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a b s t r a c t

We developed Ptpc/Co/Pt nanostructured metallic multilayers (MM) electrodes for methanol and carbon
monoxide electro-oxidation. This material uses as an intermediate layer a non-noble metal (cobalt),
which is a low cost material. Cyclic voltammetry was used to characterize the electrode electrochemical
behaviour for methanol and carbon monoxide. In addition, electrochemical impedance spectroscopy
(EIS) was used to study the methanol oxidation on these multilayers. An increase in the peak current
density of about 35% for Ptpc/Co10/Pt5 nanostructured metallic multilayer compared to Ptpc electrode was
observed for methanol oxidation reaction (MOR). Carbon monoxide electro-oxidation showed large
current density for all multilayers electrodes and the onset potentials for this reaction was displaced
toward more negative potentials, which indicates weaker adsorption energy for CO over the surface of
the materials compared to Ptpc. EIS data indicated a lower charge transfer resistance (Rct) for Ptpc/Co10/Pt5
MM nanostructured during the methanol electro-oxidation, that indicates higher electrocatalytic activity
for this electrode compared to Ptpc. Computational modelling results indicate that the presence of a Co-
underlayer for Pt/Co/Pt (111) nanostructured system decrease the center of d-band and, consequently,
increase the catalytic activity compared to Pt (111) system.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Several selective catalysts and new fuels have been proposed in
recent years to increase fuel cell efficiency [1,2]. Among the fuels,
methanol is a promising one for direct oxidation fuel cells, DOFC,
and many catalysts have been synthesized by modifying their
structural properties to improve their catalytic activity.

In the DOFC, the modification of the platinum-based electrodes,
as, for example, alloying it with different elements [3e5] or using
different synthesis methods to prepare Pt thin film electrodes has
been proposed to reduce the problems associated with the
poisoning of the catalytic surface due to adsorption of CO.

A different approach is to build heterostructures using multi-
metallic layers of Pt with a second element that have been used by
our group in the last years [6e10] to study the electro-oxidation of
small organic molecules.

The deposition of metallic multilayers, each one few nanome-
ters thick, has attracted scientific and technological interest, once
these layers present unexpected magnetic properties [11,12]. The
structural and electronic changes presented bymetallic multilayers
structures have also attracted scientific interest. Kolb et al.
demonstrated that monolayers of a metal deposited on different
metal substrates may be subject to the strain effect, causing
changes in the d-band center and in the stability of adsorbed CO
[12]. Nørskov et al. proposed that the effect due to variations in the
number of layers of a thin film of metals deposited in another metal
can be described in terms of the d-band model [13]. The relation-
ship between adsorption energies and catalytic activity has been
established through models to study surface processes using den-
sity functional theory (DFT) calculations [14e19]. Nørskov et al.
studied the modification of the chemical and electronic properties
of Pt (111) surfaces by subsurface 3d transition metal using DFT,
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showing that the adsorption properties of molecules on transition
metal surfaces can be adjusted by changes in the band surface
structure d by strain induced shifts or the ligand effect [20]. Mav-
rikakis et al. studied competitive paths for the decomposition of
methanol in Pt(111) using DFT calculations, which suggested that
an energetically viable path is the decomposition of methanol
through CH2OH and formaldehyde or HCOH intermediates and
another route is OH scission to CH3O, followed by sequential
dehydrogenation for CO [21].

The heterostructures employing cobalt in their compositions
have become interesting because Co adlayers on Pt surfaces exhibit
a strong magnetic anisotropy useful in the fabrication of magnetic
storage devices [22e25]. Moreover, it has characteristics such as
high hardness, thermal stability, corrosion resistance and low cost,
that allow its application in the production of alloys and in the
microelectronics industry.

Most of these Co overlayers have been prepared employing
molecular beam evaporation techniques [26,27], and although it
has been reported electrodeposition of cobalt [28,29], few studies
have considered this last procedure as route to obtain Co overlayers
onto Ptpc [30e32]. Electrodeposition has important advantages,
such as price and simplicity, but it requires the knowledge of
nucleation and growth processes to synthesize deposits with
reproducible properties.

Some alloys and core-shell materials have been studied for
methanol electro-oxidation. Kwon et al. synthesized Pt-Co/CNT
with Co-content 46.6 at % with high Pt contents, showing 2e3
fold improvement in mass and specific current in methanol elec-
trooxidation compared to commercial Pt/C (60wt%) [33]. Coville
et al. prepared bimetallic nanoparticles of Pt bondingwith Co, using
the conventional heat-treatment method and microwave irradia-
tion [34]. This study indicated an increase in the electrocatalytic
activity with the addition of Co compared to monometallic Pt [34].
Etman et al. studied the synthesis of Pt-Co nanoparticles on
MWCNT for methanol electro-oxidation in acidic solution,
observing an increase in the peak current density of about 300%,
and the peak potential shifted 80mV towards more negative po-
tential values for Pt-Co/MWCNT compared to Pt/MWCNT [35].
Valiollahi et al. synthesized Pt-Co/G/GCE, which showed higher
peak current density and the onset potential more negative than Pt
bulk and Pt-Co/GCE, indicating higher catalytic activity of this
material for methanol electro-oxidation [36].

