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Abstract The effect of the mixed support of carbon black
and nanographite (CG) on the electrocatalytic activity and
stability of the CG supported Pt (Pt/CG) catalyst for eth-
anol oxidation was investigated. It was found that the
electrocatalytic activity and stability of the Pt/CG catalyst
for ethanol oxidation depend on the weight ratio of carbon
black and nanographite because the carbon black has a
large surface area and nanographite has high conductivity.
The Pt/CG catalyst with a weight ratio of 10:1 produces the
best electrocatalytic activity and stability of the Pt/CG
catalyst for ethanol oxidation.

Keywords Ethanol - Support - Carbon black -
Nanographite - Pt

1 Introduction

Ethanol oxidation has been widely investigated because of
its use in the direct ethanol fuel cell; this has various
potential applications in transportation and portable elec-
tronic devices. Ethanol is a safe molecule and can be
produced on a large scale from biomass. However, two
major problems in DMFC are the low electrocatalytic
activity and the stability of the catalysts for ethanol oxi-
dation [1-4]. The catalysts for ethanol oxidation are usually
Pt-based catalysts supported on porous carbon materials.
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Several ways have been investigated to develop Pt-based
binary catalysts for improving the electrocatalytic perfor-
mance of Pt for ethanol oxidation. It is generally accepted
that electrocatalytic performance is strongly dependent on
the shape, size and distribution of the catalyst particles. On
the other hand the particle size and distribution largely
depend on the properties of the supports [5—6] once the
preparation method and the components of the catalyst
have been taken into account. Thus different supports for
the Pt based catalysts, such as the carbon nanotubule [7],
carbon nanofiber [8,9], carbon nanotube [10,11], macro-
porous carbon [12,13], graphitic carbon nanocoil [14,15]
and ordered mesoporous carbon [16-22] have been inves-
tigated. The reason for using the carbon materials referred
to above is because they possess large surface area and
high electrical conductivity. However the prices of such
carbon materials are high because of the harsh synthetic
conditions and the low production yields. Considering that
carbon black is a cheap carbon material with a very high
surface area, but low electrical conductivity and that
nanostructured graphite possesses high electrical conduc-
tivity, but low surface area, in this study we have used a
mixture of carbon black and nanographite as support for
the Pt catalyst. It was found that the mixed support
enhances the electrocatalytic performance of the Pt catalyst
for ethanol oxidation.

2 Experimental
2.1 Preparation of catalysts
The preparation procedure of the Pt/CG catalysts was as

follows. After the mixture of carbon black (Vulcan XC-
72R carbon black) and nanographite (Huatai Lubricant
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Sealing S&T CO. LTD) was agitated ultrasonically,
H,PtClg solution was added into the mixture at 85 °C.
Then formic acid solution was added drop by drop to
reduce H,PtClg at 85 °C for 1 h. The suspension obtained
was filtered and washed with triply distilled water until no
CI™ was detected. Finally the slurry was dried in vacuum at
25 °C and the Pt/CG catalyst with 20 wt% Pt was obtained.
The weight ratios of carbon black and nanographite in the
Pt/CG catalysts were 1:1, 5:1, 10:1 and 15:1, respectively.
The resultant Pt/CG catalysts are denoted as Pt/CG-1,
Pt/CG-5, Pt/CG-10 and Pt/CG-15, respectively. The carbon
black supported Pt catalyst prepared using a similar pro-
cedure to that mentioned above was designated as Pt/C.

2.2 Electrochemical measurements

The electrochemical measurements were carried out with a
CHI650A electrochemical analyzer and a conventional
three-electrode electrochemical cell. A Ag/AgCl electrode
and the Pt foil were used as the reference and the counter
electrode respectively. All potentials are quoted with
respect to the Ag/AgCl electrode. The Pt/C and Pt/CG
catalyst electrodes were used as the working electrodes.
The preparation of the working electrode was as follows:
an appropriate amount of the Pt/C or Pt/CG catalyst was
mixed with the necessary amount of 5 wt% Nafion solution
and 20 wt% PTFE. The mixture obtained was ultrasoni-
cally diluted in ethanol. Then the slurry was spread on
carbon paper and dried at room temperature. The Pt load-
ing for all the electrodes was 1 mg cm ™2 The geometrical
surface area of the working electrode was 0.5 cm?>.

