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1. INTRODUCTION 

Synthesis and chemical and physical properties of metal 
nanoparticles (NPs) are currently of considerable interest because 
of their potential applications in materials science. This attention 
in the properties of these nano-objects has given rise to the need 
for the control of size, shape and monodispersity of the nanoparti-
cles. It was recently demonstrated that the decomposition of or-
ganometallic precursors in the presence of H2 or CO could repro-
ducibly lead in certain cases to metal NPs displaying a very nar-
row size distribution [1]. Chaudret and co-workers [2-7] have de-
veloped an organometallic approach to the synthesis of noble 
metal nanoparticles by mild conditions to decompose metal com-
plexes under dihydrogen. This method is suitable for obtaining 
monodispersed particles of very small size (1-2 nm) and perform-
ing coordination chemistry on their surface. Therefore, the use of 
organometallic precursors is now a well-established method for 

obtaining both controlled size and surface state nanoparticles un-
der mild conditions (room temperature and 1-3 bar of a reactive 
gas). As far as metallic nanoparticles are concerned, the common 
methods to stabilize the nanoparticles and control their growth is 
to use polymers [2,8,9] or ligands. These ligands may be relatively 
traditional (thiols [10-12], amines [6, 13, 14], phosphines [15–17], 
phenantroline [18, 19]) or more unusual such as the polyoxo ani-
ons used by Finke and coworkers [20, 21] or the fluorous ligands 
employed by Moreno-Mañas et al. [22, 23]. However, while it is 
well-known that the ligands will be determinant for inducing a 
specific reactivity to molecular complexes, little is known on the 
role of the ligands when coordinated to the surface of nanoparti-
cles and their effect on different catalytic reactions. In order to 
gain high performance materials, it is of paramount importance 
that nanoparticle size and structure have to be controlled and it is 
believed [2, 6, 13, 24–30] that low precursor concentration and the 
presence of stabilizing agents are necessary to obtain NPs of con-
trolled size. On the other hand, the proton exchange membrane 
fuel cell (PEMFC) is a highly attractive power source for mobile 
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and stationary applications due to its high power density at lower 
temperatures (55–95 oC) and its compact design. A large amount of 
work has been devoted to reduce the material costs of PEMFCs to 
achieve their widespread application, including the method of pre-
paring a Pt catalyst with a large specific surface area to minimize 
the amount (and cost) of Pt required for a given level of activity 
[31, 32]. In spite of the advantages shown by DMFCs, potentially 
high energy content per unit mass and environmental friendliness 
that surpasses any petroleum product, methanol (as a fuel) has dis-
played poor electrochemical reactivity in acid solutions, except at 
high electrode potentials. Therefore, a catalyst is required to acti-
vate the reaction [33]. 

Industrial catalysts used in fuel cells are dominantly made of Pt 
nanoparticles [34]. Platinum has the highest catalytic activity for 
methanol oxidation in acid solutions, but the activity and long sta-
bility of both platinum and platinum black electrodes are too low 
for practical considerations. For this purpose, a large amount of 
work has been devoted to reduce the material costs of DMFCs to 
achieve their widespread application, including the method of pre-
paring Pt and Pt-Metal catalysts with a large specific surface area 
to minimize the amount (and cost) of Pt required for a given level 
of activity [35, 36]. 

In previous work has been evidenced that the presence of donor 
ligands such as amines does not obstruct electron transfer for the 
oxygen reduction reaction [37]. As a continuation of such studies, 
in the current work, it is examined the feasibility of this method to 
use stabilized Pt NPs as electrode materials in Methanol Oxidation 
Reaction (MOR) in sulfuric acid solution. The obtained results 
were compared with commercial Pt/C NPs. The size and shape of 
the resultant nanoparticles were characterized by Transmission 
Electron Microscopy (TEM). The electrocatalytic activity of the 
electrode materials was investigated by cyclic voltammetry (CV) 
and ac impedance. The electrochemical experiments were per-
formed by the thin porous coating electrode technique, which has 
proved to be very useful to study and evaluate supported catalysts 
of the type used in this work [38]. 

