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Abstract
We report a simple and environment-friendly route to prepare platinum/reduced
graphene oxide (Pt/rGO) nanocomposites (NCs) with highly reactive MnOx
colloids as reducing agents and sacrificial templates. The colloids are obtained
by laser ablation of a metallic Mn target in graphene oxide (GO)-containing
solution. Structural and morphological investigations of the as-prepared NCs
revealed that ultrafine Pt nanoparticles (NPs) with an average size of 1.8 (± 0.6)
nm are uniformly dispersed on the surfaces of rGO nanosheets. Compared with
commercial Pt/C catalysts, Pt/rGO NCs with highly electrochemically active
surface areas show remarkably improved catalytic activity and durability toward
methanol oxidation. All of these superior characteristics can be attributed to
the small particle size and uniform distribution of the Pt NPs, as well as the
excellent electrical conductivity and stability of the rGO catalyst support. These
findings suggest that Pt/rGO electrocatalysts are promising candidate materials
for practical use in fuel cells.
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Abstract
We report a simple and environment-friendly route to prepare platinum/reduced
graphene oxide (Pt/rGO) nanocomposites (NCs) using highly reactive MnOx
colloids as both reducing agents and sacrificial templates. The colloids are
obtained by laser ablation of a metallic Mn target in graphene oxide (GO)-
containing solution. Structural and morphological investigations of the as-
prepared NCs revealed that ultrafine Pt nanoparticles (NPs) with an average
size of 1.8 (± 0.6) nm are uniformly dispersed on the surfaces of rGO nanosheets.
Compared with commercial Pt/C catalysts, Pt/rGO NCs with highly electro-
chemically active surface areas show remarkably improved catalytic activity and
durability toward methanol oxidation. All of these superior characteristics can
be attributed to the small particle size and uniform distribution of the Pt NPs,
as well as the excellent electrical conductivity and stability of the rGO catalyst
support. These findings suggest that Pt/rGO electrocatalysts are promising
candidate materials for practical use in fuel cells.

Introduction
Among the different clean and renewable energy systems currently available,
direct methanol fuel cells (DMFCs) have been extensively studied in recent
decades because of their simple structure, high power densities, high energy
conversion efficiencies, low operation temperatures, and low pollutant emis-
sions. In these electrochemical cells, methanol is directly oxidized by oxygen
from air into water and carbon dioxide to generate electricity. Pt-based mate-
rials are widely used as anode electrocatalysts for driving methanol oxidation
reactions. However, the high manufacturing cost and slow reaction kinetics of
Pt-based catalysts have seriously prevented the successful commercialization of
DMFCs. Considering these issues, great effort has been made to develop non-
Pt-containing catalysts. Thus far, only a few catalysts have shown sufficiently
acceptable electrocatalytic activity. Therefore, Pt-based catalysts with reduced
costs and improved catalytic activities must be developed.

The size of Pt NPs is known to be one of the most important factors affecting
the performance of a catalyst. As the particle size decreases, a large fraction
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of active Pt atoms could be exposed to the surfaces; thus, ultrafine Pt NPs of-
ten exhibit highly enhanced catalytic activities. Downsizing Pt NPs is another
way to reduce the Pt loading and cost of catalysts. However, when the size of
the Pt NPs is too small, the high surface energy of the NPs may cause severe
aggregation, thereby inducing a serious decline in their performance during cat-
alytic operation and impeding their use in industrial processes. An effective
strategy for solving these deactivation problems involves uniform loading of the
Pt NP catalysts onto a carrier with a large surface area and good electrical
conductivity.

Vulcan XC-72 carbon is commonly used as the support material for dispersed
nano-sized Pt catalysts. However, this material is susceptible to corrosion at the
operating conditions of DMFCs, such as in systems with acidic electrolytes (pH
< 1) and high driving potentials (0.6–1.2 V). Thus, semiconductive oxides and
carbides, such as TiO2, CeO2, SiC, and B4C, have been investigated as catalyst
support materials because of their high electrochemical activity and stability.
However, their low electrical conductivity seriously impedes their further devel-
opment as suitable catalyst supports for DMFCs. Graphene is a monolayer of
carbon atoms packed into a dense honeycomb crystal structure; this material
has recently attracted increased attention because of its potential application
as a catalyst support in fuel cells. Pt NPs can be deposited on graphene sheets
to achieve specific properties, such as a large surface area to provide high metal
dispersion, a high electrical conductivity to facilitate electron transfer, a suit-
able porosity to promote gas flow, and a high stability to avoid corrosion in
both acidic and alkaline media.

