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A kind of graphene nanosheets (GNSs) supported hollow composite of Pt and CoSn(OH)g electro-catalyst
(H-Pt&CoSn(OH)s/GNSs) is prepared using cobalt metal nanoparticles as sacrificial templates. Transmis-
sion electron microscope measurements show that GNSs supported H-Pt&CoSn(OH)s nanospheres are
coreless with a uniform particle size of 11 nm. Electrochemical measurements demonstrate that the
H-Pt&CoSn(OH)s/GNSs electro-catalyst exhibits enhanced electro-catalytic performance for methanol
oxidation compared with solid Pt&CoSn(OH)s/GNSs, and Pt/GNSs catalysts.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

As a cheap liquid fuel, methanol has several advantages over
hydrogen. It is very easily handled, transported, stored, and has a
high theoretical energy density. Recently, direct methanol fuel cells
(DMFCs) had been widely studied for compact, high energy-density
power sources. Among various candidates, Pt has stimulated con-
siderable research into its use as a catalyst in DMFC. However, a
critical problem for Pt catalyst is the prohibitive cost. Therefore,
economical and effective alternative catalysts are required and
cost-effective routes are being sought to make more efficient Pt
catalysts for DMFCs. One approach is to employ bi- or tri-metallic
catalysts that combine Pt with other metals such as Ru, Fe, Ni,
Co, Sn, etc. [1-5]. Incorporation non-precious metals into the cat-
alysts nanostructure not only enhances catalytic activity and but
also improves stability. The enhanced activity and stability are usu-
ally interpreted in terms of a bifunctional mechanism. The whole
mechanism in the case of PtRu catalyst can be shown as follows:

Pt + CH30H = Pt—CO + 4H* +4e- (1)
Ru + H,O0 = Ru—OH + H + e~ (2)
Ru—OH + Pt—CO = Ru + Pt + CO, +H" +e~ 3)

* Corresponding author. Tel.: +86 931 4968055; fax: +86 931 4968055.
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Pt is easily subjected to CO poison, an intermediate of methanol
oxidation although Pt is the most active catalyst of all metallic cat-
alysts for methanol oxidation. So, it is necessary to remove CO from
the surface of platinum, especially at a relatively negative poten-
tial. Adding Ru into Pt catalysts has been known to be significantly
effective for CO removal at a relatively negative potential. Ru sites
adsorb oxygen-containing species at a potential of 0.2-0.3 V lower
than the pure Pt sites, which promotes the oxidation of CO into CO5,
thus providing more active Pt sites for methanol oxidation [6-9].
Both PtSn and PtCo have been reported to be promising catalysts
for methanol oxidation. Similarly, the Sn and Co atoms in PtSn and
PtCo catalysts can also adsorb oxygen-containing species to form
Sn—OH and Co—OH. The forming products can initiate the oxida-
tion of adsorbed CO on Pt cites at lower potentials as compared to
Pt [10-12].

In recent years, hollow metal nanostructures have captured the
attention of researchers due to the increased surface area, low den-
sity, cost-saving of material, which make them exhibit catalytic
activities different from their solid counterparts [13-15,12,16]. In
commonly used methods, materials with hollow nanostructures
are usually fabricated by using a sacrificial template, such as sil-
ica spheres [17,18] or polystyrene spheres [19,20] followed by the
removal of the template, which made the process complicated and
limited their use. The galvanic replacement reactions involving
desired metal ions and sacrificial metal nanoparticles provide a
simple route to the facile synthesis of hollow noble metal nanos-
tructures. For example, hollow Pt [13], Au [21], Pd [22], AuPt alloy
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[23], CoPt alloy [12], PtPd [24] and PtRu [25] nanostructures have
been prepared in this way, in which Co nanoparticles are sacrificed
as the templates in the replacement reactions. However, hollow
PtSn cannot be prepared by this method because Sn ion cannot be
reduced by Co metal. To realize the reduction of Sn ion, reducing
agent should be enough to reduce Sn ion. Some Co metal will exist
in final product, and a hollow PtSnCo ternary system will be formed.

