Pd/C (c) and their corresponding histograms on size distribution.

all three samples are attributed to Vulcan XC-72R carbon
(002) crystal face. In Au and core-shell Au-Pd catalysts,
there are other five main characteristic peaks, which could
be attributed to the face-centered cubic (fcc) structure of
crystalline Au (111), (200), (220), (311), and (222). These
indicated the absence of both isolated large-size Pd particles
and the bulk Au-Pd alloy phases in the core-shell Au-Pd/C
catalyst. The morphologies and particle distributions of

the carbon-supported Au/C, core-shell Au-Pd/C, and
Pd/C samples were showed in Figure 3. The corresponding
histograms on size distribution of electrocatalysts were also
simultaneously given in Figures 3(d), 3(e), and 3(f). It could
be seen from Figure 3 that the spheroidal nanoparticles
were homogeneously dispersed on the surface of the carbon
supporter. The average diameter of Au, core-shell Au-Pd,
and Pd particles in samples from counting more than 300
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Figure 4: Absorption spectra of Au, core-shell Au-Pd, and mixed
Au-Pd hydrosols before deposition on carbon.

particles were about 5.955 nm, 6.705 nm, and 3.613 nm,
respectively. Usually, the size of the particle with core-shell
structure, D, can be calculated by [21]

D = Dcore

(
1 +

VPd[Pd]
VAu[Au]

)1/3

. (1)

Here, Dcore was the measured Au particles size; VPd and VAu

were the academic Pd and Au mole volume, respectively;
[Pd] and [Au] were the overall concentrations of the two
metals involved, respectively. It had been found from the
above formula that the calculated size of core-shell Au-Pd
particle was 6.719 nm, which is close to actually measured
particle size (6.705 nm). Besides, the calculated Pd shell
thickness was about 0.375 nm.

The absorption spectra of Au hydrosol, core-shell
Au-Pd hydrosol, and mixed Au-Pd hydrosol were shown
on Figure 4. The absorption peak positioned at 516 nm,
which was ascribed to the surface plasmon resonance (SPR)
of Au, could be clearly observed for Au hydrosol. For the
mixed Au-Pd hydrosol, the Au plasmon absorption peak
declined slightly because of the decrease of the Au hydrosol
concentration. However, for the core-shell Au-Pd hydrosol,
the remaining Au plasmon absorption peak indicated
that the Pd shell was not too thick to overwhelm the SPR
response of the Au nanoparticles [22].

3.2. Electrochemical Performance of Anode Catalysts. Figure 5
showed the linear sweep voltammogram (LSV) of different
catalysts in 0.1 M NaBH4 + 3.0 M NaOH solution at 25◦C
at a potential sweep rate of 20 mV s−1 in the potential
range of −1.2 V to 0.6 V versus Ag/AgCl. The Au-Pd/C with
core-shell structure and Pd/C exhibited more negative initial
reaction potentials than Au/C due to the BH4

− hydrolysis.
The current densities of Au/C, core-shell Au-Pd/C, and Pd/C
were 20.80 mA cm−2, 24.35 mA cm−2, and 27.89 mA cm−2

− 1.4 − 1.2 − 1 − 0.8 − 0.6 − 0.4 − 0.2

−5

0

5

5

53

Potential (V) versus Ag/AgCl

Au/C
Core-shell Au-Pd/C
Pd/C

0.2 0.4 0.6 0.8

C
u

rr
en

t
de

n
si

ty
(m

A
cm

−
2
)

0.0

1

10

20

30

40

25

Figure 5: Linear sweep voltammogram of Au/C, core-shell Au-
Pd/C, and Pd/C electrodes.

at −0.2 V versus Ag/AgCl, respectively. The peak current
density of Au-Pd/C (34.65 mA cm−2) was nearly close to
Pd/C (35.44 mA cm−2), which was about 1.7 times higher
than that of Au/C (20.80 mA cm−2). Besides, the area
enclosed by LSV on core-shell Au-Pd/C electrode was
apparently bigger than that on Au/C and Pd/C electrodes.
Obviously, the above results indicated that the core-shell Au-
Pd/C catalyst had much better catalytic activity than pure Au
and Pd catalysts. Moreover, the core-shell Au-Pd/C (4.25 wt.
% Pd loading) was more economical than Pd/C (20 wt.
% Pd loading). The reasons why the core-shell Au-Pd/C
enhanced the catalytic activity of the borohydride oxidation
reaction could correlate with the long-range electromagnetic
enhancement between the Au core and the Pd shell [23].

Chronopotentiometry was a usefully qualitative screen-
ing method for catalyst since it simulated the constant cur-
rent operation of a fuel cell. Figure 6 showed the chronopo-
tentiometry curves of BH4

− oxidation on the Au/C, core-
shell Au-Pd/C, and Pd/C at a current density of 8.5 mA cm−2

in a solution of 0.1 M NaBH4 + 3 M NaOH, respectively.
The open-circuit potentials (OCPs) were −0.953 V versus
Ag/AgCl for Au/C, −1.203 V versus Ag/AgCl for core-shell
Au-Pd/C, and−1.188 V versus Ag/AgCl for Pd/C. After 120 s,
the operating potential for Au/C, core-shell Au-Pd/C, and
Pd/C was −0.653 V, −0.920 V, and −0.800 V, respectively.
Therefore, it can be expected that the core-shell Au-Pd/C
catalyst had higher direct electrooxidation catalytic activity
and power output than those of Au/C and Pd/C under
the same experimental condition, which also suggested the
possibility of potentially obtaining a higher power output.

In chronoamperometry experiments (Figure 7(a)), the
potential was stepped from −1.2 to −0.2 V versus Ag/AgCl
in 0.1 M NaBH4 + 3 M NaOH solution. At the beginning
of the experiment, the initial current densities of three
carbon-supported catalysts corresponded mainly to double-
layer charging. The core-shell Au-Pd/C and Pd/C showed
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Figure 6: Chronopotentiometry curves of Au/C, core-shell Au-
Pd/C and Pd/C electrodes.

a gradual current density decay with the increase of the time
before a steady current density was reached. However, the
current density slowly decayed on Au/C, which would be
related to the formation of borohydride oxidation products
[10]. The current in the steady-state region represented
the current of the electrochemical reaction, so it could
reflect partly the electrocatalytic activity of the electrodes. As
being shown in Figure 7(a), the core-shell Au-Pd/C catalyst
maintained a higher borohydride oxidation current density
than those of the other two catalysts. In order to analyze
well the electrocatalytic activity of BH4

− on the different
catalysts, the chronoamperometry results were summarized
as a Cottrell plot in Figure 7(b). The approximate constancy
of the It1/2 versus t on Au/C in the steady process could be
attributed to electrode deactivation. On the other hand, the
increase of It1/2 value with the increase of the time on core-
shell Au-Pd/C and Pd/C indicated that neither the intra-
catalyst layer diffusion nor the external mass transfer of BH4

−

became rate limiting under the employed conditions [24].
And core-shell Au-Pd/C had larger It1/2 value than Pd/C,
which indicates the higher activity of oxidation of BH4

−.
Moreover, the increasing value suggested the surfaces of Au-
Pd/C and Pd/C are not poisoned during the experiment
process.

3.3. Fuel Cell Performance. The cell polarization and power
density curves for DBHFC using 1 M NaBH4 + 3 M NaOH
solution as fuel and 2 M H2O2 + 0.5 M H2SO4 solution as
oxidant were presented in Figure 8. In the experimental cell,
the Au/C was used as the cathode catalyst and Au/C, core-
shell Au-Pd/C, and Pd/C as the anode catalyst, respectively.
The cell voltage had an initially abrupt reduction at the
range of 0–10 mA cm−2 current density on Au/C, which
showed a kinetic process of electrochemistry polarization.
For the Pd/C and core-shell Au-Pd/C electrodes, the cell
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Figure 7: (a) Chronoamperometry curves of BH4
− oxidation on

different anode catalysts and (b) Cottrell’s plot generated from the
chronoamperometry data.

voltage curves linearly decreased with the increase of current
density, indicating a strong dependence of cell performance
on the ohmic resistance (mainly ohmic polarization). In
addition, the slope of the polarization curve on the core-
shell Au-Pd/C catalyst electrode was lower than that on
Pd/C. This phenomenon showed that the core-shell Au-
Pd/C catalyst can decrease oxidation overpotential of BH4

−

and improve the performance of DBHFC. Furthermore, the
core-shell Au-Pd/C exhibited a maximum power density of
68.215 mW cm−2 at a current density of 90.1 mA cm−2 and
a cell voltage of 0.757 V at 25◦C.
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4. Conclusions

The carbon-supported bimetallic Au-Pd catalyst with the
core-shell structure was successfully prepared by successive
reduction method. The spheroidal Au-Pd nanoparticles
were homogeneously dispersed on the surface of carbon
supporter. Compared with carbon-supported monometallic
Au and Pd catalysts, the core-shell Au-Pd catalyst had an
enhanced electrocatalytic activity for the BH4

− electrooxida-
tion. The fuel cell using core-shell Au-Pd as anode catalyst
presented a maximum power density of 68.215 mW cm−2

and a cell voltage of 0.757 V in 1 M NaBH4 + 3 M NaOH
solution at 25◦C. Therefore, the carbon-supported bimetallic
Au-Pd catalyst with the core-shell structure would be
a promising anode electrocatalyst for the application of
DBHFC.
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In this work, Pt-Ru catalysts were synthesized by a novel methodology which includes the use as encapsulating molecules of
dendrimers of different generation: zero (DN-0), one (DN-1), two (DN-2), and three (DN-3). Synthesized catalysts were heat-
treated at 350◦C, and the effects of this treatment was established from the physical (X-ray dispersive energy (XDE) and X-ray
diffraction (XRD)) and electrochemical characterization (cyclic voltammetry and chronoamperometry). Results showed that the
heat-treatment benefits the catalytic properties of synthesized materials in terms of CO and methanol electrochemical oxidation.
The curves for CO stripping were more defined for heat-treated catalysts, and methanol oxidation current densities were higher
for these materials. These changes are principally explained from the removal of organic residues remaining on the surface of the
Pt-Ru nanoparticles after the synthesis procedure. After the activation of the catalysts by heating at 350◦C, the real importance of
the use of these encapsulating molecules and the effect of the generation of the dendrimer become visible. From these results, it
can be concluded that synthesized catalysts are good catalytic anodes for direct methanol fuel cells (DMFCs).

1. Introduction

Direct methanol fuel cells (DMFCs) are a promising power
source for automotive and portable power applications. This
versatility is related to ease in fuel handling, simple system
design, high efficiency, and low emissions [1, 2]. Neverthe-
less, the use of DMFCs is limited by the reaction kinetics for
methanol electro-oxidation on platinum, which possesses a
slow rate and involves steps like methanol adsorption with
their respective dissociation, water adsorption also with its
activation, and CO oxidation as intermediate of this reaction
[3]. In fact, the presence of CO and HCOO− intermediates
is determinant in slow reaction kinetics due to the strong
adsorption of these species on Pt, blocking the electroactive
sites. As an alternative for solving this problem, Pt-Ru alloys
have been suggested [4, 5] because of their higher activity
for methanol electro-oxidation, stability, and ability of Ru
for providing OHads species, which are able to weaken and
accelerate CO adsorption and oxidation [3].

These reasons motivate the implementation of novel
Pt-Ru nanoparticles synthesis procedures, with controlled
metal loading, Pt : Ru atomic proportions, particle size, and
homogeneous dispersion on a determined support. Typical
wet impregnation and incipient wetness methods do not
allow controlling these properties [6]. An alternative is the
use of dendrimers, which are three-dimensional and tree-
like functional macromolecules, where branches are the
specific sites for nucleation process of metal precursors [7].
Branches conform the so-called generations of a dendrimer;
the first-generation dendrimer is constituted by a determined
number of monomers linked to a central core. Subsequent
union between other monomers and the extreme of the first
linked monomers generates a second generation and thus,
next generations are formed until steric hindrance inhibits
formation of further shells [7]. Because of these structural
characteristics, they were successfully used as a template
for metal nanoparticles formation, providing five principal
advantages [8]: (1) the possibility of obtaining well-defined
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size and shape nanoparticles due to their uniform structure
[9], (2) avoid agglomeration of nanoparticles by stabilization
into the dendrimer structure [10], (3) protection towards
passivation and enabling to catalytic activity by means of
steric hindrance which surround the nanoparticles [11],
(4) the selectivity towards access of small substrates to
the encapsulated catalytic nanoparticles, controlled by the
dendrimer branches, and (5) terminal amino groups of the
molecule could be modified for controlling the solubility of
dendrimer-nanoparticle composite, providing the possibility
of linkage to others polymers [12].

Synthesis of DENs (dendrimer encapsulated nanoparti-
cles) is widely reported in the literature [13–19], and this
process usually initiates with the formation of intraden-
drimer metal clusters, then chemically reduced with excess
of NaBH4. Changes in solution colour and UV-visible
absorbance bands are the evidences for this cluster formation
[20] even giving some clue about their size [21, 22]. In
the case of dendrimers with noncomplexing functional
groups, such as hydroxyl groups, nanoparticle formation is
carried out into the dendrimer [23, 24]. However, dendrimer
template formation of nanoparticles can be realized also
in the external branches [23, 25], as is the case of amine-
terminated poly(amidoamine) dendrimers, which could
promote the formation of nanoparticles surrounded by
complexation of metal ions with dendrimeric surface amine
groups [26]. The control of the pH of the dendrimeric
solution could prevent the formation of metal complexes
on the dendrimer periphery, by protonation of the surface
primary amine groups, which also be available to nucleate
metallic nanoparticles [27].

In this work, Pt-Ru catalysts supported on carbon
nanofibers were synthesized, by reduction with sodium boro-
hydride, making use of amino-terminal dendrimers, with
zero, one, two, and three generation. Heat treatment at 350◦C
was used in order to remove the encapsulating dendrimers.
Physical characterization was carried out by means of EDX,
XRD, and TEM, while electrochemical activity towards CO
and methanol electrochemical oxidation was studied by
cyclic voltammetry and chronoamperometry, comparing the
effect of heat treatment in terms of metal loading, Pt : Ru
proportion, particle size, and catalytic activity.

2. Experimental

2.1. Synthesis of Catalysts. Carbon nanofibers synthesized by
catalytic thermal decomposition of methane were used as
carbon support. For their synthesis, an Ni : Cu : Al catalyst
with a weight proportion 78 : 6 : 16 was employed. After the
activation of this catalyst growth of CNFs was carried out
passing a methane flux at 700◦C for 10 h on the catalysts.
Obtained carbon nanofibers were treated with an HNO3-
H2SO4 1 : 1 (v/v) mixture for 0.5 h at room temperature.
For the synthesis of catalysts, different generation PAMAM
dendrimers (20% wt in methanol, Aldrich) were dissolved in
ultrapure water adding the appropriate volume to achieve
a 2.0 μM concentration. Solutions were vigorous magnetic
stirred during 30 min, and then, metal precursors solution
(H2PtCl6, 8% wt solution, Aldrich; and RuCl3 99.999%,

Aldrich) was slowly added to the dendrimer one, maintain-
ing the agitation during the addition and after for 3 days.
Then, 20 mL of reducing agent solution (NaBH4, 26.4 mM
in NaOH 7.0 M) were slowly added generating a dark colour
because of the formation of Pt-Ru nanoparticles. After 24 h
on the magnetic stirrer, carbon nanofibers was added to the
reaction mixture in the presence of ultrasound agitation. The
reaction mixture was maintained under stirring for 2 days,
and after being filtered, it was washed with ultrapure water
and dried at 60◦C during 2 h. Nomenclature used for these
catalysts is PtRu/CNF-DN-X, being X the generation of the
dendrimer used during the synthesis. Finally, catalysts were
heat treated at 350◦C in a furnace for 30 min. In this case, the
nomenclature was PtRu/CNF-DN-X TT, with X meaning as
before.