In this study, we propose a simple and green strategy to fabricate Pt/rGO NCs
based on laser ablation in liquids (LAL). LAL-generated MnOx colloids with
high reactivity can be used as agents to reduce GO and PtCl62-, and MnOx
NPs can be easily deposited onto graphene nanosheets and further used as in
situ sacrificial templates to ensure the uniform distribution of reduced Pt NPs
on the surface of rGO nanosheets. A schematic of the proposed transformation
is shown in Scheme 1. To identify their potential utility in catalytic applica-
tions, the electrocatalytic activity of the as-prepared Pt/rGO NCs was tested
for methanol oxidation. The NC catalysts obtained displayed remarkably en-
hanced electrocatalytic performance toward methanol oxidation as compared
with commercial Pt/C catalysts.

Scheme 1. Schematic illustration for the formation of Pt/rGO NCs.

Experimental Section
Chemical Reagents and Materials

All chemicals used in this experiment were of analytical grade and applied with-
out further purification. Graphite powder was purchased from Tianjin Guangfu
Fine Chemical Research Institute. GO (TEM image in Figure S1) was fabri-
cated according to a modified Hummers method. The commercial Pt/C cat-
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alysts (20 wt% Pt on Vulcan XC72R carbon) were purchased from Johnson
Matthey. Double-distilled water (resistance, >18 MΩ cm-1) was used through-
out all experiments.

Preparation of Pt/rGO NCs

After fixing a manganese metal plate (99.8% purity) to a vessel filled with 15 mL
GO solution, the rotating metal plate was ablated for 15 min by a fundamental
Nd:YAG laser (1064 nm) with a 10 Hz pulse repetition rate, 10 ns pulse duration,
and 100 mJ per pulse laser energy. After ablation, the fresh colloids and 2 mL
chloroplatinic acid (H2PtCl6・6H2O, 4 mg mL-1) were fed into a round flask
(100 mL) in an oil bath heated to 90 °C for 24 h. During oil bath heating, the
solution was intensely stirred. To investigate the formation of the Pt/rGO NCs,
1 mL of the suspension was sampled at different reaction intervals (8 and 18 h).
The black precipitate was collected by centrifugation and alternately washed
with deionized water and anhydrous ethanol for three times. The final products
were obtained by drying the precipitate at 60 °C in a vacuum-drying box.

Characterization

The phase structures of the prepared products were analyzed by a Rigaku X-ray
diffractometer with Cu K� radiation (� = 0.15419 nm). Raman spectra were mea-
sured by a confocal Raman microprobe (RENISHAW in Via Raman Microscope)
with 532 nm argon ion laser excitation. The surface chemical constituents of
the products were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo
ESCACLB 250). Fourier transform infrared (FT-IR) spectra were recorded
on a Nicolet 8700 spectrometer by the KBr pellet technique. High-resolution
transmission electron microscopy (HR-TEM) was performed on a JEOL-2010
apparatus with 200 kV accelerating voltage. The TEM specimen was made by
dispersing the product powders in ethanol to form a suspension, which was then
dropped onto a carbon-coated Cu grid after ultrasonic treatment. Electrochemi-
cal impedance spectroscopy (EIS) of the products was performed with a Zahner
IM6e electrochemical workstation.

