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Abstract Highly dispersed platinum nanoparticles
were deposited on gram quantities of non-functional-
ized multiwalled carbon nanotubes (MWCNTSs) by
atomic layer deposition (ALD) in a fluidized bed
reactor at 300 °C. (Methylcyclopentadienyl) trimeth-
ylplatinum and oxygen were used as precursors. The
results of TEM analysis showed that ~ 1.3 nm Pt
nanoparticles were highly dispersed on non-function-
alized MWCNTs. The porous structures of MWCNTSs
did not change with the deposition of Pt nanoparticles.
For comparison, the commercial 3 wt% Pt/C catalyst
was also characterized. The ALD-prepared Pt/
MWCNT was used for the hydrogenation of xylose
to xylitol. The ALD-prepared P/MWCNT showed the
best catalytic performance with 100 % conversion of
xylose and 99.3 % selectivity to xylitol, compared to
commercially available Pt/C, Ru/C, and Raney Ni
catalysts. The stability of ALD produced PUMWCNT
catalyst was higher than that of the commercial Pt/C,
due to the presence of surface defects on the
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MWCNTs and the strong metal—support interaction
for the ALD-prepared PYMWCNT catalyst.
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Introduction

Noble metals are dispersed on high surface area
supports so that the resulting metal nanoparticles have
a high fraction of their atoms on the surface. Normally,
traditional methods, such as wet-chemical processing,
can produce metal particles as small as several
nanometers, but these methods cannot precisely
control the size of the catalytic nanoparticles and
disperse them homogeneously within the porous
substrates. Atomic layer deposition (ALD) is a layer-
by-layer process (Suntola 1992; Puurunen 2005;
George 2010) and has received increasing attention
for the preparation of noble metals, such as Pt and Pd
(Aaltonen et al. 2003a; Aaltonen et al. 2003b; Elam
et al. 2006; Kessels et al. 2009; Christensen et al. 2009;
Liang et al. 2011b; King et al. 2008; Li et al. 2010).
Due to their high cohesive energy, noble metals tend to
form via an island growth mechanism (Volmer-Weber
mechanism) during the initial stages of ALD processes
(Zhou et al. 2012). ALD-prepared noble metal nano-
particles have been reported as catalysts used in gas

@ Springer



Page 2 of 9

J Nanopart Res (2013) 15:1890

phase reactions (King et al. 2008; Li et al. 2010;
Christensen et al. 2010; Liang et al. 2011a). Recent
studies indicated that the ALD deposited palladium
nanoparticles on y-alumina particles could be used in
liquid-phase reactions and were highly stable in a
vigorously stirred liquid-phase reaction due to the
strong metal-support interaction for the ALD-prepared
Pd catalysts (Liang et al. 2012). However, there are
very few reports for the ALD-prepared noble metal
catalysts used in liquid-phase reactions (Liang et al.
2012; Zhou et al. 2010).

Xylitol is a sugar alcohol sweetener used as a
naturally occurring sugar substitute. The hydrogena-
tion of xylose into xylitol, converting the sugar into a
primary alcohol, can be carried out in a three-phase
slurry batch reactor (Mikkola and Salmi 2001; Mikk-
ola et al. 2002; Baudel et al. 2005; Yadav et al. 2012).
Liquid-phase catalytic hydrogenation of xylose, in
principle, is simple, but the formation of small
amounts of by-products, e.g., xylulose (through isom-
erization) complicates the process since xylulose may
be hydrogenated further to arabinitol and xylitol. The
catalytic hydrogenation of xylose to xylitol is tradi-
tionally carried out in a three-phase slurry batch
reactor over Raney nickel catalysts (Mikkola and
Salmi 2001; Mikkola et al. 2002). The main advan-
tages of the use of nickel catalysts include their low
price, easiness of use as suspended slurry in typical
batch reactors, and high activity and selectivity.
Nevertheless, the major drawback of Raney Ni
catalysts, usually, is their relatively fast deactivation
due to metal leaching and poisoning of the active sites
caused by the accumulation of organic impurities
(from the starting material) on the catalyst surface
(Yadav et al. 2012; Mikkola et al. 1999). In addition,
these leached metals must be completely removed
from hydrogenated xylitol solution before the xylitol
can be used as food additive, or medicine or cosmetics
(Yadav et al. 2012). The difficult separation of leached
metals from the reaction medium will greatly increase
the cost of the process. Therefore, a good catalyst must
have high activity and selectivity as well as high
stability (for recovery and recycling).