2. EXPERIMENTAL 

2.1. Synthesis and preparation of catalysts 
The stabilized Pt catalysts, dispersed on vulcan carbon black, 

were obtained from the platinum precursor Tris 
(dibenzylideneacetone) diplatinum (0) or Pt2(dba)3, which was 
prepared by using a procedure reported elsewhere [39] from 
K2PtCl4 (Alfaaesar, 99.9%). The synthesis of nanoparticles was 
carried out in a Fischer–Porter bottle at room temperature to obtain 
platinum colloids. 

 
Three different compounds were employed to stabilize the plati-

num nanostructures; tert-butylamine, 1,3-diaminopropane and an-
thranilic acid using the following experimental procedure: Pt2(dba)3 
(0.036 mmol) was introduced in a Fisher–Porter bottle under argon 
atmosphere and 40 mL of Tetrahydrofuran (THF) previously dis-

tilled and degassed by freeze-pump cycles. Thereafter, 0.6 mmol 
(10 eq.) of tert-butylamine (Aldrich, 98%) or 1, 3-diaminopropane 
(Aldrich, 99%) or anthranilic acid (Aldrich, 98%) was added to the 
resulting violet solution. Then, the obtained dark brown solutions 
were pressurized under dihydrogen atmosphere (3 bar) for 20 h. 
Afterwards, a homogeneous black colloidal solution was obtained. 
The colloidal solutions were purified by hexane washings (to elimi-
nate the dibenzylideneacetone). Finally, the resulting black solution 
was evaporated in vacuum until the residue was completely dry. 
The one step synthesis of platinum nanoparticles was achieved 
according to following equation: 

 
Diffuse reflectance-FTIR spectra were recorded on a Perkin–

Elmer Spectrometer. GX (FT-IR) coupled with diffuse reflectance 
accessories. The samples have been prepared with a small quantity 
of each purified system and grounded with KBr (Aldrich, 99% IR 
grade) and pressed into a pellet. For the TEM analysis, a drop of 
each crude colloidal solution was deposited on a holey carbon 
coated copper grid. These analyses were performed on a JEOL-
2000 FX II electron microscope, operating at 200 kV. 

Glassy carbon discs were used as electrode supports. Before each 
experiment, the disc electrodes were mechanically polished by 
using emery paper, cloth and alumina powder (ca. 0.3 µm); and 
then electrochemically activated by pre-electrolysis. A suspension 
containing a 4:1 ratio of Vulcan carbon black / total metal (20 wt 
%) powders in deionized water was prepared, and the mixture was 
ultrasonicated for 30 min. Thereafter, the working electrode was 
prepared by attaching 3 μL of the solution onto the glassy carbon, 
and drying under a high purity argon flow at room temperature; the 
deposited catalyst layer was then covered with 4 µL of a diluted 
aqueous Nafion solution (ratio of Nafion/water solution 1:3). Fi-
nally, the electrode was immersed in a nitrogen purged electrolyte 
to record the electrochemical measurements. 

2.2. Electrochemical measurements 
Half-cell performance tests with a Lugging capillary were per-

formed in a three electrode cell. A Pt grid and a saturated calomel 
electrode (SCE) were used as counter electrode and reference elec-
trode, respectively. All the potentials in this paper are reported with 
respect to the standard hydrogen electrode (SHE). The electrolyte 
solution was prepared with deionized water Type I (18 MW) con-
taining 0.5M H2SO4 and 0.1M CH3OH. The electrolytes were satu-
rated with purified N2 gas. The electrochemical characterization of 
the catalysts was performed using cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) at room temperature 
in an AUTOLAB 30 potentiostat coupled to a personal computer. 
The cyclic voltammograms were adjusted in the interval ranging 
from −40 to 1450 mV vs. SHE at a scan rate of 20 mV s-1 during 50 
cyclic potentials scans. The charge of hydrogen oxidation can be 
obtained by integrating the CVs within the potential ranging from 0 
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to 400 mV vs. SHE. This charge is representative of the electro-
chemically active surface area of the deposited platinum particles. 
The impedance of the working electrode in the methanol concentra-
tion was also measured. The impedance spectra were obtained at 
two different electrode potentials over methanol oxidation reaction 
(400, 900 mV). During the measurements, the frequency was var-
ied from 104 to 0.01 Hz (ten frequency points per decade) with 
amplitude of the sinusoidal potential signal of 10 mV. 