The electrochemical measurements were performed in a
solution of 1.0 M C,HsOH + 1.0 M H,SO, at 25 °C or
60 °C. Prior to the electrochemical measurements N, was
bubbled into the solution for 10 min to remove any dis-
solved O,. During measurement, N, was circulated above
the solution. In order to measure the electrochemical spe-
cific surface area (ESA), with the electrode potential fixed
at 0 V, CO was bubbled into 0.5 M H,SO, solution at
25 °C for 15 min until CO was fully adsorbed on the
electrode. N, was then bubbled into the solution for 10 min
to remove CO. All the electrochemical measurements were
carried out at 25 &+ 1 °C. In the cyclic voltammetric
measurements the scan rate was 10 mV s~

2.3 Physical characterization of the catalysts

X-ray diffraction (XRD) patterns of the catalysts were
measured (Japanese D/max-fB) using a Cu Ka source
operating at 40 keV and 30 mA. Transmission electron
microscopy (TEM) was performed with a Tecnais G2
Twins. Before the TEM examination the sample was firstly
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ultrasonicated in ethanol for 20 min and then deposited
onto 3 mm Cu grids covered with a continuous carbon film.

3 Results and discussion
3.1 Physicochemical characterization of catalysts

Figure 1 shows the XRD patterns of the Pt/C and Pt/CG
catalysts. The peak at 26.5° in all the XRD patterns is
characteristic of the (002) crystal face of the hexagonal
structure of carbon. The peak is sharp, indicating that the
CG support has a high content of graphite. In addition, in
each XRD pattern, three characteristic peaks corresponding
to Pt(111), (200) and (220) crystal faces of the face cen-
tered cubic crystalline of Pt are located at 39.8°, 46.2° and
67.5°, respectively. The average size of the Pt particles in
the Pt/C and Pt/CG catalysts can be calculated from the
XRD patterns by means of the Scherrer equation [20].

~09)
B Bsg cos emax

(1)

where d is the average size of the Pt particles, 4 is the
wavelength of X-rays used (4 = 1.54056 A), Bz, is the
width at the half-maximum of the respective diffraction
peak, 0.« is the angle at the position of the peak maxi-
mum. The Pt (220) diffraction peak was used here to
calculate the average size of the Pt particles due to its low
carbon interference in the XRD pattern. The average sizes
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d Pt/CG-15
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Fig. 1 XRD patterns of (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10,
(d) Pt/CG-15 and (e) Pt/C catalysts
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of the Pt particles obtained from the XRD patterns are
listed in Table 1. The average sizes of the Pt particles in the
Pt/C and the Pt/CG catalysts are in the range 2.7-3.4 nm,
indicating that the supports slightly affect the average
particle size.

Figure 2 displays the cyclic voltammograms of CO
adsorbed on the different catalyst electrodes in 0.5 M
H,SO, solution. ESA of the different catalyst electrodes
can be calculated from Fig. 2 according to the following
equation:

_ 0Jk _
=W L (m*g™") (2)

where S represents ESA (m” g=!), W is the weight of
catalyst (g), L is the weight percentage of Pt (wt%), Q is the
no of C of the adsorption peak of CO (mC). The value of k
is 4,200 mC m~2. The calculated ESA for the different
catalysts are also listed in Table 1. It is clear that ESA is
related to the average size of the Pt particles in the cata-
lysts. The average size of the Pt particles in the Pt/CG-10
catalyst is the smallest among all the catalysts, 2.7 nm and
thus, its ESA is the largest, 37.6 m* g~ ".

