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Abstract Platinum electrocatalysts supported on multi-
walled carbon nanotubes (MWCNTSs) with various diame-
ters and lengths were studied by using transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and cyclic voltammetry (CV) and Chronoampe-
rometry. The results indicated that the MWCNTs with
smaller diameter generated more amorphous carbon after a
sonochemical oxidation treatment. Compared with the long
MWCNTs, the short MWCNTs had more open ends,
resulting in high-Pt dispersion and electrocatalytic activity
towards methanol oxidation. Pt nanoparticles supported on
short MWCNTs with a diameter of 30-50 nm exhibited the
best Pt dispersion and highest methanol oxidation activity
among the catalysts studied. The high activities of the cat-
alysts based on short MWCNTs were due to both the
intrinsic high activity of the ends of MWCNTs and a good
Pt distribution.
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1 Introduction

Carbon nanotubes (CNTs) have attracted more and more
interest in the applications of the new carbon materials in a
variety of fields, including chemical and biological sensors
[1, 2], separation membranes [3, 4], field emission devices
[5, 6], energy storage [7, 8]. CNTs are widely studied as
supports of depositing metal nanoparticles as heteroge-
neous catalysts due to their extraordinary structure, good
electronic conductivity and improved accessibility of
reactants to the active sites [9, 10]. For instance, Ru, Pd,
Au and Pb were deposited on carbon nanobutes and
resulted in good catalytic activity [11-14].

The CNTs have also attracted great attention as sup-
ports for Pt and Pt alloy catalysts in low-temperature fuel
cell [15-22]. Studies have shown that the Pt base catalysts
supported on CNTs may provide improved electrocata-
lytic activity compared to the catalysts on the traditional
Vulcan XC-72 carbon support in fuel cell. The improve-
ment catalytic activity can be usually attributed to various
causes [15-18], including (a) higher electronic conduc-
tivity of CNTs, (b) higher electrochemical surface area
(ECSA), (c) decreased impurities in the CNTs when
compared with the Vulcan carbon, (d) higher durability
during the electrochemical conditions. Huang et al. [22]
showed that Pt supported on single-walled carbon nano-
tubes (SWCNTs) exhibited higher methanol oxidation
performance than that on Vulcan XC-72 carbon due to the
large number of surface functional groups and open ends
of the CNTs.

Moreover, the deposition, distribution and crystallite
size of Pt nanoparticles supported on CNTs are signifi-
cantly affected by factors including the oxidation treatment
of CNTs, the structure of CNTs and the surface area
of CNTs [23-25]. Li et al. [23] have studied the
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SWCNTs, double-walled carbon nanotubes (DWCNTSs)
and multi-walled carbon nanotubes (MWCNTSs) as fuel cell
catalyst supports systematically and showed the DWCNTSs
supported catalysts exhibited the highest activity for
methanol oxidation reaction. Yuan and co-workers [24]
reported that Pt supported on MWCNTs with a diameter of
15 nm had better Pt dispersion and higher electrochemical
activities for methanol oxidation than that on MWCNTs
with a diameter of 25 nm. However, the factors affecting Pt
dispersion were not discussed in detail.

In this work, the effect of both the diameter and the
length of MWNCTs on the dispersion and electrocatalytic
activity of Pt nanoparticles were studied. An enhancement
of the electrocatalytic activity by the ends of MWNCTs
was reported.

2 Experimental
2.1 Purification and treatment of MWCNTSs

Multi-walled carbon nanotubes with different diameters
and lengths were purchased from Chengdu Timenano Co.
Ltd., and Shenzhen Nanotech Port Co. Ltd., Chengdu,
China. All the MWCNTs were synthesis by CVD method.
The CNTs are abbreviated as Dxx-y in this work, where the
xx stands for the tube diameter (nm), the y stands for
the tube length (pum). For example, D3050-2 means that the
diameter of carbon nanotube is about 30-50 nm, and the
tube length is about 2 pm. The CNTs were pre-treated in a
flask containing a mixture of 8 M HNO; and 8 M H,SO,
[26, 27]. The flask was placed in an ultrasonic bath
(100 W, 40 kHz) at 60 °C for 3 h. The MWCNTs were
then centrifuged and filtered with de-ionized water for
several times and dried at 80 °C for 12 h.

