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ABSTRACT: In this paper, noncovalent functionalized
graphene nanosheets are prepared through solvent-exfoliation
expanded graphite with the aid of supercritical (SC) CO, and
1-pyrenamine (PA). Then, it is used as supporting materials
for platinum to investigate the potential application of the
obtained nanocomposite in direct methanol fuel cells
(DMECs). Transmission electron microscope (TEM) images
reveal that Pt nanoparticles are evenly dispersed on the PA-
modified graphite nanosheets (PA-GNS) with an average size
of 3.0 nm. The high quality of PA-GNS is also confirmed
through Raman spectra analysis. PA-GNS/Pt nanocomposites
exhibit better electrocatalytic activity (1.4 times) and stability
(3.5 times) toward methanol oxidation than commercial
catalyst JM-C/Pt. The results suggest that noncovalent
functionalization of GNS by PA can be a method used to
create highly efficient and stable catalyst supports for methanol
electrooxidation in DMFCs.
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B INTRODUCTION

Due to the depletion of fossile fuels and the increasing concerns
of environmental protection, new power sources are in great
demand.'™* Direct methanol fuel cells (DMFCs) are
considered as an excellent candidate owing to their ease of
handing, high-energy conversion efficiency, low pollutant
emission, and low operating temperatures.”® The noble metal
platinum (Pt) is one of the best catalysts for DMFCs.” '?
However, the high cost and low electrocatalytic activity and
stability of common Pt catalyst inhibit the broad applications of
DMECs."”'* In order to improve the performance of Pt
catalyst in the DMFCs, an efficient method is to incorporate Pt
nanoparticles with carbonaceous materials, such as carbon black
(CB),">'® carbon nanotubes (CNTs),"” ° carbon nanofibers
(CNFs)*"** and graphene.”*~*

Graphene, a kind of two-dimensional sheet which is
composed of sp*-bonded carbon atoms, exhibits outstanding
physicochemical properties, such as high specific surface area
and excellent electronic conductivity and resistance to
corrosion, making it an ideal catalyst support for fuel cell
application.”® ™ But pristine graphene is relatively inert, and
the metal particles are typically weakl;r adsorbed on graphene
and easy to diffuse along the surface,”® which lead to catalyst
sintering and loss of catalytic activity. Among the reported
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methods, graphene oxide (GO) flakes or reduced graphene
oxide (RGO) flakes are widely used as the support materials for
catalyst.*»*>**%* The oxygen groups in the GO or RGO not
only increase the hydrophilicity of the graphene but also
provide the active site for anchoring metal nanoparticles on the
surface of graphene.y'g'5 However, the oxidization treatments
damage the desirable properties of the graphene and make it
easy to corrode under harsh electrochemical conditions.*® So
noncovalent functionalization of graphitized carbons with
organic bifunctional molecules through 77— interactions is an
effective strategy.®” Li et al.*® and Oh et al.** have efficiently
loaded Pt nanoparticles on CNTs and CNFs using 1-
pyrenamine (PA) as an interlinker.

Our previous study indicated that graphene could be
exfoliated and functionalized from graphite with the aid of
the syngenstic effect of pyrene-derivatives and supercritical
carbon dioxide (SC CO,).***! High quality and noncovalent
functionalized graphene were successfully prepared, and they
are expected to have potential use as catalyst supports. In this
paper, we report a facile method to prepare Pt nanoparticles
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supported on noncovalent functionalized graphene nanosheets
(GNS) that were prepared by exfoliation of expanded graphite
in DMF with the assistance of PA and SC CO,. Then, we study
its potential application for DMFCs. Moreover, the effects of
PA on the dispersion of Pt nanoparticles and electrocatalyst
performance are also investigated. This suggests that PA
noncovalent-functionalized graphene nanosheets are desirable
supporting materials for noble metal catalysts in DMFCs.

B EXPERIMENTAL SECTION

Materials. Expandable graphite with average particles 150 ym was
purchased from Qingdao Jinrilai Electronic Material Company
(Qingdao, China). 1-Pyrenamine (PA) (>98%) was purchased from
Tokyo chemical industry Co., Ltd. (Japan). H,PtClg was purchased
from Aldrich. Nafion 117 (S wt %) was purchased from Aldrich. CO,
(99.95%) was supplied by Zhengzhou Shuangyang Gas Co. (China).
All other reagents employed were supplied by Guangdong guanghua
Sci-Tech Co., Ltd. (China) and used as received. Deionized water was
used to prepare aqueous solutions.