2.2. EDX, XRD, and TEM Characterization. Determination
of metal content and Pt-Ru atomic ratios for the synthesized
materials were made by energy dispersive X-ray (EDX)
analysis, using a scanning electron microscope (LEO Mod.
440) at 20 keV, with a Si detector and a Be window. X-
ray diffraction (XRD) patterns were made by means of an
universal diffractometer Panalytical X’Pert, operating with
Cu-Kα radiation, generated at 40 kV and 30 mA. Scan rate
was 3◦ min−1 with 2θ values between 10 and 100◦. Scherrer’s
equation was used to calculate the metal crystallite size from
XRD, using the dimensions of (220) peak around 2θ = 70◦.

2.3. Electrochemical Characterization. Electrochemical activ-
ity of Pt-Ru catalysts towards CO and methanol was
evaluated by cyclic voltammetry and chronoamperometry.
It was compared to that of the commercial PtRu/C catalyst
from E-TEK. An electrochemical thermostatized cell was
used with a glassy carbon disk as working electrode, a glassy
carbon bar as counter electrode and a reversible hydrogen
electrode (RHE), placed inside a Luggin capillary as reference
electrode. All potentials in the text are referred to the RHE
electrode. A catalyst ink was prepared by mixing 2 mg of the
catalyst, 15 μL of Nafion (5 wt.%, Aldrich), and 500 μL of
ultrapure water. An aliquot of this dispersion was deposited
onto the glassy carbon disk. 0.5 M H2SO4 (95–97%, Merck)
and 2.0 M methanol (98%, Merck) solutions were used in
these experiments. CO reactivity on the different catalysts
was evaluated by bubbling it into the electrochemical cell,
during 10 minutes, producing an adsorbed CO monolayer
on the deposited catalyst. Then, nitrogen (MicroGeN2,
GasLab) was bubbled during 10 minutes to remove CO from
the solution. Finally, cyclic voltammetric and chronoam-
perometric curves were recorded using an Electrochemistry
Instrument μAUTOLAB III modular equipment.

3. Results and Discussion

3.1. Physical Characterization of the Catalysts. EDX analysis
was used for determining the metal content and Pt : Ru
atomic ratio, and the results are given in Table 1. All catalysts
present similar metal content and Pt : Ru atomic ratio, aprox.
20% wt. and 1 : 1, respectively. These values were comparable



International Journal of Electrochemistry 3

Table 1: Composition and crystallite sizes for Pt-Ru catalysts.

Catalyst
Pt-Ru
(EDX)

Metal loading
(% wt.)

Crystallite size
(nm)

PtRu/CNF-DN-0 58–42 12 3.3

PtRu/CNF-DN-0 TT 49–51 18 4.1

PtRu/CNF-DN-1 59–41 20 3.8

PtRu/CNF-DN-1 TT 52–48 17 3.6

PtRu/CNF-DN-2 44–56 20 3.0

PtRu/CNF-DN-2 TT 40–60 19 3.8

PtRu/CNF-DN-3 47–53 19 3.0

PtRu/CNF-DN-3 TT 41–59 21 2.9

PtRu/C E-TEK 45–55 20 4.4
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Figure 1: XRD diffractograms for the untreated Pt-Ru catalysts.

to those of the commercial Pt-Ru/C E-TEK catalyst and close
to the nominal ones. After the heat treatment, metal loading
and compositions remain similar assuming the experimental
error, with the exception of the metal loading in the DN-
0 material which increases from 12 to 18%. This result can
be explained by an important lose of organics during the
heat treatment, which seems to be much important with
this dendrimer. Concerning the Pt : Ru atomic proportion,
although the changes are small, a trend to increase the Ru
content after heating is apparent for all catalysts, suggesting
that the treatment can induce modifications in the catalysts
nature, as an increase in the oxidation state of ruthenium
forming ruthenium oxides [28] and, therefore, promoting
changes in the original composition.

XRD patterns of the nonheat treated and heat-treated
catalysts (Figures 1 and 2, resp.) display the characteristic
peaks, (111), (200), and (220), of the face centred cubic
(fcc) structure of Pt and also a diffraction peak around
24.5◦ for Pt-Ru/C E-TEK and 26.5◦ for PtRu/CNF. This peak
corresponds to the (002) reflection of graphite basal planes
and is attributed to the catalyst support. It is remarkable
the appearance of new peaks at 35 and 55 2θ degrees in
the heat-treated catalysts (Figure 2), indicating the formation
of ruthenium oxides [29] and the graphitization of carbon
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Figure 2: XRD diffractograms for the synthesized Pt-Ru catalysts
submitted to heat treatment at 350◦C.

support with the corresponding (004) face present at the
hexagonal graphite structure [30], respectively. Moreover,
metal average crystallite sizes were determined with the
(220) reflection peak dimensions (Table 1). Debye-Scherrer
equation was used for calculating the average crystallite
size of catalysts, obtaining values between 2.9 and 4.1 nm,
being PtRu/CNF-DN-3 TT the catalysts with the smallest
crystallite size (2.9 nm). All values were smaller than that for
the commercial catalyst, and the largest size was obtained
for the PtRu/CNF-DN-0 TT material (4.4 nm). The latter
result can be attributed to the low encapsulating effect of the
zero generation dendrimer, considering that low generation
dendrimers have an open and flat structure, losing their
capacity to confine the nanoparticles [31]. This fact is verified
with the small crystallite sizes obtained for synthesized
catalysts using two and three generation dendrimers.

3.2. Electrochemical Characterization. Reactivity towards CO
(Figures 3–5) and methanol (Figure 6) was evaluated by
means of cyclic voltammetry, both for the commercial
catalyst PtRu/C E-TEK and the synthesized catalysts. Current
density values were normalized by the Pt loading of each
electrode. CO stripping curves for heat-treated materials
(Figure 5) develop a narrower oxidation peaks with a well-
defined peak potential compared with the untreated catalysts
(Figure 4), as well as its current densities were more similar
than those of the untreated catalysts. Possibly, in the presence
of dendrimers from the synthesis procedure at the surface
of n, the untreated materials diminishes the reactivity
towards CO because of a passivating effect on catalytic sites.
According to this assumption, the CVs for the catalysts
in the base electrolyte change drastically after heating, as
can be seen in Figures 4 and 5, as a consequence of the
elimination of the organic residues. Results in Figure 5 are
in agreement with that reported in the literature for well-
cleaned Pt-Ru alloys used as catalysts for CO electrochemical
oxidation [32]. Then, it is proved that the treatment at 350◦C
produces PtRu nanoparticles activation, with appropriate
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Figure 3: Cyclic voltammograms for CO oxidation at room
temperature on commercial catalysts PtRu/C E-TEK. Full line: first
scan. Dashed line: second scan. Scan rate: 20 mVs−1. Supporting
electrolyte: 0.5 M H2SO4. CO adsorption potential: 0.2 V versus
RHE.
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Figure 4: Cyclic voltammograms for CO oxidation at room
temperature on untreated synthesized catalysts. Full line: first
scan. Dashed line: second scan. Scan rate: 20 mVs−1. Supporting
electrolyte: 0.5 M H2SO4. CO adsorption potential: 0.2 V versus
RHE.

surface activity towards CO electrooxidation, even better
than the commercial PtRu/C E-TEK (which shows a broader
curve shifted to more positive potentials, Figure 3).

Methanol electrochemical oxidation (Figure 6) presents
significant differences between the untreated catalysts and
those heat-treated catalysts. For the former (Figure 6(a)),
commercial catalyst PtRu/C E-TEK shows a great activity
with respect to the synthesized catalyst. Possibly, den-
drimers kept in the material, passivating metal nanoparticles
and inhibiting their catalytic activity towards methanol.
However, the effect of dendrimer generation is clearly
observed: the higher the generation of the dendrimer, lower
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Figure 5: Cyclic voltammograms for CO oxidation at room
temperature on the heat-treated synthesized catalysts. Full line: first
scan. Dashed line: second scan. Scan rate: 20 mVs−1. Supporting
electrolyte: 0.5 M H2SO4. CO adsorption potential: 0.2 V versus
RHE.

the the methanol oxidation current densities recorded.
The explanation is conducted through the dendrimer size:
PtRu/CNF-DN-0 displays the better performance probably
because of the relatively small size of zero generation den-
drimer molecules, which did not produce a strong surface
passivation. Opposite, DN-3 is the biggest molecule and,
consequently, generates the highest passivation effect.

Nevertheless, heat treatment strongly promotes the
methanol electrochemical oxidation on those materials pre-
pared with dendrimers corresponding to generation higher
than zero (Figure 6(b)). In this case, the catalyst synthesized
in the presence of DN-0 (PtRu/CNF-DN-0 TT) shows the
lowest current densities, and the activities increase with the
generation of the dendrimer: PtRu/CNF-DN-3 TT displays
the highest methanol oxidation current densities, followed
by PtRu/CNF-DN-2 TT, PtRu/C E-TEK, PtRu/CNF-DN-1
TT, and finally, PtRu/CNF-DN-0 TT. According to Table 1,
the main difference between the PtRu/CNF-DN-3 TT and
the other catalysts is the small particle size, and therefore,
it seems to be the main parameter conditioning the current
densities attained. This fact leads us to conclude the role
played by dendrimer generation. Thus, it seems that the
size of dendrimer is a crucial factor for obtaining adequate
crystallite sizes. However, an effect associated to changes
in the distribution of the crystallographic planes in the
nanoparticle induced by the dimension of the dendrimer
cannot be discarded.

In order to establish the steady state performance of cat-
alysts for methanol electrooxidation, chronoamperometry
was carried out. Figure 7 displays the potentiostatic current
density curves as a function of time for the heat-treated
Pt-Ru materials at 0.55 V, as a typical working potential
in DMFCs. Current density values are in the same range
obtained in Figure 6(b). The same trend established from the
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Figure 6: Cyclic voltammograms for methanol oxidation at room temperature on Pt-Ru synthesized catalysts. (a) Untreated catalysts (b)
Heat-treated catalysts. Scan rate: 20 mVs−1. Supporting electrolyte: 0.5 M H2SO4. Methanol concentration: 2.0 M.
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Figure 7: Current density versus time curves at room temperature
for methanol oxidation on Pt-Ru synthesized catalysts. Supporing
electrolyte: 0.5 M H2SO4. Methanol concentration: 2.0 M. Applied
potentials: 0.55 V.

CVs is also observed in Figure 7: again, PtRu/CNF-DN-3 TT
and PtRu/CNF-DN-2 TT show the highest stationary current
densities after 900 s at room temperature, whereas the lowest
current densities correspond to PtRu/CNF-DN-0 TT.

These results confirm that dendrimer synthesis of Pt-Ru
nanoparticles with an appropriate heat treatment allows to
prepare catalysts with better performance than commercial
ones.

4. Conclusions

Pt-Ru catalysts supported on carbon nanofibers have been
synthesized using dendrimers of zero, one, two, and three
generation. All prepared materials displayed a Pt : Ru ratio of
1 : 1 and metal loading close to 20%. These properties were
near to those determined for the commercial catalyst PtRu/C
E-TEK used for comparison. Crystallite size varies between
2.9 and 4.1 nm for the prepared materials (4.4 nm for the
commercial one).

A heat treatment at 350◦C was performed with all
synthesized catalysts trying to activate the nanoparticles
surface. Success of heat treatment was observed in the
electrochemical experiments. Thus, CO stripping curves
display well-defined peaks for heat-treated catalysts, whereas
untreated materials describe broader curves with less-defined
CO oxidation peak potentials. Moreover, the activity of
PtRu/CNF-DN-3 TT and PtRu/CNF-DN-2 TT towards
methanol electrooxidation was drastically increased after
the procedure, as demonstrated in both cyclic voltammet-
ric and chronoamperometric experiments. In fact, better
performance than commercial PtRu/C E-TEK was obtained
for these activated materials. Then, it is concluded that
dendrimer synthesis followed by temperature activation can
be used for the preparation of highly active anodes for direct
methanol fuel cells.
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IrO2/Pt catalysts (at different concentrations) were synthesized by incipient wetness technique and characterized by XRD, XRF,
and SEM. Water electrolysis/fuel cell performances were evaluated in a 5 cm2 single cell under Unitized Regenerative Fuel Cell
(URFC) configuration. The IrO2/Pt composition of 14/86 showed the highest performance for water electrolysis and the lowest
one as fuel cell. It is derived that for fuel cell operation an excess of Pt favours the oxygen reduction process whereas IrO2 promotes
oxygen evolution. From the present results, it appears that the diffusion characteristics and the reaction rate in fuel cell mode are
significantly lower than in the electrolyser mode. This requires the enhancement of the gas diffusion properties of the electrodes
and the catalytic properties for cathode operation in fuel cells.

1. Introduction

A Unitized Regenerative Fuel Cell (URFC) is an energy
storage system useful to be connected to renewable sources
such as solar energy or wind energy [1]. Such a system
consists of a water electrolyser and a fuel cell combined in
one stack, allowing a significant cost and volume reduction
compared to the two devices separated. During electrolysis
mode, water is electrolyzed to hydrogen and oxygen which
are used to produce electrical energy in the subsequent fuel
cell mode. Compared with conventional secondary batteries,
the URFC has the advantage of long-term energy storage,
being free of self-discharge, and higher energy density [2,
3]. Instead, compared with the conventional Regenerative
Fuel Cell (RFC), which usually consists of separate fuel cell
and electrolyser, the URFC is a simpler and more compact
system because it uses only one electrochemical cell [4, 5].
Nevertheless, the design of an electrode to be used in an
electrolyser is inherently different than that of a fuel cell
electrode [6]. For example, for the oxygen electrode in a
polymer electrolyte fuel cell, the Gas Diffusion Layer (GDL)
is usually a highly hydrophobized carbon paper or carbon

cloth. However, they cannot be used as the GDL of a URFC
for the following two reasons: (i) the carbon material tends
to corrode at high potential on the oxygen electrode side
during the water electrolysis operation and (ii) GDLs have
to achieve an appropriate balance between the hydrophobic
and hydrophilic properties for both the fuel cell and water
electrolysis operation [7]. While the electrode for water
electrolyser is generally designed to be flooded or partially
flooded, the fuel cell must repel water. From these consid-
erations it arises clearly that the URFC is not the simple
linear combination of electrodes used in fuel cells with those
used in electrolysis cells. For instance, the hydrogen electrode
must not only contribute to the hydrogen evolution reaction
but also must do it in the opposite direction. Nevertheless,
the most critical point is the oxygen electrode, which displays
the greater difficulties for its design [8]. To date, bifunctional
electrocatalysts for oxygen redox reaction of URFCs include
Pt-Ir [9], Pt-Ru-Ir [10], Pt-IrO2 [11–15], and Pt-IrO2-
RuO2 [16, 17], among which IrO2 and RuO2 are mainly
prepared by using Adams fusion method [18]. Most of the
above described bifunctional oxygen electrode catalysts are
obtained by mixing an efficient electrocatalyst for oxygen



2 International Journal of Electrochemistry

reduction (Pt black) and an efficient electrocatalyst for
oxygen evolution (Ir or IrO2 or IrO2-RuO2), which may
result in poor combination between Pt black and Ir or IrO2

or IrO2-RuO2 and thus lower bifunctional performance of
oxygen electrode electrocatalysts. In this work, our approach
was the use of an impregnation method to support IrO2

onto Pt surface in order to reduce the amount of metal
oxide maintaining good performance in electrolysis mode.
Moreover, a hydrophobized Ti grid was used [19, 20] as
diffusion layer, instead of the carbon-based GDL commonly
used in fuel cells, at the oxygen electrode compartment in
order to have a stable support [21, 22] and suitable reactants
distribution/products removal.

2. Experimental

2.1. Preparation of IrO2/Pt Electrocatalysts. The preparation
of IrO2/Pt was carried out by incipient wetness technique,
which consists in the impregnation of commercial IrO2

(Spectrum) onto a commercial Pt black (Johnson Matthey).
The electrocatalysts were prepared at three different concen-
trations (weight ratios of 7/93, 11/89, and 14/86). Such com-
positions were precisely determined by X-ray fluorescence
(XRF) analyses.

