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Titanium dioxide (TiOz) modified graphene oxide (GO) was prepared as a support for methanol
oxidation reaction. Electrodeposition of platinum (Pt) and palladium (Pd) on the obtained TiOZ-GO
was then carried out to study their activities on methanol oxidation. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) with energy dispersive X-ray spectroscopy (EDS)
were used to identify their morphologies and chemical compositions, respectively. It was found that,
TiO2 was successfully attached on GO surface and a narrow size distribution of Pt particles was
found on TiOz-GO surface. EDS spectrum confirmed the presence of C, O, Ti, and Pt elements in
the prepared catalysts. The electrocatalytic activities of the electrocatalysts toward oxidation of 0.5 M
CHSOH in0.5M HZSO4 solution were examined using cyclic voltammetry (CVs). For mono-metallic
Pt catalysts, the addition of TiOz significantly enhanced methanol oxidation property and promoted
CO tolerance performance. With exceptional activity and durability toward efficient methanol oxidation
reaction, the forward current intensity, backward current intensity and onset potential of the 2Pt/TiOz-
GO are 1.36 mA.cm” and 0.98 mA.cm” and 0.44 V vs.Ag/AgCl, respectively. Long-term stabilities of
theelectrocatalysts were examined by chronoamperometry (CAs). It was found that the 2Pt/TiO -GO
(0.019 mA.cm®) showed higher current intensity than the 2Pt/GO catalyst (0.008 mA.cm™). For bi-
metallic thZPd/TiOZ—GO catalysts, their activities and stabilities are not outstanding but the 6Pt2Pd/
TiOz-GO showed rather promising results in terms of lower potential and comparable current intensity
to the 8Pt/TiOz-GO.Incorporation of Pd with Pt provided lower onset potential, lower potential at
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maximum current intensities (Ef) and higher stabilities compared with the catalysts without Pd.

INTRODUCTION

Nowadays, natural power resources are in high demand but a low
supply is being confronted. There are a growing number of investigation
groups devoted to discovering new resources. Fuel cells provide one
option that is eco-friendly and cost-effective because the fundamental
electrochemistry produces zero emissions and most of the consumed
fuel sources are inexpensive [1]. Various types of fuel cells have been
developed that use different electrolytes and fuel sources [2]. Direct
methanol fuel cells (DMFC) are a technology that uses methanol as a
source of energy. Methanol is liquid at room temperature, and is easy
to handle and transport. Methanol also has good kinetics in oxidation
compared to other alcohols. The DMFC is principally promising
for portable electronics and vehicular applications. It consists of an
anode where methanol is electro-oxidized to CO, and a cathode in
which oxygen is reduced to wateras shown in the following reaction
equations [3].

Anode: CH,OH + H,O0 — CO, + 6H" + 6¢’ (1)
Cathode: 3/20, + 6H" + 6e"— 3H,0 )
Overall: 3/20,+ CH,0H — CO, +2H,0 3)

Usually, Pt is used in fuel cells, but during the oxidation reaction
it produces intermediates such as carbon monoxide (CO) species
which is poisonous to Pt and can block the active catalytic sites. The
reduction of this CO poisoning effect can be achieved by modifying
the carbon support with some metal oxides such as cerium (IV) oxide
(Ce0,), titanium dioxide (TiO,), tungsten oxide (WO ), niobium oxide
(NbO,), manganese dioxide (MnO,), cobalt (ILIII) oxide (Co,0,) [4].
For this reason, the present work aims to use TiO, for preparation of
the modified carbon support to improve the electro-catalytic activity.
The strong interaction between Pt and TiO, on the carbon support
has been found to result in the removal of poisoning species and the
inhibition of Pt nanoparticles from migrating or detaching from the
carbon support, which may be promising for catalyst development [4-
6]. Additionally, great efforts have been focused on the development
of bi-metallic catalysts by combining Pt and Pd which is relatively
cost-effective to load on the metal oxide modified carbon.In the
present work, a graphene oxide (GO) support modified with TiO,
has been employed as a supporting material for Pt and Pd metal
nanoparticles for enhancing electrocatalysis in methanol oxidation.
The obtained catalysts were characterized by atomic force microscope
(AFM), field emission scanning electron microscopy (FE-SEM),
transmission electron microscope (TEM) with energy dispersive
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X-ray spectrometer (EDS) and fourier transform infrared spectroscopy
(FT-IR). Electrocatalytic performances of the prepared samples were
investigated by cyclic voltammetry (CVs) and chronoamperometry
(CA).

