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We report graphene nanoplatelets (GNPs), which exhibit the advantages of both single-layer graphene
and highly graphitic carbon, as a durable alternative support material for Pt nanoparticles for oxy-
gen reduction in fuel cells. Pt nanoparticles are deposited on poly(diallyldimethylammonium chloride)
(PDDA)-coated GNP, and characterized with transmission electron microscopy, X-ray diffraction, Raman
spectra, and electrochemical tests. Pt/GNP exhibits greatly enhanced electrochemical durability (2-3
times that of Pt/CNT and commercial Etek Pt/C). These are attributed to the intrinsic high graphitization
degree of GNP and the enhanced Pt-carbon interaction in Pt/GNP. If considering that GNP can be eas-
ily mass produced from graphite, GNP is a promising, low-cost, and durable electrocatalyst support for
oxygen reduction in fuel cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte membrane (PEM) fuel cell is a high-
efficiency and environmentally friendly power source. One of the
main obstacles to the commercialization of PEM fuel cells is the
high cost and the poor durability of electrocatalytic materials [1,2].
Currently, the most promising electrocatalysts are still carbon
supported platinum (Pt/C) [3,4]. Carbon can be electrochemically
oxidized under PEM fuel cell conditions, which leads to Pt nanopar-
ticle sintering on or detaching from the support materials and
degrades fuel cell performance [1,2,5]. Therefore, much effort has
been devoted to develop durable catalyst support materials [6],
for example, (graphitized) carbon nanotubes (CNT) [7-10] and
graphitic mesoporous carbon (MPC) [11]. But both CNT and MPC
have the issue of high cost. Some metal oxides (SnO; [12], TiO,
[13-15], NbOy [16], etc.) are also developed as catalyst supports or
as doping materials of carbon to improve the durability of electro-
catalysts. The low conductivity, low specific surface area, and the
cost issue are the drawbacks of metal oxides as support materials
for fuel cell catalysts [6].

Here, we report a durable electrocatalyst with graphene
nanoplatelets (GNPs) as the support, which exhibits 2-3 times
durability of commercial Etek Pt/C and Pt/CNT catalysts toward
oxygen reduction reaction (ORR).
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Graphene has attracted strong scientific and technological inter-
est [17] with great application potentials in various fields, such
as electronic devices [18], nanocomposites [19-21], sustainable
energy storage and conversion (ultracapacitors [22,23], batteries
[24], fuel cells [25-28], and solar cells [29]), bioscience and biotech-
nologies [30-32]. The graphene nanoplatelets (GNPs) reported here
consist of layers (>10) of graphene sheets which might exhibit the
advantageous properties of both single-layer graphene (high sur-
face area [33], excellent conductivity [17] and mechanical strength
[34], etc.) and highly ordered graphitic carbon (high stability, abun-
dance in source and low cost) [31,35], and avoids the potential
weakness of single-/few-layer graphene: poor stability [36], which
results from its specific 2D-thin-layer-strcuture. For example, if a
single-layer graphene is put in electrochemical corrosive condi-
tions (as in fuel cells [1,2]), both surfaces of graphene sheet are
exposed to corrosive reactants (such as reactive oxygen species [O])
which leads to more possibility of carbon atoms being attacked. And
itis known that one of the most popular methods for graphene pro-
duction is chemical/thermal reduction of graphene oxides which
is also considered to be the promising strategy for the large-scale
production of graphene [37,38]. The chemical/thermal reduction
of graphene oxides produces graphene with a lot of chemical
and physical defects [38,39]. These chemical/physical defects are
expected to make graphene very easy to be oxidized and less
stable under harsh electrochemical conditions because the oxida-
tion of carbon materials usually initiates at the defect sites [2,40].
In contrast, GNP that is produced by exfoliating the intercalated
graphite [41] retains the highly graphitic structure. Even when
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Fig. 1. TEM images of graphene nanoplatelets (GNPs).

the outmost graphene layer is corroded/oxidized, GNP with more
graphene layers retains its base graphitic structure. This makes GNP
durable under corrosive conditions [42] and is expected to stabi-
lize Pt nanoparticles [31]. If considering that GNP can be directly
produced from graphite, GNP is also expected to be much lower in
cost than other carbon nanomaterials, such as carbon nanotubes
[31,35].

