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ion of palladium nanoparticles and
their electrocatalytic activity toward ethanol
oxidation in alkaline solution†
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and X. S. Zhaoa

A series of palladium nanoparticles with sizes ranging from 3 to 10 nmwere synthesized with ethylene glycol

as the solvent and reducing agent. Based on X-ray diffraction, transmission electron microscopy and high-

resolution transmission electron microscopy characterization, the as-prepared palladium nanoparticles

were well-crystalline and uniformly dispersed. Electrochemical measurements showed that the smallest

(�3 nm) palladium nanoparticles exhibited the highest current density and the best cycling stability and

durability among the four kinds of palladium nanoparticles for the electrocatalytic oxidation of ethanol.

In addition, small palladium nanoparticles were spherical while large nanoparticles with a certain decline

in electrocatalytic activity showed distinct shape. The formation and shape evolution of the palladium

nanoparticles as well as their structure–property relationship have been studied and analyzed based on

the experimental data.
Introduction

In the past few years, noble-metal nanostructures have been of
great interest, especially for their promising applications in fuel
cells as efficient electrocatalysts, because of their high chemical
activity and surface energy. Palladium (Pd) nanostructures in
particular are considered to be the best alternative to Pt and
have been extensively studied due to their relatively low cost,
excellent electrocatalytic performance and strong anti-
toxicity.1–3 The morphology, particle size and structure of the
nanoparticle play vital roles in determining the catalytic activity
of palladium nanoparticles (NPs).4–7 Hence, the preparation of
palladium with well-controlled size and shape is the key for its
application. At present, the preparation methods of nano-
materials are generally divided into physical processes (e.g., the
gas-phase method, thermal-evaporation method and sputtering
method) and chemical processes like the electrochemical
method,8 emulsion method,9 hydrothermal method10 and sol–
gel ethod.11–13 In general, physical processes are comparatively
simple, but the particles are relatively large in size. As shown in
previous reports, the morphologies of the Pd nanostructures
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obtained through chemical processes are nanocubes,14 nano-
sheets,15 nanotubes,16,17 etc. Nevertheless, the synthesis and
properties of highly active Pd NPs with certain sizes and shapes
as well as their widespread commercialization still face huge
challenges for the moment.

Among the synthetic strategies, the polyol process, as
a convenient, effective and low-cost route, has drawn increasing
attention to synthesize Pd NPs.18–21 In addition, poly-
vinylpyrrolidone (PVP) has a prominent effect on the
morphology of metal nanoparticles due to the selective
adsorption on different crystal surfaces that result in the
anisotropic growth of metal nanostructures.22–24 Usually, there
are four main processes of crystal growth: reduction, nucle-
ation, growth and production. It is generally believed that the
crystal shape can be controlled by manipulating the equilib-
rium relationship between the crystal nucleation and growth
rates. The growth process of the crystal product is strongly
dependent on the presence of an initial seed. If the initial crystal
seed is a single crystal, the obtained products are mostly single
crystals. However, if the initial crystal seed has a pointed octa-
hedral shape, which has eight (111) crystal faces and six (100)
crystal faces, the nal products are mostly nanocubes.16 Many
efforts have been put forth to take advantage of the polyol
process.25 As demonstrated in previous studies, Ag nanowires
have been synthesized by the reduction of AgNO3 with ethylene
glycol using Pt or Ag as the crystal seed and PVP as the surfac-
tant.26 Subsequently, Ag nanowire structures can also be
synthesized in the absence of crystal seeds.27 Metal nanowires
contact the PVP layer through the Ag–O layer, which also
demonstrates the existence of multiple twinned crystals.28
RSC Adv., 2016, 6, 91991–91998 | 91991
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The relationship between the structure and properties of Pd
NPs still needs further exploration. In this paper, four types of
Pd NPs with different morphologies and sizes were synthesized
through a simple and effective method using ethylene glycol as
the solvent and reduction agent. All the Pd NPs are well-
dispersed with good crystalline nature. It is found that large
Pd NPs show distinct shapes while small ones are typical of
spheres. The formation mechanism of the Pd NPs is discussed
based on structural characterization. The experimental data
show that small-sized Pd NPs display better electrocatalytic
activity towards the electrooxidation of ethanol than large ones.
Experimental
Materials and regents

All the chemicals used in this study, including palladium(II)
chloride, sodium chloride, sulfuric acid, methanol, ethanol,
ethylene glycol (EG), acetone and PVP (molecular weight of
58 000), were of analytical grade and purchased from Sino-
pharm Chemical Reagent Company. Distilled water was
deionized to a resistivity of 18.2 MU cm for electrochemical
measurements. All of the reagents were used as received
without further purication.
Synthesis of Pd NPs

Preparation of sodium tetrachloropalladate (Na2PdCl4). In
a typical synthesis, palladium chloride (20.0 mg) and sodium
chloride (110.4 mg) were placed into 5 mL EG in a beaker and
dissolved in one hour under mild heating.