Electrochemical Measurements

All electrochemical measurements were conducted at room temperature in a
standard three-electrode Zahner IM6e electrochemical workstation. A KCl-
saturated Ag/AgCl electrode and a Pt wire were used as the reference and
counter electrodes, respectively. A glassy carbon (GC) electrode (3 mm in
diameter) was polished to a mirror finish with Al2O3 slurry (0.3 �m) and ul-
trasonically cleaned in ethanol for a few minutes. Subsequently, 10 �L of the
as-obtained Pt/rGO NCs or commercial Pt/C catalyst suspension was directly
pipetted onto a working electrode, followed by solvent evaporation at room tem-
perature. Exactly 20 �L of the Nafion solutions were then dropped onto each
dried sample. The weight concentration of Pt in the catalyst suspension was
estimated through inductively coupled plasma optical emission spectrometry
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(ICP-OES). Cyclic voltammetry (CV) experiments were performed in a 0.5 M
N2-saturated H2SO4 aqueous solution at a scan rate of 50 mV s-1. The elec-
trocatalytic activity for methanol oxidation of the catalysts was measured in a
mixture of 0.5 M methanol and 0.5 M H2SO4 (or 0.5 M KOH). The current–
time (CA) curves of the catalysts were recorded at 0.635 V or –0.192 V for
3600 s. Long-term CV tests (1000 cycles) were conducted in acidic and alkaline
media at a scan rate of 50 mV s-1 to assess the stability of the Pt/rGO catalysts
further.

Results and Discussion
The morphology of the as-synthesized Pt/rGO NCs was characterized by TEM.
As seen from the low-magnification TEM images (Figures 1a–1c), large quan-
tities of Pt NPs are highly dispersed on the surface of rGO nanosheets, which
shows a very narrow size distribution with average size of 1.8 (± 0.6) nm (inset
of Figure 1c [Figure 1: see original paper]). The HR-TEM image of the Pt/rGO
NCs in Figure 1d reveals the ordered lattice fringes of Pt NPs. The d-spacing
value of 0.226 nm coincides well with that of face-centered cubic Pt (111), which
is also consistent with the XRD peaks in Figure 2a [Figure 2: see original paper].
Moreover, even after a long period of drastic sonication, the Pt NPs were still
firmly and uniformly anchored on the surface of rGO sheets, thereby indicating
strong interactions between the Pt NPs and rGO sheets. Therefore, the rGO
nanosheets play an important role in preventing agglomeration of ultrafine Pt
NPs. Conversely, the highly dispersed Pt NPs on the surface of rGO sheets can
act as “spacers”to prevent the overlapping of rGO sheets.

Figure 1. Low-magnification TEM (a–c) and HR-TEM (d) images of the as-
prepared Pt/rGO NCs. The inset in (c) shows the particle size-distribution
histogram of Pt NPs.

Figure 2. (a) XRD patterns of pristine graphite, GO, and Pt/rGO NCs. (b)
High-resolution C 1s XPS spectra of Pt/rGO NCs.

The XRD patterns of pristine graphite (black line), graphene oxide (GO, blue
line), and as-prepared Pt/rGO NCs (red line) are shown in Figure 2a. The XRD
peak of pristine graphite is observed at a 2� value of 26.6°, which indicates an
interlayer distance of 0.335 nm. This peak shifts to 10.5° after oxidation treat-
ment, which suggests that the interlayer distance in GO increases to 0.82 nm.
The interlayer distance in GO expands because of the presence of epoxide, hy-
droxyl, and carboxyl groups, as well as water molecules, between the GO layers,
which cause the GO to become hydrophilic. These surface functional groups
can act as anchoring sites for metallic compounds. As soon as the Pt/rGO
NCs are formed, no obvious peaks attributable to pristine graphite or GO could
be observed. Many previous studies have shown that, if the regular stacks of
graphite or GO are destroyed, for example, by exfoliation, their diffraction peaks
would become weaker or even disappear. Therefore, combined with the above
morphological analysis, it can be concluded that the graphene nanosheets could
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be destroyed by the decorated Pt NPs. Diffraction peaks at 2� values of 40.0°,
46.5°, and 67.9° correspond to the (111), (200), and (220) facets, respectively, of
face-centered cubic Pt crystals (JCPDS No. 01-1194), which confirms that the
Pt precursor has been chemically reduced to Pt NPs. Peaks corresponding to
manganese-based oxides were not observed, which demonstrates that the initial
MnOx NPs have completely reacted.

