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Platinum nanoparticles (Pt-NPs) were deposited onto N-(trimethoxy-silylpropyl) ethylenediamine tri-
acetic acid (EDTA-silane) modified reduced graphene oxide (EDTA-RGO). The EDTA-RGO/Pt-NPs were
coated onto a glass carbon electrode and characterized using scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, Raman spectra, and electrochemical tests. The chelating groups
create a micro-environment that is suitable for the catalytic behavior of Pt-NPs. Compared with tra-

ditional carbon-based Pt catalysts, EDTA-RGO/Pt-NPs exhibit great tolerance towards poisoning by CO.
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catalytic devices.

Graphene-supported Pt nanoparticles can be used for the fabrication of fuel cell electrodes and other

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Theoretically, direct methanol fuel cells are excellent power
sources due to their high energy density, low pollutant emission,
and easy handling. However, commercials applications are limited
by the high cost related to fine metal catalysts and the poisoning
caused by intermediate carbonaceous species. Significant efforts
have been devoted to developing a series of carbon-supported
catalysts for fuel cell electrodes with high catalytic activity, low
cost, and high resistance to carbon monoxide (CO) poisoning [1-6].
The utilization of graphene as a two-dimensional support material
to anchor nanoparticles (NPs) opens an avenue for the design-
ing of the next generation of graphene-supported catalysts [7-26].
For example, one such application is to load metal NPs as an
enhanced catalytic system for the oxidation of methanol in fuel
cells. Recently, we have found that graphene oxide supported Pt
and Pt-Ru nanoparticles possess high electrocatalytic activity for
both methanol and ethanol oxidation [18]. Other researchers found
that the presence of surface functional groups can improve wetta-
bility and accessibility of methanol to the electroactive surface [10].
These functional groups can act as nucleation centers or anchoring
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sites to limit particle growth, to improve the dispersion of metallic
crystallites, and to enhance the stability of the supported catalysts
[3,27-29].

Herein, we report the graphene functionalized with chelating
groups and its application in loading Pt nanoparticles (Pt-NPs)
for fuel cell applications. N-(trimethoxy-silylpropyl) ethylenedi-
amine triacetic acid (EDTA-silane) can react with graphene oxide
(GO) to form chelating groups modified graphene oxide (EDTA-
GO) and then to form reduced chelating groups modified graphene
oxide (EDTA-RGO). EDTA-GO and EDTA-RGO can be used as sup-
port materials for in situ synthesis of Pt nanoparticles. Our study
shows that EDTA groups can anchor Pt-NPs on the graphene
surface (defined as EDTA-RGO/Pt-NPs). The EDTA-RGO/Pt-NPs
exhibit higher catalytic activity, longer stability, and excellent
tolerance capability to CO poisoning. The results strongly indi-
cate that graphene surface modified with the desired groups can
dramatically enhance the surface properties of graphene which
play a vital role in antipoisoning activity of Pt-NPs electrocata-
lysts.

2. Experimental
2.1. Equipment

The SEM images were taken on a Hitachi S3400 (Hitachi, Japan)
with an energy dispersion X-ray (EDX) analyzer. The TEM images
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were taken on a Hitachi H7000 (Hitachi, Japan). X-ray diffraction
was taken on a Phillips X-Pert PRO powder diffractometer. The
electrochemical tests were performed on CHI-660 electrochemical
workstation (CHI Instruments Co., Texas) with a three-electrode
system with a GC electrode as the working electrode (& =3 mm),
the saturated calomel electrode (SCE) as a reference electrode and
a Pt wire as a counter electrode.

2.2. Materials

Graphite, hexachloroplatinic acid (H,PtClg-xH,0), ethylene gly-
col (EG), K5S,0g, P05, H;SO4, KMnOy4, Nafion, and 30% H,0, were
obtained from Aldrich and used without further purification. N-
(Trimethoxysilylpropyl) ethylenediamine triacetic acid sodium salt
(EDTA-Silane, 45% in water) was purchased from Gelest Inc. All
of other reagents and solvents were directly used without further
purification.

2.3. Procedures

Graphene oxide was synthesized using a modified Hummers
method, while the silanization process of GO was accomplished
by mixing GO with EDTA-silane in a methanol solution [30,31]. In
a typical procedure, graphite powders were oxidized by sulphuric
acid, K5S,0g and P, 0s, the resulting material then was oxidized by
concentrated H,SO4, KMnOy4, and 30% H;0,. After it was filtered
and washed with 0.1 M HCI and by DI water, the graphene oxide
(GO) dried in air was obtained.