On the other hand, it has been proved that supported metal
nanoparticles show higher electro-catalytic activity and utiliza-
tion efficiency compared with unsupported metal particles because
of their large surface area and high dispersion on the supports
[26]. Up to now, various kinds of carbon materials, including acti-
vated carbon, porous carbon, carbon aerogels, carbon fibers and
carbon nanotubes, have been widely used as the catalyst supports
in DMFCs. Graphene nanosheet (GNS), a new two-dimensional car-
bon material with single (or a few) atomic thickness, has recently
attracted an enormous amount of interest from both theoretical
and experimental scientists due to their potential applications, such
as lithium ion batteries [27-29] and electrochemical capacitors
[30,31]. Moreover, the combination of its high surface area (theo-
retical value of 2630 m?2 g~1), high conductivity, unique graphitized
basal plane structure and potential low manufacturing cost makes
it a promising candidate for catalyst support in DMFCs [32-41]. It
has been proved that catalysts supported on GNSs show improved
activity than those supported on carbon black [32,36-41].

In this communication, we design a facile route based on the
replacement reaction to synthesize GNSs supported hollow PtSnCo
ternary system. It is interesting that the product is not PtSnCo
ternary alloy but a composite of Pt and CoSn(OH)g. To the best of
our knowledge, it is the first time to fabricate hollow composite
of Pt and CoSn(OH)g nanosperes. Furthermore, as-prepared GNSs
supported hollow composite of Pt and CoSn(OH)g nanosperes (H-
Pt&CoSn(OH)g/GNSs) exhibits improvement of electro-oxidation
activity for CH3OH in comparison to GNSs supported solid com-
posite of Pt and CoSn(OH)g catalyst (S-Pt&CoSn(OH)g/GNSs), pure
Pt catalyst (Pt/GNSs), carbon black supported H-Pt&CoSn(OH)g (H-
Pt&CoSn(OH)g/C) catalyst, and commercial E-tek PtRu/C catalyst.

2. Experimental
2.1. Materials

5wt% nafion solutions were purchased from Sigma. Graphite
powder (325 mesh) was purchased from Qingdao Huatai Tech.
Co., Ltd. Carbon black (Vulcan, XC-72R) was provided by Cabot
Crop. Other reagents were commercially available and of analyt-
ical reagent grade. Deionized water (DI water) with resistance of
approximately 18 M2 cm was used throughout the experiment.

2.2. Preparation of graphene oxide

Graphene oxide (GO) was prepared from natural graphite using
modified Hummers’ method [40].

2.3. Preparation of the H-Pt&CoSn(OH )g/GNSs catalyst

The H-Pt&CoSn(OH )g/GNSs catalyst was prepared by a two-step
method. In a typical synthesis, 40 ml of 0.4 mM CoCl, and 140 mg
of trisodium citrate dihydrate which was used as a stabilizer were
mixed in 100 g of DI water. The solution was purged with N, for
15min, then 40 ml of 80 mM NaBH4; was added dropwise into
the above solution under vigorous stir, giving rise to a brown Co
hydrosol. The Co hydrosol was aged for 1 h. Then, a mixture of 8.3 ml
of 19.3 mM H,PtClg and 40 ml of 4 mM SnCl, was added dropwise
under vigorous stir. The color of the solution became black gradu-
ally. The PtClg2~ was reduced to Pt by Co nanoparticles and Co was