Fig. 3a and b show TEM images of Pt/CG-10 and Pt/CG-
15. The Pt particles of the two catalysts are highly dispersed

S

Table 1 The particle sizes and ESA of the Pt/C and Pt/CG catalysts

Catalyst Average size ESA (m* g7")
of Pt particles (nm)
Pt/CG-1 34 21.12
Pt/CG-5 2.8 33.0
Pt/CG-10 2.7 37.6
Pt/CG-15 2.8 344
Pt/C 2.9 32.6
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Fig. 2 Cyclic voltammograms of CO adsorbed on (a) the Pt/CG-1,
(b) Pt/CG-5, (¢) Pt/CG-10, (d) Pt/CG-15 and (e) Pt/C catalysts
electrodes in 0.5 M H,SO, solution at 25 °C. Scan rate: 10 mV s~}

Fig. 3 TEM images of (a) the Pt/CG-10 and (b) Pt/CG-15 catalysts

and the average particle sizes are in good agreement with the
calculated results from XRD measurement.

3.2 Electrocatalytic performance of different catalysts
for ethanol oxidation

Figure 4 presents the linear sweep voltammograms of
1.0 M C,HsO0H in 0.5 M H,SO, solution at the different
catalyst electrodes at 25 °C. The onset potential of ethanol
oxidation at the Pt/C catalyst electrode is more positive
than that at all the Pt/CG electrodes.

Figure 5a shows the cyclic voltammograms of 1.0 M
C,HsOH in 0.5 M H,SO, solution at the different electrodes
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Fig. 4 Linear sweep voltammograms of 1.0 M C,HsOH in 0.5 M
H,SO, solution at (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10, (d)
Pt/CG-15 and (e) Pt/C catalysts electrodes at 25 °C. Scan rate:
10 mV s~!
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Fig. 5 Cyclic voltammograms of 1.0 M C,HsOH in 0.5 M H,SO,
solution at (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10, (d) Pt/CG-15
and (e) Pt/C catalysts electrodes at 25 °C. (a) Scan rate: 10 mV s !
and (b) 2 mV s7!
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at25 °Cat 10 mV s~ ' Itis observed from Fig. 5a that, in the
positive scan direction, there are two peaks at about 0.83 and
1.09 V for ethanol oxidation. The explanations for two peaks
by other workers are not in good agreement. Fujiwara et al.
[21] suggested that the peak at about 0.83 V is attributed to
CO,; production and the peak at about 1.09 V is due to
acetaldehyde formation. However Hitmi et al. [22] reported
that ethanol is oxidized to acetaldehyde at about 0.83 V and
to acetic acid at about 1.09 V. It was found that the potentials
of two peaks for the different catalyst electrodes are similar.
However the current densities of the peaks are different for
the different catalyst electrodes. For example, current den-
sities of the peak at about 0.83 V at the Pt/CG-1, Pt/CG-5,
Pt/CG-10, Pt/CG-15 and Pt/C catalyst electrodes are 142.1,
171.7, 194.0, 178.2 and 149.9 mA cm 2. This indicates that
initially the current density increases as the weight ratio of
carbon black and nanographite in the catalysts decreases.
When the weight ratio is 10:1 the current density reaches
a maximum. Then the current density decreases with
decreasing weight ratio. Thus the Pt/CG-10 catalyst showed
the best electrocatalytic activity for ethanol oxidation.

Figure 5b shows the linear sweep voltammograms of
1.0 M C,H50H in 0.5 M H,SO, solution at the different
catalyst electrodes at 25 °C at 2 mV s~ . The peak current
densities decreased and the peak potential is negatively
shifted by about 50 mV when the scan rate is decreased to
2 mV s~ !. However, the order of the current densities of two
peaks at the different catalyst electrodes is the same as that
for the scan rate of 10 mV s~ (Fig. 5a). The above results
indicate that when the weightratio is 10:1 the electrocatalytic
activity of the Pt/CG catalyst is best because the carbon black
possesses a large surface area and the nanographite has high
conductivity.

Figure 6 displays the cyclic voltammograms of 1.0 M
C,H50H in 0.5 M H,SOy, solution at the different catalyst
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Fig. 6 Cyclic voltammograms of 1.0 M C,HsOH in 0.5 M H,SO,
solution at (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10, (d) Pt/CG-15
and (e) Pt/C catalysts electrodes at 60 °C. Scan rate: 10 mV s7!
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electrodes at 60 °C. At 60 °C, the Pt/CG-10 catalyst elec-
trode also showed the best electrocatalytic activity for
ethanol oxidation.