2.2. Physicochemical Characterization. The powders were
characterized by X-Ray Diffraction (XRD), X-Ray Fluores-
cence (XRF), and Scanning Electron Microscopy (SEM). X-
ray diffraction powder (XRD) patterns for these catalysts
were obtained on a Philips X’Pert X-ray diffractometer using
Cu Kα-source operating at 40 kV and 30 mA. The peak
profiles of the (2 2 0) reflection in the face-centered-cubic
(fcc) structure were obtained by using the Marquardt algo-
rithm, and it was used to calculate the crystallite size by the
Debye-Scherrer equation due to the fact that there are not
convolution of other peaks, as it may occur with the (1 1 1),
(2 0 0), and (3 1 1) reflections. Instrumental broadening was
determined by using a standard platinum sample. Catalysts
were placed on a silicon substrate for XRD analysis. The
diffraction patterns were fitted to JCPDS (Joint Committee
on Powder Diffraction Standars) and crystal size distribu-
tion calculated using LBA (line broadening analysis). XRF
analysis of the catalysts was carried out by a Bruker AXS
S4 Explorer spectrometer operating at a power of 1 kW and
equipped with a Rh X-ray source, a LiF crystal analyzer, and
a 0.12◦ divergence collimator. SEM analysis of the catalysts
was carried out by an FEI XL-30 Field Emission Electron
Gun instrument. SEM images showed both secondary and
backscattering electrons.

2.3. Electrodes and MEA Preparation. A commercial 30%
Pt/Vulcan XC-72 (E-TEK-PEMEAS, Boston, USA) was used
as the catalyst for the H2 evolution reaction (electrolyser) and
for H2 reduction process (fuel cell). The electrode was pre-
pared by directly mixing in an ultrasonic bath a suspension
of Nafion ionomer in water with the Pt/C catalyst powder
(catalyst/dry ionomer = 2/1 wt.); the obtained paste was
spread on carbon cloth backings (GDL ELAT from E-TEK).
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Figure 1: XRD patterns of (a) 14/86, (b) 11/89, (c) 7/93 IrO2/Pt
catalysts, and (inset) commercial IrO2.

For membrane-electrode assembly (MEA) fabrication,
the oxygen electrode was prepared by hot-spray technique,
depositing the IrO2/Pt catalyst directly onto Nafion 117
membrane (Ion Power). A slurry composed of 67 wt.% cat-
alyst and 33 wt.% Nafion solution (5 wt.% Ion Power) in
deionised water and anhydrous ethylic alcohol (Carlo Erba)
was prepared by mixing under ultrasounds. This slurry
was deposited onto one face of the membrane by using a
spray technique. The catalyst loading was about 6 mg·cm−2

for IrO2/Pt and 1 mg·cm−2 for 30% Pt/Vulcan XC-72 (E-
TEK). Nafion 117 was used as the solid polymer electrolyte.
Complete MEAs were formed directly in the cell housing
by tightening at 9 N·m using a dynamometric wrench. A
hydrophobised Ti grid (Franco Corradi, Italy) backing layer
was used at the oxygen compartment [23, 24].

2.4. Electrochemical Characterization. We have evaluated
water electrolysis/fuel cell performance using a single-cell
test fixture with a geometric area of 5 cm2. During fuel cell
operation, the cell temperature was controlled at 80◦C and
a back pressure of 2 atm, for H2 and O2 reactant gases,
was applied. Both gases were fully humidified. During water
electrolysis operation, the cell was controlled at 80◦C under
atmospheric pressure and the water tank temperature was
85◦C. The polarization curves were recorded by using an
Autolab PGSTAT 302 Potentiostat/Galvanostat (Metrohm).

3. Results and Discussion

XRD analyses were carried out on the prepared catalysts
(Figure 1) and compared to commercial IrO2 (Figure 1, in-
set). The XRD pattern of IrO2 shows a prevailing amorphous
structure and some crystalline peaks associated to metallic Ir
(Figure 1, inset), whereas the bifunctional catalysts showed
the face-centered-cubic (fcc) structure typical of Pt due to the
large amount of this metal compared to IrO2 (which is, in any
case, in an amorphous phase). Three different compositions
were prepared and identified by XRF analysis (Table 1).
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Figure 2: Scanning electronic micrographs of (a) amorphous IrO2, (b) 7/93, (c) 11/89, and (d) 14/86 IrO2/Pt catalysts.
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Figure 3: Cell potential versus current density curves for MEAs
based on IrO2/Pt catalysts at different compositions (7/93, 11/89,
and 14/86) under URFC conditions.

The crystallite size of Pt in the bifunctional catalysts was
estimated from the broadening of (220) reflections by the
Scherrer equation. The values were about 6.5 ± 0.2 nm for
all samples (Table 1).

Table 1: Composition and crystallite size of the catalysts.

Catalyst Crystallite Size nm Pt (wt. %) IrO2 (wt. %)

(a) 6.5 93 7

(b) 6.5 89 11

(c) 6.7 86 14

Figure 2 shows scanning electron micrographs of IrO2/Pt
at different compositions (7/93, 11/89, 14/86) and bare
IrO2. Amorphous IrO2 (Figure 2(a)) showed agglomerates of
about 50–100 nm. The BET surface area for this IrO2 catalyst
is quite low, about 23 m2 g−1 with the occurrence of micro-
pores as confirmed by the porosity measurements reported
in [25] whereas an adequate porous structure was observed
for IrO2/Pt bimetallic catalysts. All bimetallic catalysts show
similar structure due to the fact that they are composed of
the same materials with a larger presence of Pt [26].

The cell potential versus current density (calculated
using the geometrical area of 5 cm2) curves for MEAs based
on the three compositions of IrO2/Pt (7/93, 11/89, 14/86)
under URFC conditions are shown in Figure 3. The IrO2/Pt
composition of 14/86 has the highest performance for water
electrolysis and the lowest performance as fuel cell. It is
derived that for fuel cell operation an excess of Pt favours
the oxygen reduction process whereas IrO2 promotes oxygen
evolution. In fact, the results achieved in this work in elec-
trolysis mode are similar to those obtained by using a pure
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IrO2 in a PEM electrolyser [22, 23]. This is probably due to
the good dispersion of this metal oxide onto the Pt support.
Thus, the utilization of IrO2 is maximized. However, the
presence of a larger amount of IrO2 produces better results
in the electrolysis process. Thus, it appears necessary to
optimize the relative content of the two materials in order
to have suitable performance in both processes.

On the contrary, in fuel cell mode, the performance
is lower than that recorded in a conventional PEM fuel
cell equipped with Pt catalysts in particular in the ohmic
and diffusion regions [27–29]. This is probably due to the
presence of the hydrophobized Ti-grid as gas diffusion layer/
current collector. In fact, fuel cell tests are performed after
the electrolysis process, and the fuel cell cathode could be
completely flooded after operation as electrolyser, although
a hydrophobized Ti-grid is used. Accordingly, oxygen is
hindered by the presence of water inside the cathode com-
partment, and this diffusion drawback determines the loss
of potential observed in Figure 3. For what concerns the
amount of Pt in the bimetallic catalysts, it is observed that
a higher amount produces lower potential losses as observed
in the activation region (low current density) of the polar-
ization curve. Accordingly, the performance at 0.65–0.7 V
(region of interest from a point of view of the efficiency [29])
is higher for the IrO2/Pt catalysts with increasing amounts of
Pt (7/93 > 11/89 > 14/86). By using IrO2/Pt (14/86) catalyst
the performance decreased also in the activation region
indicating that IrO2 covered Pt sites reducing in this way
the catalytic activity of the bimetallic catalyst for the oxygen
reduction reaction. Since this formulation showed a better
behaviour for the electrolysis process, it appears necessary to
increase further the catalytic properties of this sample to be
used as bifunctional catalyst.

4. Conclusions

IrO2/Pt catalysts (at different concentrations) were synthe-
sized and characterized in Unitized Regenerative Fuel Cell
(URFC) configuration. These oxide-metal mixtures were
prepared by incipient wetness technique and characterized
by XRD, XRF, SEM, and electrochemical measurements
under water electrolysis/fuel cell conditions. For fuel cell op-
eration an excess of Pt favours the oxygen reduction process
whereas IrO2 promotes oxygen evolution. From the present
results, it appears that the diffusion characteristics and the
reaction rate in fuel cell mode are significantly lower than
in the electrolyser mode. This requires the enhancement of
the gas diffusion properties of the electrodes and the catalytic
properties for cathode operation in fuel cells.
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Following our previous studies on the catalytic activity electrochemically codeposited on graphite Pd-Pt electrocatalysts for
hydrogen peroxide electroreduction, a series of glassy carbon electrodes were modified with Pd or (Pd+Au) deposits aiming at the
development of even more efficient electrocatalysts for the same process. The resulting electrodes were found to be very effective
at low applied potentials (−100 and −50 mV versus Ag/AgCl, 1 M KCl). The surface topography of the electrode modified with
Pd+Au mixed in proportions 90% : 10%, exhibiting optimal combination of sensitivity and linear dynamic range towards hydrogen
peroxide electrochemical reduction, was studied with SEM and AFM. The applicability of the same electrode as transducer in an
amperometric biosensor for glucose assay was demonstrated. At an applied potential of −50 mV, the following were determined:
detection limit (S/N = 3) of 6 × 10−6 M glucose, electrode sensitivity of 0.15 μA μM−1, and strict linearity up to concentration of
3× 10−4 M.

1. Introduction

The ever-increasing interest towards electrochemical sensors
has been driven by the numerous advantages they offer over
the other analytical techniques, such as

(i) the simplicity of operating with electrical signals
(current, potential, conductivity, or impedance);

(ii) compact and versatile instrumentation capable of
supporting several different electrochemical tech-
niques (steady state or dynamic) in a single device;

(iii) a possibility to finely tune the electrochemical detec-
tion and to customize it so that the tedious sample
pretreatment stage could be avoided;

(iv) broad opportunities for miniaturization to afford
portable devices, needing very small amounts of a
sample (e.g., only several microlitres) to be analyzed;

(v) a possibility to perform an automated on-line mon-
itoring, that is, a determination to be carried out

directly in the system where the process/product of
interest occurred.

Moreover, the selectivity of the analysis might be dras-
tically improved through coupling sensor with a biological
component for molecular recognition (enzymes, cells, or
tissues), thus providing the opportunity to selectively deter-
mine the analyte in complex liquid matrices. These are the
main prerequisites for their wide practical application in
important spheres, such as medicine [1, 2], food industry [3],
and ecology [4].

A broad spectrum of oxidative enzymes (e.g., glu-
cose oxidase, xanthine oxidase, etc.) is known to produce
hydrogen peroxide as a by-product of the target reaction
they catalyse in presence of molecular oxygen. Therefore,
a large group of amperometric biosensors functions on
the principle of measuring the current variation upon the
addition of the enzyme substrate which is due to the
electrochemical transformation (oxidation or reduction) of
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the generated H2O2. The biosensors based on registering the
current from the electrochemical oxidation of the formed
hydrogen peroxide suffer from poor selectivity, mostly due
to the high operational potentials, at which the compounds
normally attending biological liquids (organic acids, neu-
rotransmitters, and drugs) are co-oxidised, thus leading to
overestimated analyte levels. Alternatively, reducing electro-
chemically H2O2 at low working potentials (usually around
0 V versus Ag/AgCl) [5], where interfering substances are
electrochemically inert, allows for a much more selective
assay of the analyte. In respect to studies on the surface
modified with micro- and nanostructures carbonaceous
electrodes as efficient electrocatalysts of hydrogen peroxide,
both oxidation and reduction [6–13] are currently on high
demand.

Various types of carbonaceous materials have been inves-
tigated most often as modified electrodes for determining
H2O2: graphite [6, 14], glassy carbon [7, 8, 10, 15–19],
carbon-paste electrodes [20, 21], carbon nanotubes [22–
24], and so forth. With these electrodes, the selectivity
of the electrochemical response to hydrogen peroxide is
improved by using different catalytically active modification
components: transition metals and their oxides [15, 21],
platinum metals, dispersed on their own or mixed with
other platinum metals [7, 25], and with nanostructured
composite films [8, 26]. Studies aimed at the electroanalytical
detection of H2O2 with micro- and nanostructured carbon
films containing metal particles (2–5 nm), such as Pt, Ni, Cu,
and Ir [26], have become common in recent years.

In electrochemical sensor technologies, special atten-
tion is paid to carbon nanotubes (CNTs) as a promising
electrode material. CNTs have demonstrated to possess a
unique combination of excellent structural, mechanical, and
electrochemical characteristics [22]. CNT-based electrodes,
promoted with metal nanoparticles, are distinguished with
their high catalytic activity and have been successfully
used for detecting H2O2 [23, 24]. The modification was
performed through the adsorption of nanoparticles from
colloidal solutions or through electrodeposition from a
solution of the salt of the respective metal. The second
approach is often preferred due to the possibility of strict
and accurate control allowing for the high reproducibility of
the modification procedure. Contemporary studies proved
the electrodeposition as an attractive and cheap method
for building-up nanosized metal structures, which does
not require expensive equipment [27, 28]. By varying the
conditions of modification (applied potential, composition
of the electrolyte, deposition time, nature of the carrier, etc.),
micro- and nanostructured composite metal deposits with
high electrocatalytic activity can be obtained.

Our research has shown that highly porous graphite
materials, modified through potentiostatic deposition of
Pt, Pd, and mixtures of (Pd+Pt) and (Pd+Au) in varied
proportions, prove to be effective electrocatalysts for the
reduction of hydrogen peroxide at low working potentials [9,
10]. In addition, modified graphites were characterised with
a simple modification protocol, high operational stability
over a wide pH-range, and high operational stability with

retaining catalytic activity for over 1 year that motivated us
to use them as electrochemical transducers in the design
of amperometric biosensors based on the electroreduction
of hydrogen peroxide. This study continues our research in
the above-mentioned direction, with glassy carbon being
the solid support to be modified with microquantities of
pure Pd and a mixture (Pd+Au) deposited electrochemically
on it. The choice of the carbon material, glassy carbon,
is motivated by its high mechanical and chemical stability
in aggressive media, and above all by its fullerene-related
structure [29], that is, properties that distinguish it from
graphite. In addition, substituting one of the components of
the catalytically active phase, Pt with gold would potentially
affect the catalytic activity towards the target reaction
(H2O2 electroreduction), and the new data would provide
us with a better understanding of the factors affecting
the catalytic process as a whole. Based on the above, the
present study deals with the development of an efficient and
selective electrocatalyst for the reduction of H2O2 through
modification of glassy carbon with microdeposits of Pd and
a mixture of (Pd+Au). Their applicability as transducers in
amperometric biosensors, based on hydrogen peroxide pro-
ducing oxidoreductases, is also demonstrated.

2. Experimental

2.1. Materials. Glucose oxidase (GOx) (E.C. 1.1.3.4) from
Aspergillus niger (Fluka Biochemica), with homogeneous ac-
tivity of 198 U mg−1 (1 U corresponds to the amount of
the enzyme which oxidizes 1 μmoL glucose per min at
pH 7.0 and 25◦C); D-glucose monohydrate (Valerus, Sofia,
Bulgaria). Hydrogen peroxide and chemicals used for pre-
paring buffer solutions, Na2HPO4 × 12H2O, citric acid,
KOH, and H3PO4, were purchased from Fluka. All solutions
were prepared with double-distilled water. The β-D-glucose
solution (5 × 10−3 M in phosphate-citrate buffer, pH 7.0)
was allowed to mutarotate for 24 h before use.

2.2. Preparation of the Electrodes. Glassy carbon (GC) la-
mellae with a geometric surface Sgeom = 1.35 cm2 were
used. The catalytically active components were deposited
in potentiostatic regime (Edeposit = +0.05 V versus reversible
hydrogen electrode) via a brief electrolysis (tdeposit = 10 s)
from the following electrolytes: 2% solution of PdCl2 in
0.1 M HCl, alone or mixed with 2% solution of HAuCl4
in 0.1 M HCl in the following volume to volume ratios:
90% : 10%, 70% : 30%, or 50% : 50%. The respective molar
proportions of Pd to Au in the electrodeposition baths have
been determined to be 17 : 1; 9 : 2; 2 : 1. The surface coverage
was estimated to be ca. 18 μg cm−2. The prepared electrodes
were allowed to age for 3–5 weeks until the stabilization
of the surface occurs. By the end of ageing period, the
chronoamperometric data showed a decrease of the active
electrode surface with 15%.