3. RESULTS AND DISCUSSION 

3.1. FT-IR spectroscopy 
The diffuse reflectance spectra of Pt/(CH3)3CNH2 and Pt/1,3 

diaminepropane particles synthesized in THF are shown in Figure 
1a-b. For comparison also is showed the spectra for terbutyl amine, 
(CH3)3CNH2, 1,3-diaminepropane and dibenzylideneacetone. The 
spectra recorded on purified colloids shows slightly bands at 3903-
1540 corresponding to N–H and/or C–H stretching vibrations, thus 
confirming the presence of amine ligands near the surface of the 
particles. However, it cannot discard that some of these could be 
attributed to dba, arising from the Pt precursor, or to some of its 
derivatives. The tiny signals are due to the elimination of excessive 
stabilizer over metallic particles. In addition, it is well known that 
the stabilization depends upon the amount of amine and the sol-
vent, i.e. the fast exchange between free and coordinated amines to 

the surface of Pt particles. The excess of amine groups was neces-
sary to guarantee spherical nanoparticles. 

3.2. TEM analyses 
Figure 2a-c shows typical transmission electron microscopic 

(TEM) images of Pt nanostructures stabilized by different amino 
ligands prepared by an organometallic approach. Comparing TEM 
images and particle size distributions, the Pt nanoparticles dis-
played secondary structures which are formed with primary semi-
spherical particles. According to the histogram measured from an 
analysis of 200 particles in Figure 3; the 1,3-diaminepropane dis-
play the smallest particle size distribution ranging from 1 to 9 nm. 
Whereas, TBA and AA displayed particle size ranging from 6 to 18 
nm and 8 to 20 nm, respectively. The corresponding selected area 

 

(a)

(b)

(c)

20 nm 

Figure 2. TEM micrographs and their corresponding selected area 
electron diffraction patterns of platinum nanoparticles stabilized 
by (a) tert-butylamine (PtTBA), (b) 1,3-diaminopropane (PtDAP) and 
(c) anthranilic acid (PtAA). 
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dibenzylideneacetone 

cm-1 
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(b) 

1,3 diaminepropane 

Pt/1,3 diaminepropane 

dibenzylideneacetone 

Figure 1. Diffuse reflectance-FTIR spectra recorded after the puri-
fication step of colloidal solutions (a) Pt/ (CH3)3CNH2 and (b) 
Pt/1,3 diamine propane. 
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electron diffraction pattern (not shown here) confirms the presence 
of FCC platinum with interplanar distances and lattice parameters 
compared to those reported by JCPDS charts (04-0802), Table 1. It 
is noteworthy that the contributions of the ligands cause small dis-
crepancies in the interatomic distances (below 0.03 Å). This effect 
has been previously suggested by Rodriguez et al., using CO 
ligands on the surface of Pt nanoparticles [25], who found that 
depending upon the ligands present in the coordination sphere, the 
structure can be changed; however, in our case, amines are consid-
ered as “weak” ligands and cannot provoke significant structural 
changes as in the case of bulky ligands (triphenylphosphine) or CO. 
This phenomenon could be explained as follows: The nature of the 
atom at the center and surface of the cluster is different. At the 
center, the atom is saturated by other atoms, but at the surface this 
is not the case. The atoms at the surface are coordinately unsatu-
rated. That is why the capping agents, which are basically electron 
density donors, attached themselves at the surface of the nanocrys-
tals, as is the case with the amino groups. In addition, the role of 
these ligands it well known due to metal colloids are inherently 
unstable with regard to aggregation, which eventually leads to pre-

cipitation; however, capping these nanoparticles with a monolayer 
of judiciously selected molecules let to stabilize them not only with 
respect to aggregation but also against corrosive chemical reac-
tions. At short interparticle distances, two particles are attracted to 
each other by van der Waals forces in the absence of repulsive 
forces. The stability of suspensions of tiny solid particles in a liquid 
medium is ensured by the repulsion between the particles [40]. The 
adsorption of stabilizing agents to nucleated nanocrystals lowers 
the free energy of the surface and, therefore, the reactivity of the 
particles. Then, the stabilizers provide a physical barrier that pre-
vents the metal surfaces from contacting each other directly. They 
can also change the surface charge of a cluster and thus change its 
stability toward aggregation [41, 42]. The combination of the ener-
getic stabilization of the metal surface by the surfactant, the conse-
quences of charge-charge interactions, and the steric repulsion 
between particles prevent the system from forming aggregates [43-
45]. 