2.2 Preparation of MWCNTs supported Pt catalysts

Microwave-assisted polyol process was used to prepare a
series of MWCNTs supported Pt catalysts. First, 0.04 g
MWCNTs was ultrasonically mixed with 25 ml ethylene
glycol (EG) solution to form a homogeneous suspension.
Then, 1.25 ml 0.0386 M H,PtClg - 6H,O EG solution and
0.6 ml 0.4 M KOH EG solution were added drop by drop
into the mixture. After stirring for 10 h, the suspensions
were ultrasonically treated for 30 min and then heated in a
microwave oven (Galanz 2,450 MHz, 700 W) for 60 s.
Finally, the suspensions were filtrated and washed with de-
ionized water, and then dried in a vacuum oven at 80 °C
for 10 h. The Pt loadings in all the catalysts (abbreviated as
Pt/Dxx-y) were 20 wt.%.

2.3 Physical characterization

The surface area of MWCNTs was measured by using
physical adsorption of N, at 77 K (Micromeritic Tristar
3000). The adsorption isotherms were used to calculate
the values of BET specific surface area. The conductivi-
ties of MWCNTs of fresh and after acids oxidation were
measured by conventional four-point probe method. X-ray
photoelectron spectroscopy (XPS) analysis was carried
out with a PHI Quantum 2000 Scanning ESCA Micro-
probe equipment (Physical Electronics, MN, USA) using
monochromatic Al-Ka radiation. The X-ray beam diam-
eter was 100 pm, and the pass energy was 29.35 eV for
all the samples. The binding energy was calibrated with
respect to C (1s) at 284.6 eV. Transmission electron
microscopy (TEM) measurement was performed on a
Tecnai F-30 microscope and JEM-2100HC at 300 kV or
200 KV to characterize the Pt distribution and morphol-
ogy of the catalysts. A drop of sample was ultrasonic
treated and deposited on a cupper grid coated with a
continuous carbon film.

2.4 Electrochemical measurement

The electrochemical characterization was carried out with a
CHI660A electrochemical workstation. Glassy carbon
(GC) electrode coated with catalyst ink was used as the
working electrode. Pt foil and saturated calomel electrode
(SCE) were used as a counter electrode and reference
electrode, respectively. The working electrode was pre-
pared as follows. The GC (4 mm diameter) electrode was
polished carefully by using 0.3 and 0.05 pum alumina
pastes. A MWCNTs paste with a concentration of 1 mg
ml~" was prepared by mixing suitable amount of MWCNTs
with 0.1% Nafion solution. Then 15 pl of the electrode
paste was placed on top of the GC electrode.

To prepare the P/MWCNTSs paste, 14.4 mg PUMWCNTs
catalyst was ultrasonic dispersed in a mixture of 5 ml ethanol
and 1 ml 0.1% Nafion solution for 30 min. About 10 pl
catalyst ink was then spread on the top of the GC electrode
and dried at 70 °C, after that 10 pl 0.1% Nafion solution was
coated on it as a binder and dried at 70 °C. The metal loading
of the electrode was 38 pg cm 2.

The MWCNTs were characterized using cyclic vol-
tammetry (CV) in nitrogen saturated 0.5 M H,SO, within
the potential range of —0.241 to 0.8 V. The electrochemical
performances of the PUMWCNTSs catalysts were measured
in nitrogen saturated 0.5 M H,SO,4 with or without 1 M
CH;OH solution at a scan rate of 50 mV s™' at room
temperature within the potential range of —0.241 to 1.0 V.
All potentials in the paper were referred to SCE.
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3 Results and discussion
3.1 Characterization of MWCNTSs supports
3.1.1 Physical characterization