The electrodes will be further denoted in the text as
electrodes types A, B, C, and D as follows:

(i) glassy carbon modified with individual Pd (electrode
type A);
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(ii) glassy carbon modified with Pd+Au mixed in a ratio
of 90% : 10% (w/w, electrode type B);

(iii) glassy carbon modified with Pd+Au mixed in a ratio
of 70% : 30% (w/w, electrode type C);

(iv) glassy carbon modified with Pd+Au mixed in a ratio
of 50% : 50% (w/w, electrode type D).

2.3. Apparatus and Measurements. All electrochemical meas-
urements were performed in a three-electrode cell with
separated compartments (working volume 10–15 mL). An
Ag/AgCl, 1 M KCl electrode was used as a reference electrode,
and platinum wire as a counter electrode. The electro-
chemical setup also involved a bipotentiostat, type BiPAD
(TACUSSEL, Villeurbanne, France); a generator, type EG-20
(Elpan, Lubawa, Poland); a digital voltmeter, type 1AB105
(ZPU, Pravets, Bulgaria). The solutions were softly bubbled
with argon during the measurements, in order to decrease
the background current, but not to completely deaerate the
solutions. For the experiments with the enzyme electrodes,
the access of oxygen to the electrolyte was assured by
keeping the cell open. The operational characteristics of the
series-modified electrodes were examined by the polarization
curves’ method in potentiostatic regime (phosphate-citrate
buffer, pH 7.0). For maintaining constant temperature a
thermostat UH (VEB MLW Prüfgeräte-Werk, Medingen,
Germany) was used. The pH of the buffer solutions was
adjusted with a pH-meter OP-208 (Radelkis, Budapest, Hun-
gary).

3. Results and Discussion

3.1. Electrocatalytic Reduction of Hydrogen Peroxide. The
steady-state polarization curves on glassy carbon electrodes,
modified with deposits of Pd only (type A electrode) and
with the mixtures of (Pd+Au) (types B, C, and D electrodes)
in presence of hydrogen peroxide recorded over the potential
range from −250 to +250 mV (versus Ag/AgCl) at 25◦C, are
shown in Figure 1.

Cathode currents in presence of H2O2 resulting from its
electrochemical reduction were observed over the studied
range of potentials for all four modified glassy carbon
electrodes. In the case of a pure glassy carbon electrode and
glassy carbon modified with deposits of Au only, no such
currents were noted (not shown). Regions of almost limiting
current values (plateau) around and below 0 V are observable
on the polarization curves for electrodes of types A, B, C,
and D, which indicates that each of the modified electrodes
might be potentially useful in the electroanalytical assay of
hydrogen peroxide. The plateau region was found to be
dependent on the nature of the catalytically active modifier
(deposits of Pd only, or of palladium-gold mixtures in varied
proportions). Limiting current values over the potential
range from −100 to +50 mV characterise two of the glassy
carbon electrodes: the one modified with Pd only (type A,
closed circles) and the type B electrode (open squares). Just as
wide is the plateau for the type C electrode (open triangles),
though in the potential region from −50 to +100 mV.
The type D electrode plateau (asterix), spanning the range
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Figure 1: Steady-state current as a function of the applied potential
at modified glassy carbon electrodes in 0.1 M H2O2 present; phos-
phate-citrate buffer, pH 7.0; reference electrode Ag/AgCl (1 M KCl);
temperature 25◦C.

from −50 to +50 mV, is the narrowest. Figure 1 shows that
besides the width of the plateau, the activity of the glassy
carbon electrodes in hydrogen peroxide electroreduction also
depends on the composition of the catalytically active phase.
The activity of the electrodes estimated as the values of the
electrode response towards hydrogen peroxide in the plateau
region decreases in the order

type D ∼ type B > type A > type C. (1)

With all types of glassy carbon, the dependence of the
electrode signal (cathode current) on the H2O2 concen-
tration at three potentials from the plateau region −0,
−50, and −100 mV (versus Ag/AgCl) was studied in a
phosphate-citrate buffer, pH 7.0, at room temperature. The
electrode response was found to increase linearly with the
substrate concentration at the three chosen potentials, with
sensitivities (dI/dC, determined from the linear part of
calibration graphs, n = 3) depending on both the applied
potential and the type of the modifying catalytically active
component (Figure 2).

For modified glassy carbon of types B, C, and D, the
sensitivity increases as the working potential shifts to the
negative direction. As a general rule, the electrode sensitivity
at potentials −50 and −100 mV was found to be between 1.2
and twice as high as the sensitivity registered at 0 V (Table 1).
For glassy carbon modified with Pd only (type A), there
were no differences observed in the values of the electrode
signal over the same potential range. The linear dynamic
range of the electrode signal (in μM) also differs for all
electrodes as dependent on the applied potential and on the
type of the modifying component For the type A electrode;
however, the linearity of the signal, as well as the sensitivity,
increases as the potential shifts negatively. For the other three
electrodes—of types B, C, and D, there is no correlation
between the linearity of the response and the shifts of the
potential in the cathode direction. There is no dependence
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Figure 2: Background subtracted steady-state response of the elec-
trode type B (Pd to Au in atomic ratio 90% : 10% on glassy carbon)
as a function of hydrogen peroxide concentration at an applied
potential of−100 mV (Ag/AgCl, 1 M KCl); phosphate-citrate buffer,
pH 7.0; temperature 25◦C.

between the linearity of the signal and the percentage of
Pd and Au in the microdeposits of the modifying mixture,
either.

The dependencies of current on H2O2 concentration
over the chosen potential region (0, −50 and −100 mV)
were examined under strictly isothermal conditions at am-
bient temperatures of 25 and 35◦C (chosen in view of
the anticipated application of the examined electrodes as
biosensor transducers). Experimental data show that this 10-
degree increase of the temperature affects in a very different
way the rate of peroxide electroreduction on the modified
GCs (current). While for the first two types of glassy carbon
(A- and B-type electrodes), lower currents and hence poorer
electrode sensitivities were observed at the higher tempera-
ture, for the C- and D-type GC with increasing temperature,
higher currents and electrode sensitivities were noticed.
These experimental results suggest that in the studied process
hydrogen peroxide is consumed simultaneously by two
alternative reaction pathways, namely, (i) heterogeneous-
catalytic decomposition and (ii) electrocatalytic reduction.
Most probably, with the first two types of electrode materials
(A- and B-type GC), the purely heterogeneous-catalytic
decomposition of hydrogen peroxide successfully competes
with the electroreduction reaction, thus lowering the effec-
tive concentration of peroxide. This might be due to the
availability of numerous different catalytically active sites
formed on the surface of the A- and B-type of modified glassy
carbon. With the second two electrode materials (C- and
D-type), however, there is no such a strong impact of the
heterogeneous catalytic pathway on the overall process, and
therefore the effect of temperature on the rate of the H2O2

electroreduction can be quantified by calculating the effective
activation energy according to the equation

ln
IT2

IT1

= Ea
R

(
1
T1
− 1

T2

)
. (2)

The activation energy of the electrochemical reduction
of hydrogen peroxide on the C type GC was found to be
virtually the same over the studied range of potentials: Ea =
31.6± 1.9 kJ moL−1. Similarly, the activation energy of H2O2

electroreduction on the D type electrode has been found to
be independent of the working potential over the chosen
potential region; however, the temperature effect on the
reaction rate was much lesser, and the activation energy was
calculated to be 11.2 ± 1.9 kJ moL−1. The low effective ac-
tivation energy values as well as their independence of the
working potential suggest that the electrocatalytic process in
both cases is limited by diffusion.

From the basic operational characteristics of glassy
carbon electrodes (Table 1), it is evident that the glassy
carbon electrodes with the highest sensitivity (dI/dC) are the
ones of types B and D at working potentials of −50 and
−100 mV. At a potential of −50 mV, the type B electrode
is characterized by a longer linear dynamic range of the
calibration graph (up to 980 μM) as compared to the type
D electrode (up to 760 μM).

The surface topography of electrode type B was studied
by means of scanning electron microscopy (SEM) and atomic
force microscopy (AFM). SEM photograph (Figure 3(a))
shows that the catalytically active phase (atomic ratio of Pd
to Au 90% : 10%) is deposited on the glassy carbon support
in the form of well-defined oval formations with a size of 100
to 500 nm, while the AFM image (Figure 3(b)) gives a much
detailed information about the substructure of the deposits;
they consist of fine grains with nearly spherical shape and
approximate diameter of 10–20 nm.

Ensuring a high selectivity of the analysis is a factor of
key importance when designing amperometric biosensors.
In this connection, the response of the type B electrode
was studied in the presence of electrochemically active sub-
stances, which usually attend biological fluids. At potentials
of −50 and −100 mV, no electrode response was registered
in the presence of uric acid, ascorbic acid, glutathione,
and paracetamol, in concentrations of up to 700 μM, which
largely exceed the possible physiological levels. In addition,
for the type B electrode, the lowest background currents at
potentials of −50 and −100 mV were registered as well. The
discussed advantages of the modified glassy carbon electrode
of type B were the main prerequisites in choosing it as a
transducer in designing an amperometric glucose biosensor.

3.2. Glucose Oxidase Enzyme Electrode. The high activity
and selectivity, the sufficiently long dynamic range of the
response, the low background currents, and the great num-
ber of catalytically active centres of glassy carbon modified
with microquantities of (Pd to Au 90% : 10%) were the main
prerequisites for its use as a basic biosensor transducer. On
it, by immobilizing GOx in accordance with a previously
reported procedure [10], a new glucose oxidase enzyme
electrode was developed. The possibility to determine quan-
titatively glucose at potentials of −100 and −50 mV in a
phosphate-citrate buffer pH 7.0, at temperatures of 25◦C and
35◦C (Table 2), was examined.

The presented data shows that a rise of the temperature
with 5◦C results in an increased current response which is
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Figure 3: SEM (a) and AFM (b) of electrode type B (microdeposits on glassy carbon from the modifying solution of Pd to Au mixed in
atomic ratio 90% : 10%).

Table 1: Electrode sensitivities (determined from the linear portions of the calibration graphs at temperatures 25 and 30 degree, correlation
coefficients ranging between 0.98 and 0.99) and linear dynamic ranges of GC electrodes modified with microquantities of (Pd+Au) mixtures
during hydrogen peroxide electrochemical reduction; temperatures 25 and 35◦C; phosphate-citrate buffer pH 7.0; reference electrode
Ag/AgCl (1 M KCl).

E (mV) T (◦C)
Sensitivity (μA μM−1) Linearity (μM)∗

electrode type electrode type

A B C D A B C D

−100
25 0.27 0.42 0.28 0.47

900 800 870 830
35 0.27 0.45 0.40 0.55

−50
25 0.26 0.35 0.19 0.36

800 980 1020 760
35 0.19 0.31 0.30 0.51

0
25 0.25 0.31 0.14 0.30

680 900 830 800
35 0.12 0.23 0.21 0.35

∗
Linearity ranges for all 4 types of GC electrodes were determined at 25◦C.

more extensive at E =−100 mV. As the temperature increases
and the potential shifts into positive direction, the linear
dynamic range shortens, and the electrode sensitivity (dI/dC)
increases (Table 2). At E = −100 mV, the linear part of
the calibration graph is shortened more than twice when
the temperature is increased by 5◦C. Furthermore, higher
background currents were registered at this potential. At a
temperature of 25◦C, the electrode sensitivity at E = −50 mV
is 2.2 times as high as that at E = −100 mV, and at 30◦C, 1.3
times as high. The detection limits of glucose at E = −50 mV
were found to be 9 μM, and at 30◦C were found to be 6 μM
(estimated at signal/noise ratio of 3 : 1).

Therefore, the working potential of E = −50 mV was
selected as optimal for determining glucose quantitatively.
The experimental data on the selected working potential and
temperatures 25 and 30◦C were presented in Eadie-Hofstee
coordinates Is versus (Is/C) in accordance with the equation
Is = Imax

s − Km · Is/C, where the steady-state electrode
response (Is) for a certain concentration of the substrate
is represented as a function of the electrode sensitivity at
this given concentration (Is/C) (the ratio of the current

Table 2: Operational parameters of glucose oxidase enzyme elec-
trode at temperatures 25 and 30◦C; applied potentials −100 and
−50 mV (Ag/AgCl, 1 M KCl); background electrolyte: phosphate-
citrate buffer pH 7.0.

E (mV) T (◦C)
Sensitivity
(μA μM−1)

r2 Linearity
(μM)

K
app
M

(μM)

−100
25 0.05 0.968 800 —

30 0.11 0.968 380 680

−50
25 0.10 0.982 450 710

30 0.15 0.985 300 405

to the respective concentration of the substrate) (Figure 4).
From the calibration graph, (Figure 4(a), left side) it is
obvious that the linear dynamic range of the glucose oxidase
enzyme electrode spans over the concentration range up to
ca. 300 μM. From the presentation of these experimental
data in Eadie-Hofstee coordinates (Figure 4(a), right side)
it can be deduced that at low substrate concentrations
(up to ∼300 μM), the sensitivity of the electrode remains
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Figure 4: Calibration graphs (left sides) and Eadie-Hofstee plots (background subtracted steady-state current as a function of electrode
sensitivity, right sides) registered at an applied potential of −50 mV (Ag/AgCl, 1 M KCl); phosphate-citrate buffer, pH 7.0; temperatures: (a)
25◦C, (b) 30◦C.

practically constant, which is typical for diffusion restrictions
over the processes in the bioelectrochemical system. The
inclined area between 300 μM and 455 μM indicates the
presence of enzyme-kinetic control, while the horizontal area
of the graph refers to high substrate concentrations exceeding
455 μM and can be assigned to the effect of saturation of the
enzyme with substrate molecules. It is due to the fact that it
was impossible for the enzyme to react with all the glucose
molecules that reach it. The value of the apparent Michaelis
constantK

app
M = 710 μM was determined from the slope of the

inclined region. Analogous analysis related to the working
mode of the electrode performed at a temperature of 30◦C

(Figure 4(b)) suggests that the same three working regimes
of the electrode, diffusion, kinetic, and substrate limited, are
present.

The diffusion area at this higher temperature, however,
is considerably shorter (up to 130 μM) compared to that
at 25◦C, while there is an increase in the section in which
the electrochemical process takes place under kinetic control
(from 130 to 635 μM). The value of the apparent Michaelis
constant K

app
M = 405 μM was found to be 1.8 times as low

as the one determined at 25◦C. In Table 3, the operational
characteristics of the examined electrode were compared to
the ones of the glucose oxidase enzyme electrode, determined
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Table 3: Operational parameters of glucose oxidase enzyme elec-
trodes; applied potential−50 mV (Ag/AgCl (1 M KCl)); background
electrolyte: phosphate-citrate buffer pH 7.0.

Electrode
type

T (◦C)
Sensitivity
(μA μM−1)

r2 Linearity
(μM)

K
app
M

(μM)

type AGOx
20 0.04 0.977 550 >1600

25 0.10 0.982 450 710

type BGOx
20 0.08 0.966 240 470

25 0.13 0.974 180 310

through immobilization of GOx on porous graphite (GMZ),
modified from a solution containing Pd and Au mixed in a
ratio of 70% : 30% [10].

The glucose oxidase enzyme electrodes will be referred to
as follows:

(i) the GOx-immobilised electrode based on modified
GC (this work)—AGOx type;

(ii) the GOx-immobilised electrode based on modified
GMZ-graphite [10]—BGOx type.