Preparation of Noncovalent Functionalized GNS. GNS were
produced by exfoliating the expanded graphite with the assistance of
PA and SC CO,. First, expandable graphite was rapidly expanded in a
commercial microwave oven (Galanz, 700 W, 30 s) under atmosphere.
A 20 mg portion of expanded graphite and 6 mg PA were dispersed
into 10 mL DMF through sonication for 2 h. Then, the mixture was
transferred into the high-pressure stainless steel reactor and CO, was
charged into the reactor to presetting condition (40 °C, 16 MPa). The
resulting mixture was sonicated for 3 h. The sample was then
centrifuged and washed with ethanol three times at 9000 rpm for 15
min to remove the free PA. Finally, the product was dried at 60 °C
overnight and denoted as PA-GNS. GNS without PA was also
prepared using the same methods.

Synthesis of PA-GNS/Pt and GNS/Pt Composites. In a typical
experiment, 10 mg PA-GNS (or GNS) was dispersed into 20 mL
ethylene glycol by sonication for 30 min. H,PtCls aqueous solution
(0254 mL, 5047 mM) was thereafter added and stirred with a
magnetic stir bar for 1 h. The solution was then refluxed at 130 °C for
4 h. And the solution was settled overnight, centrifuged, and washed
with ethanol three times. Finally, the solid catalyst was dried in an
oven at 60 °C overnight and denoted as PA-GNS/Pt (or GNS/Pt).
The theoretical Pt loading is 20 wt %. Commercial Pt/Vulcan XC-72R
(Johnson Matthey, Pt loading: 20 wt %) was used as a reference for
comparison and denoted as JM-C/Pt.

Characterization. Transmission electron microscopy (TEM) was
performed with a JEM-2100 operating at 200 kV. Scanning electron
microscopy (SEM) was carried out with a JEOL JSM-7S00F field
emission scanning electron microscope. Energy dispersive X-ray
spectroscopy (EDS) was recorded with an Oxford INCA 250
energy-dispersive spectrometer equipped on the microscope. Power
X-ray diffraction (XRD) patterns were performed using a Rigaku/Max-
3B with Cu Ka radiation (4 = 0.15418 nm). UV—vis absorption
spectra were measured at room temperature with a Shimadzu UV-
240/PC spectrophotometer. Raman spectra were carried out at 532
nm using a Renishaw invia Raman Microscope at room temperature.
Thermogravimetry (TG) was conducted on a STA449C thermogravi-
metric analyzer from room temperature to 800 °C at 10 °C min™"
under air flow.

Electrochemical Activity Characterization. All the electro-
chemical measurements were finished using CHI 660D electro-
chemical workstation. A conventional three electrode cell was
employed with a Pt wire as the counter electrode, a statured Ag/
AgCl electrode as the reference electrode, and a glassy carbon (GC)
electrode (diameter = S mm) with coated catalysts serving as the
working electrode. About 7.44 ug Pt of the catalyst was loaded on the
glass carbon disk; the loading of Pt is about 38.0 yg cm™.

The electrochemical active surface area (ECSA) values and
electrocatalytic activity for the methanol oxidation of the catalyst
were measured in N,-statured 0.5 M H,SO, solution and 0.5 M H,SO,
containing 1 M methanol solution by cyclic voltammetry (scan rate: 25
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mV s™!) at room temperature. Accelerated durability test (ADT) was
carried out by CV measurements in the range of 0.5—1.0 V (vs Ag/
AgCl) at 50 mV s™" in N,-statured 0.5 M H,SO, solution.

B RESULTS AND DISCUSSION

The processes of synthesis of graphene nanosheets/Pt
composite and 1-pyrenamine (PA) modified graphene nano-
sheets/Pt composite are schematically illustrated in Scheme 1.

Scheme 1. Schematic Ilustration of the Synthesis of
Graphene Nanosheets/Pt Composite and 1-Pyrenamine
(PA) Modified Graphene Nanosheets/Pt Composite,
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As for the PA-GNS/Pt, expanded graphene was first exfoliated
into few-layer graphene nanosheets with the synergestic effect
of supercritical carbon dioxide (SC CO,) and PA. The low-
viscosity and high-diffusivity of SC CO, facilitate the
penetration and intercalation of PA and solvent between the
inner layer of graphite.*>*" The pyrenyl group of PA strongly
adsorbs onto the surface of GNS via 7—7 interaction,® and the
amine (—NH,) group is introduced at the same time. Then
H,PtClg is mixed with the PA-GNS and reduced by ethylene
glycol. The amine groups of PA-GNS can act as active sites for
the nucleation and growth of Pt nanoparticles and enhance the
interaction between graphene nanosheets and Pt nanoparticles.
The pristine structure of the graphene nanosheet is preserved
perfectly through this noncovalent functionalization method.
Figure 1 shows the SEM images of the expanded graphite
flakes. The expanded graphite shows typical worm-like