METHODOLOGY

Sample preparation

GO was synthesized by modified Hummers’ method [7]. Briefly,
1 g of graphite was dispersed in 120 mL of conc.HNO, and 180
mL of conc.H,SO,, and stirred in an ice bath for 1h. Then, 0.5 g of
NaNO,was added and stirred for 20 min. After that, 3 g of KMnO,
was introduced into the suspension and stirred in a cold water bath
for 1 h. Then, 530 mL of DI water was added into the suspension and
stirred for 20 h. The oxidizing agent (SmL of H,0,) was subsequently
dropped into the suspension, following by the addition of water to
reach 1,000 mL by volume.The suspension was left overnight, and
then washed with 1.0 M HCI and DI water several times to remove
the remaining impurities [8-9]. The GO product was then obtained
after drying at 65 “C. The GO was sonicated and stirred with DI water
for 30 min respectively. The obtained GO was mixed with TiO, in
10% wt, then sonicated and stirred overnight. Later on, the solution
was centrifuged several times and dried at 65 “C. The composite of
catalyst was dispersed in ink solution (2mg of catalyst in the mixture
of Nafion solution/ethanol/DI water in 6.25:20:73.75 volume ratio) to
form a homogeneous suspension [10].

5 pL of the ink was dropped onto the polished glassy carbon
electrode (GCE). Electrodeposition of Pt and/or Pd on the obtained
TiO, modified GO was performed by scanning the potential in the
range of -0.40 to 1.0 V at room temperature in 1mM H,PtCI -6H,0
or PdCl, solution [11-12]. Electrochemical measurements were made
with a standard three-electrode cell used for CV and CA. A platinum
wire and Ag/AgCl (in 3 M KCI saturated) were used as auxiliary and
reference electrodes, respectively. Electrochemical measurements
were studied in a N, saturated 0.5 M H,SO, solution with and without
0.5 M CH,OH solution. The CVs test was recorded between -0.4 and
1.0 V at a scan rate of 50 mV/s, and the stability was recorded by CAs
at a specific potential of these catalysts (maximum forward potentials
scans (E,) for 3600 s.

Characterization

The thickness of the GO support was measured by AFM
(Veeco).Morphologies of the prepared catalyst were monitored by
FE-SEM (JEOL JSM-6335F) and TEM (JEOL JEM- 2010) with EDS.
Structural characterization of the catalysts were investigated by FT-IR
spectroscopy (TENSOR-27, Bruker).

RESULTS AND DISCUSSION

Catalyst Characterization

The topographic image of the GO support obtained by the AFM
technique is shown in Fig. 1(a). The 3D image of the GO surface can
be seen in Fig. 1 (b). The height profile presented in Fig. 1 (c) shows
a thickness of ca. 2.673 nm indicating a single layer of exfoliated
GO [13-14]. The surface roughness may be an impurity from the GO
surface [8].

The morphologies of the catalysts were further studied with FE-
SEM and TEM techniques. Fig. 2 (a)-(d) shows the surface topmost
layers of the TiO,, GO, 2Pt-GO and 2Pt/TiO,-GO catalysts. The TiO,
with spherical shapes and various particle sizes is shown in Fig. 2 (a)
[15-16]. The GO (Fig. 2 (b)) shows single layer sheets with rather
smooth surface, while the 2Pt-GO and 2Pt/TiO,-GO composites
show rough surfaces. It can also be seen from Fig. 2 (c) and (d) that
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=

Figure 1 AFM image of GO (a) 2D, (b) 3D and (c) the corresponding
height profile.

(-]

Figure 2 FE-SEM images of
and 2PYTiO-GO (d).

Pt nanoparticles are dispersed on the GO and TiO,-GO supports
respectively.

TEM images of GO, TiO,-GO, 2Pt-GO and 2Pt/TiO,-GO catalysts
are shown in Fig. 3 (a)-(d), respectively. The GO support presents as
a single layer sheet with smooth surface, consistent with the SEM
result. After adding TiO,, the TiO, particles were attached to the GO
support. The EDS spectrum of the 2Pt/TiO,-GO (Fig. 3 (¢)) confirms
the existence of Pt and Ti elements. The presence of Cu element arises
from the copper grid for TEM study. The particle size distribution of
Pt on the GO and TiO,-GO supports are shown in Fig. 4. The mean
particle sizes of Pt on the GO and TiO,-GO supports are about 4.09
and 3.23 nm, respectively. The small particle size implies a higher
catalytic activity. Therefore, enhanced electrocatalytic activity for
methanol oxidation is expected from the 2Pt/TiO,-GO catalyst due to
small Pt particle size and lower agglomeration of Pt nanoparticles on
theTiO,-GO support [4, 17-18].
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Figure 3 TEM images of GO (a), TiO,-GO (b), 2Pt-GO (c),
2Pt/TiO,-GO (d) and EDS spectrum of 2Pt-TiO,-GO (e).
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Figure 4 Histogram of particle size distribution for 2Pt-GO (a) and

2PYTiO,-GO (b).