Afterward, the observed differences between the ligands used in 
this work can be related to the free energy surface and to the 
“weak” character of amine groups. We have recently been inter-
ested in the preparation of noble metal nanoparticles to control the 
shape and surface state of the particles when different amounts of 
amine ligands are present in the reaction medium [46, 47]. In these 
works, it was demonstrated that the stabilization and shape depend 
on the amine amount in the reaction medium and the coordinated or 
non-coordinated solvent. While low concentration of stabilizers can 
produce regular and noodle-like particle shapes or not stabilized 
nanoparticles, 10 eq. of stabilizer containing amine groups produ-
ced “sponge-like” particles [47]. Then, the presence of different 
ligands in this work also results in the characteristic “sponge-like” 
for the stabilized nanostructures starting from TBA and AA but in 
the case of 1,3-diaminepropane the particles are fairly polydisperse 
in size and shape; the polydispersity in nanoparticle sizes prevents 
the formation of agglomerate organized Pt nanoparticle assemblies 
with long-range order. The obtained larger arrangement of nanopar-
ticles (TBA and AA) grew at the expense of smaller ones via the 
Ostwald ripening process, where small nanoparticles dissolved and 
grew into larger crystals [48-50]. Consequently, the formation of 
uniform and well-shaped particles can be accounted for as a conse-
quence of balance between stabilization and crystal growth in the 
solvent. TEM analysis shows that the skeleton and functional 
groups of the stabilizer can interact more or less with the surface of 
the particles and could favor their growth in a singular shape. 
Briefly, the phase transfer and stability of Pt nanoestructures using 
with 1,3-DAP as stabilizer seems to be better than the others ob-
tained with TBA and AA. Although, the small size of the primary 
particles obtained with TBA and AA suggests that the synthesized 
systems could have a proper performance in the direct methanol 
oxidation reaction as electrode materials as it has been previously 
demonstrated with the oxygen reduction reaction [37] where, it was 
found that the amino compounds used as stabilizers did not inhibit 
the catalytic activity of the electrodes, mainly due to the electron 
donation effect from the nitrogen atom to the nanoparticle surfaces 
[48]. Moreover, it is widely accepted that the nitrogen atom con-
tained in the functional group of the stabilizers will not cause the 
poisoning of the Pt nanostructrures during methanol oxidation [49]. 
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Figure 3. Particle size distribution histogram of stabilized Pt nano-
particles using DAP as ligand and measured from figure 2(b). 
 
 

Table 1. Lattice parameters and interplanar distances obtained 
from SAED of stabilized Pt nanoparticles. 

Planes PtTBA PtDAP PtAA Pttheoretical 

(h k l) 

(111) 2.2818 2.2922 2.2818 2.2650 

(200) 1.9763 1.9921 1.9764 1.9616 

(220) 1.3716 1.4061 1.3905 1.3873 

(311) 1.1839 1.1840 1.1896 1.1826 

(331) 0.8996 0.8996 0.8884 0.9000 

Lattice parameter, a (nm) 0.3926 0.3956 0.3934 0.3923 

interplanar distances (Å)  
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3.3. Cyclic voltammetry studies 
Figure 4a shows typical cyclic voltammetry curves obtained after 

one, five, ten, twenty- five and fifty potential sweeps for PtDAP 
nanoparticles in 0.5 M H2SO4. This figure highlights the surface 
stabilization, and after several potential cycles, the current density 
shows a significant reduction in the typical hydrogen desorption 
peaks on continuous potential cycling up to its stabilization after 25 
potential cycles; although the tests were recorded up to 50 potential 
cycles to guarantee the chemical stability of the catalysts. The re-
sponse of these peaks is also slightly shifted to positive potentials.  