Figure 1. (a) Low- and (b) high-magnification SEM images of
expanded graphite.

morphologies and loose structure (Figure la). From the
higher-magnification image (Figure 1b), we can see clearly that
graphite flakes with a lateral size of approximately 10—80 ym
randomly stack together. The loose structure is desirable for the
following solvent exfoliation.
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After exfoliation by SC CO, and sonication, the dispersion of
PA-GNS was washed with ethanol by centrifugation to remove
the free PA molecule. Then the dispersion of GNS, PA-GNS,
and pure PA was characterized via UV—vis absorption spectra.
As shown in Figure 2, free PA molecules exhibited absorption

Absorbance

500
Wavelength (nm)

Figure 2. UV—vis absorption spectra of PA, GNS, and PA-GNS.

peaks at A = 288, 367, 386, and 413 nm and the GNS
dispersion showed one absorption peak at A = 270 nm. PA-

GNS showed a strong absorption peak located at 275 nm
corresponding to GNS with a redshift (4 = S nm) and a broad
absorption band around 400 nm corresponding to the PA
molecule. PA is an aromatic compound with large planar
aromatic structures of pyrene that can strongly anchor
themselves onto the surface of graphene nanosheets through
m—n interaction. So, the spectra indicated that PA has
successfully attached on the surface of GNS.>”*%*!

Zoval et al** have reported that Pt particles nucleate
preferentially at the step edges and point defects of graphite
basal plane. Most of the previous reports for GO/Pt
nanocomposites reflected that the abundant functional groups
such as carbonyls, hydroxyls, and e?oxides on GO make it a
good support for Pt depositing.”**> These functional groups
can act as active sites for enhancing the binding of metal
particles to graphite and increase the stability of metal particles
toward sintering. We expect that the amine groups attached on
the PA-GNS will have these functions.

The morphology of GNS/Pt and PA-GNS/Pt nano-
composites were explored by SEM. As shown in Figure 3a
and b, GNS consisted of flakes with a lateral size ranging from
0.5 to 20 pum. These phenomena indicated that expanded
graphite was successfully exfoliated into graphene nanosheets
with the assistance of SC CO,. From the high-magnification
SEM images of GNS/Pt and PA-GNS/Pt (Figure 3c and d), we

15 2 25 3

1
Energy (keV)

Energy (keV)

Figure 3. Low- and high-magnification SEM images and EDS spectra of GNS/Pt (&, ¢, and e) and PA-GNS/Pt (b, d, and f) nanocomposites.
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can find that Pt nanoparticles have successfully deposited on
the surface of GNS and PA-GNS. In the case of PA-GNS/Pt,
the Pt particles are more dense and uniform than GNS/Pt,
suggesting that the PA molecular can effectively attract and
stabilize Pt particles on GNS, leading to a high dispersion of Pt
particles. The EDS spectra of GNS/Pt and PA-GNS/Pt (Figure
3e and f) reveal the presence of C, O, and Pt on both samples,
providing further evidence that Pt nanoparticles were formed
on the surface of GNS. Apparently the enrichment of Pt in the
latter sample is much higher. According to the TG analysis, the
loading of Pt for PA-GNS/Pt is 18.6%, while the loading of Pt
on GNS is 17.1%. The increased yield improved the utilization
rate of noble metal Pt and reduced the cost of catalyst
preparation.39

The above studies have shown that PA played a role in
improving the loading of Pt on GNS. In the following study, we
investigated the effect of PA on the size and distribution of Pt
nanoparticles. The crystalline nature of the Pt nanoparticles was
investigated by X-ray diffraction (XRD). As shown in Figure 4,

Graph;; (002)
=Pt (111)
Pt (200)
Graphite (004)
Pt (220)

Intensity (a.u.)

80
2 theta (%)

Figure 4. XRD patterns of GNS/Pt and PA-GNS/Pt.

both PA-GNS/Pt and GNS/Pt composite show distinct
diffraction peaks at 39.5°, 45.9°, and 67.4° corresponding to
the (111), (200), and (220) planes of fcc structure of Pt
respectively. Meanwhile, the diffraction peaks at 26.5° is
attributed to the (002) reflection of GNS, indicating that the
GNS is composed by multilayer graphene sheets.” It can be
suggested that we have successfully prepared the GNS/Pt
composite. It has been reported that the average size of Pt
nanoparticles can be calculated according to Scherrer’s
formula.* From the full width half-maximum of the Pt (220)
peak, the average particles sizes of Pt on GNS/Pt and PA-
GNS/Pt were 3.6 and 2.7 nm, respectively.

