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Abstract
Anodes and cathodes of fuel cells are usually composed of metallic nanoparticles (NPs)
dispersed on carbon, in order to increase their active area. Since the degradation of the
catalyst affects the performance of the fuel cells, understanding the stability of its components
is pivotal to make these systems more reliable. As such, graphene sheets and carbon nanotubes
have been employed as alternative supports to improve the stability of anodes in fuel cells.
In this context, we have used polyvinylpyrrolidone (PVP) combined with a one-step chemical
reduction induced by ethylene glycol to synthesize Pd NPs dispersed on chemically converted
graphene (CCG). We compared the electrochemical stability of Pd NPs supported on carbon
black (C), multi-walled carbon nanotubes (MWCNTs) and CCG. MWCNTs and CCG make Pd NPs
electrochemically more stable than carbon black. Pd/CCG catalysts are more stable than Pd/
MWCNTs during the first potential cycles, while Pd/MWCNTs showed a higher long-term stability.
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These results allow us to consider a competition between agglomeration of NPs and degradation
of the support, where the agglomeration seems to be limited by the available surface area of
the support.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

Hydrogen-based fuel cells are an alternative to produce
energy with low environmental impact. These devices
contain metallic nanoparticles (NPs) immobilized on carbon
support which are used as cathodes and anodes. However,
the electric field experienced by the NPs can provoke a
damage in their structure, caused by factors such as
(a) metallic dissolution [1], (b) oxidation of NPs with
subsequent redeposition upon larger ones (Ostwald ripen-
ing) [2], (c) coalescence due to migration and collision of
NPs with the surface of support [3,4], (d) detachment of NPs
due to carbon corrosion [5] and (e) superficial reorganiza-
tion of NPs [3]. Further details about the degradation of Pt/
C NPs can be found in a review of Meier et al. [6]. Overall,
such alterations can induce significant changes in the
electrochemical response of a catalyst [3,7,8]. Concerning
this subject, collective efforts have been made to synthe-
size stable Pt [9–11] and Pd NPs [12–14]. For instance, Sasaki
et al. reported a new class of stable PdAu catalysts with
minimum degradation [15].

Apart from the metallic degradation, the integrity of the
carbon support is one of the major factors affecting the
lifetime of a fuel cell since it anchors the NPs and works as
the electronic collector. Hence, the corrosion of the carbon
support greatly contributes to the electrochemical instabil-
ity of a catalyst [16,17]. In this sense, despite the efforts
that supports currently used Pt-based catalysts do not
present the durability required for commercial purposes
[16], as demonstrated by Mathias et al. for Vulcan carbons

XC-72R supports [18]. Unfortunately, finding substitutes for
the commercial carbon black is laborious, mainly because
there are few materials containing similar electronic con-
ductivity and equivalent surface areas [19].

In this context, multi-walled carbon nanotubes (MWCNTs)
and graphene appear as alternatives for Vulcan carbons XC-
72R in fuel cells applications [19]. Both supports present a
well-defined structure containing defects incorporated to
the sp2 network, while amorphous carbon exhibits a much
higher disorder and massive defective sites [20]. Graphene
can be obtained by oxidation of graphite (GR) [21], followed
by exfoliation to produce graphene oxide (GO). This carbon-
oxide presents characteristics (high surface/volume ratio,
high dispersion in aqueous and organic media, and numerous
functional groups on the surface) that make it broadly
applicable in electrochemistry [22,23]. Furthermore, GO
can be easily reduced (as described by Stankovich et al.
[24]) to produce chemically converted graphene (CCG).

Graphene sheets decorated with metal nanoparticles are
currently attracting special efforts due to their potential for
several applications [25]. Different approaches have been used
to synthesize dispersed metal NPs on the basal plane of grap-
hene [25], including pre-graphenization, post-graphenization
(the reduction of GO is performed after mixing the precursors)
and syn-graphenization (one-pot strategy) [26]. There are
essentially two ways to prepare metal/graphene nanosheets:
(1) simultaneous and (2) sequential reduction of GO and metal
precursors [27]. For such, solution-based techniques, where the
liquid wets the entire surface of graphene are generally
preferred [25]. It has been reported that metallic NPs not only
play an essential role in the catalytic reduction of GO, but also
prevent its aggregation and restacking (once reduced) by the
formation of graphene particle composites [27].

