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ABSTRACT: Reduced graphene oxide (rGO) supported palla-
dium nanoparticles (Pd NPs) with a size of ∼3 nm were
synthesized using one-pot photoassisted citrate reduction. This
synthetic approach allows for the formation and assembly of Pd
NPs onto the rGO surface with a desired size and can be readily
used for other metal NP preparation. The prepared rGO-Pd
exhibited 5.2 times higher mass activity for ethanol oxidation
reaction than the commercial platinum/carbon (Pt/C). In the
oxygen reduction reaction tests, rGO-Pd exhibited comparable
activity compared with Pt/C and maintained its high performance
after 4000 cycles of potential sweep. These results demonstrate
that our synthetic approach is effective for preparing graphene-
supported metal NPs with excellent activity and stability in
ethanol oxidation and oxygen reduction reactions.

KEYWORDS: reduced graphene oxide, palladium nanoparticle, photoassisted citrate reduction, oxygen reduction reaction,
ethanol oxidation reaction

■ INTRODUCTION

Graphene- and graphene oxide (GO)-based nanocomposites
have emerged as new star materials after the discovery of
graphene.1−5 Because of their extraordinary physical and
chemical properties, graphene/GO-based nanocomposites
have been explored extensively for various applications, such
as electronic devices, batteries, supercapacitors, fuel cells, and
electrocatalysts.6−12 Graphene and GO are widely used as
excellent carbon supports for catalysts to achieve the desired
activity and stability. For example, it has been reported that
graphene/GO-supported metal or metal oxide nanoparticles
(NPs) could improve the performance of catalysts in oxygen
reduction reaction (ORR), hydrogen evolution reaction, and
oxygen evolution reaction.9,13−17 Theoretical calculations have
shown that the interaction between metal and graphene would
change the Fermi level of both the metal and graphene, which
plays an important role in enhancing the catalytic activity.18,19

Thus, it is of great interest to prepare graphene/GO-based
metal NPs with excellent catalytic activity.
Currently, two approaches have been widely used to

synthesize graphene/GO-supported metal NPs, i.e., an in situ
growth method and an ex situ assembly method.3 The ex situ
assembly approach usually needs surface modification of the
NPs and/or graphene/GO, so that they can bind together
through noncovalent interactions or chemical bond-
ing.7,13,14,19−21 However, the ex situ method often suffers

from the complicated modification process and nonuniform
coverage of NPs on graphene/GO surfaces. In contrast, the in
situ growth approach offers the opportunity of one-pot
synthesis of graphene/GO-based composites in different
ways, such as chemical reduction, hydrothermal reduction,
and electrochemical deposition. However, in order to obtain
well-dispersed NPs on the graphene/GO surface with the
desired size and morphology, surfactants are needed and
sophisticated reaction control should be employed, which limits
the further application of this approach.8,9,15,16,20−28 Hence, it is
highly desired to find an easier and cleaner way to synthesize
graphene/GO-supported metal NPs.
Recently, photochemical and photothermal reduction

methods have been developed to prepare metal NPs on
different supports.22,25−27,29−32 For example, noble metal NPs
such as gold (Au), platinum (Pt), palladium (Pd), and silver
(Ag) can be synthesized on a graphene or ZnO support under
laser or UV illumination. The site-specific growth of Au NPs on
the ZnO nanopyramids and the formation mechanism have
been reported.32 In these studies, laser illumination and/or
semiconductor support is usually used, and the size distribution
of the obtained NPs usually needs further optimization. As a
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result, the catalytic potentials of the prepared materials may not
be fully realized. Nevertheless, such a strategy approach
provides an opportunity for the in situ growth of metal NPs
on graphene under mild conditions. To better control the
dispersity and size distribution of the metal NPs in the
photoreduction system, one would expect that by introducing a
moderate reducing agent, the metal ions could nucleate and
grow mildly on the GO support to avoid undesirable
agglomeration. In this way, GO would also be reduced to
reduced graphene oxide (rGO) in the presence of reductant
and illuminant, consequently forming rGO-supported metal
NPs.
In this study, we proposed a facile and universal synthetic

approach to fabricate rGO-supported Pd NPs by using
photoassisted citrate reduction. The Pd precursor and GO
could be reduced simultaneously, forming well-dispersed 3 nm
Pd NPs assembled on rGO (rGO-Pd). This synthetic method
offers a facile way to prepare rGO/metal NP nanocomposites
with well size distribution. The obtained rGO-Pd exhibited
excellent electrochemical activity and stability in electro-
chemical ethanol oxidation reaction (EOR) and ORR.