Supported ruthenium nanoparticles have been
studied for the xylose hydrogenation process in recent
years (Baudel et al. 2005; Yadav et al. 2012).
Ruthenium was identified as being more effective
than other metal catalysts, such as nickel and palla-
dium, in terms of activity and selectivity under similar
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conditions (Baudel et al. 2005). Platinum is highly
active for a large number of reactions. To the best of
our knowledge, there is no report for the xylose
hydrogenation catalyzed by Pt. Recent study indicated
that Pt nanoparticles could be deposited on oxygen
plasma treated multiwalled carbon nanotubes
(MWCNTs) by ALD (Hsueh et al. 2012). Oxygen
plasma could graft oxygen-containing functional
groups to the surface of MWCNTs to act as nucleation
sites for the growth of Pt nanoparticles. In this study,
Pt nanoparticles were directly deposited on untreated
MWCNTs by ALD. CNT was chosen because CNT
supported metal catalysts have shown superior cata-
Iytic activity and selectivity in some chemical reac-
tions owing to the unique structure of CNT, together
with the interaction between CNT and metal nano-
particles (Serp et al. 2003; Liang et al. 2005; Zhang
et al. 2008). The ALD-prepared P/MWCNT was used
in the hydrogenation of xylose to xylitol. The perfor-
mance of the PUMWCNT catalyst was compared with
that of commercially available Ru/C, Pt/C, and Raney
Ni catalysts in terms of activity and selectivity.

Experimental section
Materials

(Methylcyclopentadienyl) trimethylplatinum [(MeCp)
PtMe;] was purchased from Strem Chemicals, Inc.,
and the MWCNTs were purchased from US Research
Nanomaterials, Inc. Xylose and xylitol were pur-
chased from Lu Zhou company, Inc., China. 3 wt%
Ru/C (50.2 % water content, surface area of 789 m?/
2), 3 wt% Pt/C (55.2 % water content, surface area of
795 m*/g), and Raney Ni (50 wt % slurry in water,
active catalyst, surface area of 90~100 m?*/g and pore
size of ~45 pm) were purchased from Degussa. De-
ionized water was used as solvent for the reactions. All
materials were used as received.

Pt nanoparticles deposited on MWCNTSs by ALD

The deposition of Pt nanoparticles by ALD was
carried out in a vibrating fluidized bed reactor, which
is similar to the one described in detail previously
(Liang et al. 2007). (MeCp)PtMe; and oxygen were
used as precursors. MWCNTs, with a surface area of
359.8 m2/g, an outside diameter of 10-20 nm and an
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inside diameter of 5-10 nm, were used as the
substrate. 1.0 g MWCNTs were loaded into the
reactor. MWCNTs are very fluffy, and it is difficult
to measure the minimum fluidization velocity by
measuring the bed pressure drop as a function of flow
rate. A superficial gas velocity of 0.5 cm/s was used to
maintain fluidization for both nitrogen carrier gas and
oxygen dose for the coating process. One bubbler at
80 °C was used to deliver Pt precursor vapor into the
reactor. The reaction temperature was 300 °C. The
bubbler inlet was controlled using a mass-flow con-
troller (MKS Instruments) to allow a calibrated
amount of nitrogen to be bubbled through the precur-
sor reservoir. Before the reaction, the MWCNTSs were
degassed at 300 °C for 5 h. Nitrogen gas was fed as the
flush gas to help remove unreacted precursor and any
by-products formed during the reaction. The dose time
of Pt precursor was 6 min, while the dose time of
oxygen was 15 min, which was sufficient for the
reaction. The pressure during dosing was about 4 Torr.
The system was pumped down to 50 mTorr prior to
the dose of the next precursor. In this study, one cycle
of Pt ALD was applied. The ALD deposited Pt/
MWCNT catalyst was directly used in the following
catalytic tests without any further treatment.