The EDTA silane modified graphene oxide (EDTA-GO) was
prepared by reacting 1.0 ml N-(trimethoxysilylpropyl) ethylenedi-
amine triacetic acid (EDTA-silane) with 1.0 g GO in 200 ml methanol
through a silylation process [31]. The product (EDTA-GO) was
isolated by filtration and washed with methanol and water sequen-
tially. The molar ratio of Si to C in the EDTA-GO products was
determined to be 1:(12.7 £2.2).

The synthetic route to obtain the EDTA-GO supported Pt-NPs
(EDTA-RGO/Pt-NPs) is illustrated in Fig. 1. In our experiment, the
synthesis of Pt-NPs was completed by mixing EDTA-GO powder
with hexachloroplatinic acid (H,PtClg-xH,0) in an ethylene gly-
col (EG) solution and then the solution was refluxed under argon
protection at 140°C for 4h. We observed that the mass ratio of
EDTA-GO to H,PtClg varied from 1:0.1 to 1:0.5. The reduction of
H,PtClg to Pt-NPs and reduction of the graphene oxide to reduced
graphene oxide (RGO) were completed during the refluxing process
[10]. EDTA-RGO/Pt-NPs was isolated by filtration and washed with
methanol and water sequentially. Finally, the product was dried in
avacuum oven at 120°C for 12 h, and this treatment procedure can
enhance the catalytic activity of EDTA-RGO/Pt-NPs for the oxidation
of methanol [19].

As a control experiment, RGO/Pt-NPs was synthesized by mix-
ing GO powder with hexachloroplatinic acid (H,PtClg-xH,0) in an
ethylene glycol (EG) solution, and then the solution was fluxed
under constant argon flow at 140 °C for 4 h. The mass ratio of RGO
to H,PtClg varies from 1:0.1 to 1:0.5. And all of other procedures are
performed at the same condition mentioned above. The chemical
reduction of GO to RGO was obtained by mixing GO with ethylene
glycol-water solution without metallic salts and then the solution
was fluxed under constant argon flow at 140°C for 4 h. All of the
other treatment procedures are the same as mentioned above.

2.4. Characterization

GO, RGO, EDTA-RGO, RGO/Pt-NPs and EDTA-RGO/Pt-NPs were
characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Raman spectroscopy.

To fabricate a working electrode, 10 mg of EDTA-RGO/Pt-NPs
were initially dispersed in 5.0 ml 0.5% Nafion ethanol solution and
then stirred for 24 h to entirely disperse EDTA-RGO/Pt-NPs into
Nafion ethanol solution. Nafion is used as an adhesive to affix the
catalysts to the electrode surface. Then, 10 .l of this suspension was
placed onto the surface of a glassy carbon (GC) electrode and dried.
Finally, another 10 .1 0.2% Nafion ethanol solution was applied and
dried. This as-prepared electrode was defined as EDTA-RGO/Pt-
NPs/GC electrode. As a control experiment, RGO/Pt-NPs coated GC
electrode was prepared with the same procedure and it was defined
as RGO/Pt-NPs/GC electrode. Electrocatalytic oxidation of methanol
was measured in a 0.50 M CH3OH +0.50 M H, S04 solution by cyclic
voltammetry (CV) between —0.2V and 1.20V at room tempera-
ture.

3. Results and discussion
3.1. Characterization of EDTA-RGO/Pt-NPs

3.1.1. SEM and TEM

Fig. 2ais a typical SEM image of EDTA-RGO/Pt-NPs powders and
Fig. 2b depicts the elemental compositions of the EDTA-RGO/Pt-NPs
through energy dispersive X-ray spectroscopy (EDXS). The exis-
tence of Si and Pt on EDTA-RGO/Pt-NPs is indicated by the presence
of Si signal at 1.74keV and Pt signal at 2.05 and 9.44 keV, respec-
tively. Fig. 3a is a typical TEM image of EDTA-RGO/Pt-NPs, with the
graphene sheets clearly shown. Fig. 3b is a high resolution TEM
image of EDTA-RGO/Pt-NPs. Pt-NPs in Fig. 3b are in the size range
of 2.2-4.6 nm.