Lei et al. reported high electrochemical performance and
stability of a Pt/graphene catalyst assisted with polydiallyl-
dimethylammonium (PDDA) for PEM fuel cells [28]. By using
GO as precursor, Xu et al. prepared composites of graphene–
metal (Au, Pt and Pd) particles in a water–ethylene glycol
mixture and detected typical methanol oxidation profiles
during a cyclic voltammetry [29]. Liu et al. used the
ethylene glycol reduction method to prepare graphene
supported Pt NPs and found that this material presents a
better electrocatalytic activity and stability than carbon
supported Pt NPs in a borohydride fuel cell operating at
298 K [30]. As an alternative for Pt, Zhang et al. synthesized
Pd NPs on graphene sheets by one-pot process and used this
material to catalyze the electrooxidation of methanol and
ethanol [31]. The authors observed that this material is
superior to the commercial Pd–carbon supported catalyst in
terms of electrocatalytic activity and electrochemical sta-
bility [31].

Regarding studies in alkaline media, Pd catalysts have
revealed a remarkable catalysis towards the oxygen reduc-
tion reaction (ORR) [32–35]. For instance, Feliu and coau-
thors have recently investigated the ORR on Pd-nanocubes
and found that these materials present an enhanced
catalytic activity towards electroreduction of oxygen, which
was ascribed to the predominance of the Pd (100) surface
sites on the nanocubes [32].

In this sense, new studies addressing the electrochemical
stability of supports modified by Pd NPs are still necessary.
Here, for the first time, we have used PVP combined with a
chemical reduction method induced by ethylene glycol to
synthesize Pd NPs dispersed in carbon black, multi-walled
carbon nanotubes and chemically converted graphene in
order to compare the electrochemical stability of these
materials. Another novel aspect of this work is that although
a catalyst used in fuel cells might be stable under regular
operation, it can rapidly deteriorate under aggressive
conditions as start-up and shut-down tests, leading to more
severe changes of its morphology. Hence, we emulated
these aggressive conditions in electrochemical half-cell
experiments, subjecting the catalyst to thousands of suc-
cessive cyclic voltammograms. Ultimately, this protocol
provides reliable information about the performance of a
catalyst under controllable experimental conditions.
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Experimental

Solutions for synthesis were prepared using ethylene glycol
(J.T. Baker), PVP (40,000 g mol�1, Sigma Aldrich), PdCl2
(Sigma Aldrich) and 2-propanol (Vetec).

We prepared Pd NPs supported on Vulcan carbons XC-72R,
MWCNTs and CCG by using ethylene glycol and PVP (EG–PVP)
[36] in one-step synthesis [37]. The synthesis of NPs dispersed
on Vulcan carbons XC-72R and MWCNTs was made as described
elsewhere [7,38]. Briefly, an aqueous dispersion containing
PdCl2, the support and PVP were placed in contact with a
solution containing ethylene glycol/water 3:1 (v/v) and heated
at 150 1C for 2 h. The molar ratio PVP/metal was set to 0.3 and
the amount of palladium was calculated to obtain a metal load
of 20% (w/w). Afterwards, this dispersion was washed with
water and centrifuged at 4500 rpm for 1 h. This procedure was
repeated five times and the remaining dispersion was dried at
60 1C for 24 h. Prior to use, as received MWCNTs (Aldrich, O.
D.� I.D.� length 10–20 nm� 5–10 nm� 0.5–200 μm, Z95%)
were cleaned and conditioned for 2 h under reflux at 80 1C in
a 5.0 mol L�1 HNO3 solution, thoroughly washed with Milli-Q
water and filtered.