2. Experimental
2.1. Materials, chemicals, and synthesis

Graphene nanoplatelets (XG Sciences, Inc.) were synthesized
by exfoliating the sulfuric acid-based intercalated graphite using
a microwave oven followed by ultrasonication and milling [20,41].
This usually creates GNP of 5-10 nm in thickness with a specific
surface of 100m2 g-!. Prior to the deposition of Pt nanoparti-
cles on GNP, GNP was first coated with a long-chain positively
charged polyelectrolyte, poly(diallyldimethylammonium chloride)
(PDDA) (MW =200k-350k, Sigma-Aldrich). PDDA can be irre-
versibly adsorbed onto the hydrophobic surface of GNP via the
- interaction between the unsaturated C=C contaminant in
PDDA chains [43] and graphene plane of GNP. Typically, 300 mg
GNPs were dispersed in 500mL 0.5wt% PDDA aqueous solution
and ultrasonicated for 3 h which yielded a stable dispersion of GNP.
Then the dispersed solution of GNP was kept for 24 h under rapid
mechanical stirring. After that, 2.5g KNO3 was added to increase
the attractive action between PDDA and GNP surface and lead to
a highly functionalized GNP with PDDA. After stirring for another
24 h, the solution was filtrated and washed with ultrapure DI water
(18.2 M2 cm, Mill-Q Corp.) to remove the free polyelectrolyte and
then dried for 3 h at 90°C in vacuum.

Pt/GNP electrocatalyst was prepared with ethylene glycol (EG)
reduction method [11,44]. Typically, 2.656 mL hexachloroplatinic
acid (H,PtClg) EG solution (7.53 mg Pt mL~! EG) was added drop by
drop into 50 mL EG solution with mechanical stirring for 10 min.
1.0M NaOH (in EG) was added to adjust the pH of the solution
to >13. 80 mg PDDA-functionalized GNP was added to the above
solution and stirred for 60 min. The solution was heated in reflux-
ing conditions at 130°C for 4 h to completely reduce H,PtClg. After
cooling down and stirring for 12 h, the pH of the reaction solu-
tion was adjusted to <2 with nitric acid solution, which promotes
the adsorption of the suspended metal nanoparticles onto the car-
bon support, then 20 mL ultrapure DI water was added and stirred
for 48 h. The resulting catalyst was washed with warm ultrapure

DI water until CI~ was not detected and then dried at 90°C in
vacuum for 3 h. The 20 wt% Pt/GNP electrocatalyst was obtained.
Multi-wall carbon nanotubes (Nanolab, USA, used as received) sup-
ported Pt/CNT (20 wt% Pt) electrocatalyst were prepared with the
same method.

2.2. Materials characterization

The transmission electron microscope (TEM) images of the cat-
alysts were taken in a JEOL TEM 2010 microscope equipped with
an Oxford ISIS system. X-ray diffraction (XRD) patterns in 6-260
scan mode were obtained using a Philips Xpert X-ray diffractometer
using Cu Ko radiation at A =1.541 A. Raman spectra were acquired
using a Renishaw inVia Microscope using a 514.5 nm Argon laser at
50% power with a 50x aperture.

2.3. Electrochemical measurements

The electrochemical tests were carried out with a CHI660C sta-
tion (CH Instruments, Inc., USA). Pt wire and Hg/Hg,S0O4 (scaled to
reversible hydrogen electrode [RHE]) were used as the counter elec-
trode and reference electrode, respectively. The working electrodes
were prepared by applying catalyst ink onto the pre-polished glass
carbon disk electrodes [45]. In brief, 12 mg catalyst was dispersed
in 6 mL ethanol, and ultrasonicated to form a uniform black ink. The
working electrodes (WE) were prepared by applying 7.5 L of the
well-dispersed catalyst ink onto polished glassy-carbon disk (5 mm
in diameter). After dried at room temperature, 10 wL 0.05wt%
Nafion was dropped on the top the catalyst layer to form a thin
film protecting catalyst particles from detaching glass carbon disk
electrode. Before test, WEs were dried overnight at room temper-
ature.