■ MATERIALS AND METHODS
Preparation of GO. Chemicals used in our work were purchased

from Sinopharm Chemical Reagent Co., China, and used without
further purification, unless otherwise specified. GO was prepared using
a modified Hummers method.33,34 Briefly, 0.5 g of graphite powders
(<30 μm) and 0.5 g of NaNO3 were stirred with 23 mL of
concentrated H2SO4 in an ice bath. Then, 3 g of KMnO4 was added
slowly within 10 min. In the subsequent 1 h, the mixture was
maintained in 35 °C with vigorous stirring. After that, 40 mL of
deionized water was dosed into the reaction mixture and further
heated to 90 °C for 30 min. Thereafter, the mixture was removed from
the water bath, and 100 mL of water was added. The unreacted
KMnO4 and residual manganese species were removed by the addition

of 3% H2O2. The suspension was stirred at room temperature for 4 h
and purified by repeated centrifugation until a negative reaction on the
sulfate ion [with Ba(NO3)2] was achieved. The final precipitate was
dispersed in 50 mL of water and ultrasonicated for 10 min. The
insoluble solids were crushed by centrifugation at 3000g for 5 min, and
a brown homogeneous supernatant was collected. The concentration
of the GO solution was 4.65 mg mL−1, determined by drying the
solution in an oven at 60 °C.

Preparation of rGO-Pd, a rGO/Pd Mixture, and Pd NPs. To
prepare rGO-Pd, 0.1 mL of the as-prepared GO solution, 5 mg of
Na2PdCl4 (Aladdin Reagent Inc., China), and 0.5 g of sodium citrate
were added to 49.8 mL of deionized water (18.2 MΩ cm). The
solution was then transferred into a quartz bottle, purged with N2, and
sealed. A 500 W high-pressure mercury lamp was used as the light
source. The solution was irradiated for 12 h, and the products were
collected by filtration and washed with water, ethanol, and isopropyl
alcohol. For the preparation of a rGO/Pd mixture and Pd NPs, the
same method was used except that rGO and Pd NPs were synthesized
separately and then mixed and ultrasonicated for 10 min. Thus, a
rGO/Pd mixture was obtained. The final products were ultrasonically
dispersed in isopropyl alcohol containing 0.05% Nafion (D520, Du
Pont Inc., USA) for electrochemical tests. Both rGO-Au and rGO-Pt
were prepared using a procedure similar to that for the preparation of
rGO-Pd, except that 10 mg of gold(III) chloride trihydrate and 4 mg
of sodium tetrachloroplatinate(II) hydrate were respectively used as
the precursors.

Characterization. X-ray diffraction (XRD) tests were carried out
on Rigaku TTR-III (Rigaku Corp., Japan) with Cu Kα radiation.
Transmission electron microscopy (TEM) images of the materials
were obtained with a JEOL-2010 high-resolution transmission electron
microscope (JEOL Ltd., Japan). The thicknesses of the obtained GO
and rGO-Pd were measured using an atomic force microscope (DI
MultiMode, Bruker Inc., USA). X-ray photoelectron spectroscopy
(XPS) analysis was performed using an ESCALAB 250 instrument
(Thermo-VG Scientific Inc., USA) with a monochromatic Al Kα X-ray
source. Raman spectra were obtained using a LABRAM-HR Raman
spectrometer (JY Co., France) with an excitation wavelength of 514.5
nm generated by an Ar+ laser. Fourier transform infrared (FTIR)

Figure 1. TEM image (a), HRTEM image (b), XRD pattern (c), and C 1s XPS spectrum (d) of the as-prepared rGO-Pd.
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spectroscopy studies were conducted with a VERTEX 70 FTIR
spectrometer (Bruker Inc., USA). UV−vis absorption spectra were
acquired using a UV-2450 UV−vis spectrophotometer (Shimadzu Co.,
Japan) in a range of 200−800 nm. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements were conducted on
an Optima 7300 DV spectrometer (PerkinElmer Co., USA).
Electrochemical Tests. The glassy carbon (GC) working