From a different point of view, our group have published a series
of papers investigating the oxidation of small organic molecules
using metallic multilayers [7e10,37]. In the last published paper,
we have studied the methanol electro-oxidation on Ptpc/Rh2.0/Pt1.0
metallic multilayer using electrodeposition technique and an
enhancement on peak current density of 90% for this electrode
compared to Ptpc was observed during an oscillatory regime [37].
The authors suggested, using numerical simulation, that this in-
crease in the electrocatalytic activity of this electrode could be
related to the inhibition of adsorption of carbon monoxide on the
surface of the metallic multilayer during the oxidation, indicating
the direct pathway of reaction leading to the final production of
carbon dioxide. Therefore, in that work [37], the authors proposed
that carbon monoxide could act as a poisoning species instead of a
reaction intermediate during the electro-oxidation of methanol.

Considering these aspects, this work aims at the preparation of
Ptpc/Co/Pt, a metallic multilayers nanostructured electrode that
uses a non-noble metal (cobalt) as the intermediate layer, with
different number of monolayers of the intermediate layer and the
outer layer (Ptpc/CoML/PtML) for the methanol and CO electro-
oxidation. The surface of the electrodes was characterized by
atomic force microscopy (AFM) and the electrocatalytic activity for
methanol and CO electro-oxidation were measured by cyclic
voltammetry (CV). Moreover, electrochemical impedance spec-
troscopy (EIS) was used to characterize the methanol oxidation in
the electrodes.

2. Experimental

A polycrystalline Ptpc, area¼ 0.3 cm2, was utilized as substrate to
prepare the metallic multilayer electrode. The Ptpc electrode was
polished with diamond paste (Arotec) down to 1.0 mm and washed
with acetone and purified water (Milli- Q system) several times.

The cobalt layer was deposited onto this substrate using a 10�5

mol L�1 CoSO4 (Mallinckrodt) solution in 0.1mol L�1 Na2SO4
(Synth) and 0.01mol L�1 H3BO3 (Merck). The deposition potential
was �0.65 V (vs. a reversible hydrogen electrode, RHE) for 10 s or
20 s leading to a charge equivalent to 5 or 10 Co monolayers (MLs),
respectively. The platinum layer was electrodeposited over the Co
layer from a 5:0 � 10�4 mol L�1 H2PtCl6 (Sigma-Aldrich) in
0.1mol L�1 HClO4 (Sigma-Aldrich, 70%) at 0.05 V (vs. RHE) for 100 s
or 200 s to obtain 5 and 10ML, respectively. The electrode Ptpc/
CoML/PtML was produced by this procedure. As auxiliary and
reference electrodes, two Pt sheets (a¼ 1 cm2) and a reversible
hydrogen electrode in the same solution, RHE, were used,
respectively.

Before the experiments, the Ptpc/CoML/PtML electrode was elec-
trochemically cleaned by repetitive potential cycling between 0.05
and 1.55 V (vs. a reversible hydrogen electrode, RHE) in the sup-
porting electrolyte 0.1mol L�1 HClO4 (Sigma-Aldrich, 70%).

Prior to the experiments, the solutions were sparged with N2 for
15min. Voltammetric curves for methanol oxidation (one cycle)
were measured in 0.1mol L�1 HClO4 (Sigma-Aldrich, 70%) solution
containing 0.5mol L�1 methanol (Sigma-Aldrich). CO (99.25%,
White Martins) stripping measurements were performed to
compare the catalytical properties of Ptpc and MM electrodes. In
these last experiments, CO was adsorbed on the working electrode
by bubbling CO gas in 0.1mol L�1 HClO4 (Sigma-Aldrich, 70%) so-
lution for 12min prior to the experiments. Then, the solution dis-
solved CO was removed from the solution by bubbling nitrogen
(99.0% min., Liquid Nitrogen) gas for 12min maintaining the
applied potential at 0.05 V. Finally, the applied potential to the
working electrode is swept from 0.05 V up to 1.55 V at
v¼ 50mV s�1.

Electrochemical impedance spectroscopy (EIS) was measured in
a solution of 0.1mol L�1 HClO4 with 0.5mol L�1 of methanol using
an excitation AC signal of 5 mVrms in the frequency range from
10 kHz to 10mHz using the Autolab PGSTAT 30 coupled to the
frequency response analyser, FRA, module. The impedance data
analysis was performed with EIS Spectrum Analyser software
package [38], where the spectra were fitted by means of non-linear
least-squares procedure.