The FT-IR spectra of GO, TiO,-GO and TiO, are shown in Figure 5.
The GO displays the characteristic absorption band ca. 1385 cm'!
corresponding to the C-O carboxy group. The peaks at 1724 cm™' and
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Figure 5 The FT-IR spectra of GO, TiO,-GO and TiO, composites.

1056 cm™! correspond to the C=0 and C-OH stretching vibrations of
the COOH group, respectively. The band at 3400 cm™ and 1626 cm'!
are associated with—-OH stretching vibration and bending vibration
modes of absorbed water molecules indicating sp* characteristics
[19-20]. Meanwhile, for the epoxy groups, a band ca.1226 cm™ is
observed. An additional peak due to Ti-O at ca.590 cm'can be found
after adding TiO,, indicating a successful incorporation of TiO, on the
GO surface.

Electrochemical characterization

The electrocatalytic properties of the prepared catalysts were
evaluated by CVs in 0.5 M H,SO, (Fig. 6). The results demonstrate
hydrogen adsorption/desorption (H,,/,.) peaks in the potential
ranging from -0.2 to -0.1 V. Double layer regions emerge between
—0.1 and 0.5 V. Fig. 6 (a) and (b) show that the GO, TiO,-GO and
8Pd/TiO,-GO electrodes have no significant signal. However, the 2Pt/
TiO,-GO and xPt2Pd/TiO,-GO provide remarkably higher hydrogen
desorption (H, ) intensity than that of 2Pt-GO. Interestingly, two
distinct peaks from H, and another H , peak at -0.2 V are found from
xPt2Pd/TiO, on GO. The integrated area of the H,  peaks represents
an electrochemical surface area (ECSA) of the catalysts according to
the following standard equation [22]:

ECSA=Q,, (uC.cm™?)/[210 pC.cm*X Pt loading (mg.cm?)] (4)

where Q, is the average of hydrogen adsorbed on (or desorbed from)
the Pt surface determined by integrating the curves from -0.4 to 1.0
V, the value of 210 uC.cm™ is the charge of a single hydrogen atom
adsorbed on a single Pt atom assuming a monolayer coverage of
atomic H on the Pt surface and Pt loading is the mass of Pt deposited
on the working electrode (mg cm?).ECSA values in Table 1 indicate
that the ECSA increases with respect to the amount of Pt. Interestingly,
adding 2 cycles of Pd to the Pt catalyst could further increase the
ECSA of the prepared catalysts.

Methanol oxidation activities of the prepared catalysts are
illustrated in Fig. 7. The 2Pt/TiO,-GO electrode shows notable
catalytic activity, displaying outstanding current peaks for oxidation
in both the positive and negative potential scans. In Fig. 7 (a), the I,
and I, values of 2Pt/TiO,-GO are 1.36 and 0.98 mA.cm™ which are
higher than those of 2Pt-GO (0.57 and 0.35 mA.cm™). Although the
/T, ratio of 2Pt/TiO,-GO (1.38) is slightly lower than that of 2Pt-
GO (1.63), the I, of 2Pt/TiO,-GO is incredibly high. For the Pt and
Pd bi-metallic catalysts (xPt2Pd/TiO,-GO), the methanol oxidation
activity of the samples increases as Pt content increases. In addition,
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Figure 6 CVs of GO, TiO,-GO, 2Pt-GO and 2Pt/TiO-GO (a), xPt2Pd/
TiO,-GO; x =2, 4, 6 and 8 (b) in 0.5 M H,SO, solution at scan rate

50 mV/s.
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Figure 7 CVs of GO, TiO,-GO, 2Pt-GO and 2Pt/TiO,-GO (a), xPt2Pd/
TiO,-GO; x =2, 4, 6 and 8 (b) in 0.5 M CH,OH and a 0.5 M H,SO,
solution at scan rate 50 mV/s.

Table 1 Electrochemical analysis of catalysts in methanol oxidation.

Catalyst esR E (V) i E, b E, I/1, ratio
(cm?*mg) o (mA/cm?) ™) (mA/cm?) ™) ’

2Pt-GO 3371 045 057 0.59 035 047 1.63
2PtTiO,-GO 37.10 044 136 0.59 0.98 046 138
8Pd/TiO,-GO

2Pt2Pd/TiO,-GO 43.66 041 147 0.59 111 044 132
4Pt2Pd/TiO -GO 72.71 041 236 0.57 1.83 044 129
6Pt2Pd/TiO,-GO 104.58 041 4.00 0.57 3.63 044 1.10
8Pt/TiO,-GO 127.80 041 4.07 0.58 2.65 045 153

the oxidation activity of bi-metallic 6Pt2Pd/TiO,-GO is comparable
to mono-metallic 8Pt/TiO,-GO (Fig. 7 (b)). Although 8Pt/TiO,-GO
provides higher ECSA than 6Pt2Pd/TiO,-GO, the I, is not significantly
different from that of 6Pt2Pd/TiO,-GO. The results imply that the
preparation of bi-metallic catalyst used in this study helps reduce Pt

loading content in the electrocatalyst.

