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a  b  s  t  r  a  c  t

Well-dispersed  Pd nanoparticles  supported  on  carbon  nanodots  are  synthesized  successfully  with  a
facile  and  green  method  without  any  additional  surfactant  and  reductant.  The  synthesized  Pd–C  hybrid
nanoparticles  provide  high  electrical  conductivity  and  non-blocked  active  surfaces  for  organic  molecular
fuels  oxidation.  Compared  to the  commercial  Pd/C  catalysts,  the present  Pd–C  hybrid  nanocomposites
exhibit  more  negative  onset  potential  and much  higher  current  density  for  methanol  oxidation  in alka-
line  media.  The  excellent  electrocatalytic  performance  displayed  in  the  electrochemical  measurements
eywords:
lectrocatalysis
anoparticle
ethanol oxidation

alladium

indicates  that  such  “naked”  Pd  nanoparticles  have  potential  applications  as promising  anode  catalysts  in
alkaline fuel  cells.

© 2012 Elsevier B.V. All rights reserved.
lkaline fuel cell
arbon nanodots

. Introduction

Direct liquid fuel cells, such as direct methanol fuel cells
DMFCs) and direct formic acid fuel cells (DFAFCs), represent one
f the most effective candidates of clean power sources with high
nergy efficiency, high power density, low environmental pol-
ution, and their ease of handling [1,2]. Of these, DMFCs have
een found to have wide range of applications in potable elec-
ronic devices, transportation vehicles and power sources for space
huttles, factories and buildings [3].  Due to the high catalytic activ-
ty, platinum-based materials are often used as both anode and
athode electrocatalysts. However, the high-cost and the heavy
O self-poisoning of platinum catalysts hinder their wide-spread
pplications in fuel cells. One of the key challenges to the practical
pplication and commercialization of fuel cells is the development
nd design of stable, highly active and low cost electrocatalysts.
o this end, various Pt-based and Pt-free nanomaterials have been
nvestigated extensively in the past decade [4–6].

Among the studied non-Pt catalysts, palladium and Pd-based
anomaterials are the promising alternatives on both anode and

athode sides [7–10]. In recent years, extensive investigations
ave showed that the Pd-based nanostructured materials exhibit
igh electrocatalytic activities towards organic small molecules

∗ Corresponding author. Tel.: +86 431 85262061; fax: +86 431 85262697.
E-mail address: weichen@ciac.jl.cn (W.  Chen).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.032
oxidation with low CO poisoning during the reactions [11]. In
practical fuel cell applications, the metal catalysts are usually dis-
persed on supports with high electrical conductivity and high
stability. Various carbon materials including traditional carbon
black and novel carbon nanomaterials, such as carbon nanotubes
[12], carbon nanofibers [13], graphene [14,15],  fullerenes [16], and
tungsten carbide [17] have been employed as promising supports
for metal catalysts. Another novel carbon-based nanomaterial,
carbon nanodots are attracting much attention because of their
unique electronic, optical and thermal properties, and variety of
potential applications. In the previous studies, micrometer- and
nanometer-sized spheres have been used as catalysts support
materials [18–21].  In these investigations, the sizes of the car-
bon spheres are larger than 100 nm and the metal nanoparticles
were usually deposited on the surfaces of carbon spheres by reduc-
ing metal salts with reducing agents, such as sodium borohydride
[18,20], ascorbic acid [22], sodium hydrosulfite [19], and polyols
[19].

In the present communication, we  demonstrate that naked and
well-dispersed Pd nanoparticles supported on carbon nanodots
(CN-PdNPs) were successfully prepared with a green synthetic
rout. Different from the previous reports, no additional reductants
and surfactants were used for the synthesis of Pd nanoparticles.

It was found that the freshly prepared carbon nanodots them-
selves can act as reductants for metal nanoparticles formation on
their surfaces. More importantly, such non-surfactant capped metal
nanoparticles provide naked catalytic surfaces, which renders them

dx.doi.org/10.1016/j.jpowsour.2012.01.032
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:weichen@ciac.jl.cn
dx.doi.org/10.1016/j.jpowsour.2012.01.032
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he highly active electrocatalysts for fuel cells. As expected, the CN-
dNPs exhibit high electrocatalytic activity for methanol oxidation
n alkaline media.