GO was synthesized from natural GR powder using the
method described by Hummers and Offeman [21] with slight
differences, as reported elsewhere [22]. The competition
between GO and Pd2+ for the reducing agent might limit the
amount of metallic nanoparticles and CCG sheets produced. In
this sense, we have followed the EG–PVP protocol using 2 and
10 h of reflux, producing NPs hereafter designated as Pd/CCG-
2 h and Pd/CCG-10 h, respectively.

The electrochemical stability tests were performed in a
three-electrode cell using an oxygen-free 0.1 mol L�1 NaOH
solution. For the preparation of working electrodes, 32 mL of
a 1.0 mg mL�1 Pd/support water dispersion were deposited
onto a 0.2 cm2 glassy carbon electrode (polished to a mirror
finish) to produce catalysts with a load of 160 mg cm�2. A Pt
plate was used as counter electrode. All the potentials were
measured against a Ag/AgCl electrode and recalculated to
the RHE scale. The catalysts were submitted to 10,000
cycles between �0.7 and 0.45 V vs. Ag/AgCl (0.2–1.35 V vs.
RHE). The lower vertex potential was chosen to avoid H2

adsorption/desorption, which takes place at potentials
lower than 0.2 V vs. RHE on Pd [39]. The electrochemically
active surface areas (ECSA) were estimated by using the
charge involved (420 mC cm�2) in the reduction of a mono-
layer of PdO [40]. The electrochemical experiments were
performed in triplicate.

As synthesized NPs were characterized by scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM) and high resolution TEM (HRTEM), X-ray diffraction
(XRD), Raman spectroscopy and N2 adsorption–desorption
isotherms. To evaluate the porosity of the materials, the
volumes of the micropores, were determined applying the
Dubinin–Radushkevich method (DR) [41]. The specific surface
areas were determined by applying the Brunauer–Emmett–
Teller (BET) equation to the N2 adsorption isotherms [42].

SEM images were recorded on a FEI field emission gun
(FEG) using a Nova-SEM 230 equipment, working at 5 kV. All
samples were assembled on aluminum stubs and coated with
gold to ensure good electronic conduction. The chemical
composition of the catalysts was determined by using an
EDX detector coupled to a SEM JEOL model JSM6380-LV. Two
samples of each catalyst were investigated in triplicate. The
Raman spectroscopy analyses were carried out in a labRam
HRU using JYV-Jobin Yvon equipment and a laser CDPS532-
DPSS at 24.3 mW. TEM and HRTEM analyses were recorded in
a CM 200 Philips transmission electron microscope, which
operates with a LaB6 emission gun. The microscope is
equipped with an ultratwin objective lens and it was
operated at 200 keV. The mean diameter of NPs was
determined by using the software Axio Vision SE64
Rel.4.8. X-ray diffractograms of the catalysts were recorded
in a Siemens model D5000 powder diffractometer, equipped
with a monochromatic Cu Kα X-ray source. Diffraction data
were collected by step scanning with a step size of 0.021
between 51 and 901. The porosity of the different supports
with Pd NPs was determined by physical adsorption of N2 at
�196 1C, in a Micrometrics ASAP 2010. The samples were
degassed at 150 1C under vacuum.
Results and discussion

Chemical composition and crystalline structure
of the catalysts

In this section, we describe the structure of Pd/C, Pd/
MWCNTs, Pd/CCG-2 h and Pd/CCG-10 h characterized by
XRD and Raman spectroscopy. The characterization of GO
can be accessed in reference [22].

Table S1 (Supplementary information) shows the chemical
composition in terms of mass, determined by six EDX
measurements. The carbon mass percentage of all samples
is shown in Table S2 (Supplementary information). Pd/C and
Pd/MWCNTs NPs present Pd compositions of 6.7% and 8.7%,
respectively, while the nominal composition was set to be
20% of Pd (w/w). Pd/CCG-2 h showed a nominal composition
of 18.8% of Pd, but even in this case a standard deviation
(SD) of79.4% was observed for six independent measure-
ments (Table S2). Some factors might contribute to the
differences observed between nominal and real composi-
tions. Namely, the time of synthesis was not long enough for
a complete Pd deposition on the support surface and the
unsupported Pd NPs might be randomly lost during washing
and centrifuging procedures. This result indicates a hetero-
geneous deposition of Pd throughout the surface, which
affects the electrochemical measurements (this issue will
be further discussed). On the other hand, the real composi-
tion of Pd/CCG-10 h was much closer to the nominal one
(�20% of Pd) with a lower SD, which reinforces the idea
that long times of synthesis are required for a full deposition
of Pd NPs onto the support.