Liquid-phase hydrogenation of xylose

Xylose hydrogenation was carried out in a 100 mL
autoclave by continuously feeding hydrogen to an
aqueous solution of 25 wt% xylose. In a typical
experiment, 20 g xylose and 60 g water was intro-
duced into the autoclave. 0.1 g of PUMWCNT was
added. All the other catalysts had the identical metal
loading even though the total mass could be different
due to the different content of metal on the catalyst
support and different content of water. Then, the
sealed autoclave was flushed by flowing nitrogen. The
reactor was then filled with hydrogen at 1.0 MPa and
the temperature was increased to 120 °C by an
electrical heater. The slurry was stirred at a rate of
1000 rpm, and the hydrogen diffusion limitation was
eliminated at such high stirring speed (Jiang et al.
2004). When the desired temperature was reached,
hydrogen pressure was increased to 5.5 MPa. Timing
was started after the desired operating conditions were
reached. During reaction, the hydrogen pressure in
autoclave was kept constant by a pressure reducing
regulator and a back-pressure regulator. Liquid

samples were withdrawn through a filter from the
reactor and analyzed off-line. After 2.5 h reaction
under the desired conditions, the autoclave was cooled
by tap water flowing through the cooling coil. The
product mixture was then collected and weighed. The
liquid samples were analyzed by Waters Alliance
2695 HPLC system equipped with a refractive index
detector. The separation of product mixture was
achieved using an AminexHPX-87H column at
40 °C. 0.005 mol/LL. H,SO, solution was used as
mobile phase at a flow rate of 1 mL/min and a typical
analysis run lasted 20 min.

Catalyst characterization

Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) was used to measure the Pt mass
fraction for the Pt catalysts before and after hydroge-
nation reactions. The Pt nanoparticles were visualized
with an FEI Tecnai F20 field emission gun high-
resolution TEM/STEM equipped with an energy
dispersive X-ray spectrometer system for the elemen-
tal analysis of samples while imaging. X-ray photo-
electron spectroscopy (XPS) (Kratos Axis 165) was
used to analyze Pt(4f) by employing Al K (o)
excitation, operated at 150 W and 15 kV. The specific
surface area of the particles was calculated by the
Brunauer-Emmett-Teller (BET) method from the N,
adsorption isotherms obtained at —196 °C. The pore
size distribution curves were derived from the adsorp-
tion and desorption branches of the isotherms using
the Horvath—Kawazoe (HK) and Barrett—Joyner—Hal-
enda (BJH) method. Before starting the adsorption
measurements, each sample was outgassed under
vacuum at 120 °C for 12 h.

Results and discussion
Characterization of Pt/MWCNT and Pt/C

The atomic layer deposited Pt nanoparticles were
highly dispersed on the surface of MWCNTs. As
shown in Fig. la, after one cycle of Pt ALD, the
average particle size was 1.3 & 0.3 nm, and the Pt
mass fraction on MWCNTSs was 5.4 wt% based on the
ICP analysis. The average inside diameter of the
MWCNTs was about 6 nm. Some Pt nanoparticles
were deposited inside the porous structures. As shown
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Fig. 1 HRTEM images of a Pt nanoparticles deposited on
MWCNTs by ALD and b commercial Pt/C. The inset figures
show the size distribution of Pt nanoparticles

in Fig. 1b, the commercial 3 wt% Pt/C had a larger
average particle size and a wider particle size distri-
bution. The average Pt size was 1.8 + 0.5 nm.