. Experimental

.1. Chemicals

d-Glucose, methanol (CH3OH), and palladium chloride (PdCl2)
ere purchased from Beijing Chemical Reagent. Commercial palla-
ium catalyst, 5% on activated carbon powder (nominally 50% water
et) and Nafion solution (5 wt%) were purchased from Alfa Aesar.
ll chemicals were used as received without further purification.
ater was supplied by a Water Purifier Nanopure water system

18.3 M� cm).

.2. Synthesis of carbon nanodots

The carbon nanodots were synthesized according to the modi-
ed procedure described by Sun and Li [21]. In a typical procedure,
.2973 g glucose was dissolved in 15 mL  Nanopure water, followed
y stirring and ultrasonication forming a homogeneous and clear
olution, which was then placed in a 20 mL  autoclave with a Teflon
eal and maintained at 180 ◦C for 4–8 h. The products were then
ooled to room temperature naturally. The precipitates were col-
ected by centrifugation and then rinsed with Nanopure water and
lcohol for three times, respectively. Ultrasonic operation was used
o re-disperse the precipitates during the rinsing process. Finally,
he carbon nanodots were separated for further characterizations.

.3. Synthesis of carbon nanodots-supported palladium
anoparticles (CN-PdNPs)

5 mL  of an aqueous suspension of carbon nanodots was heated at
00 ◦C under reflux for 10 min  and then 0.0177 × g PdCl2 dissolved

n water was added drop by drop under vigorous stirring. The sus-
ension was refluxed for 30 min  and then centrifuged, washed with
anopure water and ethanol several times, and dried at 60 ◦C for

 h.

.4. Characterization

The size and the aggregation status of the carbon nanodots and
N-PdNPs were examined by using Hitachi H-600 transmission
lectron microscopy (TEM) operated at 100 kV. High-resolution
EM (HRTEM) measurements were carried out on a JEM-2010 (HR)
icroscope operated at 200 kV. Powder X-ray diffraction (XRD) was

erformed on a PW1700 Powder Diffractometer using Cu K� radi-
tion with a Ni filter (� = 0.154059 nm at 30 kV and 15 mA). X-ray
hotoelectron spectroscopy (XPS) measurements were performed
y using a VG Thermo ESCALAB 250 spectrometer (VG Scientific)
perated at 120 W.

.5. Electrochemistry

Prior to the deposition of the CN-PdNPs onto an electrode sur-
ace for electrocatalytic assessment, a glassy carbon (GC) electrode
3.0 mm in diameter) was polished with alumina slurries (0.05 �m)
nd cleansed by sonication in 0.1 M HNO3, H2SO4 and pure water
or 10 min  successively. The dried CN-PdNPs were dispersed ultra-
onically in Nanopure water and 5 wt% Nafion solution. After the
nk formed homogeneously, a certain amount of the catalyst ink
as then dropped on the clean GC electrode with a micropipette
nd then dried in vacuum at room temperature. The prepared elec-
rode was denoted as CN-PdNPs/GC. The commercial Pd/C catalyst
lectrode was prepared with the same procedure.
r Sources 204 (2012) 85– 88

Voltammetric measurements were carried out with a CHI 750D
electrochemical workstation. The CN-PdNPs/GC electrode prepared
above was  used as the working electrode. A Ag/AgCl (in 3 M NaCl,
aq.) and a Pt coil were used as the reference and counter electrodes,
respectively. All electrode potentials in the present study were
referred to this Ag/AgCl reference. All electrochemical experiments
were carried out at room temperature.