The crystalline characterization of the Pd catalysts
determined by XRD is shown in Figure 1. The diffraction
peak at around 2θ=251 can be indexed to the (002) plane of
carbon [43]. All the other peaks can be assigned to Pd
planes [44], and the corresponding XRD patterns are coher-
ent to previous studies [45]. The (111) peak of Pd was used
to calculate the average crystallite sizes according to the
Scherrer formula [46]

t¼ 0:9 λ

β cos θ
ð1Þ
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Figure 1 XRD patterns of Pd nanoparticles dispersed over
carbon (black curve), multi-walled carbon nanotubes (red
curve) and chemically converted graphene for 2 h (blue curve)
and 10 h (green curve).
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where t is the crystallite size; 0.9 is an approximated
constant for sphere samples; β represents the half-width
of the diffraction peak; λ represents the wavelength of the
X-ray and θ represents the diffraction angle. The values
found were 6.7 nm (for Pd/C), 6.1 nm (Pd/CCG-2 h), 5.3 nm
(Pd/CCG-10 h) and 5.1 nm (Pd/MWCNTs).

Furthermore, Figure 1 shows that peaks corresponding to
Pd (111), (200), (220) and (311) planes are slightly dislo-
cated to lower degrees for Pd/MWCNT and Pd/CCG com-
pared to Pd/C. Such shifts in the position of the diffraction
peaks are feasible for samples with different degrees of
crystallinity in different supports and a value of 39.11 for Pd
(111) plane is reported for Pd/graphene [47]. Therefore,
assuming that each support is different in structure and
composition, the displacement of the diffraction peaks is
probably caused by the different interaction of the Pd
particles with these structures.

The degree of disorder of the carbon structure was
investigated by Raman spectroscopy. The spectra were
collected between 800 and 3500 cm�1 (Figure 2). A typical
graphene monolayer spectrum would present an intense
band at �1582 cm�1, the G band, and a second-order
spectrum dominated by a shoulder at �2717 cm�1, named
2D band [48], which is the overtone (second harmonic) of
the D band [49,50]. The D band, at �1340 cm�1, is absent
in defect-free graphite structures and its relative intensity
increases with graphitic disorder [49,50].

According to Figure 2, all catalysts present D and G bands
at �1340 and 1595 cm�1, respectively, indicating a certain
degree of disorder. However, all materials except for Pd/C,
present the second order spectra with well-defined peaks
between 2500 and 3500 cm�1, indicating that they have
some three-dimensional order. It is worth to mention that
these second order spectra are qualitatively similar to GO,
Pd/CCG-2 h and Pd/CCG-10 h, indicating similar structures.
On the other hand, the spectrum of Pd/MWCNTs is quite
different and indicates a different three-dimensional struc-
ture. At this point, it is important noting that regarding
their disorder degree, is difficult to quantitatively compare
the samples, because they present heteroatoms in their
structure (GO has oxygen while Pd is present in all other
samples). Usually, the intensity ratio of the D and G bands
(ID/IG) is considered to evaluate the extent of order/
disorder, as shows the inset in Figure 2. This ratio is
expected to increase with the degree of disorder in
graphitic materials [49,50]. Figure 2 shows that although
similar, the ID/IG values show a slight increase of the
disorder as GO is reduced to CCG, which agrees with the
literature [22,50].

Microscopic characterization of the catalysts

SEM images show that the surfaces of GO, Pd/CCG-2 h and
Pd/CCG-10 h are similar (Supplementary Figure S3A, B, C
respectively). Both GO and CCG reveal a smooth surface
containing hills. Furthermore, CCG shows thin lamellar
aggregates, in agreement with the literature [22,24,51–
54]. Supplementary Figure S3D and E show Pd NPs immobi-
lized on carbon and MWCNTs, respectively.