3.1.2. XRD

The X-ray diffraction (XRD) patterns of EDTA-GO, EDTA-RGO/Pt-
NPs and a commercial Pt reference catalyst (Pt-loaded graphite,
5 wt% Pt) are shown in Fig. 4a. Generally, the graphite sample has
two diffraction peaks at 25.90° and 53.6°, which are assigned to
the graphite crystalline planes C (002) and C (004), respectively.
Compared EDTA-GO sample with graphite, these two peaks dis-
appear, while a new broad peak (GO peak, plane C (002)/GO) at
260=10.29° with ~0.78 nm d-spacing is shown. With the formation
of EDTA-RGO/Pt-NPs, the GO peak almost disappeared while a new
broad graphite peak with low intensity appeared at 24.52°. This
peak can be assigned to C (00 2) graphite peak. These observations
suggest that, in a reducing process, the conjugated graphene net-
work (sp? carbon) has been re-established. This is consistent with
the peak appearance of reduced graphene oxide [8]. Fig. 4a shows
the characteristic diffraction peaks of Pt (11 1) for EDTA-RGO/Pt-
NPs and Pt-loaded graphite at 39.6°. Both samples also have the
characteristic diffraction peaks of Pt (200) at 46.2°, and Pt (220)
at 67.5°.

The diffraction peak for Pt (22 0) is used to estimate the Pt-NPs
size with the Scherrer equation, because there is no interference
from other diffraction peaks, and the average size of Pt-NPs in our
system is about 2.8 nm [8,29]. However, comparing the XRD of
EDTA-RGO/Pt-NPs with Pt-loaded graphite, there is no more inter-
ference peak at Pt (2 00) band at 46.3° of EDTA-RGO/Pt-NPs. These
data demonstrate that the crystallinity of Pt-NPs formed on EDTA-
RGO surface is uniform. It is also evident that the sharper Pt (111)
peak (Fig. 3a) indicates the higher loading capacity of Pt-NPs with
an EDTA-surface.

3.1.3. Raman spectra

Fig. 4b shows the Raman spectra of EDTA-GO, EDTA-RGO and
EDTA-RGO/Pt-NPs. A broad G-band at 1592-1598 cm™! is found
for EDTA-GO (1596 cm~!), EDTA-RGO (1593 cm~!) and EDTA-RGO
(1592 cm™1), respectively. This peak is attributed from the sp2-
hybridizaed carbon atoms in graphene sheet. The peak at about
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Fig. 2. The SEM image (a) and EDXS (b) of EDTA-RGO/Pt-NPs.
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Fig. 3. The TEM image of EDTA-RGO/Pt-NPs.

1352 cm! is the oxidation of disruption of the sp2-hybridized car-
bon atoms. After the reduction of the EDTA-GO to EDTA-RGO, the G
band shifts from 1596 cm~! to 1593 cm~!, indicating that the pro-
duction of RGO. For EDTA-RGO/Pt-NPs, the G band shifts to even
lower 1592 cm~1.Itis obvious that there is a decrease in the average
domain size of the spZ-hybridized carbon atoms with the increase
of the D/G intensity ratio in EDTA-RGO/Pt-NPs.

3.2. Electrochemical catalysis behavior towards the oxidation of
methanol

3.2.1. Cyclic voltammetry

Electrochemical catalytic behavior of EDTA-RGO/Pt-NPs/GC
electrode towards the oxidation of methanol was examined by
CV. To compare the catalytic activities of Pt-NPs on RGO and
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Fig. 4. The XRD of EDTA-GO, EDTA-RGO/Pt-NPs and Graphite-Pt-NPs (a), and the Raman spectra of EDTA-GO, EDTA-RGO and EDTA-RGO/Pt-NPs (b).

EDTA-GO surfaces, CV process was performed at room tempera-
ture (25+1)°C, and the scan rate of two electrodes was fixed at
60mVs~1, and the solution was a 0.5M methanol +0.5M H,S04
solution. The potential scan started at —0.2V and ended at 1.2V
(forward potential scan) and then back from 1.2 Vto —0.2 V (reverse
potential scan). The presented cyclic voltammograms are shown
in Fig. 5. When the scan is from —-0.2V to 1.2V, the oxidation
peak of methanol appears at 0.67V and the peak current density
is defined as the forward anodic peak current density (If). In the
reverse potential scan, the scan is back from 1.2V to —0.2V, a peak
appears at ~0.5V, the peak current density is designated as the
reverse (or backward) anodic peak current density (I;,). The reverse
anodic peak is attributed to the oxidation of CO,4s-like species, and
it is believed that these species are generated from the incomplete
oxidation of methanol during the forward potential scan.