From the data presented in Table 3, it is evident that at
both working temperatures the sensitivity of the type BGOx

electrode is as high as 1.7 times (at 20◦C) and as high as 1.3
times (at 25◦C) compared to the sensitivity of the type AGOx

electrode. The lower sensitivity of the type AGOx electrode
is accompanied by linear dynamic range of the response
that is 2.5 times as long, as well as with higher values of
the apparent Michaelis constant K

app
M . The differences in

the operational parameters of the glucose oxidase enzyme
electrodes shown above can be due to both the different
proportions of Pd and Au microquantities in the modifying
mixture, and to the different basic carbon matrix graphite
and glassy carbon. These lead to a difference in the structure
of the electrodeposited active phase [9] which eventually
affects the conformation of GOx during its immobilization
(which means it affects its activity).

4. Conclusions

Efficient electrocatalysts for the reduction of hydrogen perox-
ide at low potentials, around and below 0 V (versus Ag/AgCl),
have been obtained by modifying glassy carbon matrices
with microquantities of Pd and mixtures (Pd+Au), in
different proportions of the catalytically active components.
The basic kinetic (Ea) and operation parameters (electrode
sensitivity, linear dynamic range, and detection limits) of
the electrodes in the target reaction have been resolved.
A selective biosensor for amperometric determination of
glucose based on electrocatalytic peroxide electrode of the B-
type (Pd to Au mixed in atomic ratio 90% : 10% deposits on
glassy carbon) has been developed.

The following conditions have been established as opti-
mal for determining glucose quantitatively:

(i) working potential of −50 mV,

(ii) a temperature of 25–30◦C.

Under the above conditions, a detection limit of 6 ×
10−6 M, electrode sensitivity of 0.15 μA μM−1, and linear dy-
namic range of the response up to 300 μM have been de-
termined.
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The progress in the preparation of new electrode surfaces by electrochemical treatments exhibiting high faradaic efficiencies
towards industrial electrocatalytic processes has gained more attention in today’s scientific community. Most of the papers
report new catalysts dispersed on different substrates, but some fundamental studies required for electrochemical and physical
characterizations are sometimes forgotten. In this paper, we make a full staging of two electrochemical treatments that can be
conducted to enhance the electrocatalytic activity of platinum surfaces, such as, electrofacetting through square wave potential
programs and constant cathodic polarizations in the net hydrogen evolution region. The cathodic treatment applied at −2 V
clearly develops (111) stepped planes similarly to the electrofacetting performed after applying the square wave program between
1.40 V and 0.70 V at 2.5 kHz. The X-ray diffraction patterns of both surfaces as well as on other electrofacetted platinum electrodes
are obtained for comparison purposes. Moreover, the electrocatalytic activity towards methanol electrooxidation also exhibits
equivalent coulombic efficiencies and 200% higher than on polycrystalline platinum as demonstrated by linear sweep voltammetry
and potentiostatic current decays.

1. Introduction

A solid surface is a physical region that confines the crys-
tal growth and the emergence of new physical properties
different to those of the bulk. In the case of a solid/(liquid
or gas) interface, the heterogeneous catalyst can lead to
significant changes depending on the presence or the absence
of an electric field. Moreover, a single-crystal (sc) solid/liquid
interface is of special interest since it restricts the freedom
degrees of surface mobility. Thus, surface atoms can take
positions different from those expected depending on the
characteristics of the applied electrode potential. This surface
phenomenon is called reconstruction and is usually studied
in physics with the help of ultrahigh vacuum (UHV)
techniques [1]. However, this process strongly depends on
the nature of the metal. Thus, platinum type metals are
considered one of the most important catalysts as anodes

and cathodes in polymer electrolyte fuel cells. This is mainly
due to the large values of exchange current densities of
the electrochemical reactions and the surface stability in
the case of electrodissolution and/or electrodeposition [2,
3]. Surface reconstruction at platinum/solution interface is
usually the result of an electronic redistribution occurring as
a consequence of either ion adsorption or oxygen-containing
species formation, finally leading to surface facets. In the case
of polycrystalline (pc) surfaces, the formation of facets of a
fixed crystal orientation is of particular interest for industrial
applications such as electrosynthesis, fuel cell technology,
and electrolysis [4, 5] due to the large stability even at
potentials as high as 1.6 V.

The surface structure of a sc can be checked by a
number of selected techniques such as scanning tunneling
microscopy (STM) and atomic force microscopy (AFM) [6];
however, in the case of electrofaceted surfaces the atomic



2 International Journal of Electrochemistry

resolution is difficult to achieve due to the large number
of defects. Moreover, other techniques are currently used to
obtain the fingerprint of the electrode surface such as cyclic
voltammetry (CV), which offers current versus potential
data for sc and also for pc surfaces. CVs give important
information about the adsorption/desorption states, phase
formation of transitions, and so forth at the electrode surface
as a function of potential. From the CV of platinum recorded
between the potentials of solvent stability, one can distin-
guish the potential regions corresponding to the double-
layer charging, hydroxide/oxide layer formation/reduction,
and hydrogen adsorption/desorption [7].

In the case of noble metal interfaces, some CV current
peaks can be assigned to defined X-ray diffraction (XRD)
patterns [8, 9]. It was commonly accepted that a voltammet-
ric peak is directly connected to a single X-ray excitation.
However, it has been found that current intensities can
also change between subsequent cycles because of surface
restructuring induced by the electrode potential cycling [10,
11]. In the case of platinum, the effects of such cycles have
been interpreted [12] as the progressive development of
(110) or higher atomic stepped equivalent facets because of
platinum oxide phase formation and reduction.

The morphology and structure of a catalyst surface has
a strong weight on its electrochemical reactivity [3]. Thermo-
or potential-induced surface reconstruction has been
observed on clean metal surfaces with different crystallogra-
phies depending on type of atmosphere where the process
is developed. If the rearrangement of surface atoms goes
much further than atomic spacing, macroscopic changes,
which are called surface reshaping, could happen to the
surface morphology [13]. In particular, when pc metals
are treated by periodic perturbing potentials, they are
susceptible to remarkable changes in surface roughness
and in the distribution of crystallographic faces, which
is denoted as preferred crystallographic orientations via
electrochemical faceting, [6, 8]. Tian et al. [14] reported the
synthesis of platinum nanocrystals using repetitive square
wave routines, and the obtained nanocrystals display high-
index facets with a 400% more reactive activity than existing
commercial platinum catalysts. Thus, surface restructuring
in electrochemistry produces changes in the kinetics or even
in the mechanism of various processes because of their
strong sensitivity towards the metal surface structure [12,
15]. It has to be said that pc surfaces also exhibit surface
restructuring, and in the case of the application of periodic
potentials, they lead to the electroformation of microfacets
[12]. It is well known that the application of fast potential
periodic programs on platinum, rhodium, iridium, gold, or
palladium produces permanent morphological changes with
defined orientations, which depend on the potential limits
and frequency of the routine by a microfacetting process [16–
18]. The electrochemical responses of these stepped surfaces
are similar to those of stepped crystalline surfaces [19, 20].

It has been shown in a previous paper [21] that besides
the main forces that drive the surface restructuration and
microfacetting (oxygen and hydrogen electrosorption) the
frequency of the square wave potential itself leads to a

single propagation mode. This is the one responsible of the
crystal lattice surface rearrangement, with new equilibrium
positions that can be calculated with the potential periodic
perturbations as parameters.

The voltammetry for the oxidation of methanol on
sc platinum shows a clear hysteresis between the positive
and negative going scans due to the accumulation of the
poisoning intermediate at low potentials and its oxidation
above 0.7 V versus RHE [22]. Additionally, the reaction is
also very sensitive to the surface structure. The Pt(111)
electrode has the lowest catalytic activity and the smallest
hysteresis in a single voltammetric scan whereas Pt(100)
electrode displays a much higher catalytic activity and a fast
poisoning reaction. On the other hand, Pt(110) electrode
depends on the pretreatment of the surface [23].

Besides the studies with the three basal planes, methanol
electrooxidation was also performed on stepped platinum
surfaces in order to clarify how exactly the step density
influences this reaction. Shin and Korzenicwski [24] sug-
gested that an increase of the step density catalyzes methanol
decomposition whereas Tripković and Popvić [25] showed
that the increase in the step density leads to a decrease in
the surface activity towards methanol electrooxidation, both
authors using Pt[n(111) × (100)]. Housmans and Koper
[26] studied methanol oxidation on Pt[n(111) × (110)]
stepped surfaces, and reported an increase in the activity
with the step density, suggesting that the presence of steps
with a (110) orientation catalyzes methanol decomposition,
carbon monoxide oxidation, and also the direct methanol
oxidation. These kinds of studies are relevant not only from
a fundamental point of view, but also for technical purposes,
that is, once the proper crystallographic orientation is
found, the technical electrode can be designed. Surfaces
nanoparticules should be deposited in the carbon supported
with the corresponding crystallographic orientation that
resulted with the best electrocatalytic performance.

2. Experimental

Electrochemical runs were performed using a three-electrode
compartment cell with a pc platinum wire of 0.5 mm diame-
ter as a working electrode (99.999% purity, from Goodfellow
Cambridge). A large area smooth platinum counter electrode
and a reversible hydrogen reference electrode with a Luggin-
Haber capillary tip completed the electrochemical system.
Potential values in the text are given on the hydrogen
reference electrode (RHE) scale. We employed 1 M sulphuric
acid (96–98% analytical reactive from Baker) as support-
ing electrolyte, which was prepared using ultrapure water
from Millipore-MilliQ plus (18.2 MΩ cm of resistivity). We
performed the electrochemical experiments using a PGZ
301 Voltalab potentiostat-galvanostat with the Voltamaster 4
software.

To obtain the electrofacetted platinum surfaces (PtF), the
electrodes were subjected to different potential techniques.
However, the most attractive of all was the repetitive square
wave potential scanning (RSWPS) in the symmetric form
to avoid large surface roughness. To optimize the square
wave potential parameters, we changed the lower Ed and
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upper Eu potentials together with the applied frequency, f ,
only in the symmetric mode during a certain time t. In
all cases, the process was followed by registering the CV
profile of the interface between 0.05 and 1.45 V at 0.10 Vs−1,
always comparing with the nonperturbed electrode. The
preferential oriented surface (facetted surface) with symme-
tries equivalent to (111) and (100) are obtained by widely
changing the parameters shown above. The electrochemical
experiments comprised the following stages: (i) electrode
pretreatment involving repetitive triangular potential cycling
at 0.1 Vs−1 between 0.05 and 1.50 V until a stabilized
voltammogram was attained; (ii) the pretreated electrode
was subsequently subjected to an RSWPS between Ed and
Eu at f , during a certain time t or a cathodic treatment at
E = −2 V during 30 min; (iii) the CV of the treated electrode
was recorded again under the same conditions indicated in
(i); (iv) XRD of the treated electrode were then obtained
systematically.

We used the following criteria to estimate the develop-
ment of preferred crystallographic orientation [6, 16]. The
main voltammetric peak at low potentials of weakly bound
hydrogen electrosorption at the platinum/acid interface (h1),
originally assigned to the H-adatom-Pt(111) site interaction,
corresponds to H-electrosorption on disturbed Pt(111)
surfaces with a larger number of Pt(110) sites whereas the
main voltammetric peak at higher potentials (h2; strongly
bound H-adatoms) represents the H-adatom-Pt(100) site
interaction. Accordingly, the height ratio between these two
peaks, h2/h1, can be taken arbitrarily to follow the degree of
preferred crystallographic orientation achieved throughout
the treatment described in (ii). Thus, for the untreated
platinum surfaces electrode, the average h2/h1 ratio was ca.
0.84.

The most representative and relevant results involved a
repetitive 5 KHz wave between Eu = 1.50 V and Ed = 0 V
for faceted Pt(100) surfaces and the application of a 2.5 KHz
between Eu = 1.40 V and Ed = 0.70 V for faceted Pt(111)
surfaces. The current transients were recorded during the
process and a potentiostatic holding at 0.05 V for 10 min
was applied to eliminate dissolved molecular hydrogen under
continuous nitrogen bubbling. Immediately after and under
a continuous potential control, the CVs were run from
0.05 to 0.70 V at 0.10 Vs−1. All runs were achieved at 20 ±
2◦C, under free oxygen conditions using nitrogen (99.998%
purity) from Linde-Gas.

In order to study the electrocatalytic performance of the
new surfaces produced by the electrofacetted and cathodic
pretreatments two methodologies were carried out in
oxygen-free 0.1 M methanol + 1 M sulphuric media, namely,
linear sweep voltammetry and potentiostatic chronoamper-
ometric curves. Linear sweep voltammetry was conducted
on each surface starting from 0.10 V and scanning towards
positive values at 0.010 Vs−1. Chronoamperometric curves
were performed until 10 minutes at 0.60 V and 0.70 V for the
nonperturbed and the treated surfaces. The charge density
values under the chronoamperometric plots were calculated
until that time only for comparison purposes.

X-ray powder diffraction data were collected using a
Rigaku ULTIMA IV, 285 mm radius, Powder Diffractometer

operating in Bragg-Brentano geometry. CuKα radiation (λ =
1.5418 Å) monochromatized with a diffracted beam bent
germanium crystal was used to collect data over the 39 to
90 degree 2θ range in steps of 0.02◦ and 0.01◦ deg using a
scintillation detector. Peak positions were extracted from the
diffractograms using the program POWDERX [27]. Multiple
datasets were collected for each sample in order to obtain
representative values.

3. Results

3.1. Electrochemical Characterization. Figure 1(a) depicts the
electrochemical profile of platinum after annealing. For these
surfaces the current intensities ratio between h2 and h1 is
0.84. This is the original surface, which is taken as the blank
of all the applied pretreatments. Figure 1(b) shows in this
case a clear trend to develop the (111) terraces with a ratio
h2/h1 = 0.52. The RSWPS treatment under the conditions
described in Figure 1(c) produces remarkable changes in the
voltammetric response of the treated surfaces as well as in
the corresponding surface morphologies comparing to the
blank. Likewise, the relative distribution of voltammetric
peaks is modified, that is, the Pt F100 develops the h2/h1 =
1.80 ratio. On the other hand, the cyclic voltammetric profile
as a result of the cathodic treatment is shown in Figure 1(d).
The relative distribution of peaks is between the blank and
the profile of Pt F(111), that is the h2/h1 ratio is 0.75. Due to
the appearance of more electrochemical contributions, the
voltammetric contours are slightly wider. It is likely that a
stepped surface arises with global (111) planes between that
we consider the blank and the Pt F111.

3.2. Structural Characterization by X-Ray Powder Diffraction
(XRPD). All the samples shown above in Figure 2 exhibit
peak positions strictly corresponding to Pt0, which indicates
no further oxidation at the catalyst occurring after applying
the RSWPS. It is important to mention that all the samples
present good stability, since they were also measured after
periods of one month and presented no difference in the
diffractograms.

When comparing the diffractograms of the treated sam-
ples, important changes can be seen in the relative intensity
of the Bragg’s peaks. This fact reflects the preferential
orientation obtained by the RSWPS and the stepped planes
developed after the CT, see Table 1 for details.

In the first case, the starting sample corresponds to
the pc platinum wire with the intensity of (220) and
(311) reflections considerable higher than the others. Since
it is difficult to establish a direct comparison between
the occurrences of lattice planes with the corresponding
reflection intensities, we defined a “weighted intensities”
using relative currents. The weights are cleared in terms of
the intensities of the bulk platinum reflections. For example,
platinum bulk has I(111) = 100 and I(200) = 53. They
have equal occurrence in pc samples, so the direct ratio
between unnormalized intensities leads to I(111)/I(200) =
0.53. If we define the weighted ratio as Iw(111)/Iw(200) =
I(111)/I(200) ∗ (Ibulk(200)/Ibulk(111)) = 1, the number
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Figure 1: Cyclic voltammetry in 1 M sulphuric acid between 0.05 V and 1.50 V run at 0.10 Vs−1 for (a) Pt pc annealing h2/h1 = 0.84; (b)
Pt F(111) after a RSWPS Ed = 0.70 V, Eu = 1.40 V, f = 2.5 kHz, t = 10 minutes, h2/h1 = 0.52; (c) Pt F(100) after an RSWPS Ed = 0.00 V,
Eu = 1.50 V, f = 5.0 kHz, t = 10 minutes, h2/h1 = 1.80; (d) CT Pt after E = −2 V, t = 30 minutes. h2/h1 = 0.75.

give us a direct estimation of the proportion between lattice
planes.