The XPS spectra for Pt(4f) core level of both the Pt/
MWCNT and the Pt/C catalysts are shown in Fig. 2.
The Pt(4f) region exhibited doublets from the spin—
orbit splitting of the 4f7/2 and 4f5/2 states. Asymmet-
ric shape of the XPS peaks suggests the presence of
two chemically different Pt states (Onoe et al. 2007).
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Fig. 2 XPS spectra of: a PYMWCNT and b Pt/C

For Pt/MWCNT, the larger peak centered at 72.1 eV
was due to metallic Pt, and the smaller peak centered at
73.1 eV was attributed to oxide species. For Pt/C, the
peak centered at 71.9 eV was due to metallic Pt, and
the peak centered at 73.1 eV was attributed to oxide
species. PUMWCNT had a higher ratio of metallic Pt
to oxide species than the commercial Pt/C. Shift of the
Pt 4f7/2 level to higher binding energy than the bulk Pt
metal (71.0 eV) was observed for both catalysts. It is
known that the binding energy is normally higher in
clusters than in the bulk, due to the size effect (Zhao
et al. 2008; Jiang et al. 2009; Roth et al. 2001).
Normally, the slight shift of the Pt peak toward higher
binding energies could be mainly due to this size effect
(Zhao et al. 2008; Jiang et al. 2009; Roth et al. 2001),
or for charge transfer between platinum and carbon
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(Arico et al. 1994). In this study, the positive shift of
1.1 eV may indicate some interaction between Pt and
the substrate.

Normally, various conventional preparation meth-
ods for Pt-based catalysts require the modification of
CNT supports (Xing 2004; Chen et al. 2012; Yang and
Ngaw 2012; Solhy et al. 2008). This is because the
surface of the primitive CNTs is mostly covered with
the inert C—H bonds and the corresponding interaction
is very weak between the supported metal and the
CNT surface (Serp et al. 2003; Chen et al. 2009). The
surface of primitive CNTs has to be chemically pre-
treated in the oxidants to generate some oxygen-
containing functional groups, like carboxyls and
phenolic hydroxyls, for anchoring the supported metal
particles to improve the interaction between them
(Serp et al. 2003; Chen et al. 2009). Therefore,
controlled synthesis of highly dispersed metal nano-
particles on non-functionalized CNTs still remains a
big challenge in catalysis and nanotechnology. Previ-
ous studies of alumina ALD on untreated MWCNTSs
indicated the growth of isolated Al,O; nanospheres,
instead of a continuous layer of conformal alumina
film on the MWCNT surface (Cavanagh et al. 2009). It
is believed that these Al,O; nanospheres were nucle-
ating at defect sites on the nanotube surfaces. Oxygen-
containing functional groups could exist on the defect
sites. In this study, it is believed that the deposition of
well-dispersed Pt particles on the non-functionalized
MWCNTs was due to the presence of surface defects
on the CNTs.

Figure 3 shows the nitrogen adsorption—desorption
curves and pore size distributions of commercial Pt/C
and MWCNTs before and after the deposition of Pt
nanoparticles by ALD. MWCNTs and Pt/C had
completely different pore systems. Hysteresis loop
was seen at high relative pressure in all isotherms,
suggesting that these samples had porous structures.
The total pore volume was calculated to be 0.65 cm*/g
for Pt/C, 3.6 cm®/g for PYMWCNT, and 4.0 cm’/g for
MWCNTs. Both the adsorption—desorption curves and
the pore size distributions of MWCNTs did not change
much after Pt deposition. From Fig. 3b, with the
deposition of Pt, there was no change for the number
of mesopores, but the number of micropores slightly
decreased. The surface area of MWCNTSs decreased
from 359.8 to 320.0 m?/g with the addition of 5.4 wt%
Pt. This could be partly caused by the fact that some Pt
nanoparticles blocked the micropores. If the porous

(a) 2800
2400 A —4—Pt/C f
—=MWCNT i
2000 - -o-PYMWCNT
L0
8
1600
[}
g
% 1200
>

0 02 04 06 08 1
P/P,
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: ——Pt/C
0.04 ; -~ MWCNT
20 —-Pt/MWCNT
oL
S 0.03 1
o
I
g
3 0.02 -
0.01
0-

1 10 100 1000 10000
Pore width, A

Fig. 3 a Nitrogen adsorption and desorption isotherms, and
b pore size distributions of commercial Pt/C and MWCNTSs
before and after the deposition of one cycle of Pt ALD

structure of the MWCNTs did not change with the
addition of Pt, the decrease of the surface area should
be only about 20 m*/g.