The observed If of methanol oxidation on an EDTA-RGO/Pt-
NPs/GC electrode is approximately 6.3 mAcm~2. The observed
Ir of methanol oxidation on a RGO/Pt-NPs/GC electrode is
approximately 4.2 mAcm~2, which is only ~65% of that on the
EDTA-RGO/Pt-NPs/GC electrode, indicating an enhanced methanol
oxidation activity for the EDTA-RGO/Pt-NPs/GC electrode. From
Fig. 5, the observed I, of CO,q4s-like species oxidation on the
EDTA-RGO/Pt-NPs/GC electrode is approximately 1.9 mA cm~2.The
observed I}, of CO,4s-like species oxidation on the RGO/Pt-NPs/GC
electrode is approximately 3.9 mA cm~2, which is higher than that
on the EDTA-RGO/Pt-NPs/GC electrode. These results predict that
fewer CO,q4s-like species are generated on the EDTA-RGO/Pt-NPs
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Fig. 5. The cyclic voltammogram of EDTA-RGO/Pt-NPs/GC electrode in 0.5 M bulk
H,S04 solution and in methanol solution (0.5 M methanol + 0.5 M H,S04) and GO/Pt-
NPs/GC in the same methanol solution. Scan rate 60 mVs-1.

electrode, because of that the higher I, indicating an incomplete
methanol oxidation process.

In addition, Fig. 6a depicts that the cyclic voltammogram
of EDTA-RGO/Pt-NPs/GC electrode to methanol oxidation at dif-
ferent scan rates while Fig. 6b demonstrates that the I is
positively proportional to the square root of the scan rate,
suggesting that the oxidation of methanol at electrode is a
diffusion or a semi-infinite linear diffusion controlled pro-
cess.

3.2.2. Tolerance to CO poisoning

The magnitude of the peak current density is directly pro-
portional to the amount of methanol oxidized at the electrode.
The ratio of I; to I, can be used to explain the catalyst toler-
ance to CO and other carbonaceous species. Fig. 7 shows that
the I¢/I;, ratio values decrease as the scan rate increase, indicat-
ing that the CO accumulation increases with an increasing scan
rate. Furthermore, investigation demonstrates that, EDTA-RGO/Pt-
NPs displaying much higher I¢/I;, ratios compared to RGO/Pt-NPs at
five scan rates (20, 40, 60, 80 and 100 mV s~1), indicating superior
antipoisoning behavior. This result suggest that EDTA-GO sup-
ported Pt-NPs may lead to a more complete methanol oxidation to
CO. Compared with carbon black supported Pt-NPs, EDTA-RGO/Pt-
NPs have aratio of 2.0 to 2.6 (at scan rate 60 mV s~ 1), which is much
higher than that of carbon black (1.39), graphite (1.03) [29]. The
finding suggests that not only graphene bus also EDTA chelating
groups play a critical role of Pt-NPs in the catalytic behavior in the
accelerating the methanol oxidation in the anti-poisoning of CO.

3.3. Stabilities of EDTA-RGO/Pt-NPs

A major concern in current fuel-cell technology stems from
the stability of catalysts that is a critical parameter for evaluation
of anode materials. To investigate the stability of EDTA-RGO/Pt-
NPs/GC electrode towards the oxidation of methanol, cyclic
voltammetry was used to test the stability of Pt-NPs catalysis
behavior towards the oxidation of methanol. As shown in Fig. 8, I¢
after 400 CV cycles is ~80% of the initial Iy values, the EDTA-RGO/Pt-
NPs/GC electrode exhibits a stable forward current. Although the
initial decay occurs because of the formation of intermediate
species such as CO,4s, CH30H,4s, and CHO,4s during the oxidation,
the decay rate is much slower than the most graphite supported
Pt-NPs [32].

Our experiment has demonstrated that the presence of EDTA
groups on RGO surface plays a critical role in the catalytic activ-
ities of Pt-NPs. The presence of EDTA groups can significantly
enhance the electrocatalytic activity of Pt-NPs for methanol oxi-
dation to CO,, and the EDTA groups can more effectively enhance
CO-poisoning tolerance. To analyze the potential mechanisms, we
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Fig. 6. The cyclic voltammogram of EDTA-RGO/Pt-NPs/GC electrode to methanol oxidation at different scan rates (from bottom: 20, 40, 60, 80, 100mVs~') (a), and the

relationship of I vs. the square root of scan rate (b).

need to investigate the effect of the substrate surface groups on
the catalytic properties of the Pt-NPs. It has been demonstrated
that the oxygen groups on the graphene substrate surface can
promote the oxidation of CO adsorbed [8]. In addition, the ther-
modynamic analysis has proved that nitrogen (or boron) doped
graphene improves CO tolerance of Pt nanoparticles and the strong
binding of Pt nanoparticles on defective graphene leads to enhanc-
ing the stability [33-35]. Thus, the anti-poisoning capability of
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Fig. 7. The relationship of I¢/l,, ratio vs. scan rate of RGO/Pt-NPs/GC and EDTA-
RGO/Pt-NPs electrodes.
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Fig. 8. The relationship of It and I, vs. the scan cycles of EDTA-RGO/Pt-NPs/GC
electrode, scan rate 50mV s~!, solution: 0.5 M methanol +0.5 M H,S0,.