The morphologies, size, and dispersion of Pt particles
supported on the GNS and PA-GNS were further investigated
by TEM. Figure S is the TEM images and corresponding
histograms of Pt particle size distributions of the GNS/Pt and
PA-GNS/Pt. The 100 randomly chosen particles were used to
analyze the size distribution of Pt. As shown in Figure Sc, the Pt
particles deposited on the GNS with diameters ranging from 2
to 6 nm. The average particles size of GNS/Pt is 4.0 nm. For
PA-GNS/Pt (Figure 5Sd and e), the mean sizes of Pt particles is
smaller (3.0 nm). This can be attributed to the large amount of
amine (—NH,) groups introduced by the PA molecules which
can act as active sites for the nucleation of Pt nanoparticles and
restrict the growth of the particle.** The inset of Figure 5d
shows an fcc Pt(111) plane with a d-spacing value of 0.22 nm.*

530

The size and dispersion of Pt nanoparticles on the supports are
highly resg)onsible for the electrocatalytic activity of methanol
oxidation.””

Carbon black has been widely used as catalyst supporting
materials. However, the biggest drawback of the carbon black is
prone to electrochemical corrosion.'®* Graphitized carbon has
been considered as a good substitute for its superior corrosion
resistance.'®*” The Raman spectrum was widely used to study
the structure and defects of carbon materials. Herein, we
identified the quality of GNS/Pt and PA-GNS/Pt by Raman
spectroscopy. Commercial Pt/Vulcan XC-72R (JM-C/Pt) was
also characterized for comparison. As shown in Figure 6, the
band at about 1355 cm™" corresponds to the defects induced D
band and the band at 1587 cm™ corresponds to the Ey
phonon of sp® atoms (G band). The greater the intensity of the
D band, the more defects the carbon materials possess.
Generally, the intensity ratio of D and G (Ip/I;) can be used to
evaluate the degree of graphitization of the carbon materials.*®
JM-C/Pt has the highest intensity of D band and a higher I,/I
(1.28), implying that there are a large number of defects in JM-
C/Pt and the degree of graphitization is rather low. On the
contrary, both GNS/Pt and PA-GNS/Pt have a very weak D
band, and the I/I; for GNS/Pt and PA-GNS/Pt is 0.17 and
0.18, respectively. This indicates that the defect densities of
GNS/Pt and PA-GNS/Pt are very low and the high degree of
graphitization is maintained. Therefore, we believe that the
catalysts prepared by our methods will be more stable than JM-
C/Pt under the same electrochemical conditions.

The electrocatalytic activity of PA-GNS/Pt as a potential
electrocatalyst for the DMFCs was examined. The electro-
chemical active surface area (ECSA) is generally closely related
to the electrocatalytic activity of the catalysts.'” Figure 7a
illustrated the CV curves of different samples in N,-satureated
0.5 M H,SO, solution with a potential range from —0.2 to 1.0
V vs Ag/AgCl at a potential scan rate of 25 mV s™". The values
of ECSA were calculated from the hydrogen adsorption charge
in the negative-going potential scan on CVs after double-layer
correction.'”*” The estimated ECSA values are the following:
82.9 (PA-GNS/Pt), 64.0 (JM-C/Pt) and 42.7 m* g~' (GNS/
Pt). PA-GNS/Pt has the highest value of ECSA, which is
consistent with improved dispersion, small size, and narrow size
distribution of the Pt on the PA-GNS support.*” It is suggested
that the PA-GNS/Pt would be favorable toward electro-
chemical reaction.

The electrocatalytic properties of GNS/Pt and PA-GNS/Pt
toward the methanol oxide reaction (MOR) were measured
and compared with those of JM-C/Pt. Figure 7b presents the
CV profiles for GNS/Pt, PA-GNS/Pt, and JM-C/Pt for the
MOR in a solution of 0.5 M H,SO, + 1 M CH;0H at room
temperature. All catalysts show a similar CV curve, a forward
peak around 0.7 V versus Ag/AgCl originates from the
oxidation of methanol, and a backward peak around 0.5 V
versus Ag/AgCl originates from the oxidation of intermediate
carbonaceous species.*® The mass-specific peak current density
in the forward sweep for the PA-GNS/Pt is 365.6 mA mg ™/,
which is higher than that of JM-C/Pt (105.0 mA mg™") and 4.3
times than that of the GNS/Pt of 85.6 mA mg™". The enhanced
catalytic activity for MOR of PA-GNS/Pt may be attributed to
the following: first, the utility of PA improves the distribution of
Pt nanoparticles on the GNS with smaller sizes, thus
introducing more active sites of Pt Second, the intrinsic
properties of GNS are preserved perfectly with this non-
destructive PA functionalization method, such as high
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Figure 5. Low- and high-maginification TEM images and corresponding histograms of Pt particle size distributions of the GNS/Pt (a, b, and c) and
PA-GNS/Pt (d, e, and f). The inset of d is a high-resolution transmission electron microscopy image of PA-GNS/Pt.
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Figure 6. Raman spectra of JM-C/Pt, GNS/Pt, and PA-GNS/Pt.