The dashed and solid lines with frame circles showed in Figure 
4b are typical stabilized CV responses of different PtTBA, PtDAP and 
PtAA catalysts at 20 mV s-1 in 0.5 M H2SO4. In order to observe the 
stabilizer influence, the positive limit was set below 1450 mV 
(SHE) and the negative at -40 mV, before the oxygen and hydrogen 
evolution reactions were respectively, reached. The current densi-
ties are referred to the geometric area, which allows estimating if 
diffusion-limited electro-oxidation of bulk solution species is 
achieved. PtBlack electrodes prepared from commercial ETEK 
nanoparticles with an average particle size in the range of 2-4 nm 
were also analyzed as a reference. In general, these CVs displayed 

evidences of Pt electrode features. Although in some cases, the 
typical hydrogen adsorption(Pt-Had)-desorption (Pt-Hdes) peaks of 
weakly and strongly adsorbed atoms are not well-resolved, in the 
potential range between 50 and 400 mV vs SHE, the peaks are 
related to the adsorption of hydrogen species. The observed volt-
ammetric behavior of the stabilized catalysts was very similar in 
shape to that of the commercial PtBlack; however, the strong rela-
tionship of the hydrogen adsorption-desorption features with the 
nature of stabilizer is evident; i.e. two anodic (desorption) and ca-
thodic (adsorption) peaks can be distinguishable for PtTBA and 
PtDAP, while in the stabilized Pt nanoparticles with anthranilic acid 
only one anodic peak is observed [49-51]. The so called “double 
layer region” is also observed in the potential range of 400-800 mV 
followed by the oxide region where the formation of monolayer 
oxide begins at ~800 mV. The capacitive current is slightly en-
hanced as a consequence of the presence of the stabilizer. This 
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effect was observed with the three electrodes; although for the 
TBA-stabilized Pt nanoparticles, this capacitive behavior is also 
accompanied by an improvement in the current density (shape of 
the CV profile). In this case, the PtTBA electrode is characterized by 
the following features: (i) Two adsorption-desorption hydrogen 
peaks, (ii) the hydrogen desorption continues over the double layer 
region even at potentials slightly higher than those observed for 
PtDAP and PtAA (iii) Pt–oxide formation occurs at a higher potential 
and oxide compounds are reduced at more positive potentials in 
comparison with PtBlack. The evaluated electrodes follow the oxide 
formation on platinum according to the typical reactions [52]. The 
corresponding oxide reduction peak appears as a single cathodic 
peak, although it has been found that the reactions occur in two 
steps [53, 54]. 

In these reactions, the reversibility depends on the charge in-
volved in the adsorption-desorption processes; therefore, it is clear 
that the behavior in the stabilized Pt electrodes is influenced by the 
nature of the stabilizer; in fact clear differences can be seen in the 
intensity and shape of the CVs when the stabilizer is present during 
the synthesis. From the results is evident that even the stabilized Pt 
particles showed higher particles size than that displayed by com-
mercial PtBlack, the behavior and surface area are comparable. The 
facts mentioned above suggest that the presence of suitable stabiliz-
ers on the nanoparticle surface modifies the dispersion, affecting 
their electrochemical behavior. 

To compare the influence of the stabilizer nature on methanol 
tolerance, the CVs of the methanol oxidation reaction were carried 
out on the stabilized Pt nanostructures in nitrogen saturated 0.5 M 
H2SO4 + 0.1 M CH3OH solution and the plots are shown in Figure 
5a-c. As a reference, the evolution of commercial PtBlack is also 
shown (Figure 5d). The SAED patters showed in Figures 5a-c on 
platinum nanoparticles prove that the order of magnitude of the 
mean diameter of metallic particles is still much smaller than 100 
nm after the preparation of Pt catalysts. The voltammograms 
scanned in the presence of methanol impose remarkable charge 
imbalance and appear stretched, then in such conditions it is impos-
sible directly to draw the zero current horizontal line. However, it 
is visible that all the three electrodes display some changes in the 
magnitude of current densities. In particular, among these Pt cata-
lysts, the current density of the methanol oxidation on PtAA is much 
lower than that observed on PtTBA and PtDAP electrodes. The peak 
potentials for methanol oxidation on the stabilized carbon sup-
ported catalysts shift to more negative potentials as compared to the 
PtBlack (Table 2), indicating that even though the stabilized Pt cata-
lysts displayed higher particle size than that showed for PtBlack a 
comparable catalytic activity (PtTBA and PtDAP) can be obtained; 
then, the choice of a suitable amino stabilizer can enhance the per-

formance of these Pt catalysts on MOR. The fact of that the peak 
current density for PtTBA (11.97 mA cm-2) has been comparable to 
that previously reported by other authors[55, 56] corroborates the 
assumption of a good catalytic activity when the Pt nanoparticles 
are stabilized with TBA and it is also in good agreement with stud-
ies using nanostructure electrodes on MOR[55, 56]. Small differ-
ences are also observed in the onset potential of methanol oxidation 
reaction (~350 mV); which indicates that all catalysts involved the 
formation of platinum hydroxide compounds and consequently, it 
is obvious that these hydroxide species are involved in the media-
tion of the methanol oxidation reaction, favoring the reaction even 
when the different amino groups are present [57]. 