oxidized to Co?*, forming a hollow nanostructure. The Sn?* and
generated Co2* were reduced by NaBH,4. We cannot rule out that
part of PtClg2~ was also reduced by NaBH,4. The mixture was stirred
for 1h to complete the reaction. To avoid the oxidation of the Co
by atmospheric oxygen, high-purity nitrogen was bubbled through
the solution during the above procedure. Then, 45 g 0.1 wt% GO was
added and the mixture stirred for one night. The product was col-
lected by centrifugation and washed several times with DI water.
In order to convert GO to GNSs, the product was solved in 45 g DI
water and 45g 1 wt% fresh NaBH,4 solution was added under stir.
After stirred for one night, the product was collected by filtration
and washed several times with DI water. Finally, the product was
dried in a vacuum freeze drier. For the sake of comparison, the S-
Pt&CoSn(OH)g/GNSs catalyst was also prepared. In brief, 100 g of
DI water, 140 mg of trisodium citrate dihydrate, 8.3 ml of 19.3 mM
H,PtClg, 40 ml of 4 mM SnCl, and 40 ml of 0.4 mM CoCl, were mixed
in 100 g of DI water to form a solution. Then 40 ml of 80 mM NaBH,4
was added dropwise into the above solution under vigorous stir-
ring. The procedures of mixing the above solution with GO and
converting GO to GNSs were the same as those in the preparation
of H-Pt&CoSn(OH )g/GNSs catalyst. The H-Pt&CoSn(OH)g/C was also
prepared. The procedures for preparation H-Pt&CoSn(OH)g was the
same as preparation of H-Pt&CoSn(OH)g/GNSs. The prepared H-
Pt&CoSn(OH)g are mixed with carbon black by magnetic stirring.
The product was collected by filtration and washed several times
with DI water. Finally, the product was dried in a vacuum freeze
drier. Moreover, a Pt/GNSs catalyst was also prepared (The prepared
procedure presented in our previous work [40]).

2.4. Characterization

Structural and morphological investigations of the samples
were performed by X-ray diffraction using Cu Ko radia-
tion (XRD, Panalytical X' Pert Pro) and transmission electron
microscope (TEM, Tecnai-G2-F30). An IRIS Advantage ER/S
inductively coupled plasma spectrometer (ICP, TJA) was used
for all metal-determinations. The surface chemical species of
H-Pt&CoSn(OH)g/GNSs were examined using a Perkin-Elmer PHI-
5702 multifunctional X-ray photoelectron spectroscope (XPS,
Physical Electronics) with Al Ka radiation of 1486.6 eV as the exci-
tation source.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) and chronoamperometry (CA) mea-
surements were performed with a pAutolab III electrochemical
workstation at room temperature. As a typical process, 5mg of
catalyst was ultrasonically mixed with 2 ml of ethanol to form a
homogeneous ink, 10 pl of this ink was dropped onto the surface
of a glass carbon electrode (GCE, 3 mm in diameter), and then 3 .l
of diluted nafion solution (5 wt% nafion solution was diluted by 10
times ethanol by volume) was dropped to fix the catalyst sample
on the electrode. Pt wire and a saturated calomel electrode (SCE)
were used as counter electrode and reference electrode, respec-
tively. The activity of the catalysts for methanol oxidation reaction
was measured in a 0.5M H,S04+1.0M CH30H aqueous solution
at a scan rate of 50mVs~!. CA tests were carried out at 0.4V for
7200s.

3. Results and discussion
3.1. Characterizations of the catalysts

Fig. 1 shows the TEM images of the samples. The TEM image of
Pt/GNSs shows that the Pt nanoparticles are uniformly deposited
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Fig. 1. TEM images of (a) the Pt/GNSs catalyst, (b) the S-Pt&CoSn(OH)s/GNSs catalyst, (c) the H-Pt&CoSn(OH)s/C catalyst, (d and e) the H-Pt&CoSn(OH)s/GNSs catalyst, and

(f) hollow tube-like structure of the H-Pt&CoSn(OH)s/GNSs catalyst.