Figure 7 shows the chronoamperometric curves of 1.0 M
C,HsOH in 0.5 M H,SO, solution at the different electrodes
at 0.6 V and 25 °C. The current densities at Pt/CG-1, Pt/CG-
5, P/CG-10, Pt/CG-15 and Pt/C at 3,600 s are 31.0, 36.0,
45.5, 42.0 and 33.5 mA cm_z, respectively. Thus the rela-
tionship between the electrocatalytic stability and the
weight ratio is similar to that between the electrocatalytic
activity and the weight ratio (Fig. 5 and 6). Pt/CG-10 shows
the best electrocatalytic stability for ethanol oxidation.

Figure 8 shows the chronoamperometric curves of
1.0 M C,HsOH in 0.5 M H,SO,4 at 0.6 V and 25 °C in the
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region 2,000-3,000 s. The long-term poisoning rate () can
be calculated from Fig. 7 using the following equation
[20]:

100 dl
5=100 (_) %51 3)
Iy dt}) - so0s ( )

where (dI/df).~s00 is the slope of the linear portion of the
current decay and [, is the current density at the start of
polarization back extrapolated from the linear current
decay. The o values and the current densities at 2,000 s
calculated from Fig. 8 are listed in Table 2.  values of the
different catalysts in the range 2,000-3,000 s follow the
order Pt/CG-1 > Pt/C > Pt/CG-15 > Pt/CG-5 > Pt/CG-10
and the current densities at 2000 s showed the reverse
order. This shows that the Pt/CG-10 catalyst possesses high
poisoning tolerance.

Long time cycling of the Pt/CG-10 electrode is shown in
Fig. 9. The current density increased slowly during the first
100 cycles. This also indicates good electrocatalytic sta-
bility of Pt/CG-10.

45 -
c
40_- Table 2 The ¢ values and the current densities at 2,000 s of the
] d different catalysts obtained from Fig. 8
35 - b
] e Catalyst 51571 (x10% Current density at 2,000 s
30 a (mA cm_z)
-500 ' (I) ' S(I)O ' 1OIOO ' 15I00 ' 2(;00 ' 25IOO ' SOIOO ' 35I00 ' 4000 Pt/CG-1 7.15 34.00
Time/s PUCG-5 522 37.58
Fig. 7 Chronoamperometric curves of 1.0 M C,HsOH in 0.5 M Pt/CG-10 4.28 45.36
H,SO, solution at (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10, (d) Pt/ Pt/CG-15 4.30 41.84
CG-15 and (e) Pt/C catalysts electrodes at 0.6 V and 25 °C Pt/C 6.05 36.06
50
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Fig. 8 Chromoamperometry curves of 1.0 M C,HsOH in 0.5 M
H,SO, solution at (a) the Pt/CG-1, (b) Pt/CG-5, (¢) Pt/CG-10, (d) Pt/
CG-15 and (e) Pt/C catalysts electrodes at 0.6 V and 25 °C in the
range 2,000-3,000 s

E(vs.Ag/AgCl)/ V
Fig. 9 Cyclic voltammograms of 1.0 M C,HsOH in 0.5 M H,SO,

solution at Pt/CG-10 catalyst electrodes for 100 cycles at 25 °C. Scan
rate: 50 mV s~
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4 Conclusion

The present work demonstrates that mixed support of carbon
black and nanographite showed clear effects on the electro-
catalytic activity and stability of Pt catalysts for ethanol
oxidation. The electrocatalytic activity and stability of the Pt
catalyst depends on the weight ratio of the mixed support of
the carbon black and the nanographite. Initially the electro-
catalytic activity and stability of the Pt catalyst for ethanol
oxidation increases with decreasing weight ratio in the cata-
lysts. When the weightratio is 10: 1 the highest electrocatalytic
activity and stability are reached. If the weight ratio is further
increased, the electrocatalytic activity and stability decrease.
The results are related to the high surface area of carbon black
and the high conductivity of nanographite.
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