For electrochemical tests, WEs were first activated with cyclic
voltammograms (50mVs~!, 0-1.1V) in Np-purged 0.5M H,S04
solution until a steady CV was obtained. The linear sweep voltam-
mograms (LSVs) for oxygen reduction reaction (ORR) is measured
with a Pine rotating disk electrode test system (Pine Instruments
Company, USA) in O,-saturated 0.5 M H,S0, solution (10mVs~!,
1600 rpm). The durability tests were carried out in Ny-saturated
0.5M H,SO4 solution with potential step method (1.4V_10s to
0.85V_55) for 44 h [45]. This is an in-house developed accelerated
degradation tests (ADT) and has been shown to effectively study the
catalyst durability with the emphasis on support corrosion [45]. All
the tests were conducted at room temperature.
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Fig. 2. Raman spectrum of GNP.

3. Results and discussion

Fig. 1 shows typical TEM images of graphene nanoplatelets. GNP
exhibits flake structures with various in-plane sizes in the low-
resolution image (Fig. 1a). In the high-resolution (HR) TEM image
(Fig. 1b), the well-ordered graphene layers can be clearly observed,
indicating the high graphitization degree of GNP. The thickness of
GNP is <10 nm (~20 graphene layers).

The Raman spectrum of GNP is shown in Fig. 2, which is similar
to that of single crystal graphite [46,47]. The narrow and sharp peak
at 1580 cm~! corresponds to the G band which is referred to as the
“ordered” graphitic band. The peak at 1340 cm~! is referred to as
the “disordered” band (D band) [47]. It can be deduced that GNP
exhibits an almost perfect ordered graphitic structure since the D
band is greatly suppressed in the Raman spectra [42,47], which
means that much less structure defects exist on GNP.

Fig. 3 shows the XRD patterns of Pt/GNP, Pt/CNT, and Etek Pt/C,
which reveal the diffraction peaks of both carbon and platinum. It
can be seen that Pt on the three samples exhibits similar crystalline
structures. A sharper and narrower carbon C(0 0 2) diffraction peak
appears for Pt/GNP, which indicates a highly graphitic ordered
structure of GNP. The presence of C(0 0 4) diffraction peak in Pt/GNP
is also the indicative of high crystallinity of the carbon structure
in GNP [42,48]. The graphitic structure of carbon can be quantita-
tively characterized by graphitization index which tells the degree
of similarity between a carbon material and a perfect single crys-
tal of graphite [49]. The higher graphitization index indicates a
more ordered graphitic structure. Graphitization index (Gxgrp) can
be calculated from the XRD patterns with the following equation
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Fig. 3. XRD patterns of Pt/CNT, Etek Pt/C and Pt/GNP.

(1)[10,49].

oo 3:440 —do 02
XRD = 37440 — 3.354

The results are Gxgp(CNT) =38.4%, Gxrp(Etek)=18.5%, Gxrp(GNP) =
87.2% [doo2(CNT)=3.407A (20=26.14°), dgygo(Etek)=3.424A
(20=26.01°) and dgg2(GNP)=3.365A (20=26.47°)]. dyg> is the
interplanar d-space calculated from the (002) reflection using
Bragg’s law (nA=2dsin(0)). The highest graphitization index of
GNP indicates the highest ordered graphitic structure. This is
consistent with the HR-TEM image and Raman spectrum of GNP.

The average stacking height of crystallite in the direction of ¢
axis, Lc, can be calculated from (00 2) reflection according to the
relation Lc=0.89A/B cos(#), where A is the wavelength of the X-rays
(1.541 A), Bis the full angular width at half max in radians, and 6 is
the Bragg angle. Lc of GNP was calculated to be about 8 nm, close
to the values from HR-TEM image (Fig. 1b).