The deposition of Pd NP on CCG surface creates super-
ficial defects on the smooth CCG sheet (Supplementary
Figure S3B and C), which act as Nucleation Centers for
Clustering (NCC). Therefore, Pd NPs might migrate over the
support, coalescing in the vicinity of the NCC and generating
aggregates. The intrinsic structure of carbon and MWCNTs
supports (Supplementary Figure S3D and E respectively)
contains higher number of NCC than the smooth CCG
support. Hence, the virtually homogeneous distribution of
NCC promotes a better distribution of Pd NPs over carbon
and MWCNTs, in contrast to CCG.

The porosity of the catalysts was evaluated by N2 adsorp-
tion–desorption isotherms at 196 1C (See Supplementary Figure
S4). There is no detectable N2 adsorption on GO, indicating
the absence of available pores. The availability of pores
increases as GO is reduced and is very sensitive to the
deposition of Pd NPs, as demonstrated by the N2 adsorption,
which follows the sequence GOoPd/CCG-2 hoPd/CCG-10 h.
The pores with diameters ranging 2–50 nm (mesopores) are
especially available, as demonstrated by the higher values of
the isotherm at high relative pressures. Pd/C and Pd/MWCNTs
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present remarkably higher N2 adsorption in the whole range of
relative pressures.

All materials present low volume of pores, but their total
volume (VT=Vmicro+Vmeso) increases in the following order:
GOoPd/CCG-2 hoPd/CCG-10 hoPd/CoPd/MWCNTs, as
can be seen in Table 1. Pd/CCG-2 hoPd/CCG-10 h merely
because longer times of synthesis produce more graphene
(in its reduced form). Pd/MWCNTs and Pd/C are mainly
mesoporous, with Vmeso at around 0.3–0.4 cm3/g. In this
context, the helium density (ρ) can be used to estimate the
volume of pores (Table 1). Here, it is important to notice
that Pd NPs are not expected to present any detectable
porosity and then the porosity of each catalyst is mostly
determined by the support. Accordingly, high concentra-
tions of Pd in the catalyst do not imply high helium
densities.

The morphology and distribution of NPs were investigated
by TEM (Figure 3A–D) and HRTEM (Figure 3E–L). Pd NPs are
well dispersed on carbon and mostly spherical (Figure 3A
and I), although some agglomeration can be noticed (Figures
3A and 5E). On the other hand, TEM and HRTEM images of
Pd/MWCNTs (Figure 3B, F and J, respectively) show nano-
tubes absent of Pd and regions containing aggregates.
Figure 3F shows a helical Pd structure over the nanotubes.
This characteristic Pd deposition on carbon nanotubes was
previously reported by Cai et al., by using hexadecyltri-
methylammonium bromide in the synthesis [55] and rein-
forces that the deposition of Pd is sensitive to the
morphology of the support. The comparison of Figure 3C–G
with Figure 3D–H (CCG modified Pd NPs after 2 and 10 h of
synthesis and their corresponding high resolution images)
makes clear that the agglomeration effect during the
synthesis seems to be more intense on CCG. This result
corroborates the hypothesis of a stronger agglomeration
over smoother supports.

Although the presence of aggregates and the heteroge-
neity of the NPs hinder the identification of individual
particles by TEM, we estimated the average size after
counting 300 NPs of each catalyst, as show the histograms
in Figure 3A–D. Considering the standard deviation (SD), the
catalysts presented similar average sizes. In general, these
values are consistent with the average crystallite size
calculated by XRD, and the minor differences seem to be
not significant for the present analysis.
Evaluation of the electrochemical stability of Pd
NPs dispersed over different supports

Studies of catalysts for fuel cell typically involve the monitoring
of their electrochemical stability [3,6,10,36,56,57]. Although a
Table 1 Texture parameters of GO and Pd/C, Pd/MWCNTs, Pd

Catalysts SBET (m2/g) Vmicro (cm3/g)