Table 1 shows the physical properties of MWCNTs. It can
be seen that D10-50 and D10-2 have higher surface areas
compared with other samples. The surface area of D3050-2
is 152 m? g”!, which is higher than the other CNTs with
similar diameters. It is can be seen that the surface areas of
MWCNTs decrease with the increase of the tube diameters
and lengths. In addition, the conductivities of MWCNTSs of
fresh and after acids oxidation are summarized in Table 1.
It can be found that the conductivities of MWCNTs
decrease after acids oxidation compared to fresh
MWCNTSs. This might be due to the factor of presence of
more surface oxides on MWCNTs after acids oxidation.
Form Table 1, we can find that D10-2 and D10-50 have
higher conductivities than other MWCNTs. XPS was
operated to evaluate the oxidation degree of MWCNTs.
The atomic ratio O/C values, which are calculated by
integrating the area under the high-resolution XPS O 1s
and C 1s spectra peaks, are also shown in Table 1. It can be
noticed clearly that the ratio of O to C is different for
the MWCNTs. The sequence of O/C is: D3050-2 > D10-
2 > D10-50 > D4060-15 > D3050-50 > D50-50. D3050-
2 has the highest amounts of surface oxidation (O/C =
0.093) and D50-50 has the least (O/C = 0.037).

Figure 1 shows the TEM images of D10-2, D10-50,
D3050-2 and D50-50. Compared with other samples, more
amorphous carbon and defects are observed on D10-2 and
D10-50. This may be interpreted that the sonochemically
treatment may cause the roughening of the surface of
MWCNTs and the only acid oxidation do not effectively
remove the amorphous carbon on the MWCNTSs surface
[27, 28]. Hou et al. also showed that MWCNTs with
smaller diameter contained more amorphous carbon com-
pared to those with larger diameter [29]. In addition, the
ends of MWCNTs with large diameter show clear open
ends. However, some of the ends of MWCNTSs with a

diameter of 10 nm seem not to be well opened. By
HNOj; sonochemically treatment, the length and diameter
of the MWNCTs are similar to that reported by the
manufacturers.

3.1.2 Cyclic voltammetry

Figure 2 shows the CV curves of MWCNTs with different
diameters and lengths. A pair of redox peaks appears at
0.34 and 0.28 V, which can be assigned to the redox of
surface oxide groups (such as carboxyl, carbonyl and
hydroxylic groups) on functional MWCNTs [30]. It can be
seen from Fig. 2 that the peak currents increase with the
decrease in tube diameter and length. Although the exact
number of surface oxide groups cannot be determined, the
relative amounts can be roughly estimated from the peak
currents [31]. D50-50 has the least peak currents in all the
samples, D10-2 and D10-50 have the relatively higher peak
currents. It is a little strange that D3050-2 has the highest
peak current, which indicates the highest amounts of
surface oxide groups. The results agree with the results of
XPS. The highest amounts of D3050-2 could be related to
the textural properties shown in Table 1 and Fig. 1. The
high-surface area and clear open ends could lead to a high
concentration of surface oxide groups.

3.2 Characterization of Pt nanoparticles on MWCNTs
3.2.1 TEM analysis of PtYMWCNTs

The TEM images of Pt nanoparticles supported on various
MWCNTs are shown in Fig. 3. The particle sizes determined
by TEM are summarized in Table 2. The average particle
sizes are about 3.0-3.5 nm for all the samples. It seems that
the sizes of the Pt particles are not closely related to the
length and diameter of the MWCNTs in this study. However,
some isolated Pt clusters aggregate on D10-2 and D10-50,
which could lead to a low-Pt utilization. General speaking,
larger surface area of the support can result in better Pt

Table 1 Physical properties of

different MWCNTS ;{EE;: diameter tlerrrll%th :rlir;a(cnelz gil) Conductivity (S/cm) 8255)
Fresh After
oxidation
10 ~2 452 13.9 10.6 0.061
10 ~50 372 12.3 11.6 0.057
30-50 ~2 152 12.6 6.92 0.093
30-50 ~50 73.6 10.1 9.09 0.045
40-60 ~15 71.2 4.11 4.00 0.056
50 ~50 71.1 11.1 7.87 0.037
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Fig. 1 TEM images of
sonochemically-treated
MWCNTS (a) D10-2, (b) D10-
50, (c¢) D3050-2 and (d) D50-50

dispersion [32]. But in our research, D10-2 and D10-50 have
larger surface area and the bad Pt dispersion, which may be
attributed to the unclean surface. Furthermore, some Pt
particles can be seen in the middle of the tubes for catalysts
supported on D3050-2 and D4060-15, as shown in Fig. 3c
and d. It is still not clear whether the Pt particles are on inner