Finally, the electrode surfaces were characterized by atomic
force microscopy (AFM) using SPM 5500-Agilent equipment in
contact mode.

2.1. Computational methods

The density functional theory [39,40] calculations were per-
formed using Quantum-ESPRESSO package [41]. The electron-ion
interaction was described by Ultra-soft pseudopotentials (US-PP)
with scalar relativistic correction generated by Rappe-Rabe-
Kaxiras-Joannopoulos method (RRKJUS) [42]. The generalized
gradient approximation (GGA) for the exchange-correlation (xc)
density functional Perdew-Burke-Ernzerhof (PBE) [43] was used in
all calculations reported herein. The chosen energy cutoff was 30 Ry
and the threshold for self-consistency was 10�6 eV. Slab atoms
were held in their bulk truncated positions and relaxation of



Fig. 1. 3D AFM images (1 mm� 1 mm) for: a) Ptpc, b) Ptpc/Co10 and c) Ptpc/Co10/Pt5.

Table 1
Roughness medium square obtained at Ptpc, Ptpc/Co10 and Ptpc/Co10/Pt5 using AFM.

Sample RMS (Ptpc)/nm RMS (Ptpc/Co10)/nm RMS (Ptpc/Co10/Pt5)/nm

1 4.92 5.00 5.39
2 4.90 4.44 6.60
3 5.31 3.32 5.70
RMS 5.04± 0.2a 4.25± 0.8a 5.90± 0.6a

a Considering 95% confidence level t-test.
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adlayer was allowed in all directions until all force components
acting on adatoms were below 0.05 eV Å�1.

The (2� 2) unit cell representing system is four layers thick
ensemble of closed-packed Pt (100) metal. The PtMM system consist
of 4 Pt layer and Pt/CoML/PtML consist of 3 Pt layers and 1 Co
monolayer. For both systems, the two uppermost metal layers were
allowed to relax and two others kept freeze. Approximately five
layers of vacuum (15Å) thick were used to separate the periodic
images along the z-direction of the supercell. The Brillouin zone is
sampled with a uniform 7� 7 x 1 k-points grid [44]. Lattice con-
stants (aPt) were set to the experimental values [45]. Convergence
of the total energy and with respect to the cut off energies and k-
points set was used as the criteria of the correctness of the
procedure.

The projected density of states (PDOS) in the atoms and orbital
was built for the analysis of the corresponding electronic structure.
The XCrysDen program [46] was used to draw the surfaces.

3. Results and discussion

Typical AFM images of Ptpc, Ptpc/Co10 and Ptpc/Co10/Pt5 surfaces
are presented in Fig. 1, where it is possible to observe terraces, steps
and kinks. The scratches observed on the surfaces are in agreement
with Ptpc AFM images obtained by Udisti et al. [47], and are related
to the polishing cleaning procedure. It is well-know that metal
deposition starts at surface defects, e.g. steps and kinks sites being
the most favourable nucleation centers [48] and the deposit
morphology is strongly affected by the density and distribution of
such defects, especially during the initial stages of growth [48].

For a more detailed study about the nucleation-and-growth
related to Co and Pt overlayers onto Ptpc substrate, the roughness
mean square (RMS) was obtained at three different regions on the
electrode surface. It is not observed any significant difference
among the electrodes as shown in Table 1. These values are in
agreement with those described on the literature. The morphology
presented in Fig. 1 indicate a surface with granular morphology
overall. Georgescu et al. studied the electrodeposition of Co/Pt thin
films with several Co layer thickness [30]. The authors also
observed a granular morphology to their metallic multilayer, and
the higher RMS values obtained (16.3e44.0 nm) could be related to
different substrate and electrochemical technique applied [30].

As discussed above, the RMS values obtained for Ptpc and Ptpc/
Co10/Pt5 were similar. Therefore, any difference in the electro-
chemical behaviour of MM compared to Ptpc cannot be related to
surface area changes.

The cyclic voltammogram of Ptpc, Ptpc/Co10/Pt5 and Ptpc/Co5/
Pt10MM electrodes are presented in Fig. 2.

In order to obtain a reproducible surface, prior to the experi-
ments, all the electrodes were cycled between 0.05 and 1.55 V at
1 V s�1 for 900 cycles. A typical polycrystalline Pt profile reported
on the literature [49] can be observed for the MM electrodes here
prepared. The electrochemical processes observed for the Ptpc and
MM nanostructured electrodes can be associated to surface process
and approximately potential regions, described below: i) hydrogen
adsorption and desorption between 0.05 and 0.4 V, ii) double layer
region between 0.4 and 0.8 V and iii) formation and reduction of
PtO, between 0.8 and 1.55 V and 1.55 V and 0.4 V, respectively [49].
Then, the electrode surface areawas calculated using the procedure
well established in the literature [50]. In the procedure, the charge
under the voltammetric peaks for hydrogen adsorption or
desorption, corrected for the capacitive component, is assumed to
correspond to adsorption of one hydrogen atom on each metal
atom of the surface [50]. In the case of Ptpc, the value is 210 mC cm�2.
The values of the calculated electrochemically active surface areas
for Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10 are the same as the Ptpc



Fig. 2. Cyclic voltammograms for Ptpc, Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10MM nano-
structured electrodes in 0.1mol L�1 HClO4. Inset: Pt and Co crystalline structure.
n¼ 50mV s�1 and T¼ 25 �C.