Table 2 presents the weighted ratio for all the studied
samples. According with this data pc platinum has an
important contribution from (100) reflection in comparison
with (111), that is, Iw(100)/Iw(111) = 3.34. This behavior
is similar to the sample with CT, followed by the sample
with faceting treatment to (100) direction (F100). The same
trend is observed for (311) reflection in the three cases. The
main difference between pc and CT platinum is in the (220)
reflection, which is considerably high for the first sample.
The XRPD is not grazing incidence experiments, so the
conclusions cannot be only attributed to surface phenomena,
but they can be attributed to both surface and bulk material.
In this sense, the pc orient planes (220) and (311) and (200)
can be easily interpreted in terms of (111) and (100) surface
stepping like (111) × (111) → (220) and (111) × (100) →

(311). This feature is slightly modified after the CT, since the
intensity of the (220) reflection is reduced by a factor of ca.
3.8. This fact is interpreted as a reduction in the (111)×(111)
stepping, when a restitution of the (111) reflection occurs
characterized by the weighted ratio Iw(111)/Iw(222) = 1.09.
According to this, the CT favors the (111) and (100) stepping
as presented in Figure 2 and Table 2.

Regarding the Pt F100 sample, the faceting process does
not establish a clear change in the proportion of the (200)
lattice planes, since the weighted ratio shows the lowest value
after comparing Pt F100 with pc platinum and CT platinum.
Another feature is the intensity of the (220) reflection,
which shows an intermediate contribution with an intensity
positioned between those of pc and CT platinum.

Finally, the Pt F111 sample is the one with greatest
differences, with a nearly net contribution arises from the
(111) lattice planes referred with the (222) lattice planes.
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Figure 2: Ex situ X-ray powder diffraction pattern peaks (111), (200), (220), (311), and (222) for pc Pt (black lines), Pt F100 (light grey
lines), CT Pt (grey lines), and Pt F111 (dark grey lines).

Table 1: Integrated intensities for pc Pt, CT Pt, Pt F100, and Pt
F111 electrodes. The intensities are expressed as intensity ∗ Δ(2θ)
= counts ∗ degree.

Reflection Pt bulk pc CT F100 F111

(111) 100 108 155 129 1118

(200) 53 190 257 167 191

(220) 31 321 118 208 36

(311) 33 101 151 94 23

(222) 12 23 17 18 178

Note: in the case of Pt bulk, reflection (111) is referred as the intensity 100%.

Additionally, the contribution of (220) and (311) reflections
is considerably lower than on the other samples. This is
a confirmation that the faceting process is a process after
which there is a strong decrease in the proportion of surface
stepping, as observed in pc and CT platinum.

3.3. Electrocatalytic Activity Towards Methanol Oxidation.

Table 2: Weighted ratio for the reflections in pc Pt, CT Pt, Pt F100,
and Pt F111 electrodes.

Pt bulk pc CT F100 F111

Iw(200)/Iw(111) 1.00 3.34 3.12 2.44 0.32

Iw(311)/Iw(111) 1.00 2.84 2.94 2.21 0.06

Iw(220)/Iw(111) 1.00 9.61 2.46 5.19 0.10

Iw(111)/Iw(222) 1.00 0.57 1.09 0.87 0.75

Note: we consider reflection (200) as a representative of reflection (100).

3.3.1. Linear Sweep Voltammetry in Methanol Acid Media.
The first positive-going potential scan starting from 0.10 V
up to 1.20 V for methanol electrooxidation on annealing Pt
pc and electrofacetted platinum surfaces in 0.1 M methanol
+ 1 M sulfuric acid media are shown in Figure 3. A maximum
current density is observed at ca. 0.85 V, above which the
rate of methanol oxidation decreases due to platinum oxide
formation (which also deactivates the surface). After the
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Table 3: Integrated charge densities found under the current
transients for methanol electrooxidation after 10 min. in oxygen-
free 0.1 M methanol + 1 M sulphuric media on the studied platinum
surfaces.

Charge density (mC·cm−2)

0.60 V 0.70 V

Pt F100 <3 99.6

Pt F111 61.5 180.6

CT Pt 6.9 197.4

pc Pt <3 97.7
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Figure 3: First positive-going potential scan for methanol oxidation
run at 0.10 Vs−1 between 0.10 and 1.20 V in oxygen-free 0.1 M
methanol + 1 M sulphuric media on Pt F(111) (dotted gray lines);
CT Pt (gray lines); Pt F(100) (dark gray lines) and annealed Pt
(black lines).

pretreated procedure was applied in acid solution, the peak
current density for Pt F111 depicts the greatest value, very
similar to CT Pt. These values were more than 200%
greater than that obtained on the untreated electrode. The
electrocatalytic activity of pretreated surfaces was enhanced
even after several cycles; contrary to the expected results on
carbon monoxide poisoning induced on platinum surfaces.

3.3.2. Chronoamperometric Plots in Methanol Acid Media.
Chronoamperometric curves were run for methanol oxi-
dation on all platinum surfaces under two different con-
stant potentials 0.60 V (not shown) and 0.70 V (Figure 4).
All surfaces usually illustrate a typical diffusion-controlled
current decay, but at 0.70 V, pc surfaces exhibit a first current
increase at very short times. This fact is the result of a
competitive process between adsorbed carbon monoxide
and methanol oxidations with opposite contributions in
the parallel oxidation mechanism, that is, the competition
between the series and direct methanol oxidations. The pc
platinum surface seems to be poisoned by a greater extent
of carbon monoxide adsorbates. This effect is not observed
at potentials lower than 0.70 V. The charge density at a fixed
potential found under the current transients evidenced the
real electrocatalytic activity of the surface. Table 3 represents
the integration of the charge until 10 min (as comparison)
for treated and untreated electrodes as a function of the

0

100

200

300

400

500

600

700

800

900

0 100 200 300 400 500 600

t (s)

j
(μ

A
·cm

−1
)

Figure 4: Chronoamperometric plots for methanol oxidation in
oxygen-free 0.1 M methanol + 1 M sulphuric media at 700 mV on:
pc Pt (black lines), Pt F100 (light grey lines), CT Pt (grey lines), and
Pt F111 (dark grey lines).

potential. At 0.60 V, methanol oxidation did show a current
contribution on the cathodic treated surface as well as on the
Pt F111, not distinguished on the others surfaces. However,
for 0.70 V, the charge densities found on the CT and Pt F111
surfaces are always higher than those of untreated platinum
and other electrofacetted surfaces.

4. Discussion

The electrode composition plays an important role in the
course of an electrocatalytic reaction, especially in the
poison species removal. However, the surface morphology
of technical electrodes is also important since it controls
other factors associated with the formation and conversion of
adsorbates. The relationship between the particle shape and
the surface structure is of real importance in Electrocatalysis
since its optimization is one of the best ways to enhance the
selectivity and efficiency in the search of an adequate surface
distribution for coadsorbate reactions.

Platinum crystallizes as a face centered cubic system with
a cell parameter of 3.92 Å. This system presents three base
planes normal to the (111), (110), and (100) vectors in its
three-dimensional crystal lattice. In fact the (110) plane is
really (110) = (111) × (111), and not a true basal plane, so
it is the first clue of an intrinsic atomic reconstruction. These
three main vectors are the origin of the lowest Miller indices
surfaces with a single type of symmetry. When the Miller
indices increase, also does the complexity of the surface. For
simplicity, these high Miller indices surfaces are considered
as a combination of the different base planes in different
proportions yielding terraces, monoatomic step and also
kinks. The stepped surfaces present atomic terraces with
a define orientation corresponding to a single base plane,
separated by monoatomic steps of a certain symmetry. Lang
et al. [28] proposed that the stepped surfaces have to be
named taking the Miller indices of each terrace and step,
with also the number of atomic files at the terrace. The
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nomenclature for a stepped surface is M(s)[n(hkl)× (h′k′l′)]
being M the chemical symbol of the metal, n the number of
atomic files at the terrace, the letter s between parenthesis
indicates that it is a stepped surface and (hkl) and (h′k′l′)
the Miller indices of the base planes that define the terraces
and steps, respectively.

Methanol electrooxidation on platinum stepped or dis-
ordered surfaces is driven by two important factors; the total
surface charge and the presence of water adjacent molecules
in the aqueous phase. At the Pt(111) single crystal surface,
the methanol molecule is located at a reactive position due
to the formation of hydrogen bonds with a preadsorb water
molecule [29]. It has been observed that the hydrogen bond
strength of the methanol-water interaction at the (211)
surfaces is larger than on (111), leading to a more exothermic
adsorption for methanol [30]. However, the importance of
the presence of preadsorbed water is demonstrated from the
fact of the lower total exothermic condition for the cascade
dehydrogenation (0.7 eV) at the Pt(111)/water interphase
than at the Pt(111)/vacuum interphase [31, 32]. This fact
is explained by the stabilization of the hydrogen bond
in the complex and the weakened of the water/platinum
interaction. Thus, adsorbed water molecules on platinum
in acid media vibrates from 3500 to 3000–3100 cm−1, but
in the presence of adsorbate neighbours changes to a new
vibration range due to the asymmetric stretching of the
O-H bond at 3658 cm−1 [33]. Using in situ ATR-SEIRAS
techniques it is demonstrated that water coexists with
adsorbed carbon monoxide derived from methanol partial
oxidation. Water is consumed during oxidation according to
the adsorbed water and on-top carbon monoxide intensities.
This is a strong confirmation that both water and carbon
monoxide molecules coexists at the surface and that each
species directly react from the surface promoting the further
oxidation of other methanol molecules [34].

On the other hand, the change in the structure of the
interfacial water structure caused by methanol adsorption
is responsible of the difference between the experimental
potential of zero charge (pzc) determined for the Pt(111-)
CO interaction, 1.10 V, and the pzc estimated for the Pt(111-)
water, 0.23 V [35]. Using these values it is possible to calculate
mean angle between the water dipolar moment and the
platinum surface. At room temperature pzc, diminishes from
7.85◦ for Pt(111-) water to 1.46◦ for Pt(111)-CO [35]. Chang
and Weaver [36] have found that the water coadsorption at
low coverages favours on Pt(111) the formation of bridge
COads. The vibration frequencies for linear and bridge
geometries at high surface coverages by carbon monoxide
are at least 20–30 cm−1 lower in the electrochemical environ-
ments than in UHV conditions. These environmental effects
observed for the COads bond suggests that the double layer
effects are much more important than expected in the early
stages of the anodic electrocatalytic reactions. Besides, the
same important interaction between water and COads has
been also observed using in situ IRAS and STM techniques
[37]. Adsorbed carbon monoxide on Pt(111) at 0.40 V shows
a strong interaction with water molecules at the external
layer retarding methanol oxidation to carbon dioxide, while
its adsorption at 0.050 V reports lower values of oxidation

onset potentials. Moreover, it has been also reported that
[29] methanol oxidation starts with the formation of a strong
interaction leading to a hydrogen bond between the hydroxyl
group of methanol with the water molecule. The first step
of the reaction is the anchorage of a carbon-hydrogen bond
focused towards the platinum surface. In this sense, our
results clearly shows a larger activity in the case of the
cathodic treated and the (111-) faceted platinum surfaces
where the presence of stepped (111) planes are able to
produce this strong interaction between partially dissociated
water on (111) steps and adsorbed carbon monoxide from
methanol partial oxidation on (100) terraces. The perfect
combination of both effects of a proper crystal orientation
at the steps and a distinct but adequate in the terraces
are the theoretical concept in the catalysts design for the
electrocatalytic oxidation reaction. The Pt F111 surface
exhibit a good catalytic activity at lower potentials than CT
Pt, but the latter exhibits larger charge densities at 0.70 V.
This fact is the result of adsorbed hydroxyl species are
produced on Pt F111 at lower potentials increasing then
the catalytic activity at 0.60 V. However, since methanol
posses a larger affinity towards the (100) oriented surfaces
(as a consequence of its structural spatial conformation), at
0.70 V the stepped (111)× (100) produced from the cathodic
polarization method will exhibit a higher activity towards
methanol oxidation. The relation between crystallographic
orientation and oxidation catalytic activities are confirmed
in the case of comparing Pt F100 and pc platinum surfaces.

5. Conclusions

(a) The electrochemical perturbation of platinum surfaces
through RSWPS changes the surface relative distribution of
crystallographic planes. This effect reaches the bulk of the
metal up to the first layers of platinum, making possible the
X-ray diffraction analysis.

(b) A net and practically single (111) plane contribution
is obtained after obtaining a Pt F111 surface, however, for Pt
F100, a stepped surface with a (220) plane main contribution
is developed. The latter seems to be more an intermediate
surface between pc and CT platinum. Moreover, the rear-
rangement produced at the CT platinum surface, yields facets
with stepped planes equivalent to [n(111)× (100)].

(c) The electrocatalytic studies towards methanol oxi-
dation conclude that both Pt F111 and CT Pt exhibit
similar results and better than pc platinum with also a
better tolerance upon surface poisoning. According to our
knowledge water species are activated on (111) terraces at
lower potentials than on (100) planes leading to adsorbed
OH species with larger adsorption energies. Consequently,
methanol adsorbates are not able to displace these ordered
water species only enabling its surface diffusion from (111)
terraces to (100) steps to finally adsorb there.

(d) The simple application of a constant cathodic
current in the true hydrogen evolution region on pc plat-
inum enhances the catalytic activity towards methanol
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electrooxidation, since the stepped Pt[n(111) × (100)] are
morphologically more adequate to catalyse the reaction.
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Bayesian methods stem from the principle of linking prior probability and conditional probability (likelihood) to posterior
probability via Bayes’ rule. The posterior probability is an updated (improved) version of the prior probability of an event, through
the likelihood of finding empirical evidence if the underlying assumptions (hypothesis) are valid. In the absence of a frequency
distribution for the prior probability, Bayesian methods have been found more satisfactory than distribution-based techniques.
The paper illustrates the utility of Bayes’ rule in the analysis of electrocatalytic reactor performance by means of four numerical
examples involving a catalytic oxygen cathode, hydrogen evolution on a synthetic metal, the reliability of a device testing the quality
of an electrocatalyst, and the range of Tafel slopes exhibited by an electrocatalyst.

1. Introduction

In a comprehensive overall treatment of the subject matter,
Bockris and Khan [1] discuss electrocatalysis with respect to
various physicochemical properties of substance and surface,
for example, exchange current density, work function, bond
strength, metal complexes, trace elements adatom effects,
enzymatic catalysis, poisons, crystal face effects, and so forth,
under the aegis of “phenomenological electrode kinetics”. In
the domain of ERE, the assessment of electrocatalyst (EC)
performance also includes additional parameters related to
catalyst preparation (i.e., possible defectiveness in speci-
mens), cell construction, and human factors affecting reactor
output.

This paper was written with this dichotomy in mind,
from the vantage point of the electrochemical engineer,
whose responsibilities dealing with production quota, the
possibility of (temporary) reactor breakdown, safety, and
environmental considerations reach well beyond purely sci-
entific quantities. Major tools for dealing with these respon-
sibilities are provided by probability-based (e.g., statistical)
methods. Bayes’ rule is one such tool, whose specific ap-
plication to scenarios with EC is the subject of this article.