electrode (5 mm diameter; Pine Instrument, USA) was first polished
with 0.3 and 0.05 μm alumina powder and then ultrasonically cleaned
in water. Electrochemical polishing was conducted in a 0.5 M H2SO4
solution using cyclic voltammetry (CV) scanned from −0.8 to 1.2 V
(vs RHE) to further clean the surface of the GC electrode. Then, 20
μL of catalyst ink was dropped onto the electrode and dried at ambient
temperature. The mass ratio of Pd NPs to rGO was determined to be
around 2:1 by ICP-AES. The Pd loading amount of the catalysts was
controlled at 25 μg cm−2. All electrochemical measurements were
conducted in a standard three-electrode system. The electrochemically
active surface areas (ECSAs) of the catalysts were calculated according
to the method proposed in the literature.35 CV scans were conducted
in 0.1 M KOH at a scan rate of 50 mV s−1 with different upper
potential limits from 0.96 to 1.46 V.
Electrocatalytic oxidation of ethanol was conducted in a solution

containing 1 M ethanol and 1 M KOH at a scan rate of 50 mV s−1

under a N2 atmosphere. Chronoamperometric curves were recorded at
0.63 V for 2000 s. ORR tests were conducted in an oxygen-saturated
solution containing 0.1 M KOH at a scan rate of 5 mV s−1 and a
rotation rate of 1600 rpm. Stability tests were carried out with
potential cycles from 0.36 to 0.86 V at a scan rate of 50 mV s−1 for
4000 cycles.

■ RESULTS AND DISCUSSION
The TEM images in Figure 1 reveal that Pd NPs with a size of
∼3 nm were well-dispersed on the surface of rGO without
aggregation. The high-resolution TEM (HRTEM) image
(Figure 1b) shows the crystal lattice fringes throughout the
several Pd NPs formed on rGO. The continuous lattice fringes
exhibit an interplanar lattice spacing of ∼0.23 nm and match
well with the (111) atomic planes of the face-centered-cubic
(fcc) Pd. The inset in Figure 1b is the corresponding selected
area electron diffraction (SAED) pattern, which shows the
polycrystalline characteristics of Pd. The XRD pattern also
reveals the typical pattern of fcc Pd(111) after the reaction
(Figure 1c). The thicknesses of the obtained GO and rGO-Pd
were measured using atomic force microscopy (AFM). Figure
S1 in the Supporting Information (SI) shows that the thickness
of GO was about 1.1 nm, while the size of Pd NPs on the rGO
surface was around 2.7−3.0 nm, consistent with the TEM
results.
rGO-Pd was further characterized by XPS, which was

corrected with reference to the C 1s peak at 284.8 eV. As
shown in Figure S2 in the SI, the binding energies of Pd 3d at
335.86 and 341.15 eV for rGO-Pd corresponded to the Pd0 Pd
3d5/2 and Pd 3d3/2, respectively, confirming the presence of
metallic Pd. In addition, a small amount of PdII was identified in
the XPS test, which corresponded to the surface oxidation of
Pd. In addition, the C 1s spectrum of as-prepared GO showed a
considerable degree of oxidation, which corresponded to the
different functional groups (Figure S3a in the SI).36 After
photoassisted citrate reduction, the C 1s spectrum of rGO-Pd
exhibited much smaller peak intensities for the oxygen
functional groups, suggesting the reduction of GO (Figure
1d). In the Raman spectra shown in Figure S4 in the SI, both
GO and rGO-Pd contained D and G bands, with a slightly
increased D/G intensity for rGO-Pd compared to that for GO.
This result suggests that the average size of sp2 domains
decreased upon the reduction of GO. This could be explained

when new graphitic domains were formed during the reduction,
which were smaller in size than the ones present in GO but
more numerous in number.37 Besides, the chemical interaction
between the deposited Pd NPs and rGO may also break the sp2

domain into smaller parts. The small peak located at 635 cm−1

for rGO-Pd could be assigned to the surface PdO, which was
confirmed by XPS.38,39 Figure S5 in the SI shows the FTIR
spectra of GO and rGO-Pd. The characteristic peaks for GO
were the absorption bands corresponding to the CO
stretching at 1732 cm−1, the aromatic CC vibration at
1628 cm−1, the O−H deformation vibration at 1400 cm−1, the
C−OH stretching at 1261 cm−1, and the C−O stretching at
1075 cm−1. The O−H stretching appeared at ∼3400 cm−1 as a
broad peak, and the peak at 1628 cm−1 could also be assigned
to the vibrations of the absorbed water.40 After reduction, the
relative intensities of these peaks were significantly reduced
compared with the intensity of the aromatic CC vibration
peak located at 1628 cm−1, suggesting the reduction of
oxygenated functional groups such as −COOH, C−O−C,
and C−OH.
To further investigate the role of illumination, control

experiments were conducted. In the absence of UV illumination
or under visible-light irradiation, neither GO nor Pd was
reduced after 12 h, indicating that UV light was vital to the
reduction process. This conclusion was further confirmed by
UV−vis spectroscopy. As shown in Figure 2, PdCl4