electronic conductivity, which plays a vital role in the
electrocatalytic activity. And finally, in contrast to GNS/Pt
electrode, the PA-GNS/Pt sample has sufficient amino groups,
which helps improve the wettability and accessibility of
methanol to the catalyst surface.*’

The effect of PA on the stability of catalysts was investigated
through accelerated durability test (ADT). Generally, it is
believed that the loss of ECSA is the main reason for the
degradation of the catalyst performance.’® As shown in Figure
8, the ECSA of all catalysts decreases with the number of
potential cycles under the ADT of DMFC conditions. After 500
cycles, PA-GNS/Pt retains 75.0% of the initial ECSA and 50.1%
of the initial ECSA for GNS/Pt remained. However, only
21.5% of the initial ECSA for the JM-C/Pt remained after the
same cycles. Among all the catalysts in this study, PA-GNS/Pt

a —— PA-GNS/Pt
—— JM-CIPt
A ——— GNSIPt
g g
g 0 4
€ 0l €
% s
3 3
40

0.0 0.5 1.0
Potential (V vs Ag/AgCl)
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Figure 7. (a) CV for GNS/Pt, PA-GNS/Pt, and JM-C/Pt in 0.5 M H,SO, solution at a scan rate of 25 mV sL (b) CV for GNS/Pt, PA-GNS/Pt,
and JM-C/Pt in 0.5 M H,SO, + 1 M CH;OH solution at a scan rate of 25 mV s™..
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Figure 8. Normalized electrochemical active surface area based on
cycle numbers during accelerated durability test.

shows the highest electrochemical stability, up to 3.5 times
higher than that of JM-C/Pt and 1.5 times higher than that of
GNS/Pt. The low stability of JM-C/Pt can be caused by the
electrochemical carbon corrosion which makes the Pt particles
detach from the support due to the low degree of
graphitization.’”*" As for GNS/Pt and PA-GNS/Pt, the
improved stability of them is due to the low defect density
and high degree of graphitization which impart them with
excellent electrochemical corrosion resistance.”® But for the
GNS/Pt, the loss of ECSA might be caused by Pt
conglomeration. Due to the fact that the surface of pristine
graphene nanosheets is relatively inert, Pt nanoparticles are
typically weakly adsorbed on graphene and easy to migrate
along the surface which leads to Pt nanoparticles aggregating
into larger particles.’®** By contrast, the greatly improved
durability of the PA modified GNS can be ascribed to the
strong interaction between PA and GNS,*' because PA can
serve as interlinkers and effective barriers to prevent the Pt
nanoparticles from sintering.’® In addition, the graphitic
structure of PA-GNS can be retained even the outmost layer
is corroded.”

B CONCLUSIONS

In summary, we successfully prepared PA noncovalent
modificated graphene nanosheets and their further functional-
ization with Pt nanoparticles. The obtained catalyst of Pt
nanoparticles supported on PA-GNS exhibited higher electro-
chemical active surface area, better methanol catalytic activity,
and long-term stability compared with the commercial catalyst
JM-C/Pt and GNS/Pt. The enhanced performance of PA-
GNS/Pt can be ascribed to the following: (1) the intact
structure of graphene nanosheets due to the noncovalent
modification, as well as the excellent electronic conductivity and
resistance to corrosion, is maintained; (2) the introduction of
PA offers a desirable active site for Pt nanoparticles anchoring
and improves their dispersion on GNS with a smaller size and
narrower size distribution, as well as introducing more active
sites of Pt; (3) the remaining PA on the GNS can act as barriers
to prevent the Pt nanoparticles from sintering and hence
improve the stability of the catalyst. This indicates that PA-
modified graphene nanosheets are a promising support material
for DMFCs. Therefore, it is a positive strategy to exfoliate
graphite to graphene using SC CO, and further functionaliza-
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tion with metal nanoparticles, and it is expected to help us to
achieve wider application in environmental and energy fields.
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