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Abstract Carbon-supported platinum nanoparticles Pt/C
(NPs) are used in many fields of science. These kinds of
materials have been extensively studied in electrochemistry
due to the fact that they are applied in fuel cell technology.
Although there are a myriad of methods for Pt NP synthesis,
the need for obtaining Pt/C NPs with a good dispersion
(covering over the entire support), a narrow size distribution,
and clean surface (among other parameters) is far to be over-
come. On this sense herein we describe a very easy and quick
method of synthesis of highly dispersed Pt NPs followed by a
simple electrochemical cleaning step. The catalysts were elec-
trochemically characterized by studying their behavior in
0.5 M H2SO4 and also by using CO as a probe during the
CO electro-oxidation reaction (COEOR). This paper shows
how to obtain highly dispersed and clean Pt/C NPs that
produce very reproducible results. Besides, we demonstrate
how the presence of impurities negatively affects the electro-
chemical reproducibility of Pt NPs with a clear impact on their
catalytic activity.

Keywords Platinum nanoparticles . Microwave-assisted
synthesis . Cleaning process . Agglomeration of
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Introduction

There are a lot of methods to synthesize Pt/C NPs
[1–5]. Most of them consist in dispersing the desired
quantities of carbon, Pt salts, and water. The most
common way of obtaining this kind of catalyst is the
polyol method, in which the aqueous solution contains a
polyalcohol (most commonly ethylene glycol) [6]. The
NPs are obtained after boiling the dispersion for a few
hours, because during this process, the alcohol acts as
reducing agent and as surfactant at the same time [6].
Despite its simplicity, it is necessary to add some other
surfactant if metallic NPs with narrow size distribution
are required. On the other hand, the use of surfactants
commonly renders materials with important amounts of
impurities, which means that if they are not used with
proper care, the results obtained with these catalysts
have very poor reproducibility.

In the last years, researchers of Poitiers [7], Alicante
[8], and Leiden [9] have overcome the problem of
cleaning Pt NPs. These groups demonstrate that the
voltammetric response in sulfuric acid shows very well-
developed adsorption-desorption hydrogen-sulfate peaks
[7–9]. In [7] and [8], the authors obtained extremely
clean Pt NPs by using sodium polyacrylate (PA) as a
surfactant and a careful centrifugation process, which
allow cleaning and separating NPs with slightly the
same size and shape. In [9], the authors prepared the
NPs through two methods, in one case the same method
used in [7] and [8] was utilized, and in the second
approach a similar process was used but changing PA
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by polyvinylpyrrolidone (PVP). They cleaned the NPs
very efficiently by using a mixture of H2O2 and H2SO4.
However, in these three cases the Pt NPs are not sup-
ported, being deposited on a flat gold electrode before
performing the electrochemical experiments.

In order to obtain results more closely related to the fuel
cells research field, it is crucial to perform experiments with
well-dispersed, narrow size distribution, and clean carbon-
supported Pt NPs. There are a lot of papers connected with
this topic in the literature, but, unfortunately the success in
obtaining Pt/C NPs with those characteristics is quite poor.
Other undesired fact is that the literature is plenty of papers
where the electrocatalytic behavior of NPs is analyzed, but
these materials are not properly clean. Also, most of these
works do not show (or even discuss) the uncertainty in the
analysis. In a previous work, we investigate how the
electro-oxidation of glycerol is affected by the degree of
cleaning of Pt NPs [10] and mention that different tradi-
tional cleaning procedures as that mentioned in [7–9] and
washing with several solvents as water, acetone, ethanol,
etc. are not able to efficiently clean the NPs anchored on a
carbon support. In this sense, here we delve into the ques-
tion of the influence of NP cleaning degree in its electro-
chemical response, by using CO as a probe molecule.
Moreover, we obtained NPs with a high degree of disper-
sion over the support and improved the control over the
cleaning process.

Taking into account the very interesting results obtained by
using PA we decided to use this surfactant in the polyol
method, which allows obtaining NPswith excellent dispersion
over the carbon support and with a narrow size distribution
NPs. Besides, using a regular microwave to assist the synthe-
sis, the time was reduced from some hours (typically 1–3 h) to
90 s [11–13].