In summary, the PtTBA nanoparticles have significant current 
densities and are comparable to the behavior of commercial cata-
lysts. The current density peak, appearing at different potentials, 

increases in the following order PtBlack  PtTBA> PtDAP > PtAA. Dur-

ing the backward sweep process, an anodic peak is detected at 
around 600 mV (SCE). The appearance of the prominent symmetry 
for PtTBA, PtDAP and PtBlack at this potential resembles the methanol 
electro-oxidation while PtDAP is far of a symmetric shape. In the 
backward scan, this peak has been attributed to the removal of in-
completely oxidized carbonaceous species formed in the forward 
scan in an electrolyte [58, 59]. The results can be explained as fol-
lows: The particle size distribution was fairly narrow, as show by 
the TEM measurements and the histograms, with deviations of 
about 10-20% in the different systems. The larger sizes of the AA 
and TBA could be attributable to the larger particles initially 
formed in the reaction, which causes that after the phase transfer 
occurs an agglomeration. Indeed, it is also necessary to consider 
that amino compounds function as steric (“ligand”) stabilizer for 
metal nanoparticles [60, 61], where the size and dispersibility of 
obtained Pt particles can be controlled by the chain length of al-
kylamines or amine group. Theoretical reports have shown that the 
different association behavior of the primary, secondary, and terti-
ary amines upon identical experimental conditions depends on the 
steric effect which is quite important during the stabilization of 
metallic particles [62]. Primary amines exhibit a high tendency to 
form large complexes and in specific conditions favors to forma-
tion of high-order clusters than their counterparts. Then, the ten-
dency to produce clusters from solution in the electrospary source 
may serve as an indication for a more general structural compe-
tence of specific building blocks to associate. Their different ten-
dency to form aggregates must therefore result from the differences 
in their sterical shapes rather than different acid-base interactions. 

In this work, it is also interesting to note that the CV curves have 
their own characteristics. For instance, PtDAP displayed shoulder-
like waves at 600 mV in the anodic direction, while PtTBA and PtAA 

only exhibit a single broad peak during methanol oxidation, which 
is similar to the commercial Pt nanoparticles, although in the last 
case, it displayed a relatively broad and large peak. The observed 
shoulder has recently been explained by assuming that CO reacts at 
the low potential steps [63], which acts as a catalysts poison. In this 
case, the continuous surface reaction between the CO and OH ad-
sorbed species [64] from water decomposition causes the formation 
of carbon dioxide according to the following pathway [65-69]:

Table 2. Onset of methanol oxidation reaction, potential and cur-
rent peak in the forward scan. 

Electrode Ep1(mV) ip1 (mA cm-2) Ei (mV) 

PtTBA 891 11.97 334 

PtDAP  893 8.32 365 

Pt DAP 822 6.4 396 

PtBlack 934 13.1 352 
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Then, the low activities obtained by using AA ligand in compari-

son with those obtained with PtTBA, Ptblack and PtDAP can be ex-
plained as follows: for methanol oxidation, at least three adjacent 
Pt sites are necessary to activate the chemisorptions of methanol. 
The probability of obtaining the three adjacent Pt sites on the stabi-
lized nanostructures with AA seems to be lower than that observed 
for their counterparts. The three stabilizers can be considered as 
weak coordination ligands that allow the access to the surface plati-
num nanoparticles (Figure 6). However, previous works related to 
alkylamine ligands used as stabilizers in metallic particles have 
shown that the amine group at the surface of the metallic nanoparti-
cles evidenced certain mobility that can lead to a temporary lack of 
amine on the platinum nanoparticle surfaces [4]. This temporary 
amine lack can be more easily reached in this case with TBA than 
that expected for DAP, which exhibited the lowest particle size. 
The presence of two amine groups contained in DAP can cause a 
better stabilization to platinum nanoparticles because of the coordi-
nation, but at the same time, it leads to less structures and more 
active sites. In the case of AA, it is expected to interact with the 
metal through the two oxygen atoms [46], hence AA could perhaps 
be more susceptible to leave exposed larger Pt surface areas, and 
thus form bigger aggregates than with TBA or DAP due to the 

lower coordination ability of oxygen to platinum with respect to the 
nitrogen atoms, but such susceptibility is affecting their stability to 
lead denser structures and less active sites. 