Current / mA
o
S
1

T T T T T T T T T T T T
04 -0.2 0.0 0.2 04 06 0.8
Potential / V vs SCE

Fig. 2 Cyclic voltammograms of various MWCNTs (a) D3050-2, (b)
D10-2 (c) D10-50, (d) D4060-15, (e) D3050-50 and (f) D50-50 (from
top to bottom) in 0.5 M H,SO, solution, scan rate 50 mV s

walls or on outer walls, however, it is expected that some Pt
particles can deposit on inner tubes. Because more open ends
exist in the MWCNTs with large diameter, which would
facilitate the infiltration of H,PtClg precursor and the depo-
sition of Pt on the inner tubes and at the end of the tips [33].
For the catalysts based on D10-2 and D10-50, almost no Pt
particles can be seen in the middle of the tubes.

The surface oxide groups of the support are usually
anchorage sites for the metal precursor during catalyst
preparation and can result in good metal dispersion [34, 35].
But there is no agreement about the point. Some studies have
showed that the oxidation of active carbon used as support
for Pt metal has a negative influence on getting a catalyst with
a high dispersion [36, 37]. In our studies, D10-2, D10-50 and
D3050-2 have more surface oxides compared to other sam-
ples, but D10-2 and D10-50 result in poorer Pt dispersion,
D3050-2 results in better Pt dispersion. Connecting the
amounts of surface oxide groups (XPS and CV results) and
the Pt dispersion, it seems that there is not clear relationship
between the both for the samples in the work.

3.2.2 Electrochemical characterization of Pt/MWCNTs

Figure 4 shows CV curves of Pt nanocomposites sup-
ported on different MWCNTs in 0.5 M H,SO,. Similar
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Fig. 3 TEM images of Pt
nanocomposites supported on
various MWCNTs (a) D10-2,
(b) D10-50, (c) D3050-2,

(d) D 4060-15, (e) D3050-50
and (f) D50-50

Table 2 Characteristics

of PUMWCNTs catalysts Catalyst ;z;zt;czrelm) ?H(fzSgA_ ) lg/i?lijt ;u(rrrlfzt e ?Kelilg(; activity
Pt/D10-2 3.0 23.1 241 10.4
Pt/D10-50 3.0 232 187 8.1
Pt/D3050-2 2.9 40.5 425 105
Pt/D3050-50 34 36.5 310 8.5
Pt/D4060-15 32 385 400 10.4
Pt/D50-50 35 32.0 293 9.1

cathodic and anodic peaks in the H-adsorption and
H-desorption region (—0.2 to 0.1 V) can be observed for
all the samples. The ECSA can be calculated from the

@ Springer

charge of hydrogen desorption peak after subtracting
the charge from the double-layer region (Qy) following
the next formula, assuming that the smooth Pt electrode
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Fig. 4 CV curves of Pt nanoparticles supported on MWCNTs (a)
D3050-2, (b) D10-2, (c) D10-50, (d) D4060-15, (¢) D3050-50 and (f)
D50-50 (from top to bottom) in 0.5 M H,SO, solution, scan rate
50 mV s7!

gives the hydrogen adsorption charge of 0.21 mC cm™>
[38].
Qu
ECSA=——""— 1
0.21 x mp,’ (1)

where mp, represents the Pt loading (g) on the electrode. Qy
(mC) the charge for hydrogen desorption and 0.21 (mC
cm™?) is a correspondence value. The calculated ECSAs are
listed in Table 2. It can be seen that the Pt catalysts sup-
ported on MWNCTs with a diameter about 10 nm show the
lowest ECSA among the samples studied. This could be
due to the severe aggregation of Pt particles in the catalysts

600
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Fig. 5 CV curves of methanol oxidation of PMWCNTs catalysts in
0.5 M H,SO4 + 1 M CH3;0H solutions, scan rate 50 mV st

as shown in Fig. 3. The other samples show similar EC-
SAs. However, the catalysts supported on shorter
MWCNTs seem have higher ECSAs than those on longer
MWCNTs. This could be related to the large number of
edges for short MWCNTSs, which could improve the dis-
persion of Pt particles.