2− has a

strong absorption band in the UV region (from 200 to 270 nm)
and a weak absorption peak at 415 nm. The absorption region
of GO itself is weak and located from 200 to 400 nm. However,
when PdCl4

2− and GO are mixed, a new broad absorption peak
at around 305 nm appears, suggesting that the interaction
between PdCl4

2− and GO occurs via partial replacement of the
Cl− ion. After a dose of citrate, PdCl4

2− and PdCl4
2− + GO

shows a new absorption peak at 250 nm, and GO also shows a
strong absorption peak at 216 nm. These spectra indicate the
coordination between citrate and PdCl4

2− or GO. When
illumination is applied, the strong absorption in the UV region
triggers the Pd2+ and GO reductions because of the heat pulse
generated by photothermal energy conversion.26

To further confirm this proposed mechanism, a control
experiment had been conducted with the same recipe except
that heating was used instead of illumination. The reaction was
conducted at 90 °C for 26 h, as reported by Lim et al.41 As

Figure 2. UV−vis absorption spectra of GO (red), PdCl4
2− (black),

and GO + PdCl4
2− (blue) before (dashed line) and after (solid line)

dosing with citrate.
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shown in Figure S6 in the SI, the small-sized aggregated Pd
NPs were formed on the graphene surface. This result supports
our proposed photothermal conversion mechanism. However,
the heating approach needs much longer reaction time, and the
productivity is much lower than that using illumination. These
indicate that the reducing power offered by the photothermal
conversion of GO was much stronger than that by the simple
heating of the solution to 90 °C. On the other hand, in our
system, a high-pressure mercury lamp was used as the light
source without focus; thus, the illumination for a single reactor
was not strong. The reaction time could be shortened if the
illumination is increased.
For comparison, the Pd NPs synthesized with the same

procedure became aggregated in the absence of GO (Figure
S7a in the SI). The TEM image shows that the aggregated Pd
NPs were about 40 nm in diameter, formed by much smaller
Pd NPs. When such Pd NPs were mixed with rGO by
ultrasonication, in the resulting rGO/Pd mixture, the
aggregated Pd NPs were assembled on graphene (Figure S7b
in the SI). This result implies the crucial role of GO as a growth
substrate in this reaction.
To better reveal the Pd nucleate process during the

formation of rGO-Pd, samples were taken for TEM imaging
after 15 min, 1 h, 4 h, and 8 h of reaction. The TEM images
indicate that the density of Pd NPs increased as the reaction
proceeded, while the particle size did not change significantly,
showing that a slow nucleate process occurred on the GO
surface (Figure S8 in the SI). This could be explained by the Pd
NP growth kinetics on the rGO surface. A recent theoretical
study about the interaction between Pd atoms and the rGO
surface suggests that Pd atoms would prefer to deposit and
nucleate on the defect sites of graphene, a thermodynamically
driven process as the defect sites could bind the Pd NP
strongly. The Pd NP growth would finally reach equilibrium,
and the resulting NPs would have a similar stability. In this case,
the NP growth by the Ostwald ripening mechanism would be
prohibited thermodynamically.42 Thus, the Pd NP size did not
change with the illumination time, while the NP density
increased. In addition, without the help of citrate, illumination
alone could not reduce PdII to Pd0; instead, PdO and partially
reduced GO were obtained. The corresponding XPS and XRD
results are shown in Figure S3b−d in the SI, which indicates
that the presence of citrate was essential in this reaction.
On the basis of the above analysis, the growth process of Pd

NPs on GO could be illustrated in Scheme 1. GO is highly
negatively charged in aqueous solution because of its oxygenic
functional groups and defects, which might favor the adsorption

of Pd ions.43 In the presence of citrate and illuminant, Pd ions
became slowly nucleated and grew into small particles on the
defect sites of GO, while the particle density increased slowly as
well. GO itself was also reduced to rGO in this process. There
was a strong anchoring effect between the Pd nuclei and the
GO surface, resulting in separate nucleation of Pd NPs.21 The
slow growth rate in our case could also prevent overgrowth of
the small Pd NPs; instead, well-dispersed Pd NPs with narrow
size distribution could be readily obtained.
The catalysts were further tested in EOR and ORR. Figure 3