Experimental

Synthesis of Pt NPs

Pt NPs/C were synthesized by using the polyol method. In
this case, we used the protocol followed in a previous work
[14] but with some modifications. Briefly, we mixed 8.8 mL
of 1.74.10−2 M of H2PtCl6, 120 mg of Carbon Vulcan
XC72® (20 % Pt), and 38 mL of solution 3:1 of ethylene
glycol (EG)/water. In this protocol, we replaced the polyvi-
nylpyrrolidone (PVP, commonly used during the synthesis of
Pt NPs) by sodium polyacrylate (PA). The vessel containing
the mixture was heated during 90 s using a household micro-
wave oven, as described in [11]. Three different syntheses
were performed by varying the PA/Pt ratio (the ratio was
adjusted to 0, 0.5, and 5).

Preparation and Characterization of the Electrodes

Electrochemical experiments were carried out employing
a three-electrode cell in aqueous acid medium. Carbon-
supported NPs were used as a working electrode, while
a high area Pt electrode was used as counter electrode
(CE), and the potentials were measured against a revers-
ible hydrogen reference electrode (RHE) in the same
electrolyte and are presented in the same scale. The
working electrode was prepared as follows: a polycrys-
talline gold disk of 0.5 cm2 of geometric area used as
support was first polished to a mirror finish and rinsed
in alkaline KMnO4 solution and acid H2O2 solution.
Afterward, the disk was thoroughly washed with Milli-
Q® water and heated on a plate at 50±2 °C. Mean-
while, 1 mg of the Pt/C powder was dispersed in 2-
propanol and 50-μL Nafion® 5 % by ultrasonic bath for
30 min in order to obtain a highly homogeneous dis-
persion. Then, an aliquot of 25 μL from the dispersion
and 50 μL of diluted Nafion® solution (1 mL of
Nafion® 5 %:20 mL of 2-propanol) was applied over
the disk. Before each experiment, the electrode was
washed with water with the aim of pulling out some
particles not well adhered. All electrochemical runs
were performed at 25 °C. An aqueous solution contain-
ing 0.5 M H2SO4 under oxygen-free conditions was
used to perform the electrochemical cleaning, to charac-
terize the electrode surface, and to test the electrochem-
ical activity of Pt NPs toward CO electro-oxidation
reaction (COEOR).

TGA curves were obtained in a TGA Q50 (TA
Instruments-Waters, LLC) equipment. N2 was used as balance
with a purge rate of 40 mL min−1. The sample gas was an
oxidant atmosphere (synthetic air), with a purge rate of
60 mL min−1. The heating rates were of 10 °C min−1. Masses
of all samples were around 3 mg. Platinum pans were used for
all measurements.

X-ray diffraction patterns (XRD) of the samples were
recorded in a Bruker D8 powder diffractometer equipped
with a monochromatic CuKα X-ray source and an inter-
nal standard for silicon powder. The diffractometer is
also equipped with a göbel mirror in the incident beam
and a parallel-slit analyzer in the diffracted beam. Dif-
fraction data were collected by step scanning with a step
size of 0.02° 2θ in the range 5–90°, with a scan step of
2 s.

TEM and HR-TEM experiments were performed in a CM
200 Philips transmission electron microscope before and
after the electrochemical treatment of the catalyst. The mi-
croscope operates with a LaB6 emission gun. TEM is
equipped with an ultratwin objective lens, and it was oper-
ated at 200 keV.
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Results and Discussion

Characterization of the Catalysts

Figure 1 shows the thermal gravimetric analysis (TGA) for
the Pt/C catalysts with PA/Pt ratios of 0, 0.5, and 5.0. The
weight loss curves show that the processes of thermal
decomposition occur in 3, 4, and 3 steps, respectively.
The first loss of mass happens between 262 and 272 °C
(the exact temperature is dependent on the catalyst) and is
probably due to the elimination of some residues of eth-
ylene glycol and water. The second loss of mass occurs in
a range of temperatures (260–460 °C) and is more intense
than the first one, meaning that more than a half of the
initial masses are lost. For PA/Pt=0.5 the weight loss
takes place in two steps. Nearly 40 % of the mass is lost
between 263 and 460 °C, followed by a second fall
between 460 and 520 °C. The exact cause of this unique
behavior observed for PA/Pt=0.5 is beyond the scope of
this work but will be investigated in the due course. This
second weight loss is attributed to the thermal decompo-
sition of both PA [15] and Carbon VULCAN XC72®
[16]. After a thin plateau, a last decrease of mass is
observed at temperatures ranging 450–630 °C (again, each
catalyst presents a specific temperature), probably related
to the oxidative decomposition of carbonaceous residues
formed in the previous step or to the oxidation of carbon
atoms which interact more strongly with the metal. At the
end of the heating procedure, the remaining masses are
due to platinum. The final mass for PA/Pt=0.0 corre-
sponds to 10.1 % of the initial one, suggesting that part
of platinum is not reduced (or lost for processes as, e.g.,
dissolution) when PA is absent. For the catalysts synthe-
sized in the presence of PA, the final masses are of 17.5
and 16.1 % of the initial mass for PA/Pt=0.5 and PA/Pt=
5.0, respectively, which could mean that the metal load is
lower than the nominal composition (20 %). However, the