The previous results demonstrate several important points. 
Firstly, the use of a suitable ligand during the synthesis of Pt nanos-
tructures could modify the catalytic activity on MOR, ORR [37] or 
HER [46] because of the dispersion of particles provided by the 
coordination ligands on the metallic surface; secondly, they show 
that the molecular layers do not necessary act as blocking layers for 
electron transport, but modify the exposed surface area, which can 
facilitate the electron-transfer reaction to redox species in solution; 
finally, it has been found that stabilized Pt nanoparticles using TBA 
or even DAP exhibit an interesting electrocatalytic activity, and can 
facilitate the MOR. 

3.4. Electrochemical impedance spectroscopy 
analysis 

It has been proposed by different authors that impedance spec-
troscopy is a direct method to study the electrochemical processes 
involved in MOR [70, 71] and from these ones, the most common 
way to present the Nyquist and Bode diagrams as a function of 
electrode potential, which have shown special qualitative features 
depending on the potential [72]. For this reason, the electrochemi-
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Figure 6. Schematic representation of stabilized Pt nanoparticles: 
(a) PtTBA, (b) PtDAP and (c) PtAA. 
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Figure 7. Electrochemical impedance spectra of stabilized Pt cata-
lysts and commercial Pt black for the forward sweep at 400 mV 
over methanol oxidation reaction. Lines are the fits to the selected 
equivalent circuit. 
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cal studies were commented with EIS analysis to deeply investigate 
the catalyst behavior using two different electrode potentials (400 
and 900 mV). Nyquist and Bode spectra of supported Pt-stabilized 
catalysts in 0.5M H2SO4+ 0.1 M CH3OH at 400 mV are shown in 
Figure 7a-c. These values were fitted by using the inset equivalent 
circuit shown in Figure 7b. In the proposed circuit, Rs is the solu-
tion resistance, R2 can be attributed to the COads oxidation reaction 
resistance in parallel with a constant phase element (CPE1). The 
most accepted interpretation of the considered EIS data is that addi-
tional adsorbed species are present on the Pt surface such as CO, 
water, OH or oxides, but it is also agreed that the  turnover rate of 
all but one intermediate is fast, and in such a case, the adsorbed 
compounds behave as a resistance[73-75]. R3 is proposed as the 
charge-transfer resistance due to the methanol oxidation kinetics in 
parallel with the constant phase element (CPE2) associated with the 
capacitance of the double layer. The impedance of the CPE has the 
form of  and was used to simulate the depression of 
the semicircle in the complex plane; where Q is the capacitance 
relative to the average double layer parameter ; 
f, is the CPE exponent 0 £ f £ 1. The most widely accepted expla-
nation of the presence of CPE behavior and depressed semicircles 

on solid electrodes is microscopic roughness, causing a coupling of 
the solution resistance and the double-layer capacitance [71]. De-
tailed fitting results are listed in Table 3. After stabilization tests, 
the resistance solution (Rs) remains almost constant during electro-
catalytic evaluation; commercial nanoparticles (PtBlack) showed 
lower solution resistance (4.86 W cm2) as compared with its coun-
terparts. Even though, the solution resistance is due to the move-
ment of ionic species affected by concentration and temperature, 
(i.e. it is a bulk property), and independent of the interfacial proper-
ties of the electrode, it is reasonable to expect small differences 
because real electrochemical cells do not have uniform current 
distributions through a definite electrolyte area [76]. The COads 
resistance associated with interfacial properties of the Pt-stabilized 
nanoparticles and the corresponding resistances to charge transfer 
resistance showed important differences depending upon amine 
group used during catalyst preparation; which varies up to ~30 
times in magnitude as compared with that shown by PtBlack. It is 
well known that the magnitude of the semicircle is related with the 
activity of the electro-oxidation methanol kinetics [70-72]. The 
extent of the decrease in resistance indicates the increasing driving 
force for the methanol oxidation process. Then, the fitted parame-
ters shown in Table 3 clearly indicate that the TBA used as stabi-
lizer has a lower resistance than that shown by DAP and AA. These 
impedance results are also in good agreement with cyclic voltam-
metry and prove the assumption of the weak interaction of two 
oxygen atoms contained in AA at the surface of Pt nanoparticles. 