shows the typical CV curves of rGO-Pd, a rGO/Pd mixture,

and Pd NPs in a N2-saturated 0.1 M KOH solution. The onset
reduction potentials of these three catalysts were similar,
starting from about 0.85 V. However, the rGO/Pd mixture
exhibited a broad reduction plateau in the potential region of
0.3−0.6 V, which corresponded to the electrochemical activity
of rGO. In contrast, at a similar ratio of rGO and Pd, the CV
pattern of rGO-Pd did not have the same electrochemical
behavior as that of rGO in this region. Instead, rGO-Pd showed
pure Pd behavior with larger double-layer capacitance
compared to Pd NPs, indicating the presence of the rGO
support.5,44 This observation is interesting because rGO-Pd and
the rGO/Pd mixture had the same chemical content. This
result might be explained by the different preparation methods
of these two samples. Considering that the rGO/Pd mixture
was prepared by mixing and sonicating rGO and Pd NPs
together, some of the Pd NPs were likely to be covered by
rGO, preventing the reagent from accessing the Pd surface. In
addition, because of the thin layer of palladium oxide on the Pd
NP surface, when the Pd NPs were mixed with rGO, the
interfacial interaction of these two components would not be as
strong as that of rGO-Pd, resulting in poor interfacial
interaction. These might result in an outstanding signal of
rGO in the CV test.
Then, the catalysts were tested for EOR in an electrolyte

containing 1 M ethanol and 1 M KOH. The catalytic currents
were normalized to the ECSAs and the loading amount of
metals for comparison (Figure 4). A commercial Pt/C catalyst
was also used as the standard. Figure 4a depicts the onset
potential of ethanol oxidation on rGO-Pd, starting at around
0.3 V, which was lower than those for the Pd NPs and a rGO/
Pd mixture. Moreover, rGO-Pd showed a remarkably larger
current density than the other catalysts, including Pt/C (Figure
4a,b). The peak current densities obtained on rGO-Pd in
positive and negative scans were 14.58 and 15.84 mA cm−1,

Scheme 1. Scheme of the Formation Mechanism of rGO-Pd

Figure 3. CV curves of rGO-Pd, a rGO/Pd mixture, and Pd NPs in 0.1
M KOH at a scan rate of 50 mV s−1.
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respectively, much higher than those on Pd NPs (2.70 and 4.14
mA cm−1), rGO/Pd (1.40 and 1.49 mA cm−1), and Pt/C (2.07
and 1.74 mA cm−1). Furthermore, the mass current density of
rGO-Pd reached about 2 A mg−1 and was also better than those
reported in the literature using similar Pd NPs, implying that
the combination of rGO and Pd NPs could significantly
enhance the catalytic activity. This result is consistent with
recent reports on graphene-supported catalysts, in which the
graphene could serve as an excellent NP support and enhance
both the catalytic activity and stability.21,44 Interestingly, as a
control experiment, the rGO/Pd mixture seemed to have the
lowest mass current density among all of the catalysts (Figure
4b). However, after the current density was normalized to the
ECSA, the rGO/Pd mixture showed a similar level of current
density compared with Pd NPs (Figure 4a). This result implies
that most of the Pd NPs in the rGO/Pd mixture were not
“electroactive”, and utilization of Pd was not efficient in this
way. As discussed above, the procedure for making the rGO/Pd
mixture might result in rGO-coated Pd NPs and, consequently,
a lower ECSA than that of pure Pd. Thus, the surface area
activity of the rGO/Pd mixture was of a level similar to that of
Pd and Pt/C, while its mass activity was lower. Recent reports
reveal that graphene or GO is a good platform and plays an
important role in the activity enhancement of the catalyst.13,14

The improved performance of graphene-based composites
relied on the rational assembly of the material and proper
exposure of the active sites. Our result here confirms that it is of
great importance to ensure good contact between the catalysts
and graphene.
To evaluate the stability and long-term performance of our

catalysts, chronoamperometric curves were recorded at 0.63 V
for 2000 s. As shown in Figure 4c, rGO-Pd exhibited the
highest current compared to the other catalysts, which is
consistent with the CV results. All of the catalysts showed a
rapid current decrease at the beginning of the chronoampero-

metric tests because of surface poisoning with the reaction
intermediates.45 Nevertheless, rGO-Pd showed a much higher
mass current density than the others. After 2000 s, the current
densities of rGO-Pd, a rGO/Pd mixture, Pd NPs, and Pt/C
were 0.055, 0.004, 0.006, and 0.007 A mg−1, respectively. This
result further confirms the excellent performance of rGO-Pd.
In the ORR tests, the rotating-disk-electrode polarization