presence of important amounts of residues from the syn-
thesis (that do not account for the mass of platinum)
cannot be discarded.

TEM and HR-TEM micrographs of the as-prepared NPs
are shown in Fig. 2. Size distribution histograms (not shown)
have been drawn taking the information of several images as
those shown in Fig. 2. Table 1 exhibits the Pt NPs size for all
the catalysts, before and after the cycling procedure (see next
section). Both, the NP size mean value and the corresponding
standard errors are informed. The histograms were fitted with
a log-normal distribution.

Figure 2 shows that when low amounts of PA are used (PA/
Pt=0 and PA/Pt=0.5), a lot of particles agglomerate (which
makes the determination of the NPs size more difficult and
less representative of the sample). For instance, HR-TEM
images (Fig. 2b, d, and f) exhibit NPs presenting different
shapes, most of them rounded and some with truncated forms.
However, when the PA/Pt ratio is increased to 5.0, the NPs
synthesized are smaller and better distributed over the carbon
support. Overall, results of Fig. 2 demonstrate the influence of
PA as an agent for the control of the NP average size.

Figure 3 shows the X-ray diffraction pattern corresponding
to the as-prepared NPs supported on carbon. The X-ray spec-
trum exhibits both the peak corresponding to VULCAN
XC72® and those peaks corresponding to Pt nanoparticles.
The peak corresponding to the (002) reflection of the carbon
structure is clearly seen in the diffractogram. It confirms the
presence of graphitic planes in the structure of carbon VUL-
CANXC72® . All the other peaks correspond to Pt NPs. Here
we assume that the broadening of the peaks is mainly due to
the small particles size. In consequence, from the broadening
of the peak corresponding to the (111) reflection of Pt (this
peak is the more intense and less affected by the measure-
ment’s noise) combined with the use of Scherrer equation it
was possible to estimate the crystallite size. Results in Table 1
demonstrate that sizes determined by TEM and XRD follow a
similar trend. Thus, PA seems to act lowering the NP and
crystallite sizes. Besides, the fact that these values are similar
confirms that these Pt NPs are mostly single crystals as also
can be deduced from the HR-TEM images.

Electrochemical Characterization of the As-prepared Catalyst

The electrochemical characterization was carried out in 0.5 M
H2SO4 and also by studying the CO electro-oxidation reaction
(COEOR). In all cases, the surfaces of the fresh NPs are
partially blocked, and consequently, the characteristic
voltammetric features deviate from that of clean carbon-
supported Pt NPs [10]. Therefore, in order to get a general
view of the cleaning and degradation process of our catalyst,
the NPs were submitted to 50 voltammetric cycles between
0.05 and 1.45 V in 0.5 M H2SO4. This procedure was
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Fig. 1 TGA data of PA/Pt=0 (black line), 0.5 (red line), and 5.0 (blue
line) in synthetic air. Heating rates were of 10 °C min−1
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monitored by analyzing the features of the voltammogram of
Pt in acid solution.