Pd/C 90 0.034
Pd/MWCNTs 99 0.036
GO – –

Pd/CCG-2 h 9 0.004
Pd/CCG-10 h 32 0.012
catalyst used in fuel cells might be stable under regular
operation, it can rapidly deteriorate under aggressive condi-
tions as start-up and shut-down tests, leading to more severe
losses of its surface area [58]. These aggressive conditions can
sometimes be simulated in electrochemical half-cell experi-
ments, subjecting the catalyst to successive cyclic voltammo-
grams [6]. Although this protocol cannot reproduce all the
phenomena taking place into a fuel cell [59], it provides
reliable information about the performance of a catalyst under
controllable experimental conditions [6]. Usually, the stability
of a catalyst is evaluated by monitoring its electrochemically
active surface area during an electrochemical protocol, which
involves cyclic voltammetry [3,6,10,36,56,57].

In order to evaluate the stability of one-step synthesized
Pd NPs we submit these materials to 10,000 cycles of
potential at a high scan rate (1.0 V s�1) and compare their
performances with a homemade Pd/C catalyst (Carbon
black was chosen since it is the most spread in the literature
and because it is used in fuel cells technology). The broad
potential range and the high scan rate were purposely
chosen because they simulate extremely aggressive condi-
tions. Figure 4 shows representative voltammograms of the
catalysts. The PdO reduction peak (during negative poten-
tial going scan) occurs at �0.5 V for all catalysts. Pd/C
shows more defined peaks than the others catalysts
(Figure 4A) while Pd/CCG-10 h presents the most prominent
peaks for the formation/reduction of PdO among all cata-
lysts. This evidence is in line with the work of Hsieh et al.,
who have found that Pt/G NPs synthetized at 150 1C for 12 h
present high electrochemically active surface areas [37].

The PdO reduction peak on MWCNTs is initially broad and
becomes progressively sharper while shifts towards more
positive potentials during the potential cycling (Figure 4B). A
similar behavior can be seen for Pd/C and Pd/CCG-10 h,
Figure 4A and D, respectively. The displacement of the peak
cannot be fully understood due to the superimposition of a
myriad of effects which contribute for degradation of the
catalyst, as aforementioned, but based on numerous literature
data, one of the reasons for this observation might be a change
of Pd particle size. Moreover, the currents corresponding to the
double layer region are sensibly higher for MWCNTs [60] and
CCG compared to Pd/C, which merely illustrates the relative
high capacitance of these supports [22,31,37]. These massive
capacitive currents combined with a possible electron transfer
from carboxylic groups probably contribute to a distortion of
the electrochemical profiles presented in Figure 4C and D.
Moreover, we cannot ignore the possible encapsulation of Pd
NPs by graphene sheets, which accounts for increase in the
capacitance of the material. Overall, the electrochemical
profiles of Pd/CCG-2 h and Pd/CCG-10 h are coherent with
those results observed for similar systems [22,31,37].
/CCG-2 h and Pd/CCG-10 h NPs obtained by BET isotherms.

Vmeso (cm3/g) VT (cm3/g) ρ (g/cm3)

0.32 0.35 2.284
0.43 0.47 2.523
– – 1.619
0.05 0.05 1.661
0.13 0.14 1.856



Figure 3 TEM, HRTEM micrographs and average size histograms distribution of (A) Pd/C, (B) Pd/MWCNTs, (C) Pd/CCG-2 h and
Pd/CCG-10 h.

147Remarkable electrochemical stability of one-step synthesized Pd nanoparticles
The normalized electrochemical active surface areas
(calculated from the charge involved in the reduction of a
PdO monolayer and normalized by the initial area) are
shown in Figure 5 as a function of the number of voltam-
metric cycles imposed to the catalysts. The first experi-
mental evidence is the low reproducibility of the Pd/CCG-
2 h catalysts, especially during the first cycles (inset in
Figure 5). Considering that all NPs have the same residues of
synthesis on surface, the low reproducibility of Pd/CCG-2 h
can be assigned to its heterogeneity, as identified by EDX
analysis.