on GNSs with a particle size of 4.8 nm (Fig. 1a). Fig. 1b shows the
image of S-Pt&CoSn(OH)g/GNSs catalyst. It can be seen that the
catalyst are not spherical but cluster structure. Fig. 1c shows the
TEM images of H-Pt&CoSn(OH)g/C catalyst. It can be seen that the
nanoparticles supported on carbon black are coreless. Fig. 1d and
e shows TEM images of H-Pt&CoSn(OH)g/GNSs catalyst. It can be
seen that the particles are spherical with uniform particle size.
In addition, the nanospheres centers are brighter than the edges,
indicating a hollow nanostructure. The average diameter of the
nanospheres is approximately 11 nm. This value is smaller than
those of the hollow nanoparticles which are prepared using the
same method [12,13,24,25]. Moreover, because the nanoparticles
are coreless (hollow), the thickness of shells is very thin and some
shells are open, the specific surface area is much larger than that
of solid nanoparticles with the same diameter. It also can be seen
that the hollow nanospheres are supported on GNSs, indicating the
H-Pt&CoSn(OH)g/GNSs catalyst is formed. There are some wrin-
kles on GNSs, which are the typical morphological feature of GNSs.
Moreover, it is interesting that some hollow nanospheres link into
1-dimentional tube-like structure (Fig. 1f). Liang et al. observed the
same structure in their prepared hollow AuPt nanospheres [23]. The
mechanism for the formation of 1-D nanomaterials is proposed as
follows: Co nanoparticles are considerably smaller than the theo-
retical critical single domain diameter (ca. 55 nm), such that single
domain behavior is possible [42]. All the atomic magnetic spins
of the nanoparticles are coupled in the same direction, and the
nanoparticle behaves as a single magnetic dipole. These nanopar-
ticles are ferromagnetic at room temperature as indicated in the
literature [43], thus magnetic interactions among them play a cru-
cial role. The role that citrate play as capping agents is related to
the adsorption of citricions on the Co nanoparticle surface, prevent-
ing the growth of Co nanoparticles through double layer repulsion
between negatively charged cobalt nanoparticles. When there is
not enough citrate, the dipole-dipole interactions are stronger than
the repulsive steric interactions caused by citrate. These ferromag-
netic nanoparticles are prone to aggregate to form chain-like 1-D
nanomaterials to minimize the magnetostatic energy. The Co nano-
chains will be oxidized by PtClg2~ to form hollow nanotubes.

Powder XRD patterns of the samples are shown in Fig. 2.
The peaks at 40.3, 46.8, and 67.7 are due to the diffractions of
Pt (100), (110), and (210) planes. The broad diffraction peak
observed around 20=24° is due to the hexagonal structure of
GNSs [40]. The patterns of S-Pt&CoSn(OH)g/GNSs (Fig. 2b), H-
Pt&CoSn(OH)g/C (Fig. 2c), H-Pt&CoSn(OH)g/GNSs (Fig. 2d) show
peaks at 20 values around 19.8, 23.0, 32.6, 36.7, 38.5, 53.0, and 58.5°
are indexed to the diffractions of CoSn(OH)g (111),(200), (220),
(310),(311),(420),and (42 2) planes, respectively (JCPDS, no. 13-
0356). The average particle sizes of the catalysts were calculated
from broadening of the (100) diffraction peaks using Scherrer’s
equation. The particle sizes for Pt/GNSs, S-Pt&CoSn(OH)g/GNSs, H-
Pt&CoSn(OH)g/C and H-Pt&CoSn(OH)g/GNSs are 5.36, 4.5, 4.1 and
4.1 nm, respectively. It should be noted that the crystallite size are

A SnCo(OH),
s Pt

Intensity / a.u.
i
L
{

20 40 60
2 Theta | degree

Fig. 2. XRD patterns of (a) the Pt/GNSs catalyst, (b) the S-Pt&CoSn(OH)s/GNSs cat-
alyst, (c) the H-Pt&CoSn(OH)s/C and (d) the H-Pt&CoSn(OH)s/GNSs catalyst.
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Fig. 3. XPS spectra of the (a) Pt 4f, (b) the Sn 3d, and (c) the Co 2p for the H-
Pt&CoSn(OH)s/GNSs catalyst.

hard to accurately calculate due to the disturbing between neigh-
boring diffraction peaks.

Fig. 3a shows the Pt 4f region of the spectrum, which could be
deconvoluted into two pairs of doublets. The most intense doublet
(at 71.0 and 74.3eV) is the signature of metallic Pt. The second
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Fig. 4. CVs of the Pt/GNSs catalyst, S-Pt&CoSn(OH)s/GNSs catalyst, H-
Pt&CoSn(OH)s/C catalyst and H-Pt&CoSn(OH)s/GNSs catalyst in 0.5 M H,SO4 + 1.0 M
CH3OH aqueous solution.

and weaker doublet (at 72.5 and 75.8 eV), with binding energy at
1.5eV higher than Pt(0), could be assigned to the Pt(Il) oxidation
state, such as PtO and Pt(OH), [44]. Fig. 3b and ¢ shows the Sn 3d
region and Co 2p region, respectively. The Sn 3d signals at 487.0
and 495.5eV are ascribed to Sn(IV) [45], and the Co 2p signals at
781.0 and 797.0eV are ascribed to Co(Il) [46]. It can be seen that
the XPS results are agreement with the XRD results.