Pt-based nanoparticals towards CO,4s dependents on the surface
groups, the group types and the group surface densities of substrate.
On EDTA-RGO surface, the EDTA group contributes not only nitro-
gen atoms, but also -OH and —~COOH groups. These groups provide a
strong binding to anchor Pt-NPs, and create a hydrophilic microen-
vironment, which may also enhance the anti-poisoning properties
of EDTA-RGO/Pt-NPs. The possible mechanisms of the effects of
the EDTA groups on the activity of Pt-NPs are as follows: First, Pt
metal ions can form a complex with the carboxyl anions and amine
groups. In the fabrications process, the presence of EDTA on GO
surface can control the nanoparticle size, narrow the particle size
distribution and prevent the Pt-NPs from aggregation (see Fig. 3b)
[36]. Second, after the fabrication of Pt-NPs of EDTA-RGO surface,
EDTA plays several roles in enhancing the performance of Pt-NPs
catalysis properties, (1) EDTA had three carboxyl anions and two
nitrogen-containing groups. Hence, there is a complex interaction
between the EDTA groups and Pt-NPs. This complex interaction can
exert steric hindrance and coulombic effects on the metal particles,
thereby stabilizing Pt-NPs. The strong interaction between Pt-NPs
and EDTA can induce modulation in the electronic structure of Pt-
NPs, control the structure and shape of the NPs, lower the Pt-CO
binding energy and thus reduce the CO adsorption on Pt [33,36,37];
(2) the presence of EDTA groups enhances the hydrophilic proper-
ties of RGO and thus promotes water activation. As a result, the
adsorbed OH~ species at the Pt-NPs promote the oxidation of CO
[8,36]; (3) the EDTA groups can provide additional reaction sites,
like most nitrogen substituted graphene, to bind Pt-NPs, to stabilize
the Pt-NPs against coarsening, and then to enhance the stability and
efficient of Pt-NPs; (4) the EDTA groups can enhance charge transfer
between the reactants and electrode [36].

In addition, our data also indicate that the If current decay
rates are improportional to mass ratio of EDTA-RGO to loaded
Pt-NPs. A possible explanation is that a result of that the Pt-NPs
on EDTA-RGO surface may have been divided into two groups
with the increase of the Pt-NPs density. One group contains all Pt-
NPs that can interact with EDTA groups directly (binding-groups),
while the other group has Pt-NPs that have no interaction with
EDTA-groups (non-binding groups). With more and more Pt-NPs
deposited onto EDTA-RGO surface, the EDTA-sites are taken by Pt-
NPs. The later formed Pt-NPs will deposit onto graphene surface
directly. These Pt-NPs cannot be protected by EDTA groups and
exhibit less tolerance towards the CO poisoning. The more Pt-NPs
deposited on EDTA-RGO surface, the lower ratio of binding-Pt-NPs
and, hence, the lower tolerance towards CO poisoning. To obtain
the best performance of EDTA-RGO support Pt-NPs catalysts for fuel
cell applications, more works are needed to optimize the relation-
ship among the stability of EDTA-RGO/Pt-NPs, the surface density
of EDTA groups and loaded Pt-NPs on EDTA-RGO surface.
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4. Conclusion

Our research demonstrates that Pt-NPs can be synthesized on
the functionalized graphene surface with chelating groups and
proves that the chelating groups can enhance the catalytic activi-
ties of Pt-NPs towards the oxidation of methanol. In addition, these
Pt-NPs on EDTA-RGO surface exhibit high stability. The ratio of
I¢/I, of the EDTA-RGO/Pt-NPs/GC electrode towards methanol oxi-
dation is much higher than that of the commercial Pt/C catalysts,
carbon nanotubes, and graphene-supported Pt catalysts. The tech-
nique developed in this study can be extended to synthesize various
functionalized graphenes with other functional groups, thus pro-
viding a general route for preparing multifunctional graphene as
a support for various catalysis applications. Further investigations
should be focused on carefully controlling the particles sizes, facets,
and size distributions, which is expected to result in the next gen-
eration of grapheme-supported catalytic systems that not only for
fuel cells, but also for other catalytic systems.
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