Fig. 3. CO stripping voltammogram on the a) Ptpc, b) Ptpc/Co10/Pt5 and c) Ptpc/Co5/
Pt10MM nanostructured electrodes in 0.1mol L�1 HClO4. n¼ 50mV s�1 and T¼ 25 �C.
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(0.72 cm2).
As can be observed in Fig. 2, the voltammetric profile of Ptpc is

completely recovered when MM nanostructured electrode is
formed by the deposition of a Pt topmost surface over the Co un-
derlying. It is macroscopic evidence that the electrode surface is
now composed by Pt atoms. Moreover, there are no anodic currents
which can be related to the oxidation/dissolution of Co in the vol-
tammograms of Ptpc/Co/Pt MM, demonstrating that Co is covered
by the Pt layers. Also, there is no change in charge related to the H
desorption process, and the active electrochemical area is the same
for the Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10MMnanostructure (0.72 cm2)
in comparison to Ptpc electrodes (0.72 cm2). Jahns et al. studied up
to about 6 monolayer of Co deposition on Pt(111) using molecular
beam epitaxy [51]. The authors observed that Co grows as islands,
in incoherent epitaxy with the Pt substrate distributed in face-
centered cubic and hexagonal close package structures. Moreover,
the authors observed that this deposition method induces surface
segregation on the substrate Pt atoms, thereby generating a Pt-
enriched topmost surface [51]. It could be observed using electro-
chemical in situ FTIR, whereas a new COads band gives rise due to Pt-
CO and Co-CO adsorption. Sugawara et al. also studied the depo-
sition of Co and Pt onto Pt(111) single crystal using molecular beam
epitaxy, leading to Pt0.6nm/Co0.3 nm/Pt(111) multilayer electrodes
[52]. The authors observed that the epitaxial Co layer on the Pt(111)
was unstable in the electrochemical environment [52]. Also, the
voltammograms are pretty different before and after the linear
sweep voltammograms related to the oxygen reduction reaction. It
indicates that the outmost surface was reconstructed.

Adzic et al. observed the same Pt profile for Pt/C and PtML/
Pd@Co/C in acidic media as reported herein [53]. However, the
authors observed different intensities on the process related to the
hydrogen adsorption/desorption. Also, the authors observed that
the beginning of Pt monolayer oxidation and the oxide-reduction
peak shifted 70 and 60mV to more anodic potentials respectively
compared to Pt/C [53]. Therefore, it indicates that Pt oxides are less
suitable to occur on a Pt monolayer than on pure Pt. The authors
also observed this delayed on a Pt monolayer on the Co@Au/C
surface using XANES [54].

The electronic properties of a Pt outmost surface can be signif-
icantly modified by the formation of an artificial superlattice.
Consequently, it is possible to tuning the catalytic activity of MM
nanostructured electrodes. Pt and Co have different crystallography
parameter, and its unit cell were simulated here using the
computational package Carine Crystallography 3.1 [55] using
appropriated crystallography information files [56]. As observed on
Fig. 2-inset, Pt is face-centered cubic and its unit cell volume is
62Å3. On the other side, cobalt is hexagonal-close packing and its
unit cell volume is 22Å3. Analysing the large difference between Pt
and Co unit cell volume, a compressive strain is expected due to the
difference in the lattice constant comparing topmost Pt surface and
Co underlying. The consequences of this change in the electronic
parameters is, in such way, the change of some electrocatalytic
processes and a tuning the electrocatalytic activity, which will be
discussed below.

The CO stripping voltammogram is presented on Fig. 3 for Ptpc/
Co/Pt MM nanostructure and Ptpc electrodes and it is in agreement
with literature [57]. As observed, the current values associated to
the H desorption region is complete suppressed. Evidence of the
COads saturation coverage was the complete blocking monolayer.
Fig. 3 shows that two different regions can be distinguished for
both surfaces: i) the so-called pre-ignition potential region
(E< 0.55 V) and ii) the potential regionwhere sharp stripping peaks
are observed on the cyclic voltammogram (E> 0.55 V) [57]. More-
over, there is a distinct broad peak at ca 0.75 V before the main
sharp peak of CO stripping for Ptpc. This type of behaviour can be
related to the mobility of the forms of CO, as linear, bridge and
threefold on the surface of the electrode [58,59]. Analysing Fig. 3 it
is possible to observe that the sharp stripping peak was shifted 130
and 68mV towards more negative potential values for Ptpc/Co10/Pt5
and Ptpc/Co5/Pt10MM nanostructured compared to Ptpc, respec-
tively. One possible explanation is an improve in the electro-
catalytic activity for MM nanostructured surfaces compared to Ptpc
electrodes.