Synthesis of 3 nm Pd NPs (Pd-a). In each reaction, PVP (66.7
mg) was added into EG (10 mL) in a three-neck ask, which was
then heated in an oil bath at 80 �C for 60 min under vigorous
stirring with the protection of argon. Subsequently, Na2PdCl4
stock solution (5 mL) was injected into the ask dropwise with
a micro-pipette. The reaction was then held at 150 �C for 240
min for the growth of particles under argon atmosphere and
then stopped and cooled naturally to room temperature.
Following the reaction, the as-synthesized Pd NPs were precip-
itated with acetone, separated via centrifugation and further
washed several times with an ethanol/acetone mixture to
remove the redundant PVP. Finally, the products were collected
by centrifugation at a rate of 8000 rpm before being dried in an
oven at 50 �C for further analysis.

Synthesis of 5 nm Pd NPs (Pd-b). The synthesis procedure of
Pd-b was the same as that of Pd-a except that the synthesis time
was reduced to 20 min at 150 �C.

Synthesis of 6.5 nm Pd NPs (Pd-c). A PVP solution (66.7 mg in
10 mL EG) in a three-neck ask was heated to 80 �C in an oil bath
for 60 min under magnetic stirring and argon protection. Subse-
quently, the Na2PdCl4 stock solution (5 mL) was injected into the
ask dropwise with a micropipette. The reaction was heated to
150 �C in argon for 240 min, and the temperature was decreased
back to 80 �C. A PVP solution (66.7 mg in 10 mL EG) was then
added into the solution, and the temperature was kept at 80 �C for
60 min. Subsequently, the as-prepared Na2PdCl4 solution (5 mL)
was injected into the ask dropwise with a micropipette, and the
91992 | RSC Adv., 2016, 6, 91991–91998
reaction system was heated to 150 �C for 240 min under argon
atmosphere. Aer the reaction system was allowed to cool natu-
rally, the as-synthesized Pd NPs were precipitated with acetone,
separated via centrifugation and further washed several times
with an ethanol/acetone mixture to remove the excess PVP.
Finally, the products were collected by centrifugation at a rate of
8000 rpm before being dried in an oven at 50 �C.

Synthesis of 10 nm Pd NPs (Pd-d). The as-prepared Pd NPs
(Pd-c) were dispersed into EG (5 mL) in a 25 mL beaker under
magnetic stirring until a homogeneous black solutionwas formed.
A PVP solution (66.7mg in 10mL EG) was then added in the three-
neck ask. Aer heating to 80 �C for 60 min, the well-dispersed
suspension of Pd-c precursor was injected into the ask drop-
wise, and the temperature was held for 30 min. Subsequently, the
Na2PdCl4 solution was injected into the ask dropwise with
a micro-pipette and then heated to 150 �C in an oil bath for 240
min for particle growth. Aer natural cooling, the synthesized Pd
NPs were precipitated with acetone, separated via centrifugation
and further washed several times with an ethanol–acetonemixture
to remove the excess PVP. Finally, the products were collected by
centrifugation at a rate of 8000 rpm before being dried in an oven
at 50 �C. The yields of the four samples were about 85% as parts of
the samples were lost during the washing cycles.

Characterization

X-ray diffraction (XRD) experiments were carried out on
a Bruker D8 Advance X-ray diffractometer equipped with CuKa
radiation source (l ¼ 0.15418 nm) from 10� to 80� (2q). Trans-
mission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were recorded on a JEM-2000EX (JEOL) and
JEM-2100FEG (JEOL) transmission electron microscope oper-
ated at accelerating voltages of 160 and 200 kV, respectively.