2. Brief Theory

Following a concise definition [2] for the purposes of this
paper, Bayes’ rule for two events may be expressed as

P(A/B) = P(B/A)P(A)
P(B)

, (1)

where P(A/B) is the probability of event A occurring if event
B has already occurred, and

P(B) = P(B/A)P(A) + P(B/A′)P(A′), (2)

which is the probability of event B occurring, given the
conditional probabilities (likelihoods) P(B/A) relating it to
event A and P(B′/A) relating it to its opposite event A′.
In an EC reactor a case for Bayes’ rule would exist, for
instance, when the loss of effectiveness in an EC may or
may not be due to premature detachment of the catalytic
layer. If A is the event of detachment and B is the event of
deterioration (demise) of the EC, then B/A would be the
event of demise due to layer detachment, A′ the event of a
nondetachment cause of deterioration, and B/A′ the event
of deterioration due to a nondetachment cause. In terms
of event probabilities, (1) yields the probability P(A/B) that
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Table 1: Postulated distribution pattern of 137 failure occurrences over a fixed time period in three independently operating (hypothetical)
electrolytic plants using identical catalytic oxygen cathodes (Application 1).

Source of failure
Number of cathode failures over a fixed period of operation

Plant 1 (B1) Plant 2 (B2) Plant 3 (B3)

A1: Catalyst surface area(1) 12 14 10

A2: Pore volume(2) 7 8 9

A3: Binder content(3) 9 5 7

A4: Catalyst content(4) 6 4 5

A5: Human error(5) 14 11 16

Total number of failures 48 42 47
(1)

Electrolytic carbon type P33: specific surface area is less than stipulated 1000 m2/g.
(2) Electrolytic carbon type P33: specific pore volume is less than stipulated 2.3 cm3/g.
(3) PTFE binder content in electrode layer is less than stipulated 10%.
(4) CoTAA (dibenzotetraazaannulen cobalt II) catalyst content on carbon is less than stipulated 15%.
(5) Careless stack assemblage and general operation.

deterioration would occur as a result of layer detachment and
not due to a different cause, for example, the decomposition
of a binder, or the splitting of the electrode frame, and so
forth. If A1,A2, . . . ,An are mutually exclusive and exhaustive
events, (1) and (2) are generalized to

P(Ak/B) = P(B/Ak)P(Ak )∑n
k=1 P(B/Ak)P(Ak)

, (3)

taking into account all possible causes of deterioration (the
denominator of (3) is also known as the total probability
theorem [3]). A lucid discussion of the merits of Bayesian
methods by Bulmer [4] and a short set-theoretic proof by
Arnold [5] are amply complemented by a sizeable literature
on probability and statistics dealing with the subject matter.

Specific exploratory applications to electrochemical pro-
cesses and technology at various levels of complexity are
relatively recent [6–10]. The paper illustrates, via four
independent examples, the (potential) utility of Bayes’
rule in ERE. Due to the currently insufficient availability
of appropriate experimental information in the research
literature, hypothetical numerical data are employed with
the sole purpose of indicating the course of analysis to
which appropriate experimental data could be subjected.
With the intention of stimulating at least a modest appetite
at present for Bayes’ rule, the illustrations are realistic but
uncomplicated on purpose.

3. Illustration of the Utility of
Bayes’ Rule for ERE

3.1. Application No. 1: Estimating the Most Likely Location
of Oxygen-Cathode Failure. Table 1 contains the failure-
frequency map of identical oxygen cathodes, assumed to
possess the structure described by Wiesener and Ohms [11].
These mutually independent failures are stipulated to have
occurred in three independently operating electrochemical
plants. Denoting A1,A2, . . . A5 as the source-of-failure events

and B1,B2,B3 as the plant location events, the probability of
failure arising, for example, from human error is given by

P(A5) =
3∑

k=1

P(A5/Bk)P(Bk) = 14
48

48
137

+
11
42

42
137

+
16
47

47
137

= 41
137

= 0.2993,

(4)

which is about 30%, and Bayes’ rule:

P
(
Bj/A5

)
=

P
(
A5/Bj

)
P
(
Bj

)

P(A5)
, j = 1, 2, 3, (5)

yields the probability of failure in any one of the three
plants caused by human error: P(B1/A5) = 14/41 = 0.3415;
P(B2/A5) = 11/41 = 0.2683; P(B3/A5) = 16/41 = 0.3802.
Thus, (next time) failure due to human error can be expected
to be the least likely in Plant 2 and the most likely in
Plant 3, although not significantly so with respect to Plant
1. The entire set P(Bk/Aj), j = 1, 2, 3, k = 1, 2, . . . , 5 of
likelihoods, obtained in a manner similar to (5) is shown in
Table 2. The relatively largest failure probability, about 43%,
can be expected in Plant 1 on account of insufficient PTFE
binder content in the electrode layer. The contents of Table 2
would guide plant operators in attempting to eliminate (or
at least to reduce the extent of) the most likely cause that
can be expected in each plant. They would also indicate what
cautionary measures would be advisable in the design of
future plants.

3.2. Application No. 2: The Effect of Prior Probability on
the Anticipated Viability of an EC-Generated H2 Evolution
Process. A recently developed electrocatalyst for a hydrogen
evolution process, made up of certain synthetic metals, is
expected to possess an exchange current i0 ≈ 100µA/cm2

at design operating conditions in a pilot scale electrolyzer.
Inspection of Trasatti’s [12] “volcano plot” [13, 14] suggests
that its catalytic property would presumably fall between that
of iridium and gold. It is further anticipated that the novel
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Table 2: The complete set of probabilities computed via (5) in
Application 1.

Source-of-failure events
P(B j /Ak)

B1 B2 B3

A1 0.3333 0.3889 0.2778

A2 0.2917 0.3333 0.3750

A3 0.4286 0.2381 0.3333

A4 0.4000 0.2667 0.3333

A5 0.3415 0.2683 0.3902

Table 3: The effect of prior probability P(B) on decision possibili-
ties related to a new CE (Application 2).

P(B)% P(B/A)% P(B/A′)%

20 67.4 2.5

40 84.6 6.3

60 92.5 13.2

70 95.1 19.1

80 97.1 28.8

90 98.7 47.6

P(B/A): the probability that a CE will be deemed acceptable upon the Q2

test, if the results of the Q1 test were positive.
P(B/A′): the probability that a CE will be deemed acceptable upon the Q1

test, even if the results of the Q1test were negative.

catalyst would be less expensive than Ir and Au, it would
exhibit good dimensional/geometric stability as well as
resistance to parasitic reactions due to possible contamina-
tion, and resistance to possible nonuniformity in current
distribution. The design team postulates that if, on a pilot-
plant scale, electrode specimens will show no loss in catalytic
activity up to the passage of Q1 ≈ 600 kAh/dm2 electric
charge per unit area, then there should exist an a priori
chance that a catalyst-carrying electrode (CCE), selected
randomly from a lot of identically prepared specimens, can
sustain its catalytic activity, at an acceptable level, up to the
passage of Q2 ≈ 1200 kAh/dm2. During the Q1 tests, 91%
of the electrodes were found to be acceptable, but 89% of
electrodes, which later failed the Q2 tests, did not perform in
a satisfactory manner. The design team (i) would proceed to
consider commercial-scale implementation if there is at least
a 95% chance that a survivor of the Q1-test would keep its
catalytic activity up to the passage of Q2, (ii) would abandon
further research if favourable results were obtained in only
one-fifth or less of the Q1 tests.

The set of events of interest here, involving a randomly
selected CCE, is defined as follows:

A: results obtained during the passage of Q1 are positive,
A′: results obtained during the passage of Q1 are negative,
B: the CCE is acceptable,
B′: the CCE is unacceptable,
A/B: Q1-results were positive for an acceptable CCE,
A/B′: Q1-results were positive for an unacceptable CCE,
A′/B: Q1-results were negative for an acceptable CCE,
A′/B′: Q1-results were negative for an unacceptable CCE,
B/A: a CCE which showed positive Q1-test results is

found acceptable,

B/A′: a CCE which showed negative Q1-test results is
found acceptable.

Consequently, the stipulations can be expressed in terms
of their probabilities as follows: P(A/B) = 0.91; P(A′/B′) =
0.89; P(A/B′) = 1 − −P(A′/B′) = 0.11. Bayes’ rule yields,
therefore,

P(B/A) = 0.91P(B)
0.91P(B) + 0.11[1− P(B)]

,

P(B/A′) = 0.09P(B)
0.09P(B) + 0.89[1− P(B)]

.

(6)

Here, P(B) is the prior probability of a CCE being acceptable.
Its value, if not known experimentally, would be a matter
of the designers’ judgment. Table 3 indicates that in order
to satisfy the P(B/A) ≥ 95% and P(B/A′) ≥ 20% decision
criteria simultaneously, the prior probability of a CCE
passing the Q2-test would have to be somewhat higher than
70%. If the abandonment criterion were raised to a stricter
P(B/A′) ≥ 25% probability, P(B) would have to be at least
77% for satisfying the two continuance conditions. Such
results provide the design team with important knowledge
for establishing proper testing protocols.

3.3. Application 3: Probing Claims Regarding the Reliability
of a Catalyst Tester. A device for testing defects in a certain
electrocatalyst (EC) is envisaged to be advertised by the
catalyst producer, claiming that it is 97% reliable if the EC is
defective, and 99% reliable when it is flawless. Independently
from any testing device and based upon earlier experience,
4% of said EC may be expected to be defective upon delivery.
In order to ascertain the true reliability of the device, Bayes’
rule is applied to basic event set A: the EC is defective; A′: the
EC is flawless; B: the EC is tested to be defective; B′: the EC is
tested to be flawless, equipped with the full set of conditional
events of interest here with their probabilities:

B/A: EC is (known to be) defective, and tested
defective, P(B/A) = 0.97,

B′/A: EC is (known to be) defective, but tested
flawless, P(B′/A) = 1−−P(B/A) = 0.03,

B/A′: EC is (known to be) defective, but tested
defective, P(B/A′) = 1−−P(B′/A′) = 0.01,

B′/A: EC is (known to be) flawless, and tested
flawless, P(B′/A′) = 0.99.

The probabilities of events to be computed via Bayes’
rule, shown in Table 4, point to the (vexingly) high possibility
of rejecting flawless EC’s (about 20%) and the (vexingly) low
possibility of identifying defective EC’s (about 80%) when
the tester indicates defectiveness. These findings, hidden by
the advertisement without Bayes’ rule, should discourage its
adoption for routine use.

3.4. Application 4: Probing Claims Regarding Tafel Slopes in
an Electrocatalytic Oxidation of Methanol Process Envisaged
for Fuel Cells. This example is motivated by an experimental
study of Pt:Mo dispersed catalysts (PMDCs) for the electro-
oxidation of methanol in acid medium [15], assuming that a
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Table 4: Probabilities of flawlessness/defectiveness expected from an EC tester (Application No. 3).

Event Bayes’ rule Event probability

EC tested defective, but found flawless P(A′/B) = P(B/A′)P(A′)
P(B/A′)P(A′) + P(B/A)P(A)

0.1983

EC tested flawless, and found flawless P(A′/B′) = P(B′/A′)P(A′)
P(B′/A′)P(A′) + P(B′/A)P(A)

0.9987

EC tested flawless, but found defective P(A/B′) = P(B′/A)P(A)
P(B′/A)P(A) + P(B′/A′)P(A′)

0.0013

EC tested defective, and found defective P(A/B) = P(B/A)P(A)
P(B/A)P(A) + P(B/A′)P(A′)

0.8017

P(A/B′) + P(A′/B′) = P(A/B) + P(A′/B) = 1; P(A) = 0.04; P(A′) = 1− 0.04= 0.96.

different research team claims in a new experimental catalyst
development program a 65–70 mV/dec Tafel slope range at
low current densities, and a 255–265 mV/dec at high current
densities (in contrast with the 30–35 and 230–250 mV/dec
ranges, resp. in the cited study). The polarization method
chosen for investigating the claim is assumed to be 89%
reliable when the claim cannot be verified and 99.5% reliable
when the claim can be verified. Defining eventsA: the PMDC
exhibits Tafel slopes below the claimed ranges and B: the
PMDC is found to exhibit Tafel slopes below the claimed
ranges, the complementary events A′: the PMDC exhibits
Tafel slopes within the claimed ranges and B′: the PMDC
is found to exhibit Tafel slopes within the claimed ranges
establish the basis for applying Bayes’ theorem. Following the
pattern shown by the previous applications, the conditional
probabilities are P(B′/A) = 0.11, P(B/A′) = 0.005, P(B/A) =
0.89 and P(B′/A′) = 0.995.

The research team is assumed to report that 96% of the
new PMDC possess the claimed Tafel slope ranges; Bayes’
theorem yields P(A′/B) = 0.1188; P(A/B′) = 0.0046;
P(A′/B′) = 0.9954; P(A/B) = 0.8812. The about 12%
probability that a new catalyst complies with the claim
although the polarization experiment indicates otherwise
raises at least a reasonable doubt about the claim or the
reliability of the experimental procedure, in spite of the
satisfactory P(A/B′) and P(A′/B′) values.

4. Discussion and Final Remarks

Perhaps the most striking feature of Bayes’ rule is the
amount of information that can be gleaned from a few
uncomplicated probability ratios (the fact that Bayesian
methods are at present more than two hundred years old
is equally impressive). Within the Bayesian framework, a
prior event probability is updated to a posterior probability
of that event by means of a likelihood. The latter provides
the (conditional) probability of corroborating the a-priori
stated hypothesis; this aspect is numerically illustrated in the
Appendix.

The examples presented in this paper provide a small
“window” to the realm of Bayesian methods whose fur-
ther exploration in electrochemical science and engineering
requires further work. Bayes’ rule is just one of many other
mathematical devices of applied probability theory with
potential interest to the field.

Appendix

Bayes’ Rule: Short Analysis and Illustration via
Application No. 3

Let AB and BA denote the combined event of both events
A and B occurring, the order of occurrence being imma-
terial. The veracity of the statement P(AB) = P(BA) =
P(B/A)P(A) = P(A/B)P(B) and of (1) immediately fol-
lows. Accounting for complementary events A′ and B′ the
(total) probabilities P(A) = P(A/B)P(B) + P(A/B′)P(B′)
and P(B) = P(B/A)P(A) + P(B/A′)P(A′) are mirror
images of each other. In Application No. 3 P(B/A)P(A) =
(0.97)(0.04) = 0.0388 is the posterior probability of an
EC being defective vis-à-vis prior probability. P(A) =
0.04. Similarly, P(B/A′)P(A′) = (0.01)(0.96) = 0.0096
is the posterior probability of EC-defectiveness vis-à-vis
prior complementary probability P(A′) = 0.96; the total
probability of event B is 0.04 + 0.0096= 0.0484. Bayes’ rule
yields P(A/B) = 0.0388/0.0484 = 0.8017, that is the
posterior probability that an EC tested defective is, indeed,
defective. It is appreciably less than the claimed (i.e. prior)
probability of 0.97.

Acknowledgments

Utilities provided by the University of Waterloo and the
Natural Sciences and Engineering Research Council of
Canada (NSERC) are gratefully acknowledged.

References

[1] J. O’M. Bockris and S. U. M. Khan, Surface Electrochemistry,
Plenum, New York, NY, USA, 1993.

[2] R. Porkess, Collins Internet-Linked Dictionary of Statistics,
Harper Collins College, Glenview, Ill, USA, 2nd edition, 2005.

[3] E. B. Manoukian, Modern Concepts and Theorems of Mathe-
matical Statistics, Springer, New York, NY, USA, 1986.

[4] M. G. Bulmer, Principles of Statistics, Dover, New York, NY,
USA, 2nd edition, 1979.

[5] S. F. Arnold, Mathematical Statistics, Prentice Hall, Englewood
Cliffs, NJ, USA, 1990.

[6] T. Z. Fahidy, “On the utility of certain decision theory
techniques in electrochemical process design,” in Current
Topics in Electrochemistry, vol. 7, pp. 119–123, Research
Trends, Trivandrum, India, 2000.



International Journal of Electrochemistry 5

[7] T. Z. Fahidy, “An application of Bayesian risk theory to
electrochemical processes,” Electrochimica Acta, vol. 49, no. 9-
10, pp. 1397–1401, 2004.

[8] T. Z. Fahidy, “Bayesian updating of electrochemical process
parameters via natural conjugate probability distributions,”
Electrochimica Acta, vol. 49, no. 27, pp. 5013–5021, 2004.