Figure 4 shows a progressive change of the voltammetric
profile with the number of cycles for PA/Pt=5.0 (all catalysts
follow a similar behavior). On this sense, cyclic voltammetry
(CV) is a very useful tool to evaluate the surface state of a
huge variety of materials. In the case of Pt, the fact that the
response of this material (Pt bulk) in several electrolytes is
well known makes the voltammetric response with number of
cycles a unique in situ evaluation tool in a very simple and
sensitive manner. At the beginning of the potential cycling

(cycle 2, black line), a typical response of a Pt blocked surface
can be seen, in which H– and O-electroadsorption and
electrodesorption are hindered. Nevertheless, as the electrode

Fig. 2 TEM and HR-TEM
images of PA/Pt=0 (a, b), 0.5 (c,
d), and 5.0 (e, f). The NPs
synthesized with lower amounts
of PA (a–d) are larger than PA/
Pt=5.0 (e, f). In (e, f) the particles
are visually better distributed over
the carbon support and present a
small agglomeration degree

Table 1 Pt NP size distribution before (as-prepared) and after (cycled) 50
voltammetric cycles. Results obtained after DRX result fitting are shown
in the last column

Sample Fresh NPs size / nm Cycled NPs
size / nm

Crystallite
size / nm

PAA/Pt=0 2.8±0.1 3.5±0.1 3.0

PAA/Pt=0.5 2.76±0.05 3.0±0.2 2.8

PAA/Pt=5 2.36±0.08 2.9±0.8 2.6
Fig. 3 X-ray diffraction spectrum for carbon-supported platinum NPs.
The angles corresponding to the planes of C and Pt are specified inside the
figure
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is cycled a progressive diminution of the currents is seen.
Consequently, we noted a decrease in the charge correspond-
ing to all voltammetric peaks, namely, (i) H adsorption-
desorption and (ii) Pt oxide formation and Pt oxide reduction.
Parallel to the cleaning process, we interpret this lowering of
current in terms of a loss in the electrochemical surface area
(ECSA, seen in Fig. 4b), probably caused by degradation and
coarsening of Pt NPs. Besides, the formation and reduction of
Pt oxides become more reversible, approaching the behavior
showed by clean polycrystalline Pt.

In order to quantify the effect of cycling on each catalyst,
we followed the change of relative H-electrodesorption charge
(expressed as the specific area) with the number of cycles
(Fig. 4b). Figure 4b shows similar behavior for the three
catalysts. At the beginning of the cycling protocol, ECSA
rapidly increases. Such increase is followed by the establish-
ment of a little plateau, which is somewhat dependent on the
amount of PA (an expected behavior, since different PA ratios
would generate NPs with different amounts of impurities and
different sizes). Afterward, the ECSA continuously dimin-
ishes up to the end of the cleaning process. As discussed in
a previous work [10], such behavior can be explained in terms
of different processes taking place during the voltammetric

cycling. Namely, the cleaning of NPs contributes to expose
more active sites to the solution and then to the increase in the
ECSA. On the other hand, once clean, these sites are more
exposed to processes as irreversible dissolution of Pt, Ostwald
ripening, and detachment of the NPs, which contribute to the
decrease of ECSA [17]. In order to follow such processes, we
performed TEM and HR-TEM with the cycled NPs and
confirm that this procedure generates important changes in
the catalyst (Table 1 and Fig. 5). TEM measurements (Fig. 5)
before and after the electrochemical cycling confirm the grow-
ing and agglomeration of nanoparticles with the cleaning
procedure. The fact that NP diameter increases with cycling
confirms the occurrence of ripening and/or coarsening. Be-
sides, as expected, this effect was more prominent on the
smaller NPs (PA/Pt=5). The general behavior of ECSA evi-
dences that in the early cycles the cleaning of NPs dominates
the changes in the ECSA, but subsequently, the processes
which produce a decrease in the ECSA become most impor-
tant. Interestingly, the specific features are different for the
three catalysts. PA/Pt=5 shows an increasing of ECSA during
the first cycles, indicating that the cleaning process is only
determinant at the beginning of the cleaning. Due to this result
and to the fact that PA/Pt=5 NPs are those which presented a

Fig. 4 a Cyclic voltammograms
obtained during the
electrochemical cleaning for
cycles 2 (black), 3 (red), 5 (blue),
10 (green), 20 (pink), and 49
(dark yellow) in 0.5MH2SO4. v=
0.02 V s−1. b ECSA changes for
the three catalyst as a function of
the number of potential cycles

Fig. 5 TEM images of PA/Pt=
5.0, before (a) and after (b) 50
electrochemical cycles
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better dispersion onto the carbon support and more uniform
sizes, we decided to repeat the electrochemical procedure only
with PA/Pt=5, but limiting it to 10 cycles, as an attempt to
avoid to damage the nanoparticles.