Electrochemical measurements

All the electrochemical measurements were conducted on
a CHI760D workstation at ambient temperature with a three-
electrode system. A platinum foil was used as the counter
electrode, and a saturated calomel electrode (SCE) for acidic
solutions or a mercury/mercuric oxide (Hg/HgO) electrode for
alkaline solutions was used as the reference electrode. The
working electrode was prepared using a glassy carbon electrode
(GCE, 3 mm in diameter) as the substrate. Each Pd electro-
catalyst was dispersed in ethanol with a concentration of
1 mg mL�1 under stirring. A volume of 10 mL catalyst ink was
then drop-casted onto a glass carbon disk and dried in air to
obtain a catalyst lm as a typical electrode. The as-made elec-
trode was activated in 1 mol L�1 H2SO4 solution at a scan rate of
100 mV s�1 and then operated in an electrolyte solution
composed of 1 mol L�1 ethanol and 1 mol L�1 KOH for the
electrocatalytic oxidation of ethanol at 50 mV s�1.

Results and discussion
XRD analysis

Fig. 1 shows the XRD patterns of the four types of as-synthesized
Pd NPs. As illustrated, three diffraction peaks of the Pd NPs
This journal is © The Royal Society of Chemistry 2016



Fig. 1 XRD patterns of Pd NPs: Pd-a (a), Pd-b (b), Pd-c (c) and Pd-d (d).
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were observed at 2q values of 40.3�, 46.7� and 68.3�, corre-
sponding to the (111), (200) and (220) crystal planes of Pd0,
respectively, which identies the formation of face-centered
cubic (fcc) Pd NPs with high crystallinity (JCPDS no. 46-1043).
It is noteworthy that all the diffraction peaks of the four kinds of
Pd NPs were broad, indicating that the crystalline dimension of
the as-prepared Pd NPs was rather small, and the average crystal
sizes of Pd-a, Pd-b, Pd-c and Pd-d were calculated to be about
3.1, 5.2, 7.3 and 10.4 nm, respectively, based on the measure-
ments of the strongest (111) diffraction peak in Fig. 1 according
to the Scherrer formula. The larger Pd NPs displayed stronger
diffraction intensities than the smaller ones.
Morphology and structure

Fig. 2 shows the representative TEM images of the four types of
Pd NPs. It is obvious that all the Pd NPs prepared via direct
reduction by the solvent ethylene glycol were well-dened and
monodispersed, and almost no aggregation was observed.
Fig. 2 TEM images of Pd-a (A), Pd-b (C), Pd-c (E) and Pd-d (G) and partic
inset in each TEM image is the SAED pattern of the corresponding samp
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However, the dimensions of four types of Pd NPs were signi-
cantly different. More specically, the particle size of the Pd-
a sample was the smallest, about 3.4 � 0.6 nm (Fig. 2A and B),
based on the statistical result of the particle size distribution,
which was collected from 250 NPs (Fig. 2B). Fig. 2C and D show
that the particle size of Pd-b was about 5.0 � 0.6 nm, slightly
larger than that of Pd-a, indicating that the Pd NP size was
slightly decreased when the synthetic time was increased from
20 min to 4 h. The size of the Pd-c NPs, which were obtained
through secondary growth using Pd-a as the seed, was about 6.5
� 0.5 nm (Fig. 2E and F), obviously larger than the sizes of Pd-
a or Pd-b. Meanwhile, Pd-c NPs were almost in the shape of an
octahedron. As a fcc metal, Pd nanocrystals can take a variety of
geometrical shapes.23,29 The further growth of seeds might
selectively enlarge one set of crystallographic facets at the
expense of others to yield the nal shape. Single-crystal seeds can
evolve into cubes given a certain ratio of growth rates along the
(111) and (110) directions.29 The obtained Pd-c NPs were then
used as the seeds for the formation of Pd-d by adding them into
the initial synthetic system that was used to prepare Pd-a NPs.
The size of Pd-d was about 10 � 1.0 nm, as derived from Fig. 2G
and H. As the seed grew into a nanocrystal, the growth rates of
the different facets could be altered by capping agents to control
the nal shape. If the initial crystal seed had a pointed octahe-
dral shape with eight (111) crystal faces and six (100) crystal
faces, the nal products were mostly nanocubes.16 Compared
with the former three Pd samples, the Pd-d NPs showed distinct
shapes that were mainly cube structures accompanied with
a small amount of triangles and polyhedral structures. The size
of Pd-d was obviously larger than that of any of the former
samples (Fig. 2H). All the above results reveal that Pd NPs can be
synthesized in a controlledmanner bymanipulating the reaction
time or the crystal seeds. Moreover, the TEM results for the four
kinds of Pd NPs were in agreement with the XRDmeasurements.