Figure 5 shows the electrocatalytic properties towards
methanol oxidation of various P/MWCNTs -catalysts.
Typical features of methanol oxidation and subsequent
intermediates oxidation at 0.63 and 0.38 V (versus SCE),
respectively, are observed. The mass activities of meth-
anol oxidation at peak potential in the forward scan are
also summarized in Table 2. The methanol oxidation
activities are in the sequence of Pt/D3050-2 > Pt/D4060-
15 > Pt/D3050-50 > Pt/D50-50 > Pt/D10-2 > Pt/D10-50.
The catalysts supported on MWCNTSs with a diameter of
10 nm show much lower activity compared with other
catalysts due to the agglomeration of Pt particles,
although the conductivities of D10-2 and D10-50 are
higher than other MWCNTSs. This result suggests that
high-Pt dispersion overwhelms the factor of conductivity
for methanol electrooxidation in this study. It is essential
to have a good Pt dispersion for preparing high-perfor-
mance electrodes for methanol oxidation with high-Pt
utilization.

An obvious effect of the length of MWCNTSs on the
activities of the catalysts can be observed from Table 2.
The catalysts based on short MWCNTSs have mass activi-
ties 30% higher than those based on long MWCNTs, while
the tube diameters are similar. Two reasons could lead to
this phenomenon. One is that the short MWCNTSs could
have better dispersion in the EG solution [39], resulting in
better Pt dispersion and utilization. The other reason could
be due to the high activity of the ends of MWCNTs. It was
reported that the ends of CNTs exhibited higher electro-
catalytic properties for epinephrine oxidation compared
with the side walls, which could be due to the rapid elec-
tron transfer rate [40—42]. Chou et al. [43] also showed that
the activity of CNTs increased with the decrease in the
length of CNTs.

To further study the effect of tube length, we normalize
the mass current densities to ECSAs of Pt as specific
activities, which are summarized in Table 2. The ratios of
specific activities of Pt/D10-2 to Pt/D10-50, Pt/D3050-2 to
Pt/D3050-50 and Pt/D4060-15 to Pt/D50-50 are 1.3, 1.2
and 1.1, respectively. It is obvious that the catalysts sup-
ported on short MWCNTs exhibit higher activity due to
both the high utilization (dispersion) of Pt and the high-
intrinsic activity of the ends of MWCNTs, especially for
catalysts supported on MWCNTs with large diameter. It
can be concluded that Pt supported on short MWCNTSs
with suitable diameters would be suitable catalysts with
high activity and high-Pt utilization.

@ Springer
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Fig. 6 Chronoamperometry curves of PY/MWCNTs in 0.5 M

H,SO,4 + 1 M CH3OH solutions at 0.4 V vs. SCE

Further, we measure the chronoamperometry test of
Pt/MWCNTs to study the long-time performance at 0.4 V
versus SCE (Fig. 6). It can be seen that the current
decreases continuously with time for all the catalysts,
which is due to the formation of intermediate poisons like
CO,4, CHO,q during the methanol oxidation [44]. The
ratios of the current at 3,000 s to the initial current are also
shown in Fig. 6. It can be seen that Pt/D50-50 is more
tolerant to the poisons. The current is 65% of the initial
current after 3,000 s, which is higher than the values of
other catalysts. In addition, the current of Pt/D50-50 is
higher than Pt/D3050-50 in Fig. 6, although the peak cur-
rent is a little lower than Pt/D3050-50 (Fig. 5). This may be
attributed to the more homogeneous tube diameter distri-
bution of D50-50. At long times, although the current
gradually decays for all the catalysts, Pt/D3050-2 maintains
the highest current and exhibits the best electrocatalytic
activity for methanol oxidation.

4 Conclusion

The amounts of surface oxides of MWCNTs increased with
the decrease of the diameters and lengths. But there was no
clear relationship between the Pt dispersion and the
amounts of surface oxides of MWCNTs in our studies. The
morphology of MWCNTs had strong effect on the dis-
persion and utilization of Pt as well as the catalysts
activities based on it. Pt nanocomposites supported on short
MWCNTs with suitable diameters exhibited high activity
due to the improvement of Pt utilization and the high-
intrinsic activity of the ends of MWCNTSs. Pt nanoparticles
supported on short MWCNTs with a diameter of 30-50 nm

@ Springer

showed the best Pt dispersion and highest methanol oxi-
dation activity among the catalysts studied.
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