As electrode potential increases up to 900 mV, the characteristic 
EIS behavior begins to appear (Figure 7). In the case of PtBlack and 
PtAA, the diameter of the primary semicircle decreases considera-
bly, indicating a process active by potential, even the charge trans-
fer resistance tends to decrease. On the other hand, in the PtDAP and 
PtTBA electrodes, the semicircle began to increase and flips over the 
second quadrant of the complex plane. The shape of Nyquist plots 
matches the well-known different stages that can occur with the 
potential electrode during MOR with the increase of the potential 
electrode [70, 71]. Due to the fact that significant errors can be 
obtained when the data are fitted in the second quadrant in the Ny-
quist plots because of the reciprocal of small numbers crossing 
through zero and some slight change in this region at the different 
regions can be magnified, it was prudently considered not to pro-
pose an equivalent circuit at 900 mV. However, it is clear that the 
potential dependence of the involved resistances and the rate deter-
mining step are strongly modifying the impedance response de-
pending on the functional group present as stabilizer. Finally, im-
pedance spectroscopy of electron oxidation of methanol on stabi-
lized platinum nanoparticles indicates that although the ligands are 
modifying kinetically the MOR, this modification is only due to the 
stabilization of nanostructures leaving a higher exposed surface 
area. The adsorption strength of oxygenated species on Pt increases 
with decreasing particle sizes [57, 77], thus limiting the adsorption 
of methanol species and in consequence the turnover of all other 
intermediates is too fast to be detected. 

4. CONCLUSIONS 

The effect of amino groups used as stabilizers (ligands) to obtain 
Pt electrodes by using an organometallic approach was evaluated in 
MOR. Diffuse reflectance spectra confirm the presence of amine 
ligands near the surface of the metallic particles after the purifica-
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Figure 8. Nyquist plots for methanol oxidation on stabilized Pt 
nanostructures prepared by organometallic approach for the for-
ward sweep at 900 mV in 0.5M H2SO4+ 0.1 M CH3OH. 
 

Parameters Pt PtAA PtDAP PtTBA 

Rs (Ω cm2)    4.86      5.65    5.64   5.24 

R2 (Ω cm2)    3.74    18.10    9.46   3.54 

Yo1 (Ω
-1 secn)    0.34E-1   4.50E-3    6.91E-4   0.10E-1 

n1    0.79      0.66    0.59   0.72 

R3 (Ω cm2)  19.44  603  67.6 26.8 

Yo2 (Ω
-1 secn)    0.5688E-1      0.141E-1    0.5597E-2   0.310E-1 

n2    0.94      0.94    0.77   0.94 

Table 3. Fitting results of EIS measurements at 400 mV.  
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tion step. TEM studies demonstrated that the contributions of the 
ligands cause small discrepancies in the interatomic distances as a 
result of the interaction between the skeleton and the functional 
groups. The formation of uniform and well-shaped particles can be 
accounted for as a consequence of balance between stabilization 
and crystal growth in the solvent. Pt nanostructures using 1,3-DAP 
as stabilizer seems to be better (polydisperse in shape and size) than 
the others obtained with TBA and AA (“sponge-like” agglomer-
ates). The proposed Pt nanoparticles with amine ligands are stable 
in solution and could be easily precipitated out of solution as a 
powder and re-dispersed in different organic solvents without sig-
nificant variation in the particle size to prepare electrode materials. 
The as-prepared electrodes displayed a good stability after 50 po-
tential cycles which can be of great importance for industrial appli-
cations. The PtTBA electrode shows higher electrocatalytic activity, 
higher current density and lower transfer resistance as compared 
with those shown by the PtDAP and PtAA. The electrochemical per-
formance of the as-prepared materials showed the importance of 
the stabilizer nature and steric effect, allowing the access to the 
active sites of the nanostructures and contributing to the electron 
donation effect from the nitrogen atom of the amino group. Finally, 
the significance of this work is that the information concerning the 
shape, size, surface state and stability of noble metal nanostructures 
contributes to the enhancement of the electrochemical properties 
for a particular reaction, originating an important outcome for de-
veloping better electrocatalysts by means of a suitable ligand. 
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