The selected-area electron-diffraction (SAED) patterns of four
Pd NPs, as shown in the insets of Fig. 2, are used to analyze their
le size distribution plots of Pd-a (B), Pd-b (D), Pd-c (F) and Pd-d (H). The
le.
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crystalline features. On the one hand, the emergence of the
bright diffraction rings or spots in the SAED patterns conrms
that all the Pd NPs were highly crystalline. On the other hand,
the SAED pattern of Pd-a was an obvious diffraction ring (inset
of Fig. 2A), because many Pd-a NPs could be detected and
bombarded by electron beam in the electron diffraction test.
Likewise, although we also observe annular diffraction patterns
in the SAED pattern of Pd-d, most of which were composed of
single bright diffraction spots, indicating that the Pd-d NP was
single-crystalline (the inset of Fig. 2G).

Fig. 3 shows the HRTEM images of Pd-a, Pd-b, Pd-c and Pd-d.
As illustrated in Fig. 3A and C, the as-prepared Pd-a and Pd-
b were spherical particles. In contrast, the Pd-c (Fig. 3E) and
Pd-d (Fig. 3G) samples presented clear polygonal or polyhedral
structures aer secondary and third growth, respectively, which
matched the well-dened lattice fringes that are observed in
Fig. 3G and H. That is, in spite of the presence of the protective
agent PVP, the growth of large Pd NPs through the seed strategy
might primarily depend on the crystal surface energy of small
Pd NPs, for which the crystal grain grew quickly along the
perpendicular direction relative to the crystal plane with high
energy, thus leading the production of larger Pd-c and Pd-d NPs
with regular shapes. Unfortunately, the morphologies of Pd-c
and Pd-d were not uniform under the present experimental
conditions. Based on the HRTEM images of the four kinds of Pd
NPs (Fig. 3B, D, F and H), the lattice spacings of the samples
were measured to be 2.35 to 2.40 Å and 2.53 to 2.56 Å, ascribed
to the (111) and (200) planes of Pd, respectively, similar to the
standard values of bulk Pd samples.30 In addition, the angle
between the two crystal surfaces was measured to be about 53�,
in accordance with the theoretical calculations.31 It can be
considered that the (110) crystal plane of the as-synthesized Pd
NPs was the axial plane, and the crystal structure had the
characteristics of a single crystal.
Fig. 3 HRTEM images of Pd-a (A and B), Pd-b (C and D), Pd-c (E and F)

91994 | RSC Adv., 2016, 6, 91991–91998
Formation mechanism of Pd NPs

The formation mechanisms of the Pd NPs were further studied
by two types of experiments. On one hand, the effects of
different reaction time on morphology were tested; on the other
hand, the effect of the synthetic procedure was studied by the
seed growth method.

The intermediate products from the synthetic systems for Pd-
a and Pd-b samples were collected from the initial reaction
system aer reaction times of 4 h and 20 min, respectively. The
samples collected aer the reaction times of 30 min (Pd-e), 60
min (Pd-f) and 120 min (Pd-g) were characterized by TEM
measurement (Fig. S1†). The experimental results show that the
reaction time had a slightly effect on the size of the Pd NPs, as
shown in Fig. 2A, C and S1.† The dimensions of the nanocrystals
gradually increased in the initial reaction stage and began to
decrease with the sequential extension of reaction time. That is,
the nanocrystals tended to grow when the reaction time was
short on account of the high surface energies of small particles
and large concentration of palladium precursor (Fig. 2A, S1A
and B†). In addition, the existence of the polymer PVP in the
synthetic system inhibited the aggregation of as-synthesized Pd
nanoparticles.32 However, the slight decrease in particle size
with extended reaction time might be attributed to the high
reactivity of Pd NPs, which led a portion of them to participate in
reaction, eventually forming nanoparticles with uniform size.