curves of the catalysts were recorded in the O2-saturated 0.1 M
KOH solution. As shown in Figure 5a, rGO-Pd exhibited a
comparable ORR activity toward the commercial Pt/C. The
onset potential of ORR on rGO-Pd was slightly more negative
than that on the Pt/C. However, the half-wave potential of
rGO-Pd was 0.734 V, about 20 mV higher than that of the Pt/
C, indicating that rGO-Pd has better kinetics than the Pt/C in
ORR. On the other hand, the rGO/Pd mixture and Pd NPs
showed much more negative onset potentials and half-wave
potentials compared to rGO-Pd. The low ORR activities of the
rGO/Pd mixture and Pd NPs should be due to the aggregation
of Pd. However, the rGO/Pd mixture exhibited a better
performance than pure Pd NPs, confirming that the rGO
support could improve the electrochemical activity of the
catalyst. The kinetic currents were calculated using the currents
at 0.765 V in Figure 5a based on the Koutecky−́Levich
equation:

= +
i i i
1 1 1

k d

where ik is the kinetic current and id is the diffusion-limiting
current.
Table 1 summarizes the half-wave potentials and mass-kinetic

currents of the prepared catalysts and further confirms that
rGO-Pd had excellent ORR activity as the commercial Pt/C.
Stability tests were conducted with potential cycles from 0.36

to 0.86 V at a scan rate of 50 mV s−1 for 4000 cycles. Figure 5b
shows the ORR polarization curves for rGO-Pd before and after

Figure 4. CV curves of rGO-Pd, a rGO/Pd mixture, Pd NPs, and commercial Pt/C in 1 M KOH in the presence of 1 M ethanol. The current
densities were normalized to ECSAs (a) and mass (b), respectively. (c) Chronoamperometric curves for the catalysts at 0.63 V.

Figure 5. ORR polarization curves of rGO-Pd, a rGO/Pd mixture, Pd NPs, and commercial Pt/C in O2-saturated 1 M KOH (a). Polarization curves
of rGO-Pd before and after stability tests (b).
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the stability test. Little change in the ORR activity was observed
after 4000 potential cycles, while the rGO/Pd mixture and Pd
NPs lost their activities significantly (Figure S9 in the SI).
The above EOR and ORR results have shown that rGO is an

excellent carbon support for improving the activity and stability
of Pd. Such an enhancement could be attributed to the tensile
strain effect in the Pd layer when Pd contacts graphene. This
effect results in electron exchange transfer between Pd and
graphene interfaces and increases the interaction states and
transmission channels between Pd and graphene while keeping
sufficient π electrons on graphene for conduction.18 In the
ORR process, the high overpotentials observed on most
catalysts arise mainly from the strong adsorption of oxygen
species. It has been reported that the electronic structure of Pd
NP could be tuned by interaction with the defects on graphene,
leading to weaker oxygen species adsorption strength and
better ORR performance.42,46,47 Because of the strong
interaction between rGO and Pd, rGO-Pd exhibited excellent
electrochemical activities for both EOR and ORR. On the other
hand, lower activities were observed for the rGO/Pd mixture
and Pd NPs, indicating that the tensile strain effect weakened as
the Pd grew bigger on the graphene. In this case, the
overgrowth Pd NPs tended to act as a “normal” Pd material
rather than nanoscale contacts between small-sized Pd NPs and
graphene.
Finally, we have extended this method to fabricate other

rGO/metal nanocomposites. Figure S10 in the SI shows the
TEM images of rGO-Au and rGO-Pt synthesized via an
identical reduction process, confirming the universality of this
synthetic strategy.

■ CONCLUSIONS

In summary, by using one-pot photochemical citrate reduction
of PdCl4

2− and GO, well-dispersed and assembled Pd NPs on a
rGO support were synthesized. Owing to the surfactant-free
synthesis process, the resulting materials do not need further
surface washing or annealing. EOR and ORR tests revealed that
the prepared rGO-Pd NPs had excellent catalytic activity and
stability. Control experiments revealed that NPs should be
assembled on the rGO surface properly to achieve improved
electrochemical activity. This synthetic approach is effective for
preparing rGO-supported Pd NPs in mild conditions without
sophisticated reaction control and may also be readily applied
to synthesize other rGO−metal NP composites like rGO-Pt
and rGO-Au.
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