Zhang et al. found similar results studying Pt and PtCo catalysts
dispersed on polypyrrole-multiwall carbon nanotube (PPy-
MWCNT) matrix for methanol electro-oxidation [60]. The authors
also observed that the sharp CO stripping peak shifted towards
negative potential for PtCo/PPy-MWCNT compared to Pt/PPy-
MWCNT and Pt/C [58]. According to Watanabe et al. the reason
for improvement of CO-tolerance is that electronic structures of Pt-
Co alloys are apparently different from that of Pt [61], which is
applicable in the MM system. The authors observed using XPS, that
Pt 4f7/2 energy bonding in Pt-Co alloys is lower than that in pure Pt,
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which benefits the desorption of CO at low potential [59]. Medlin
et al. studied the Pt/Co/Pt(111) surfaces d-band center distribution
near the Fermi level using theoretical methods (DFT) comparing to
Pt(111) [62]. According to the authors, Pt/Co/Pt(111) could exhibit a
compressive structure, once that its center of d-band is shifted to-
wards more negative values and the density of occupied states near
the Fermi level is lower than Pt(111) surface [60]. Finally, in a more
realistic model surfaces, Sugawara et al. studied CO electro-
oxidation over Pt0.3nm/Co0.3 nm/Pt(111) multilayer electrode
compared to Co0.3 nm/Pt(111) surface using electrochemical in situ
FTIR [52]. The authors observed that the C-O stretch frequencies of
adsorbed CO depend strongly on the structure and composition of
the topmost part of the surface. According to the authors, the center
of linearly-bonded CO band observed for Pt0.3nm/Co0.3 nm/Pt(111)
multilayer electrode is shifted towards lower wavenumber
compared to Co0.3 nm/Pt(111) surface [52]. It suggest that the COL is
tight strength binding on Co0.3 nm/Pt(111) surface than on Pt0.3nm/
Co0.3 nm/Pt(111) multilayer electrode, which results in a highest
electrocatalytic activity for multilayer electrodes. These results
found in the literature are quite close that were found in the MM,
although the present work got such results with a modified poly-
crystalline platinum electrode, which is a great vantage in terms of
ease of manufacturing.

Linear voltammograms of Ptpc/Co/Pt metallic multilayer nano-
structured and Ptpc electrodes in the presence of methanol are
illustrated in Fig. 4.

Methanol electro-oxidation at polycrystalline Pt presents the
well-know oxidation profile [63,64] characterized by an oxidation
peak at 0.86 V during the anodic sweep. This peak in the linear
voltammogram appears at a potential where surface-bonded OH is
formed on Pt, and these species have an important role in methanol
electro-oxidation. The first process is attributed to oxidative
removal of adsorbed/dehydrogenated methanol fragments (e.g.
COads) by oxygen-containing species PtOH [65,66]. During this
process, COads, CO2, HCOOH, HCOH and HCOOCH3 are formed and
CO molecules reabsorb, poisoning the surface [61,62]. For higher
anodic potentials, it is known that, for primary alcohols, the main
species produced are HCOH, CO2 and HCOOH [63,64]. It is possible
to observe an enhancement on peak current density of about 35%
for Ptpc/Co10/Pt5 nanostructured metallic multilayer compared to
Ptpc electrode and the peak potential was shifted 100mV towards
Fig. 4. Linear voltammograms obtained for the electro-oxidation of 0.5mol L�1

methanol in 0.1mol L�1 HClO4, n¼ 50mV s�1 a) Ptpc, b) Ptpc/Co10/Pt5 and c) Ptpc/Co5/
Pt10MM nanostructures electrodes.
more negative potential values for Ptpc/Co10/Pt5 compared to Ptpc. It
can be indicated higher catalytic activity for Ptpc/Co10/Pt5 MM
nanostructured surfaces compared to Ptpc electrodes.

The higher complexity and several dehydrogenation steps
evolving in the methanol electro-oxidation compared to CO probe
molecule, results in a decreasing of about 58% in the peak current
density for Ptpc/Co5/Pt10 nanostructured metallic multilayer sur-
face. The peak potential was displaced approximately 20mV to-
wards more positive potential values for Ptpc/Co5/Pt10 compared to
Ptpc, which can be indicated lower electrocatalytic activity
compared to Ptpc.