Additional experimental data were obtained by adjusting the
synthetic procedures. As depicted in Fig. S2A,† Pd NPs with the
sizes of about 5 to 8 nm (similar to Pd-c) were obtained when Pd-
c nanoparticles in solution were used directly as the seeds.
However, the Pd NPs were irregular and had a large size
distribution compared to Pd-c. In contrast, if the collected solid
Pd-b was used as the seed, as shown in Fig. S2B,† the particle
size of the nal product was larger than that of Pd-b. However,
the size distribution was obviously uneven, likely due to the
and Pd-d (G and H).

This journal is © The Royal Society of Chemistry 2016
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inconformity of the Pd-b surface during the re-dissolution
process. Based on the above experimental results, Scheme 1
illustrates the schematic formation processes of the four types
of Pd NPs. It is suggested that the sizes and shapes of the Pd NPs
are determined by the surface energy and adsorption properties
of the Pd nanocrystals, leading to the formation of large Pd NPs
with regular shapes.33
Electrochemical characterization

Generally, Pd NPs exhibit excellent electrocatalytic activity
toward the oxidation of alcohols. As shown in Fig. 4, the redox
peaks displayed on the CV curves were in agreement with the
characteristic peaks of Pd-modied electrodes reported in the
literature.15,34–36 The sharp peak observed approximately at 0.43
V was attributed to the reduction peak of produced Pd oxide.37

In addition, the two peaks appearing at 0 to �0.12 V in the
positive sweep direction were ascribed to the desorption and
adsorption of H on the surfaces of the Pd NPs,38 which are
usually used to estimate the electrochemically active surface
areas (ECSAs). The ECSAs of the Pd-a, Pd-b, Pd-c and Pd-d NPs
Scheme 1 Schematic illustration of the formation mechanisms of Pd
NPs based on the solution-based reduction method.

Fig. 4 CV curves of Pd NPs-modified GCEs in aqueous H2SO4

(1 mol L�1) at a scan rate of 100 mV s�1: Pd-a (a), Pd-b (b), Pd-c (c) and
Pd-d (d).

This journal is © The Royal Society of Chemistry 2016
were calculated to be 15.0, 13.4, 9.80 and 6.96 cm2 mg�1,
respectively, by the formula Q (mC)/424 cm2, in which Q stands
for the corresponding electrical quantity of the inection point
according to the integral of the reduction peak.11,39,40 This is
a standard electrochemical method frequently used for deter-
mining the ECSA of Pd nanoparticles.
Electrocatalytic activity of Pd NPs for ethanol oxidation

As depicted in Fig. 5A, the Pd NPs showed increased electro-
catalytic activity compared to reported Pd catalysts.41 Because
the catalytic activity of Pd NPs is mainly dependent on their
size,42–44 Among all the Pd NP-modied GCEs, the Pd-a-modied
GCE exhibited the highest catalytic current densities (1260 and
1610 mA mg�1 for the positive and negative scans, respectively)
during the process of electrooxidation of ethanol; the corre-
sponding values for the Pd-b-modied GCE were 1200 and 1300
mA mg�1, those for the Pd-c-modied GCE were 1070 and 1180
mA mg�1, and those for the Pd-d-modied GCE were 960 and
1100 mA mg�1, respectively. The catalytic activity of the four Pd
NP electrocatalysts decreased in the following order: Pd-a > Pd-
b > Pd-c > Pd-d. That is, the electrocatalytic activity of ethanol
oxidation increased with decreasing particle size, because
smaller Pd NPs had an obviously higher ECSA than larger ones.
Moreover, as illustrated by the inset of Fig. 5A, the onset
potential of the Pd-a modied GCE in the positive direction
tended to be obviously more negative than that of Pd-d-modied
GCE, indicating that the Pd-a electrocatalyst has advantages
with respect to the kinetics of the ethanol oxidation reaction. As
shown in Fig. 5B, however, the electrocatalytic activity per real
surface area for the Pd-d NPs was much higher than that of the
Pd-a NPs. This difference in Fig. 5A might be attributed to the
different oxidation rates of ethanol on the (100) and (111) facets
of Pd and illustrates the dependence of the electrochemical
activity of Pd nanocrystals on the shape. Therefore, the nano-
cube structure of Pd-d could result in the enhanced adsorptive
strength of the CH3CH2O per unit area during alcohol electro-
oxidation.45 However, the shape effect of Pd nanocrystals on the
activity still remains largely unexplored.5,14,15