Electrochemical Characterization and Cleaning of PA/Pt=5
Catalyst

Figure 6 shows TEM images taken with fresh (Fig. 6a) and
clean PA/Pt=5 NPs (Fig. 6b), while Fig. 7a shows the
voltammetric behavior of the catalyst during the 10 first
cleaning cycles. Here is important to note that using the
voltammetric profile of electrodes containing carbon-
supported Pt nanoparticles and Nafion® (which is the most
common scenario in fuel cell research) as a criterion for
checking the cleaning of NPs is not a trivial task, since their
electrochemical response is markedly different from that of
bulk Pt.

As we pointed out before and will show experimentally, the
level of cleaning of this type of catalyst is crucial to obtain
reproducible results. Figure 4a, b demonstrates how the
voltammetric features of these materials change continuously
during cycling, since Pt NPs suffer important and irreversible
changes during all the cycling process, even after several
cycles. This fact imposes important restrictions to the analysis
because, unlike bulk Pt, here it is not possible to perform an
electrochemical cycling up to obtain a reproducible

voltammogram (indeed, it is possible, but the voltammograms
will tend to accommodate only after very important structural
changes, as agglomeration and coarsening of NPs).

Other interesting behavior (Fig. 7a) concerning this mate-
rial is that the cycling strongly affects the Pt oxidation domain,
while producing only minor changes in the H desorption
region. Such discrepancies suggest that the poor definition
of the H adsorption-desorption peaks is an intrinsic character-
istic of this type of electrodes.

Taking into account that the Pt oxidation region is the most
affected by the presence of impurities on the surface of NPs,
we decided to use this region to monitor how the NPs evolve
during the cleaning procedure. As stated before, in this region
we have several processes which contribute to the total charge
(QT) measured in the Pt oxidation domain, namely:

1. Reversible oxidation of Pt to form oxides (QPt−PtOx
).

2. Irreversible oxidation of Pt to produce ions (QPt−Ptþn ).
3. Oxidation of carbon (QC−COx

).
4. Oxidation of impurities (Qimp).
5. And finally, a small and constant contribution from the

oxidation of Au disk can be seen between 1.40 and 1.45V
(QAu−AuOx

).

Thus, the global oxidation charge (QT) obtained by inte-
gration of the currents in the Pt oxidation region can be
assumed to be the sum of all these contributions:

Fig. 6 HR-TEM images of PA/
Pt=5.0, before (a) and after (b) 10
cleaning cycles

Fig. 7 a Cyclic voltammograms
obtained during the
electrochemical cleaning for
cycles 1 (black), 2 (red), 3 (blue),
6 (green), 9 (pink), and 10 (dark
yellow) in 0.5 M H2SO4. v=
0.02 V s−1. b Normalized
hydrogen oxidation charge and
NCE parameter vs. the number of
cleaning cycles
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QT ¼ QPt−PtOx
þ QPt−Ptþn þ QC−COx

þ Qimp þ QAu−AuOx
ðaÞ

However, we can assume that the current due to the oxida-
tion of gold is nearly constant (i.e., QAu−AuOx

¼ K ) and that
the currents generated by processes 1 and 2 are negligible
compared to the formation of Pt oxides and to the oxidation of
impurities (otherwise, this kind of catalyst will be very unsta-
ble). Hence, the expression for QT can be simplified:

QT ¼ QPt−PtOx
þ Qimp þ K ðbÞ

Equation (b) implies that the oxidation of Pt and impurities
is responsible for the most important changes in the
voltammetric features during the first 10 cycles. Moreover,
the first term of Eq. (b) can be estimated by the charge

involved in the reduction of Pt oxides, since we can assume
that:

QPt−PtOx
¼ QPtOx−Pt ðcÞ

Then, if QPt−PtOx
is subtracted from Eq. (b), the following

expression is obtained:

QT−QPt−PtOx
¼ Qimp þ K ¼ NCE parameter ðdÞ

The difference between QT and QPt−PtOx
can be used to

monitor the NP cleaning evolution (NCE parameter), because
its value depends only on the oxidation of impurities. For an
easier comparison, we use the normalized NCE parameter,
which is the ratio between the NCE parameter measured at
any cycle and the one obtained for cycle 1.