It has been reported [8, 21] that the reaction mechanism of
methanol oxidation on a Pt electrode in acidic solution includes
parallel and consecutive oxidations as follows:
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Figure 8 Chronoamperometric curves of GO, TiO,-GO, 2Pt-GO and
2PtTiO,-GO (@), xPt2Pd/TiO,-GO; x=2, 4, 6 and 8 by in 0.5 M CH,OH
and a 0.5 M H,SO, solution at specific potentials of these catalysts,
3600 s.

Pt+H,0 — Pt-(OH) ,+ H' + ¢ (5)
Pt-(CO),, + Pt-(OH),, — 2Pt+CO,+H +e (6)

Further oxidation of CO to CO, is generally difficult on Pt catalyst due
to the deficiency of active oxygen on the surface. CO acts as poisoning
species to Pt. It strongly adsorbs on the Pt surfaces and blocks the
surfaces from further oxidation of CO to CO,, thus reducing the
electrocatalytic activity of the catalyst. When Pt is incorporated
with metal oxide, the enhancement of CO oxidation can easily be
obtained by reaction with OH species on the metal oxide surfaces as
in equations (7) and (8):

MO +H,0 — MO~(OH),, +H'+ e (7
Pt-CO,, + MO~(OH),, — Pt+ MO + CO, + H' +¢" ®)

The OH,, species on metal oxide can transform CO-like
poisoning species (CO, ) on Pt to CO,, thus releasing the active sites
on Pt for further electrochemical reaction. It is rational to expect
that the incorporation of the oxygen storage material into the TiO,-
GO support could introduce the local oxygen concentration, thereby
increasing the methanol electro-oxidation activity.An addition of Pd
on xPt/TiO,-GO electrodes can obviously lower an onset potential

because water dehydrogenation on Pd to from Pd-OH_, is beneficial
for enhanced CO oxidation, thus easily regaining the active metal
surface. Without Pd, the water hydrogenation on Pt occurs at a higher
potential, making the overall oxidation process on pure Pt sluggish
[23-24].

Chronoamperometric curves (CAs) of 2Pt-GO and 2Pt/TiO,-GO
electrocatalysts in 0.5 M CH,OH in 0.5 M H,SO, solution are displayed
in Fig. 8 at a specific potential of these catalysts (vs Ag/AgCl) for 3600
s. Methanol was constantly oxidized at the electrocatalyst surface and
the reaction intermediates such as CO,_, were obtained. These species
will accumulate on the catalytic surfaces if the kinetics of removal
reactions cannot be accomplished fast enough for the methanol
oxidation. This helps explain the sharp decrease in oxidation current
density at the first few seconds, followed by a steady state current in
Fig. 8 (a) and (b). From Fig. 8 (a), the oxidation current density of 2Pt/
TiO,-GO (0.019 mA.cm?) is still higher than that of 2Pt-GO catalyst
after 2100 s, indicating long-term stability of 2Pt/TiO,-GO [5, 25].
In Fig. 8 (b), the current densities of all catalysts quickly decayed
and after long term reaction the current intensities were steady in the
following order: 6Pt2Pd/TiO,-GO > 8Pt/TiO,-GO > 4Pt2Pd/TiO,-GO
> 2Pt2Pd/TiO,-GO. It is clear that the combination of metal oxide
and Pd creates a synergistic effect on the catalyst system by lowering
the oxidation potential and increasing the electrocatalytic stability for
methanol oxidation reaction.

CONCLUSION

2Pt/TiO,-GO was successfully prepared and its application
for methanol oxidation was also investigated in the present work.
IR spectra confirmed that the metal oxides were loaded on the GO
surface while AFM showed the thin film of the prepared GO. FE-
SEM and TEM indicated that the catalyst preparation method used
in this study could provide small Pt nanoparticles with narrow size
distribution. EDS also confirmed the presence of Pt and Ti elements
in the composite catalyst. Among the prepared catalysts, 8Pt/TiO,-
GO showed higher current density as well as lower onset potential
and higher stability than those observed from 2Pt-GO. Moreover, the
electrocatalytic activities of bi-metallic xPt2Pd/TiO,-GO electrodes
were found to depend on the Pt content. The addition of Pd reduced
the onset potential and increased catalyst stability. Thus, the surface
modification of GO with Pt, Pd and TiO, could produce a promising
anode catalyst for direct methanol fuel. However, the actual content of
those elements has to be studied further.
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