3.2. Electrochemical properties of the catalysts

The CVs of the catalysts measured in 0.5M H,SO4 +1M CH30H
is shown in Fig. 4. The oxidation currents have been normalized
to mass-specific current density so that the current density can
be directly used to compare the catalytic activity of the catalysts.
The forward scan peak current density on H-Pt&CoSn(OH)g/GNSs
catalyst is 603mAmgp.~!, which is larger than that on S-
Pt&CoSn(OH)s/GNSs (360 mAmgpe~!), Pt/GNSs (260 mAmgp, 1)
and H-Pt&CoSn(OH)g/C catalyst (156 mAmgp;~!). Moreover, the
forward scan peak current density on H-Pt&CoSn(OH)g/GNSs
catalyst is also larger than that on commercial E-tek PtRu/C
catalyst (180mAmgp;~!) reported in literature [47]. The H-
Pt&CoSn(OH)g/GNSs electro-catalyst show enhanced activity than
H-Pt&CoSn(OH)g/C, indicating GNSs is superior to carbon black as
support. Sharma et al. believed that the oxygen-containing groups
on GNSs improve the wettability and accessibility of methanol to
the electroactive surface. GNSs display sufficient conductivity and
interaction with Pt catalysts for facilitating charge transport. More-
over, they alsoreported that oxygen-containing groups on GNSs can
promote the oxidation of CO adsorbed, CO,q4s, on the active Pt sites
via the bifunctional mechanism [32]. The H-Pt&CoSn(OH)g/GNSs
catalyst and S-Pt&CoSn(OH)g/GNSs catalyst exhibit much better
electro-catalytic performance for methanol oxidation than that on
Pt/GNSs catalysts. Thus, it is believed that the CoSn-OH species
play an important role for determining the electro-catalytic per-
formance. The CoSn-OH species are effective for removing CO
from Pt surface and easing off CO poison of Pt. It is believed that
the Pt-SnCo(OH)g and PtSnCo are really playing the same func-
tion. The H-Pt&CoSn(OH )g/GNSs electro-catalyst shows enhanced
activity than S-Pt&CoSn(OH)g/GNSs electro-catalyst, indicating
H-Pt&CoSn(OH)g is superior to S-Pt&CoSn(OH)g. The enhanced
activity is partly due to the hollow structure which increases spe-
cific surface area of catalyst.
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Fig. 5. CAs of the Pt/GNSs catalyst, S-Pt&CoSn(OH)s/GNSs catalyst, H-
Pt&CoSn(OH)g/C catalyst and H-Pt&CoSn(OH)s/GNSs catalystin 0.5 M H,SO4 +1.0 M
CH3OH aqueous solution.

The stability of the samples was tested by CA and the cor-
responding results are shown in Fig. 5. All catalysts display an
initial fast current decay, which is attributed to the poisoning of
the catalysts by intermediate species such as CO,4s, CH30H,4,, and
CHO,q4s formed during the methanol oxidation reaction [48]. The
steady-state current density on the H-Pt&CoSn(OH)g/GNSs catalyst
is the highest during the whole testing time, indicating that the H-
Pt&CoSn(OH )g/GNSs catalyst has excellent electro-catalytic activity
towards the electro-oxidation of methanol. Meanwhile, the current
on the H-Pt&CoSn(OH)g/GNSs catalyst shows long-term stability,
indicating it possesses good tolerance towards reaction interme-
diates and favors long-term application as the anode materials in
DMFCs.

4. Conclusion

A facile synthesis of GNSs supported hollow composite of Pt and
CoSn(OH)g electro-catalysts is realized by using Co nanoparticles as
sacrificial templates. The GNSs supported H-Pt&CoSn(OH)g exhibit
a superior electro-catalytic activity and stability towards methanol
oxidation compared with GNSs supported S-Pt&CoSn(OH )g electro-
catalysts and pure Pt, and carbon black supported H-Pt&CoSn(OH)g.
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