Figure 2b displays the high-resolution C 1s XPS spectra of Pt/rGO NCs, which
can be divided into four peaks corresponding to carbon atoms in different
oxygen-containing functional groups. The peak located at a binding energy
of 284.8 eV is assigned to the C–C bond. Three other peaks located at bind-
ing energies of 286.4, 287.9, and 288.9 eV respectively correspond to the C–O,
C=O, and O–C=O bonds, which show much weaker intensity compared with the
peak of the C–C bond. By comparing the high-resolution C 1s XPS spectrum
from GO (Figure S5), the peak intensity of oxygen-containing functional groups
sharply decreased, indicating that GO was reduced into rGO. Consistent with
our Raman (Figure S2) and FT-IR (Figure S3) analyses, the results described
above reveal that reduction of GO and loading of ultrafine Pt NPs onto rGO
nanosheets were successfully achieved via a one-pot treatment.

Figure 3 [Figure 3: see original paper]. TEM images and corresponding
EDS spectra obtained from the reaction suspension at different reaction inter-
vals: (a) 0 h, (b) 8 h, (c) 18 h, and (d) 24 h. The insets illustrate the particle
size-distribution histograms of Pt NPs. The peaks assigned to Cu elements
during EDS analysis are attributed to the Cu grid used for TEM measurement.

We propose the formation mechanism of Pt/rGO NCs in our synthesis strategy
as follows. In our previous work, we confirmed that fresh colloids generated
by the LAL technique possess high activity and reactivity. For example, LAL-
induced SnOx colloids can be used as reducing agents and composite precursors
to prepare SnO2/rGO NCs. In the present experiment, when the laser beam hits
the surface of the Mn target, a Mn cluster containing a plasma plume with high
temperature and high pressure is instantaneously produced at the solid-liquid
interface. Subsequent ultrasonic and adiabatic expansion of the plume region
forms small MnOx clusters with a low valence state. These MnOx clusters retain
their relatively high-temperature and high-pressure state; thus, the clusters are
expected to be very active and quickly oxidized with the simultaneous reduction
of GO to some extent. Highly active MnOx NPs can also be well dispersed
on the GO sheets to form MnOx/GO NCs (Figure 3a). These NCs are mainly
composed of Mn3O4 and MnO NPs, which are described as MnOx (XRD pattern
is shown in Figure S4).

Partial reduction of GO can be confirmed by the high-resolution C 1s XPS
spectra of GO and MnOx/GO NCs (Figure S5). The peak intensities of the
oxygen-containing functional groups of MnOx/GO NCs sharply decreased com-
pared with those of GO, which indicates the reduction of GO to some extent.
As soon as the Pt/rGO NCs are formed, the peak intensity of oxygen with its
functionalities is further decreased, thereby revealing further reduction of GO
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during the oil bath heating process. These findings may be further confirmed by
the FT-IR analysis results (Figure S3). To understand the formation process of
the Pt NPs better, we obtained TEM images and the corresponding EDS spectra
from the products obtained from the reaction suspension at different reaction
intervals (Figure 3). When the MnOx/GO NCs were immersed in an aqueous
solution of H2PtCl6 at 90 °C, Pt nanocrystals were spontaneously formed on
the surface of the MnOx NPs, where multiple numbers of tiny Pt nanocrystals,
with an average size of 1.0 (± 0.4) nm, were attached to the surface of MnOx
NPs, as shown in Figure 3b. However, the longer reaction duration (Figure 3c)
could cause additional nucleation and extensive deposition of Pt nanocrystals
with slightly larger particle sizes. The TEM and EDS analysis results reveal that
the MnOx NPs progressively dissolve during the reaction, which implies that
the growth of Pt proceeds via step-by-step consumption of MnOx. Therefore,
the TEM images of products with a reaction time of 24 h show the genera-
tion of Pt/rGO NCs, wherein the 1.8 (± 0.6) nm-sized Pt NPs are densely and
uniformly dispersed on the rGO sheets (Figure 3d). The corresponding EDS
spectra of the Pt/rGO NCs show peaks corresponding to C and Pt elements,
which further confirms the formation of Pt NPs. This reaction can be described
by the following equation:

PtCl62- + MnOx(NPs) + H+ → Pt (NPs) + Mn3+ + Cl- + H2O (1)

To evaluate the potential application of as-prepared Pt/rGO NCs, we investi-
gated their electrochemical properties for methanol oxidation in both acidic and
alkaline media. For comparison, the electrochemical measurements were also
carried out with commercial Pt/C catalysts under the same conditions. The
morphology and component characterization of the commercial Pt/C catalysts
are presented in Figure S6.