3. Results and discussion

3.1. Synthesis and characterization of materials

The morphology of the synthesized carbon nanodots and CN-
PdNPs was  firstly characterized with TEM. Fig. 1(a) shows the TEM
micrograph of the carbon nanodots. It can be seen that the carbon
nanodots synthesized with hydrothermal method consist of homo-
geneous carbon nanospheres with the average size of 41.3 ± 4.5 nm.
After the refluxing of carbon nanodots and palladium chloride,
the well-dispersed Pd nanoparticles supported on carbon nan-
odots can be observed from the TEM image shown in Fig. 1(b)
and (c). The average size of CN-PdNPs increases to 45.1 ± 5.9 nm.
The surface structure of the CN-PdNPs was  characterized with
HRTEM (Fig. 1(d)), from which highly crystalline Pd nanocrys-
tals with apparently resolved lattice fringes were formed on the
amorphous carbon nanodots. The interplanar spacing of the lat-
tice fringes could be ascribed to the (1 1 1) planes of palladium.
The electron micrographs indicate that with the present synthesis
method, Pd nanocrystals can be formed on the carbon nanodots sur-
face although no additional reducing agent was  added. Recently, it
was also found that graphene oxide (GO) can also be used as reduc-
tant to prepare Pd nanoparticles anchored on the GO surfaces [14].
In the study, it was  proposed that the functional groups on the
surface of carbon materials play an important role in the sponta-
neous formation of metal nanoparticles. Actually, the previous FTIR
studies have shown that abundant functional groups are present
in the carbon nanoparticles synthesized with the similar route to
our study [21]. The vibrational peaks corresponding to C OH, C C,
C O, etc.  can be observed clearly. As proposed in the previous stud-
ies, the formation of Pd nanocrystals can be attributed to the direct
redox reaction between carbon nanodots and Pd2+ ions [14,23]. It
should be noted that in order to prepare carbon-supported Pd cat-
alysts, complicated treatments were often needed to remove the
protecting ligands bound on Pd nanoparticle surfaces [24]. So the
present study provides a facile method to synthesize “naked” Pd
nanoparticles on supports as efficient anode catalyst in alkaline fuel
cells.

Fig. 2(a) shows the XRD patterns of the synthesized carbon nan-
odots and CN-PdNPs. From the pattern of carbon nanodots, a broad
peak centered at 24.85◦ was observed, suggesting that the synthe-
sized carbon material was  amorphous. However, for the CN-PdNPs,
except for the broad peak from amorphous carbon, strong diffrac-
tion peaks at 39.85◦, 46.48◦, 67.95◦ and 81.80◦ were observed,
which could be indexed to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) facets
of the Pd with face-centered-cubic (fcc) lattice crystal structure. The
diffraction peaks from the CN-PdNPs agree well with the standard
diffraction data of bulk palladium shown with green bars in Fig. 2.
Note that the strongest diffraction peak is from Pd (1 1 1), which was
found to be a very active facet for organic small molecules oxida-
tion [25,26]. Therefore, the synthesized CN-PdNPs are structurally
favored anode electrocatalysts for fuel cells. The average size of the
Pd nanoparticles can be evaluated by the Debye–Scherrer equation,
D = k�/  ̌ cos �, where D is the diameter of the nanoparticles, k is the

shape factor (0.90), �(Cu K�) = 1.54059 Å, and  ̌ is the full width
at half maximum of the diffraction peaks [27]. Based on the (1 1 1)
diffraction peak shown in Fig. 2(a), the average diameter of the Pd
nanoparticles was  calculated to be 15.7 nm.  It should be pointed
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ig. 1. (a) TEM micrograph of carbon nanodots; (b and c) TEM images with different 

n  carbon nanodots.

ut that the average size of CN-PdNPs (45.1 ± 5.9 nm) obtained
rom TEM measurements include the sizes of carbon nanodots

nd the deposited Pd nanoparticles. The chemical composition and
he oxidation states of Pd nanoparticles were also examined with
PS measurements (the survey spectra are shown in Supporting
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ig. 2. (a) XRD patterns of the as-synthesized carbon nanodots and CN-PdNPs along
ith the bulk XRD pattern of Pd (green bars, from JCPDS No. 65-2867); (b) Pd 3d

nd (c) C 1s XPS spectra. (For interpretation of the references to color in this figure
aption, the reader is referred to the web version of the article.)
ifications and (d) HRTEM micrograph of the synthesized Pd nanoparticles supported

Information, Fig. S1). Fig. 2(b) shows the Pd 3d XPS region, where
the two  strong peaks at 335.08 and 340.37 eV could be assigned to
3d5/2 and 3d3/2 of metallic Pd (0), respectively. The C 1s signal from
the carbon nanodots can also be observed as shown in Fig. 2(c).
In the Raman spectra (Supporting Information, Fig. S2)  of the CN-
PdNPs obtained at different points, the strong G band was observed
at 1587 cm−1, which can be attributed to the in-plane vibration of
sp2 carbon.