The averages of the initial real non-normalized ECSA for
Pd/C, Pd/MWCNTs, Pd/CCG-2 h and Pd/CCG-10 h were 0.94,
1.45, 0.45 and 0.48 cm2, respectively. The initial ECSA
values suggest that the superficial defects of carbon black
and nanotubes lead to a higher deposition of Pd compared
to graphene. Moreover, a concurrent possibility could be the
encapsulation of Pd NPs during the synthesis, which might



-0.4

-0.2

0.0

0.2

-1.1

0.0

1.1

-0.5

0.0

0.5

0.2 0.4 0.6 0.8 1.0 1.2 1.4

-0.5

0.0

0.5

Pd/C

Pd/MWCNTs

C
ur

re
nt

 / 
m

A

Pd/CCG-2h

 10
 100
 500
 1000
 3000
 5000
 7000
 10000
 GC

Pd/CCG-10h

Potential / V vs. RHE

cycles

Figure 4 Tests of electrochemical stability: representative
voltammograms of 10,000 potential cycling between 0.2 and
1.35 V vs. RHE of (A) Pd/C, (B) Pd/MWCNTs, (C) Pd/CCG-2 h,
(D) Pd/CCG-10 h NPs and the glassy carbon (GC) blank in
0.1 mol L�1 NaOH at 1.0 V s�1.

Figure 5 Electrochemically active surface area normalized to
the initial surface area as a function of the number of potential
cycles. Surface areas obtained from voltammograms performed
in 0.1 mol L�1 NaOH at 1.0 V s�1 for Pd/C, Pd/MWCNTs, Pd/
CCG-2 h and Pd/CCG-10 h (indicated in the figure).

C.A. Martins et al.148
reduce the metal load on the surface of the support. Due to
the different initial ECSA values for each catalyst the
normalization of the initial area seems to be a reasonable
way of comparing different materials. This approach will be
resumed in further details later.

The ECSA decreases monotonously with the number of
cycles for all catalysts. This loss of ECSA can be understood
in terms of the degradation phenomena already mentioned,
but some works explain the order of the events [3,6,61].
Shao-Horn et al. suggested that the initial degradation
could be rationalized as the loss of the smallest NPs due
to a rapid dissolution [61]. Additionally, the agglomeration
of particles close to each other can also provoke an early
degradation [3,6]. In a later event, when NPs became
larger, other mechanisms, such as the detachment of NPs
due to the degradation of the support, become more
relevant than aggregation [6]. Most of the degradation
effects were visualized by following an specific location of
the sample by microscopic methods as the catalysts were
aged [4,5,62]. Now, let us interpret our results in the light
of these findings.

The loss of ECSA follows the order Pd/CCG-2 h4Pd/C4Pd/
CCG-10 h4Pd/MWCNTs. The worst performance was observed
for Pd/CCG-2 h, which loses 73% of the initial area in addition
to the low reproducibility. Pd/C quickly loses 62% of the original
area. The Pd/C normalized ECSA decreases faster than Pd/CCG-
10 h and Pd/MWCNTs before reaching 2000 cycles. The loss of
Pd/C ECSA is similar to that observed for Pt/Vulcan by Meier
et al. [6]. These authors reported the rapid decrease of ECSA
during a degradation test, with a loss of about 61% of the
original ECSA after performing 10,800 voltammetric cycles in
acid media [6].

Pd/MWCNTs and Pd/CCG-10 h presented the lowest loss of
original ECSA, �48% and 58%, respectively. Although the total
ECSA loss for Pd/CCG-10 h is close to that found for Pd/C (62%),
the ECSA of Pd/CCG-10 h decreases at a slower rate than Pd/C
(Figure 5). These findings evidence that Pd/MWCNTs and one-
step synthesized Pd/CCG-10 h (by EG–PVP) improve the elec-
trochemical stability of Pd NPs compared to carbon support in
alkaline medium. As demonstrated by BET, Pd/C NPs present
higher surface area than Pd/CCG-10 h, but it is not stable,
which proves that an initial high surface area is not the only
parameter that must be accounted for the choice of a support
in catalysis.