[9] T. Z. Fahidy, “Probabilstic methods in the analysis of certain
electrochemical systems,” in Recent Research Developments in
Electrochemistry, S. G. Pandalai, Ed., vol. 6, pp. 116–117,
Transworld Research Network, Trivandrum, India, 2003.

[10] T. Z. Fahidy, “Electrochemical applications of net-benefit
analysis via Bayesian probabilities,” Journal of Applied Electro-
chemistry, vol. 37, no. 6, pp. 747–752, 2007.

[11] K. Wiesener and D. Ohms, “Electrocatalysis for environmen-
tally orientated electrochemical processes and environmental
protection,” in Environmental Oriented Electrochemistry, C. A.
C. Sequeira, Ed., p. 694, Elsevier, Amsterdam, The Nether-
lands, 1994.

[12] S. Trasatti, “Work function, electronegativity, and electro-
chemical behaviour of metals. III. Electrolytic hydrogen evolu-
tion in acid solutions,” Journal of Electroanalytical Chemistry,
vol. 39, no. 1, pp. 163–184, 1972.

[13] J. O’M. Bockris and S. U. M. Khan, loc. cit., Section 3.14.3, Fig.
3.23, p. 268.

[14] J. O’M. Bockris and S. U. M. Khan, loc. cit., Section 3.21.6, Fig.
3.31, p. 293.

[15] A. Oliveira Neto, J. Perez, W. T. Napporn, E. A. Ticianelli,
and E. R. Gonzalez, “Electrocatalytic oxidation of methanol:
study with Pt:Mo dispersed catalysts,” Journal of the Brazilian
Chemical Society, vol. 11, no. 1, pp. 39–43, 2000.



SAGE-Hindawi Access to Research
International Journal of Electrochemistry
Volume 2011, Article ID 239637, 6 pages
doi:10.4061/2011/239637

Research Article

Chiral Recognition of Amino Acids by Magnetoelectrodeposited
Cu Film Electrodes

Iwao Mogi and Kazuo Watanabe

Institute for Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980-8577, Japan

Correspondence should be addressed to Iwao Mogi, mogi@imr.tohoku.ac.jp

Received 24 December 2010; Accepted 30 March 2011

Academic Editor: Carlos F. Zinola

Copyright © 2011 I. Mogi and K. Watanabe. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Chiral behavior of magnetoelectrodeposited (MED) Cu film electrodes was investigated for the electrochemical reactions of amino
acids. The Cu films were electrodeposited under a magnetic field of 5 T perpendicular to the electrode surface. Such MED Cu films
were employed as an electrode, and cyclic voltammograms were measured for the electrochemical reactions of several kinds of
amino acids. Chiral behavior was clearly observed as oxidation current difference between the enantiomers of alanine, aspartic
acid, and glutamic acid. The MED film electrodes with the thickness of 50∼500 nm exhibited such chiral behavior, and their
surface morphologies had network structures, which could be induced by the micro-MHD effect.

1. Introduction

When a magnetic field is imposed to an electrodeposition
process (magnetoelectrodeposition), the Lorentz force acting
on the faradaic current causes convection of the electrolytic
solution. This is well known as the magnetohydrodynamic
(MHD) effect [1, 2]. The MHD effect leads to spiral struc-
tures in the two-dimensional growth of magnetoelectrode-
posited (MED) metals [3–6] and conducting polymers [7],
and the three-dimensional helical structures in silicate mem-
brane growth [8]. Thus, magnetoelectrodeposition has the
potential to produce chiral structures. This is called as mag-
netoelectrochemical chirality. Control of chirality is one of
the most significant subjects in biochemistry, and consider-
able effort has been devoted in exploring chiral catalysts. If
the chiral structures can be formed in nanometer scales on
the MED films, such film surfaces would serve as an enantio-
selective catalyst.

Aogaki proposed the micro-MHD effect in the electrode-
position under the magnetic fields parallel to the faradaic
current and perpendicular to the electrode surfaces [9].
In electrodeposition processes, nonequilibrium fluctuation
produces a lot of humps on the deposit surfaces. The faradaic
current around such humps is not parallel to the magnetic

field so that the Lorentz force could cause vortex-like convec-
tion in the local areas around the humps. The micro-MHD
effect was observed in the circular structures on the MED
Cu film surfaces [9] and the network structures in the Ni-
alumina composite films [10]. The micro-MHD convection
breaks the symmetry of mass transfer around the humps,
and such symmetry breaking might lead to the formation of
chiral structures on the deposit surfaces [11].

We tried the magnetoelectrodeposition of Ag films and
employed them as modified electrodes. The MED Ag film
electrodes were found to exhibit different oxidation currents
between the enantiomers of glucose and cysteine [12, 13].
To demonstrate the universality of magnetoelectrochemical
chirality, it is necessary to examine the chiral behaviors of
the MED films of various kinds of metals. Copper electrodes
exhibit electrocatalytic behaviors for the electro-oxidation
of alcohols and amino acids in alkaline aqueous solutions
[14, 15]. The electrocatalytic reactions are sensitive to the
surface structure of the electrode through specific adsorption
of reactant molecules. If the reactant has chirality, its
electrocatalytic reaction could be sensitive to the chirality of
the electrode surface. In this paper, we report the magneto-
electrodeposition of Cu films and their characteristic chiral
electrode behaviors for amino acids.
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Figure 1: Schematic representation of magnetoelectrodeposition in
a superconducting magnet. Magnetic fields B are applied to parallel
(+) or antiparallel (−) to faradaic currents, and they are perpendic-
ular to the electrode surface.
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Figure 2: CVs of the Cu 0T-film electrode in a 0.1 M NaOH
aqueous solution. The 1st sweep (solid line) corresponds to the
pretreatment of the Cu film electrode, and the 2nd sweep (dashed
line) represents the background current. The potential sweep rate
was 10 mV s−1.

2. Experimental

All chemicals were reagent grade and were used as received.
For electrochemical experiments, a conventional system with
the following three electrodes was employed: a polycrys-
talline Pt disc working electrode with a diameter of 3 mm,
a Cu or Pt plate counter electrode, a Ag | AgCl | NaCl
(3 M (M = mol dm−3)) reference electrode. A potentiostat
(Princeton Applied Research model 263A) was used for all
the electrochemical experiments.
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Figure 3: Current-time curves during the Cu electrodeposition in
0 T and +5 T.

Cu electrodeposition was conducted in a 50 mM CuSO4

aqueous solution containing 0.5 M H2SO4. The Cu films
were formed on the Pt working electrode by the potentio-
static electrodeposition at a potential of −0.4 V. The film
thickness was controlled by a passing charge, and the thick-
ness could be approximately estimated from the density of
Cu (8.93 g cm−3), the electrode area and the passing charge.
The usual film thickness was c.a. 150 nm at the passing charge
of 0.4 C cm−2.

Figure 1 shows a schematic representation of the magne-
toelectrodeposition. The electrochemical cell was placed at
the bore center in a cryocooled superconducting magnet
(Sumitomo Heavy Industries Ltd.), which is installed in the
High Field Laboratory of Tohoku University and can produce
magnetic fields of up to 5 T. An applied magnetic field B was
perpendicular to the working electrode surface, and it was
parallel (+B) or antiparallel (−B) to the faradaic current. The
films prepared at +5 T or −5 T are called the +5T-film or the
−5T-film, respectively. The temperature within the magnet
bore was controlled at 25◦C by circulating thermoregulated
water.

The magnetoelectrodeposited (MED) films were used as
modified electrodes, and their chiral properties were exam-
ined by measuring cyclic voltammograms (CVs) of the enan-
tiomers of several kinds of amino acids (alanine, aspartic
acid, lysine, etc.) in a 0.1 M NaOH aqueous solution. Because
Cu metal is more easily oxidized than amino acids, the
Cu film electrodes underwent a pretreatment of a potential
sweep (−0.3∼0.3 V) in the NaOH solution before the CV
measurements, as shown in Figure 2 (the solid line). In
this potential sweep, the oxidation from Cu to Cu(I) occurs
around −0.05 V, and the oxidation from Cu(I) to Cu(II)
occurs around 0.02 V [14], forming a stable oxide film of
CuO. The oxidation current became very small in the 2nd
potential sweep (the dashed line in Figure 2), indicating that
the film surface is covered by CuO after the pretreatment.
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Figure 4: CVs of 20 mM L- and D-alanines on the Cu (a) 0T-film,
(b) +5T-film, and (c)−5T-film electrodes in a 0.1 M NaOH aqueous
solution. The potential sweep rate was 10 mV s−1.
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Figure 5: Film thickness dependence of the magnetoelectrochem-
ical chirality. Δ is the peak current difference between L- and D-
alanines in the CVs on the Cu +5T-film electrodes.

The CVs of amino acids were measured with a potential
sweep rate of 10 mV s−1 in the absence of a magnetic field.

3. Results and Discussion

Figure 3 shows current-time curves during the Cu electrode-
position in 0 T and +5 T. It shows that the magnetic field
considerably enhances the electrodeposition currents, even
though the applied field is parallel to the faradaic current.
The MHD effect is the minimum in, such a configuration,
but it never disappears, because the current is not parallel to
the magnetic field at the electrode edge and the fluctuated
deposit surface. The latter is the micro-MHD effect [9], as
mentioned above.

CVs of several amino acids were examined on the MED
Cu film electrodes. Figure 4 shows CVs of 20 mM L- and D-
alanines on the Cu (a) 0T-film, (b) +5T-film, and (c) −5T-
film electrodes. The oxidation reaction of alanine occurs
around 0.7 V, where the amino group (–NH2) in the amino
acid is oxidized [15]. Both CVs of the enantiomers are almost
coincident each other on the 0T-film electrode (Figure 4(a)).
On the +5T-film electrode, difference between the two CVs
is seen in the peak currents. The oxidation current of
L-alanine is larger than that of D-alanine (Figure 4(b)).
On the contrary, the result is opposite for the MED film
prepared under the reversal magnetic field. The oxidation
current of D-alanine is larger than that of L- alanine on
the −5T-film electrode (Figure 4(c)). These results indicate
that the magnetoelectrodeposition induces the chirality in
the Cu films and that the MED films possess the ability
of enantioselective recognition for L- and D-alanines. The
fact that the chiral behavior depends on the polarity of the
magnetic fields indicates that the chirality arises from the
Lorentz force and micro-MHD effect.

Similar chiral behavior was observed in the MED Ag film
electrode for the glucose oxidation reaction [12, 13]. Both
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Figure 6: Microphotographs of the surface morphology of the Cu
+5T-films with the thickness of (a) 150 nm, (b) 440 nm, and (c)
730 nm.

crystal structures of Ag and Cu are face-centered cubic (fcc),
and generally, such a highly symmetrical crystal has no
chirality. However, Attard et al. pointed out that there exist
chiral kinks in certain surfaces, for example, {643}, of the fcc
crystal and demonstrated that such a surface exhibits chiral
electrode behaviors for the oxidation of D- and L-glucoses
[16]. Similarly, they proposed that corner kinks of crystals
could be a chiral site [17]. These ideas might be crucial for
considering the chiral sites on the MED film surfaces.

The film thickness dependence of the chiral behavior of
the +5T-film was examined for the electrochemical reaction
of alanine. Figure 5 shows the oxidation current difference
Δ(= ip(L) − ip(D)) between the enantiomers against the
film thickness, where ip(L) and ip(D) represent peak currents
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Figure 7: CVs of 20 mM L- and D-phenylalanines on the Cu +5T-
film electrodes in a 0.1 M NaOH aqueous solution. The potential
sweep rate was 10 mV s−1.

of the CVs of L- and D-alanines, respectively. This figure
shows that the chiral behavior appears in the thickness range
of 50∼500 nm. Figure 6 shows the surface morphologies
of the Cu +5T-films with the thickness of (a) 150 nm,
(b) 440 nm, and (c) 730 nm, where the photomicrographs
were taken just after the magnetoelectrodeposition without
the pretreatment. The films (a) and (b) exhibit the chiral
behavior for alanine, and their surface morphologies possess
network structures, which could be caused by the micro-
MHD effect. Similar network structures were observed in the
MED Ni-Al2O3 composite films [9] and magnetocorrosion
of Zn single crystals [18]. On the contrary, the film (c)
shows no chiral behavior, and the surface morphology is
random aggregates of particles with a size of ∼1 μm. These
results imply that the micro-MHD effect induces the self-
organization of convections and deposit structures in the
film formation and that random fluctuation becomes dom-
inant with increasing film thickness. Such self-organization
seems to be significant for the formation of chiral surfaces.

We examined chiral response of the MED Cu film
electrodes for several kinds of amino acids. Figure 7 shows
CVs of 20 mM phenylalanine on the +5T-film electrode. The
two CV curves are coincident each other, thus the MED
film exhibits no chiral recognition for phenylalanine. This
is contrary to the results of alanine, as shown in Figure 4.
When amino acids are represented as R–CH(COOH)(NH2),
R is a methyl group (–CH3) in alanine, and it is a benzyl
group (–CH2C6H5) in phenylalanine. The benzyl group is
more bulky than the methyl group, and such a steric effect
could prevent the specific adsorption at the chiral sites on the
electrode surface, leading to the lack of chiral recognition.

Figure 8 shows CVs of 20 mM (a) aspartic acid, (b)
glutamic acid, (c) lysine, and (d) arginine on the +5T-film
electrode. While the MED film exhibits the chiral recognition



International Journal of Electrochemistry 5

L-aspartic acid
D-aspartic acid

0.80.60.40.20−0.2

E/V versus Ag/AgCl

0

1

2

3

4

i(
m

A
cm
−2

)

Cu +5 T-film
at −0.4 V

(a)

L-glutamic acid
D-glutamic acid

0.80.60.40.20−0.2

E/V versus Ag/AgCl

0

0.5

1

1.5

2

2.5

3

i(
m

A
cm
−2

)

Cu +5 T-film
at −0.4 V

(b)

L-lysine
D-lysine

0.80.60.40.20−0.2

E/V versus Ag/AgCl

0

2

4

6

i(
m

A
cm
−2

)

Cu +5 T-film
at −0.4 V

(c)

L-arginine
D-arginine

0.80.60.40.20−0.2

E/V versus Ag/AgCl

0

2

4

6

8

i(
m

A
cm
−2

)
Cu +5 T-film

at −0.4 V

(d)

Figure 8: CVs of the enantiomers of (a) aspartic acid, (b) glutamic acid, (c) lysine, and (d) arginine on the Cu +5T-film electrodes in
a 0.1 M NaOH aqueous solution. The potential sweep rate was 10 mV s−1.

for aspartic and glutamic acids, it shows no chiral behavior
for lysine and arginine. The molecular structures of R-groups
are clearly different between the formers and the latters. The
R-groups of aspartic and glutamic acids involve a carboxyl
group (–COOH), on the contrary, those of lysine and
arginine involve an amino group (–NH2). These facts suggest
that the carboxyl group promotes the specific adsorption
on the electrode surface, leading to the chiral recognition.
On the other hands, the amino group participates in the
electrode reaction and contributes to the large oxidation
currents, as shown in Figures 8(c) and 8(d). This seems to
be crucial for the lack of chiral recognition for lysine and
arginine.

There remains interesting open issues where the chiral
site is on the MED film surface, why such a chiral site
can survive after the surface oxidation in the pretreatment
process, and how the chiral site recognizes the molecular
chirality of amino acids. To elucidate these issues in future
studies leads to a design of electrocatalytic chiral surface
using the magnetoelectrodeposition technique.

4. Conclusion

We have shown that the MED Cu film electrodes exhibit chi-
ral behaviors for the oxidation of the enantiomers of alanine,
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aspartic acid, and glutamic acid and that such magnetoelec-
trochemical chirality depends on the film thickness. Taking
account of our previous results of the chirality of the MED
Ag films [12, 13], the observation of the chirality in the MED
Cu films implies that the magnetoelectrochemical chirality is
a universal phenomenon in the magnetoelectrodeposition of
metals. It is noteworthy that the magnetoelectrodeposition is
able to provide chiral surfaces without any chiral chemicals,
and this novel technique would be applicable to new design
of chiral catalysts and sensors.
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