3.2. Methanol electro-oxidation in alkaline electrolyte

The electrocatalytic activity of the synthesized CN-PdNPs for
methanol oxidation in alkaline media was studied by cyclic voltam-

metry (CV). The CV of CN-PdNPs/GC electrode in 1 M KOH was
shown in Fig. 3. In the low potential region, there is a pair of current
peaks corresponding to the hydrogen desorption and adsorption
on the Pd nanoparticles. In the negative-going potential sweep, an
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Fig. 3. Steady-state cyclic voltammogram of CN-PdNPs/GC electrode in 1 M KOH.
Potential scan rate 20 mV s−1.
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ines) and commercial Pd/C catalysts in 1 M CH3OH + 1 M KOH solution. Potential
can rate in CVs is 20 mV s−1. (For interpretation of the references to color in this
gure caption, the reader is referred to the web  version of the article.)

bvious reduction current peak at −0.28 V could be ascribed to the
eduction of palladium oxides, which were formed at high poten-
ials in the positive-going potential sweep. The observation of CV
eatures from Pd indicates that the Pd nanoparticles supported on
arbon nanodots exhibit high electrochemical activity although no
ost-synthesis treatment was applied to the CN-PdNPs. Fig. 4(a)
epicts the CVs of methanol oxidation at CN-PdNPs (red curve)
nd commercial Pd/C catalysts (black curve) in 1 M CH3OH + 1 M
OH with potential scan rate of 20 mV  s−1. On both electrodes, the
oltammetric currents have been normalized to the electrochemi-
ally active surface areas (ECASA) based on the oxygen adsorption
easurement method proposed by Trasatti and Petrii [28]. The

node peak current density of methanol oxidation on CN-PdNPs/GC
s 3.42 mA  cm−2, which is 20 times higher than that obtained on
ommercial Pd/C catalysts. The catalytic activities can also be com-
ared based on the onset potentials of methanol oxidation. From
he CVs in Fig. 4(a), the onset potentials can be measured to be −0.62
nd −0.54 V on CN-PdNPs and Pd/C, respectively. Such result means
hat the onset potential on CN-PdNPs is 80 mV  more negative than
hat from the commercial catalysts. Both current density and onset
otential of methanol oxidation demonstrate that the prepared
N-PdNPs exhibit much better catalytic performance than the com-
ercial Pd catalysts. The electrochemical stability of the CN-PdNPs

nd Pd/C catalysts for methanol oxidation was compared with

hronoamperometric measurements at −0.40 V (Fig. 4(b)). It can
e seen that both initial and steady-state oxidation current densi-
ies at CN-PdNPs/GC are much larger than those from commercial
ne over the entire time period examined. More importantly, the

[
[

[
[

r Sources 204 (2012) 85– 88

current density decay on CN-PdNPs is significantly slower than
that on Pd/C. At CN-PdNPs/GC electrode, the current density at
the 400 s test is about 46.1% of the initial value, whereas only
4.0% of the initial current density maintained at the Pd/C catalysts.
These electrochemical studies strongly indicate that the carbon
nanodots-supported Pd nanoparticles exhibit enhanced electro-
chemical stability for methanol oxidation in alkaline electrolyte.

4. Conclusion

“Naked” Pd nanoparticles supported on carbon nanodots
were synthesized with a facile and green method with the
pre-synthesized carbon nanodots as reductants. The structural
characterizations showed that the synthesized Pd nanoparticles are
well-dispersed on the surfaces of carbon nanodots although no cap-
ping agent was  present. As shown in the electrochemical studies,
such Pd–C hybrid nanoparticles provide high electrical conductivity
and non-blocked active surfaces for organic molecular fuels oxida-
tion, which renders them the promising anode catalysts for alkaline
fuel cells.
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