Pd/MWCNTs and Pd/CCG-10 h exhibit the best electro-
chemical stability among the catalysts investigated. During
the first 500 cycles, Pd/MWCNTs loses ECSA at a higher rate
than Pd/CCG-10 h. We ascribed this initial ECSA decrease to
the agglomeration of Pd NPs over the support, causing the
increase in the particle size [3]. Afterwards, between
�2000 and �3500 cycles, the rate of decrease in the area
diminishes for Pd/MWCNTs, suggesting that the agglomera-
tion is reaching a limit, while the decay of ECSA of Pd/CCG-
10 h remains at a similar rate. After 3500 cycles, the loss of
ECSA for Pd/MWCNTs becomes less intense than for Pd/CCG-
10 h.

For Pd/CCG-10 h NPs the loss of ECSA can be rationalized as
follows: Initially (1st to 2000th cycle), the Pd NPs are well
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dispersed on MWCNTs and more aggregated on CCG (Figure 3B–
D). In this sense, Pd/MWCNTs contain more Nucleation Centers
for Clustering (NCCs) than Pd/CCG. Therefore, during the first
cycles, the agglomeration is more intense on the NCCs of
MWCNTs than on CCG. Between the 2000th and 3500th cycles,
the amount of NCCs on nanotubes diminishes due to the
agglomeration, whilst Pd NPs keep agglomerating over CCG.
At this stage, it seems that the agglomeration on nanotubes
approaches to a limit, restricted by the available surface, while
CCG still contains an extensive surface available for coales-
cence of NPs. After 3500 cycles, the degradation of the Pd/
MWCNTs support seems to determine the decrease of the area,
while the agglomeration becomes less important (NCCs dimin-
ish). At the same stage, Pd NPs behave differently, they keep
agglomerating on CCG, and this effect, combined with degra-
dation of the support, contributes to the Pd/CCG-10 h ECSA
decay.

In this sense, the availability of a support whose surface is
free of NPs seems to play an important role on the
agglomeration of NPs themselves, and consequently influ-
ences the electrochemical stability of the whole catalyst in
a fuel cell. Although the CCG supported catalyst presents
high initial stability, its smooth surface compromises its
long-term performance when compared to MWCNTs sup-
ported catalysts. Our results show that Pd NPs can be easily
synthesized over CCG by one-step EG–PVP method, produ-
cing catalysts electrochemically more stable than Pd/C in
alkaline media. Therefore, CCG and MWCNTs can be con-
sidered as promising alternatives to carbon black as a
supports for catalysts used in fuel cells.
Conclusion
–
 The ethylene glycol reduction method with polyvinylpyr-
rolidone can be used to produce Pd NPs over chemically
converted graphene (CCG) in one-step synthesis.
–
 The graphene oxide and the metal precursor compete for
the reducing agent during the synthesis. Hence, long
times of synthesis (10 h) are required to produce Pd NPs
with homogeneous metal load (w/w).
–
 The random deposition of Pd on CCG supports during the
synthesis can generate Pd domains isolated by graphene
sheets, which increase the capacitance of the catalyst,
distorting the Pd electrochemical profile.
–
 Pd NPs dispersed on multi-walled carbon nanotubes
(MWCNTs) and on reduced CCG are far more electrochemi-
cally stable in alkaline media than Pd dispersed on Vulcan
carbon support. These findings make CCG and MWCNTs
promising materials for Pd-based catalysts in fuel cells;
–
 Pd/CCG-10 h is electrochemically more stable during the
first 2000 potential cycles, while Pd/MWCNTs showed a
higher long-term stability (after 3500 cycles). Between
2000 and 3500 cycles, both catalysts showed similar
performance. This discrepancy can be rationalized in
terms of a competition between the availability of a
support whose surface is free for the agglomeration of
nanoparticles and the degradation of the support itself;
–
 Considering that the development of new stable cata-
lysts for fuel cells is a “hot topic” in energy conversion,
our results concerning Pd/CCG and Pd/MWCNTs are
relevant since they provide new information about the
role of the physical structure of the supports on the
electrochemical stability of Pd nanoparticles, which
ultimately can help to manufacture stable catalysts
aiming their use in alkaline fuel cells.
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