Liquid-phase hydrogenation of xylose

The main by-products of liquid-phase catalytic hydro-
genation of xylose are xylulose and arabinitol and their
generation is suppressed by using low temperature and
high hydrogen pressure. Control experiments indi-
cated that there was no catalytic activity of MWCNTs
for the hydrogenation experiment. Reactions were
carried out under identical conditions using Pt/
MWCNT and other catalysts for comparison. The
course of the reaction was followed in each case by
plotting the xylose conversion versus the time of the
reaction. In every run the plot yielded a straight line so
that the overall rate could be represented by a pseudo-
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Fig. 4 The conversion of xylose versus the reaction time for
different catalysts

first-order reaction. Figure 4 shows the catalytic
results for different catalysts for reactions carried out
at 120 °C and 5.5 MPa hydrogen pressure. The first-
order reaction could thus be used to characterize a
particular set of variables.

The conversion of xylose and the selectivity to
xylitol for different catalysts are also listed in Table 1.
The results indicate that all platinum group catalysts
(Ru/C, Pt/C, and PYMWCNT) had higher activity and
selectivity, compared to the conventional Raney Ni
catalysts due to the higher reactivity of the platinum
group catalysts than that of Ni. Based on the above
results, the order of catalytic activity (with reference to
selectivity) was given as PUMWCNT > Pt/C > Ru/
C > Raney Ni. Our results agree with the results of the
previous study, which indicated that ruthenium was
more effective than nickel in terms of activity and
selectivity under similar conditions (Baudel et al.
2005). This study also indicates that platinum was
more effective than ruthenium for xylose hydrogena-
tion based on the same metal content, which agrees
with the results of the previous study (Baudel et al.

Table 1 The conversion of xylose and the selectivity to
xylitol for different catalysts. The reactions were carried out at
120 °C and 5.5 MPa hydrogen pressure for 2.5 h

Catalyst Conversion (%) Selectivity (%)
Raney Ni 20.3 99.7
Ru/C 75.2 98.1
Pt/C 100 97.3
PUYMWCNT 100 99.3

@ Springer

2005), considering the much larger ratio of xylose to
catalyst. In this study, the ratio of xylose to catalyst
was 3700 (0.1 g5.4 wt% PYMWCNT for 20 g xylose)
and the conversion of xylose was about 42 % after
60 min of reaction at 120 °C. In contrast, in the
previous study, the ratio of xylose to catalyst was 250
(0.2 g2 wt% Ru/C for 1 g xylose) and the conversion
of xylose was 100 % after 60 min of reaction at
120 °C (Baudel et al. 2005).

The catalytic activity of the platinum group cata-
lysts (Pt and Ru) was compared based on the turnover
frequency (TOF), which is defined as the number of
molecules reacting per active site in unit time and is
calculated as the fraction of metallic atoms present on
the surface. The active surface area (ASA) and the
metal dispersion of catalysts are calculated by using
the measured particle size in Egs. (1) and (2) (Gould
et al. 2013):

Lxf

ASA [m?/g] = —— ) 1
SA M /8] = 100 d =2 (1)
Di ion [%] = ASA x M 2)
1Spersion 0| = NxAxL