The catalytic stability data were conrmed by continuous
electrochemical measurements. As shown in Fig. 5C, the tran-
sient current densities for ethanol oxidation of all the modied
electrodes decreased rapidly in the rst 40 s and then decreased
slowly until 800 s had passed. Finally, a proximate plateau was
observed. This might be ascribed to the deactivation of the Pd
NPs together with the reduction in solution viscosity and the
existence of H+ or OH� ions in the solution.46 In addition, the
competitive adsorption of the substrate/partial oxidation
product on the catalyst surface caused the reduction of the
oxidation reaction rate.46 On the basis of our experimental
results, although the alkaline electrolyte could reduce the
corrosive action to the metal catalyst during the catalytic
process, the palladium catalyst may also gradually lose some
activity on account of the corrosive effect.47 Compared with the
other three samples, the catalytic current density of the Pd-d-
modied electrode remained unchanged aer test times over
200 s because the Pd-d NPs owned the most regular shapes
RSC Adv., 2016, 6, 91991–91998 | 91995



Fig. 5 (A and B) CV curves of Pd NPs-modified GCEs in 1 mol L�1 ethanol + 1 mol L�1 KOH at 50 mV s�1 and (C) chronoamperometric curves of
Pd NPs-modified GCEs at 0.3 V: Pd-a (a), Pd-b (b), Pd-c (c) and Pd-d (d).
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among the four samples, and the crystallization nature of the
exposed surface was better, which led to its special electro-
catalytic stability (Fig. 5C). Above all, it was found that Pd-
a possessed the highest electrocatalytic activity and best cyclic
stability among all the samples, which can be primarily attrib-
uted to the minimum size of the Pd-a NPs.
Fig. 6 Variation in current densities as a function of cycle number for
the GCEs modified by Pd-a (a) and Pd-d (b).

Fig. 7 Relationship between cycle number and peak potential for the
positive scan (a) and negative scan (b) of the Pd-a modified GCE.

91996 | RSC Adv., 2016, 6, 91991–91998
Fig. 6 shows the cycle stability curves of the modied GCEs for
the electrooxidation of ethanol by taking Pd-a and Pd-d as
examples. It can be observed that Pd-a exhibited excellent elec-
trocatalytic activity and reached the maximum current density
aer 25 cycles. Note that approximately 75% of the catalytic
activity wasmaintained through 100 cycles followed by an obvious
sustained decrease for the continuous cycles. In the meantime,
Pd-d still retained 82% of the maximum catalytic activity aer 100
cycles, and the nal current density aer 200 cycles decreased to
45% of the maximum value; thus, Pd-d showed better catalytic
performance than Pd-a. These data were essentially in accordance
with the results derived from Fig. 5C.

The peak potentials of all the modied GCEs would shi in
both the positive and negative scans in the process of ethanol
oxidation. Taking the performance of Pd-a as an example, the
variation in potential with cycle number is shown in Fig. 7. The
ladders were the result of intervals when collecting the data
recorded by the electrochemical workstation. The peak voltage
would shi positively in both the positive and negative scans
with increasing circle number; however, the peak voltage of
electrocatalytic ethanol became slightly larger in the negative
scan, indicating an increase in polarization voltage. The electric
current in the negative scan was decreased on account of the
palladium oxide that was produced on the surface of palladium
during the electrocatalytic process, which would cover up the
active site of palladium.48–50 Whereas, the positive shi in the
positive scan was caused by the excessive or residual Pd–OHads,
which was probably due to the change in the concentration of
OH in the solution and then led to the increase in Pd–OHads.
Conclusions

In summary, we have presented a facile and effective polyol
route for the synthesis of Pd NPs with sizes in the range of 3 to
10 nm by using ethylene glycol as the solvent and reduction
agent and PVP as the surfactant. It was found that all the Pd NPs
were well-crystallized and had narrow size distributions.
Experimental data showed that the Pd NPs smaller than 5 nm in
size were spherical, and the Pd NPs larger than 6.5 nm in size
had distinct shapes. Moreover, the electrocatalytic performance
was closely related to the particle size and structure of Pd NPs.
This journal is © The Royal Society of Chemistry 2016
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The Pd NPs with sizes of 3 nm exhibited the highest catalytic
activity and superior stability toward the electrooxidation of
ethanol in alkaline solution, which were ascribed to the largest
electrochemically active surface area and the minimum size
among all the Pd NPs.
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38 M. Grdeń, A. Piascik, Z. Koczorowski and A. Czerwiński, J.
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