Etman et al. studied the synthesis of Pt-Co nanoparticles on
MWCNT for methanol electro-oxidation in acidic solution [67]. The
authors observed an increase in the peak current density of about
300%, and the peak potential shifted 80mV towards more negative
potential values for Pt-Co/MWCNT compared to Pt/MWCNT [65].
According to them, this increasing in the electrocatalytic activity
can be explained by the fact that alloying Co together with Pt
lowers the electronic binding energy to enhance the C-H cleavage
reaction at lower potential values [65]. Additionally, CO oxidation
reaction can be facilitated by the presence of cobalt oxides, which
absorbs OH species [68]. Analysing the methanol electro-oxidation
over Ptpc/Co/Pt MM electrodes, the results could be explained by
the electronic interaction between the platinum exposed surface
and the cobalt intermediate, which can facilitate the CO oxidation
in smaller potentials resulting in the improvement of the electro-
catalytic activity for Ptpc/Co10/Pt5 nanostructured metallic multi-
layer surface in the methanol oxidation.

Electrochemical impedance spectroscopy (EIS) was used in or-
der to determine the charge transfer resistance during the meth-
anol electro-oxidation process at Ptpc, Ptpc/Co10/Pt5 and Ptpc/Co5/
Pt10MM nanostructured electrodes. Fig. 5 shows the Nyquist
spectra obtained in a solution of 0.5mol L�1 methanol in
0.1mol L�1 HClO4 at 0.8 V and the equivalent circuits used to fit
these data.

The Nyquist plot (Fig. 5a) shows a typical spectrum for Ptpc, a
compressed semicircle as response to a non-ideal capacitance
behaviour. In the other hand for the MM samples the semicircle
occurs just until 0.5 Hz for Ptpc/Co10/Pt5 electrode and until 1.25 Hz
for Ptpc/Co5/Pt10 electrode; below these frequencies they present an
Fig. 5. a) Nyquist plots of EIS for methanol electrooxidation electrochemically polar-
ized at 0.8 V on the Ptpc, Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10MM nanostructures electrodes,
b) Inset od Nyquist zoom of Ptpc/Co5/Pt10 data. T¼ 25 �C. c) Equivalent circuit used to
fitting the spectra data.
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inductive response. This inductive behaviour had been explained
by Muller et al. [69] using the kinetic theory derived by Harrington
and Conway [70] for reaction involving intermediate adsorbates:

CH3OH/COads/CO2 (1)

Moreover, it is possible to observe that for Ptpc/Co5/Pt10 (Fig. 5b)
the Rct is negative, which could be related to passivation of the
electrode surface. Melnik and Palmore indicated that the passiv-
ation of the Pt electrode during methanol electro-oxidation is due
to the reversible formation of oxide species [68]. The formation of a
system with bifurcation and oscillatory behaviour can also be
analysed in light of negative Rct [71]. Although a systematic
explanation about the Co and Pt deposition mechanism (Frank-van
der Merve [72], Volmer-Weber [73] and Stranski-Krastanov [73]) is
undertaken, the Co-Pt interdiffusion could also be considered as a
reason for Rct negative values. Shen et al. studied the Comonolayers
deposition onto Pt(111) using sputtering [73]. According to the
authors, the growth of Co monolayer onto Pt(111) belongs to
Stranski-Krastanov mode, and the activation energy and diffusion
coefficient for the Co-Pt alloy formation were 0.9 eV and
6.6� 10�11 cm2 s�1 respectively [74]. Nastasi et al. studied the Co/Pt
multilayers deposited onto Pt-coated(001) MgO(0001) using e-
beam evaporation [74]. The authors observed that the activation
energy for interdiffusion depends on crystal orientation, e.g., 1.1 eV
and 0.8 eV for (001) and (111) Co/Pt multilayers [75]. This Co-Pt
interdiffusion could be explained in light of an internal coherency
strains that increase the equilibrium vacancy concentration and
enhance atom mobility (normal to the film plane) in the Co layers.
Alternatively, the presence of low resistance diffusion paths, such
as dislocations, in the monolayers could be a different explanation
for this result.

Fig. 5c shows the equivalent circuits used to fit the impedance
data. In the first plane was assumed that mass transport limitation
does not occurs. Thus, in such way, in the lower frequency part of
the data is also regarding to electrode surface process. The Ptpc
spectrumwas fitted using a modified Randles model were the Qdl is
used to explain the pseudo capacitive behaviour at the electrode
surface; Rct is the charge-transfer resistance associated with
methanol electro-oxidation and the solution resistance is repre-
sented as Rsol. For the MM, besides the same circuit elements of the
Ptpc electrode, is used the Rads and Lads in series with other, which
are associated with the adsorption process of intermediates formed
during methanol electro-oxidation, both in parallel to the Rct 74.
The values of the circuit elements, as well as the c2 for each
adjustment, which confirms the good fit of the models used, are
presented in Table 2.