The electrochemical surface area (ECSA) of Pt catalysts is an important factor
determining its catalytic activity. Figure 4a [Figure 4: see original paper] shows
the typical CVs of prepared Pt/rGO and commercial Pt/C catalysts measured
in a 0.5 M N2-saturated H2SO4 aqueous solution. Typical hydrogen adsorption
and desorption were observed between -0.2 V and 0.16 V (vs. Ag/AgCl). The
CV curve of Pt/rGO catalysts shows peaks with a current density in the hy-
drogen adsorption/desorption region higher than those of the commercial Pt/C
catalysts. The ECSA of the catalysts can be calculated on the basis of the
hydrogen adsorption region according to the following equation:

ECSA = 𝑄𝐻
0.21 × [Pt]

where 0.21 (in mC cm-2) is assumed as the monolayer charge (calculated from
the surface density of 1.3×1015 atom cm-2), QH (in mC cm-2) is the amount of
charge exchanged during the electro-desorption of hydrogen atoms on Pt, and
[Pt] (in mg cm-2) is the loading amount of Pt on the working electrode. The
calculated ECSA of the prepared Pt/rGO catalysts is 1013.4 cm2 mg-1, which is
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larger than that of the commercial Pt/C catalysts (826.9 cm2 mg-1). The large
ECSA value of the Pt/rGO catalysts indicates the ultrafine size and uniform
dispersion of Pt NPs on the rGO nanosheets, which is in good agreement with
the observed morphology.

Figure 4. CV curves of GC electrodes modified with prepared Pt/rGO and
commercial Pt/C catalysts measured at a scan rate of 50 mV s-1 in 0.5 M N2-
saturated H2SO4 (a), 0.5 M H2SO4 + 0.5 M CH3OH (b), and 0.5 M KOH
+ 0.5 M CH3OH (c). CA curves of prepared Pt/rGO and commercial Pt/C
catalysts measured in 0.5 M H2SO4 + 0.5 M CH3OH (d) and 0.5 M KOH +
0.5 M CH3OH (inset) at a scan rate of 50 mV s-1.

The mass activity of the Pt-based catalysts, which is defined as the peak current
per amount of Pt loading, is commonly adopted for evaluating their electrocat-
alytic performances. Figure 4b shows typical CVs obtained in a 0.5 M H2SO4
solution containing 0.5 M CH3OH. The prepared Pt/rGO catalysts show obvi-
ously higher current density at all corresponding potentials compared with the
commercial Pt/C catalysts. Figure 4b demonstrates that the forward peak cur-
rent density of the Pt/rGO catalysts is 333.3 mA mg-1 or about 2.17 times that
of the commercial Pt/C catalysts (153.3 mA mg-1). Similarly, in acidic media,
the Pt/rGO catalysts exhibited a higher forward peak current density (552.5
mA mg-1) than the commercial Pt/C catalysts (301.7 mA mg-1) in alkaline me-
dia, as shown in Figure 4c. More importantly, the Pt/rGO catalysts exhibited
better CO tolerance in alkaline media. Previous reports have confirmed that the
ratio of peak current densities for the forward (If) and backward (Ib) scans is
an indicator of the CO tolerance of the catalyst. A higher If/Ib value indicates
higher tolerance to intermediate carbon species, which means methanol can be
oxidized into carbon dioxide much more efficiently. According to the calculation
based on Figure 4c, the If/Ib value for the Pt/rGO catalysts is 7.45, which is
much higher than that of the commercial Pt/C catalysts (4.46). To describe
the electrocatalytic performance of the prepared Pt/rGO catalysts further, the
specific activities observed were also compared with those of commercial Pt/C
catalysts, as shown in Figure S7. Results reveal that the specific activities of
Pt/rGO catalysts are much higher than those of the commercial Pt/C catalysts
in acidic and alkaline media. All of these results provide clear evidence of the
superior electrocatalytic activity of the prepared Pt/rGO catalysts for methanol
oxidation.