Fig. 4 shows the TEM images and Pt nanoparticle distribution
of Pt/GNP, Pt/CNT, and commercial Etek Pt/C (Pt nanoparticle dis-
tribution of Etek Pt/C was shown in Ref. [45]). Pt nanoparticles
are uniformly dispersed on both GNP and CNT. Pt nanoparticles
in Pt/GNP exhibit a slightly wider size distribution (Fig. 4d), which
might be due to the relatively lower specific surface area of GNP
(~100m? g~! for GNP vs. ~300m2 g~! for CNT). The volume/area
averaged diameter (Elvla), which is considered to well represent the
specific surface area of platinum [50], can be calculated from the
following equation (2):

- Y
dyja = Zz'fﬂd; (2)
i

which are 3.5 nm for Pt/GNP and 3.2 nm for Pt/CNT (3.1 nm for Etek
Pt/C [45]). Usually, it is very difficult to deposit metal nanopar-
ticles on such hydrophobic materials as GNP and CNT (if no
surface functionalization). PDDA is a long-chain positively charged
polyelectrolyte [51], when wrapping hydrophobic carbon, it can
effectively trap the negatively charged [PtClg]?* (H,PtClg was used
as the precursor of Pt nanoparticles) and stabilize Pt nanoparti-
cles on carbon support, which results in a high dispersion of Pt
nanoparticles. The presence of PDDA does not negatively influ-
ence the electrochemical performance of Pt nanoparticles [52]. This
PDDA-wrapping strategy provides a facile approach for the syn-
thesis of Pt nanoparticles on hydrophobic substrates (avoiding the
environmentally unfriendly chemical functionalization process, for
example, using strongly oxidizing acid [10,53]), and is widely
applicable for the synthesis of metal nanoparticles/hydrophobic
substrates composites.

Fig. 5 shows the electrochemical test results of the activity
and durability of Pt/GNP, Pt/CNT, and Etek Pt/C toward oxygen
reduction. It can be seen that oxygen reduction linear sweep
voltammetries (LSVs) (a, c and e) negatively shifted and the hydro-
gen adsorption/desorption peaks (0-0.4 V) in CVs (b, d and f) were
suppressed after the durability test which indicate that ORR over-
potentials increase and the electrochemical surface areas (ESA)
decrease, respectively, after the durability test. It is obvious that the
changes in LSVs (ORR overpotentials) and CVs (hydrogen adsorp-
tion/desorption peaks) are much less for Pt/GNP and those for
Pt/CNT and Etek Pt/C. All these qualitatively tell that the perfor-
mance of all the three electrocatalysts degraded after the durability
test, and Pt/CNT and Etek Pt/C degraded much more than Pt/GNP.
Fig. 5g and h tell the quantitative results. The ESA of Pt were cal-
culated from the hydrogen adsorption/desorption charge in CVs
in Np-saturated 0.5M H;S04 (210 wCcm~2) [45,54], and oxygen
reduction kinetic currents were calculated from the oxygen reduc-
tion polarization curves in O,-saturated 0.5M H,SO4 with the
widely used mass-transport correction for rotating disk electrodes

(1)
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Fig. 4. TEM images of Pt/CNT (a), Etek Pt/C (b) and Pt/GNP (c), and Pt nanoparticle distribution of Pt/CNT and Pt/GNP (d).

[3,55,56]:
Ig x 1
he= 1= (3)

where [, is the mass transfer-free kinetically controlled ORR cur-
rent, Iy is the measured diffusion-limited current, and I is the
experimentally obtained current. It can be seen from Fig. 5g that
the activity in terms of the ESA and ORR are comparable for these
three samples. Fig. 5h shows the durability of Pt/CNT, Etek Pt/C
and Pt/GNP which were characterized with the retaining percent-
age of the ESA and ORR after the degradation test (44 h). Under the
same accelerated degradation test (ADT) condition which has been
shown to effectively study the catalyst durability with the emphasis
on support corrosion [45], Pt/CNT and Etek Pt/C degraded by ~75%
(ESA and ORR), but only ~40% (ESA) and ~20% (ORR) for Pt/GNP,
i.e., the degradation rate for Pt/CNT and Etek Pt/C is 2-3 times that
of Pt/GNP. Because the Pt nanoparticle sizes and crystallinity are
similar for Pt/GNP and Pt/CNT as seen from TEM images and XRD
patterns (the only main difference lies in the support materials), it
can be concluded that the enhanced durability of Pt/GNP is mainly
due to the specific properties of GNP: the intrinsic high graphiti-
zation degree. It is known that the electrochemical durability of
carbon depends on its graphitic property: more graphitic struc-
ture carbon exhibiting higher durability [11,42]. This is because
the corrosion of carbon usually starts from the structure defects [2]