Figure 7b shows the normalized hydrogen oxidation charge
(NHOC, which is proportional to the ECSA) and the normal-
ized NCE parameter, in function of the number of
voltammetric cycles. The observed changes for NHOC agree
with the presence of multiple operating processes causing
opposite effects, as already discussed. The increase of ECSA
caused by the cleaning of the surface dominates in the first 4 or
5 cycles. Afterward, the curve attains a maximum value
(observed between the 4th and 5th cycles in four independent
experiments) and then decreases continuously. On the other
hand, the NCE parameter shows a continuous decrease. Also,
the changes in the NCE parameter are ~100 times more
intense than those observed for NHOC. The NCE parameter
decreases abruptly in the first cycles (the NPs become cleaner)
and agree with the initial increase of ECSA (see Fig. 4b).
However, unlike the ECSA, this parameter remains
diminishing after the 6th cycle (where the processes

Fig. 8 Cyclic voltammograms obtained during the electrochemical
cleaning of Pt/C E-TEK®(20 wt%) in 0.5 M H2SO4. v=0.02 V s−1

Fig. 9 COEOR performed in
0.5 M H2SO4 on clean (a) and as-
prepared (b) PA/Pt=5.0 Pt NPs.
v=0.02 V s−1
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responsible for the decrease of the ECSA dominate the NHOC
behavior) and finally tends asymptotically to a constant value.

These experiments allow us to estimate the presence
of important amounts of impurities in the as-prepared
NPs. Such impurities, in turn, lead to uncertainties in
electrochemical experiments, as will be shown in the
next section. Thus, we decided to perform the same
experiments but using the catalyst of E-TEK® (Pt/C
20 wt%, Fig. 8), because results with this catalyst are
spread for all the specific literature. The results of
Fig. 8 are quite similar to those obtained with our
catalyst, presenting an important presence of impurities
that modify the electrocatalytic behavior of the commer-
cial catalyst.

COEOR on Pt NPs. The Relation between Cleaning of NPs
and Reproducibility

Figure 9 shows the CO-stripping voltammograms obtained
for PA/Pt=5 clean (after 10 cycles, Fig. 9a) and as-
prepared NPs (Fig. 9b). Figure 9a presents three indepen-
dent experiments obtained after 10 cleaning cycles in three
different samples, while Fig. 9b shows cyclic voltammo-
grams for four different samples without applying the
cleaning process. At a first glance, Fig. 9a, b shows
significant differences with regard to reproducibility. In
order to quantify those discrepancies we pay attention to
some important parameters, namely, (i) the onset potential
of CO oxidation (Eonset), (ii) the peak potential (Epeak),
and (iii) the current density at the peak (imax). Table 2
shows the values of these parameters obtained with clean
and as-prepared catalyst and the associated errors (standard
deviation (SD) and standard error (SE)).

As can be observed in Table 2, all the parameters
measured with unclean NPs present more dispersion
among them. The fact that the COEOR (on carbon-
supported NPs) is severely affected does not only ex-
plain the contradictory results found in the literature
over the years, but it is feasible to assume that this
uncertainty generates significant errors in the determina-
tion of current densities whenever the stripping of CO
is used for the estimation of ECSA. Besides, the max-
imum currents obtained for unclean NPs are approxi-
mately 20 % higher than those measured after the
cleaning process, probably because the oxidation of
impurities accounts for the currents of COEOR. This

result shows other source of error apart from the uncer-
tainty in the ECSA determination.

Conclusions

– The microwave-assisted synthesis of Pt/C NPs is a facile
way to obtain nanoparticles presenting a good dispersion
over the support and uniform sizes obtained, provided
that the proper amounts of PAwere used.

– However, the nanoparticles obtained by this method are
partially recovered by impurities left over during the
reduction process.

– These impurities impose a lack of control about the state
of the surface and generate electrochemical responses
poorly reproducible.

– The protocol adopted to clean the surface of the NPs
(successive cycles of potential) is able to remove the
impurities, but at the same time, the exposed active sites
suffer irreversible changes during the cycling process.

– We propose a simple method to follow the NPs cleaning
along cycles, which permit to determine the minimum
necessary cycles to obtain clean carbon-supported NPs.

– After a few cycles we observe a better reproducibility of
the catalytic response (toward the oxidation of CO) with
minimum damage of NPs.
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