The stabilities of the prepared Pt/rGO and commercial Pt/C catalysts were
examined by steady-state chronoamperometry, as shown in Figure 4d. Com-
pared with the commercial Pt/C catalysts, the Pt/rGO catalysts exhibited ob-
viously higher initial current densities and maintained higher current densities
during the entire test range in acidic and alkaline media; these findings indi-
cate a higher poison-tolerance to absorbed intermediates generated during the
methanol oxidation processes. To prove the stability of the Pt/rGO catalysts
further, long-term CV tests were conducted in both acidic and alkaline media.
As shown in Figures 5a and 5d, no obvious changes were found in the shape
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and peak potential of the CV curves of the Pt/rGO catalysts after the CA test
and the subsequent 1000 cycles. In acidic media (Figures 5a–5c), the remaining
peak current density of the Pt/rGO catalysts was calculated as 93.0% relative to
the initial value after the CA test, which is higher than that observed from the
commercial Pt/C catalysts (75.9%). Even at the 1000th cycle, the peak current
density of Pt/rGO catalysts remained at 85.6%, but the corresponding value ob-
tained from the commercial Pt/C catalysts sharply dropped to 62.4%. The same
phenomena were observed in alkaline media (Figure 5d [Figure 5: see original
paper]–5f). The calculated forward peak current for the Pt/rGO catalysts was
88.6% after the CA test and 77.9% after 1000 cycles, both of which are higher
than those of the commercial Pt/C catalysts (85.1% and 61.4%, respectively).
These results suggest that the Pt/rGO catalysts have excellent oxidation ability
and corrosion resistance.

Figure 5. CV curves of prepared Pt/rGO and commercial Pt/C catalysts
measured in 0.5 M H2SO4 + 0.5 M CH3OH (a-c) and 0.5 M KOH + 0.5 M
CH3OH (d-f) at the initial, after CA test and the subsequent 1000 cycles.

The good performance of as-prepared Pt/rGO catalysts in methanol oxidation
can be reasonably understood by considering the following facts. First, com-
pared with other carbon support materials, graphene possesses a larger surface
area that can efficiently prevent the Pt NPs from coalescing and thus lead to
the formation of highly dispersed, high-density, and ultrafine Pt NPs. These
well-dispersed and ultrafine Pt NPs are endowed with more electrochemically
active sites, active facets, and an active surface area. As well, the excellent
stability of graphene can retain the structural integrity of the Pt/rGO catalysts
under harsh electrochemical conditions. More importantly, graphene has excel-
lent conductivity and can cause rapid transport of electron or charge carriers.
To investigate the nature of these electrons or charge transfers, typical EIS data
are presented as Nyquist plots in Figure S8. The diameter of the semicircle in
the plot of the prepared Pt/rGO catalysts is much smaller than that observed
for commercial Pt/C catalysts, and this feature indicates a much smaller solid-
state interfacial resistance and electron or charge transfer resistance. These
multiple factors contribute to the remarkable catalytic performance of the pre-
pared Pt/rGO catalysts.

Conclusions
In summary, high-quality Pt/rGO NCs were successfully synthesized with
graphene-anchored MnOx NPs as a reaction template. Compared with
commercial Pt/C catalysts, the as-prepared Pt/rGO catalysts possess higher
activity and better long-term performance for methanol electro-oxidation in
acidic and alkaline media, which indicates that our electrocatalysts can provide
more efficient Pt utilization. Graphene shows great potential application as
a catalyst carrier in fuel cells. The proposed synthetic method is simple,
effective, and environment-friendly, and the technique may be extended to
the preparation of other noble metals or their alloys NPs on graphene for
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electrocatalytic or electrochemical sensor applications.
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