and carbon with more graphitic phase has much less such defects
[57]. This is also confirmed in our pre-experimental study on the
electrochemical stability of several kinds of carbon materials: GNP
exhibits much higher stability in comparison with (single-/few-
layer) graphene, carbon nanotube, and carbon black (GNP exhibits
much lower corrosion currents under the same electrochemical
condition). As we have analyzed in Introduction, single-/few-layer
graphene is easy to be oxidized. It can be deduced that the ratio of
carbon atoms on the outmost surface (the exposed carbon atoms)
to the total increases with fewer-layer graphene sheets, and in the
extreme situation, all carbon atoms in a single-layer graphene are
exposed to electrochemical corrosive conditions if, for example, put
in a fuel cell which leads to more possibility of carbon atoms being
attacked by reactive oxygen species [O]. But for GNP with ~20-layer
ordered graphene sheets, the number of outmost carbon atoms is
much less. And most graphenes for electrochemical applications
are produced from graphene oxides, which intrinsically have a lot of
structure defects [38,39]. However, as shown in the above HR-TEM
and Raman analysis, GNP exhibits much less defects. In contrast
to CNT and carbon black, GNP also exhibits higher graphitization
degree. Therefore, GNP is much more stable than any other carbon
in this investigation [2,40]. In addition to the high stability of GNP,
the enhanced 1 bonding strength due to the highly graphitic struc-
ture in GNP makes Pt-carbon interaction stronger which can also
stabilize Pt nanoparticles [2,58].
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Fig. 5. The oxygen reduction linear sweep voltammetries (LSVs) and the cyclic voltammograms (CVs) on Pt/CNT (a and b), Etek Pt/C (c and d) and Pt/GNP (e and f) electrodes
before and after the degradation tests (44 h); (g) the electrochemical surface areas (ESA) and oxygen reduction reaction (ORR) kinetic currents at 0.90V on fresh Pt/GNP,
Pt/CNT, and Etek Pt/C electrodes; (h) the percentage of the retaining ESA and ORR activity on Pt/GNP, Pt/CNT, and Etek Pt/C electrodes after the degradation (44 h). The values
of ESA were calculated from the hydrogen adsorption/desorption charge [45,53] in CVs (b, d and f) and ORR kinetic currents were calculated from the LSVs (a, c and e) using
the widely used mass-transport correction for rotating disk electrodes [3,54,55]. CVs were recorded in N,-saturated 0.5M H,SO4 (50 mV s~!, room temperature) and LSVs
were recorded in Oy-saturated 0.5 M H,S04 (10mV's~!, 1600 rpm, room temperature).

4. Conclusion reduction. Pt nanoparticles were deposited on PDDA-coated GNP
and CNT. The activity of Pt/GNP toward oxygen reduction is com-

Graphene nanoplatelets (GNPs), which exhibit the advantages of parable to commercial Etek Pt/C and Pt/CNT catalyst. However, the
single-layer graphene and highly graphitic carbon, were employed durability of Pt/GNP is greatly enhanced (2-3 times that of Pt/CNT
as an alternative support material for Pt nanoparticles for oxygen and Etek Pt/C). These are attributed to the intrinsic high graphi-
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tization degree of GNP and the enhanced Pt-carbon interaction in
Pt/GNP. If considering that GNP can be easily mass produced from
graphite, GNP is a promising, low-cost, and durable electrocatalyst
support for oxygen reduction in fuel cells.
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