The charge transfer resistance obtained from simulation of the
impedance spectra were 26.4 k<SUP>O</SUP> cm2 and
10.0 k<SUP>O</SUP> cm2 for Ptpc and Ptpc/Co10/Pt5 MM nano-
structured electrodes respectively. Therefore, providing a faster
charge transfer kinetics rates during methanol electro-oxidation on
Table 2
Electrochemical area normalized values obtained of Rsol, Qdl, ndl, Rct, Rads and Lreac for
the electrodes samples.

Circuit elements Ptpc Ptpc/Co10/Pt5 Ptpc/Co5/Pt10

Rsol/kU cm2 33.0 30.5 23.3
Rct/kU cm2 26.4 10.0 �0.370
Qdl/mF sn�1 cm�2 4.43 11.8 1.28
ndl 0.925 0.901 0.795
Rads/kU cm2 e 8.86 0.329
Lreac/kH e 25.5 188
c2 1.60� 10�3 7.37� 10�4 2.39� 10�3
Ptpc/Co10/Pt5MMnanostructured compared to Ptpc electrodes and a
higher electrocatalytic activity.

Fig. 6 presents the Bode plots where is possible to see important
information associated to the frequency modulation. Thus, in
Fig. 6a is observable for the MM samples there is a small inflection
that is associated to the appearance of the inductive part. Besides,
as previously mentioned, such behaviour is not observed for the
Ptpc, which presents an increasing value of jZj until a plateau at its
maximumvalue. To that end, in Fig. 6b, also for the sample Ptpc, the
phase angle signal does not change, which is indicative of the
quadrant change in impedance. This fact is observed in the Pt/Co/Pt
samples, in especial for Pt/Co5/Pt10 that presents two quadrant
changes.

The inductive behaviour could be rationalized by postulating
slowness of COads coverage relaxation. The COads coverage de-
creases with increasing potential [76], but it takes some time after a
potential perturbation before the new steady-state coverage is
established and the corresponding current flows. This phase-delay
leads to the observed inductive behaviour on the spectra (Fig. 6b).
While Ptpc did not present an inductive part, Ptpc/Co5/Pt10 and Ptpc/
Co10/Pt5 MM nanostructured electrodes presented 24.5 and 188 kH,
respectively. Thus, the slowness of COads-coverage relaxation is
larger on Ptpc/Co5/Pt10 compared to Ptpc/Co10/Pt5, resulting in a
higher electrocatalytic activity of the second one. Wang et al.
studied PtRu/C and PtRu/C using Nd2O3 as dispersing agent for
methanol electro-oxidation [77]. The authors also observed lower
inductive values for electrodes with higher electrocatalytic activity
for, i.e. PtRu/C using Nd2O3 electrodes [75]. Therefore, the inductive
loop in methanol electro-oxidation indicates that the COads
coverage on Ptlayer surface decreases due to changes in the elec-
tronic properties and the decrease in COads leads to an increase of
Fig. 6. a) Bode Modulus and b) Bode Phase plots of EIS for methanol electrooxidation
electrochemically polarized at 0.8 V on the Ptpc, Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10MM
nanostructures electrodes. T¼ 25 �C.
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Faradaic current. A reasonable explanation for this observation is
that enough OHads groups on Ptlayer sites are formed, as can be
observed on the earlier water activation (0.45 V) in Fig. 4 for Ptpc/
Co10/Pt5 MM nanostructured electrodes. The as-formed OHads
groups are then used to oxidize COads to decrease CO poisoning,
generating more refreshed Ptlayer sites for methanol adsorption to
enhance the Faradaic current. As observed above Ptpc/Co10/Pt5 MM
nanostructured electrodes presents higher electrocatalytic activity
for CO and methanol oxidation compared to Ptpc system.

Therefore, such cobalt intralayer is fundamental to tuning
structural and electronic properties of multilayers. In order to probe
the electronic effects of cobalt intralayer, a small theoretical
ensemble based on Pt (100) and Pt/Co/Pt (100) were simulated, as
presented in Fig. 7 a and b, respectively.

The platinum lattice constant obtained was a0¼ 3.923Å for
both for Pt (100) and Pt/Co/Pt (100) system, which is in agreement
with experimental values a0¼ 3.920Å obtained using Rietveld
refinement [45]. However, the distance between layers were
d12¼1.9615Å, d23¼1.9964Å, d34¼1.9811Å and d12¼1.9615Å,
d23¼1.8420Å, d34¼1.8244Å for Pt (100) and Pt/Co/Pt (100) sys-
tem. Therefore, it can be observed that the insertion of a foreign
monolayer e.g. cobalt decrease the distance between interlayer
spacings. Such decrease leads to tuning the electronic and catalytic
effects of Pt-top most layer. Finally, as can be observed d12 were the
same for Pt (100) and Pt/Co/Pt (100) system, once that 2-botom
layer were kept freeze. Such decreasing along the interlayer spacing
can be explained in spotlight of well-know Heide et al. model
which explain how the surface atoms can be expected to relax [78].
This model predicts i) a small contraction for the first interlayer
Fig. 7. Theoretical ensemble based on: a) Pt (100), b) Pt/Co/Pt (100) and c) the shift d-band
PDOS) Pt atoms.
spacing; and ii) that the contraction is more pronounced for open
surfaces that for closed-packed ones. According to Scheffler et al.
[79] the physical basis of themodel is the Smoluchowski smoothing
of the electron charge density at the surface [80]. When a crystal is
cut to form a surface, the electron rearrange in order to reduce the
charge-density corrugation and by this way their kinetic energy.
This leads to a motion of the electron left on top of the surface atom
downward to the crystal resulting in an electrostatic attraction of
the top layer ins toward the rest. To the best of our acknowledg-
ment, this is the first report of interlayer spacings and its relation
with electrocatalytic properties, once that platinum lattice
parameter (a0) observed were the same for Pt (100) and Pt/Co/Pt
(100) system.

Two other effects are presented in Pt/Co/Pt (100) which can
explain its higher electrocatalytic properties compared to Pt (100)
system: i) a geometric effect arises due to a lattice strain introduces
by the epitaxial replacement of Pt atoms by Co intra-monolayer and
ii) electronic effect due to the bonding between Co-intralayer and
Pt-host metal which necessarily has a different electronic config-
uration. The synergism of both effects acts in order to tuning the
reactivity of Pt/Co/Pt (100) compared to Pt (100) system and can be
studied using the energies of d-band centers (εd).

The shift of d-band center were calculated as the center of
gravity of d-state's projected density of states (d-PDOS) of Pt atoms,
as presented in Fig. 7c. The d-band center obtained for Pt (100) and
Pt/Co/Pt (100) systemwere �2.491 eV and �2.799 eV, respectively.
Therefore, the presence of Co-intralayer shift the d-band center
0.308 eV towards negative values. Chen et al. also studied the
center of d-band for Pt (111) and obtained �2.44 eV [20], which
center shift calculated as the gravity center of d-states projected density of states (d-
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indicate that such data is in agreement with literature.
Once that sp bands of themetals are broad and structureless, the

d-bands are narrow, and small changes in the environment (such as
Co-intralayer) can change the d states and their interaction with
adsorbate states significantly. Also, according to Chen et al. the
interaction between adsorbates and transition metal surfaces
involve the entire d-band [20]. The high lying d-band center (close
to Fermi level) implies that antibonding states created by adsorp-
tion will lie above the Fermi level-thus they area empty states and
lead o strong adsorption. Therefore, according to our simulation Pt
(111) are more prone to exhibit strong adsorption with methanol
and by-products than Pt/Co/Pt (111) system,which induces a higher
electrocatalytic activity for nanostructured electrodes [6e10,37].

4. Conclusions

In this work, metallic multilayers nanostructured electrodes
Ptpc/Co/Pt, that uses a non-noble metal as an intermediate layer,
was developed for the methanol and CO electro-oxidation. The
electrode Ptpc/Co10/Pt5 showed improve in catalytic activity with
increases of 35% in peak current density and a displacement of the
onset toward more negative potentials. For the CO oxidation, a
displacement of 130 and 68mV towards more negative potential
values for Ptpc/Co10/Pt5 and Ptpc/Co5/Pt10MM nanostructured
compared to Ptpc was observed, which indicates weaker adsorption
energy for CO over the surface of the materials compared to Ptpc.
The Rct for Ptpc/Co10/Pt5 MM nanostructured during the methanol
electro-oxidation process was lower than Ptpc, also indicating an
improvement in the electrocatalytic activity for this electrode
compared to Ptpc, while the Ptpc/Co5/Pt10 electrode presented a
negative Rct, which may be related to electrode passivation or to
oscillatory processes. Thus, the use of metallic multilayers becomes
promising in studies about the methanol electro-oxidation.

Computational modelling indicate a decreasing in the lattice
spacing which affect the ligand/electronic effects and tuning the
catalytic properties for Pt/Co/Pt (111) compared to Pt (111) system.
Also, the insertion of a Co under-layer lead to a decreasing in the d-
band center observed for Pt/Co/Pt (111) system and probably a
weaker adsorption energy with methanol and by-products. Such
synergism of effects lead to highest catalytic activity observed for
Pt/Co/Pt (111) system. The theoretical effect of Pt (top-most layer)
and Co (under-layer) thickness is not well understanding yet. Based
on ensemble size, materials modelling concerning only few layers
data are observed on the literature. Therefore, this paper spotlight
the importance of the experimental and theoretical modelling of
layers thickness (under and top) in order to tuning the catalytic
effects.
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