where d is the average particle size of the supported
metal measured by TEM, L is the weight percent metal
loading, f is a particle shape correction factor (for a
sphere, the shape factor f = 6), z is the density of the
metal, N is Avogadro’s number, A is the metal surface
area per atom (for Pt, A =38 Az/atom; for Ru,
A = 6.135 A*/atom), and M is the formula weight of
the metal. In this study, the average particle size was
1.3 nm for PUMWCNT, 1.8 nm for Pt/C, and 2.0 nm
for Ru/C (data not shown). Based on Eq (1), the ASA
was 11.6 m2/g for PUMWCNT, 4.7 mz/g for Pt/C, and
7.2 m*/g for Ru/C. Correspondingly, the metal disper-
sion was estimated to be 87 % for PUMWCNT, 63 %
for Pt/C, and 66 % for Ru/C. Based on the conversion
data shown in Fig. 4, the TOF was 0.7 s~ for Pt/
MWCNT, 0.9 s~ for Pt/C, and 0.3 s~ for Ru/C. It is
fair to compare the TOF value of Pt/C and Ru/C, since
they had similar particle size and were obtained from
the same commercial provider. Clearly, Pt had a higher
value of TOF than Ru for the catalytic hydrogenation of
xylose to xylitol. Pt/C and P/MWCNT had similar
activities, since such small differences (0.7 s~ ! for Pt/
MWCNT, 0.9 s~ for Pt/C) could be simply raised
from the rough dispersion calculations which is based
the local TEM measurements.
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The novel catalyst (Pt/MWCNT) prepared in this
study, distinctively showed optimum selectivity to
xylitol (99.3 %) with the xylose conversion of 100 %.
The ALD-prepared PYMWCNT catalyst had higher
selectivity, compared to the commercial Pt/C, though
they had similar activity for the conversion of xylose
to xylitol. This indicates that the P/MWCNT was
more efficient in achieving high yield of xylitol than
the Pt/C catalyst. It is believed that this increase in
catalytic performance of Pt particles was attributed to
the higher dispersion of the Pt nanoparticles deposited
on MWCNTs by ALD and the application of
MWCNTs as a support, which have unique electronic
and textural properties. The MWCNTSs have highly
porous structure composed of open ended meso/macro
pores as well as large voids. As shown in Fig. 3b, Pt/
MWCNT has more meso/macro pores than Pt/C. This
unique structure greatly reduces internal mass transfer
resistance, which helps the faster removal of product
from Pt surface and freeing up more Pt active sites.
This explains why the PUMWCNT had higher selec-
tivity than the Pt/C.

The recovery and reuse of the catalyst is one of the
key factors in practical applications, and this is
especially important for precious noble metal cata-
lysts. The stability of the ALD-prepared Pt catalysts
was studied by cycling the hydrogenation reactions,
and compared to the commercial Pt/C under the same
reaction conditions. During the cycling experiments,
every time 5 % fresh catalyst was added to cover the
catalyst lost during the filtration process. The results of
the successive experiments of xylose hydrogenation
catalyzed by PUMWCNT are presented in Fig. 5.
Total 20 cycles were applied, and no noticeable
difference of catalytic activity was observed during
the first 5 cycles and the trend continued. Even after
cycling for 20 times, there was only a small degree of
deactivation. While for the commercial 3 wt% Pt/C
catalyst, total 10 cycles were applied and noticeable
deactivation of the catalyst was observed with the
increase in the number of cycles, as shown in Fig. 6.

The mass fraction of Pt on MWCNTs and C support
before and after hydrogenation reaction was tested by
ICP. For the ALD-prepared Pt/MWCNT, after 20
cycles of reaction, the Pt mass fraction slightly
decreased from 5.4 to 5.2 % (3.7 % Pt leaching). In
contrast, the commercial 3 % Pt/C lost about 30 % of
Pt after only 10 cycles of reaction, decreasing from 3.0
to 2.1 %. These results indicate that the stability of
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Fig. 5 The conversion of xylose in the recycling tests for Pt/
MWCNT catalyst
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Fig. 6 The conversion of xylose in the recycling tests for Pt/C
catalyst

ALD produced catalysts was higher than that of the
commercial product. The size of Pt nanoparticles after
the hydrogenation reaction was also observed by
TEM. As shown in Fig. 7, the size of Pt for Pt/
MWCNT was 1.4 = 0.3 nm after cycling for 20 runs.
There was almost no particle size change, compared to
the as-deposited Pt nanoparticles. In contrast, the size
of Pt for commercial Pt/C increased from 1.8 £ 0.5 to
2.2 £+ 0.5 nm after cycling for only 10 runs. The Pt
particles were more firmly supported on the MWCNTs
than on the activated carbon. This can be explained by
the presence of surface defects on the MWCNTSs and
the Pt ALD process, since the ALD process would
result in the Pt being covalently bonded to the
MWCNT support, and thus the stronger metal-support
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Fig. 7 HRTEM images of a ALD-prepared PUMWCNT after
20 cycles of xylose hydrogenation and b commercial Pt/C after
10 cycles of xylose hydrogenation. The inset figures show the
size distribution of Pt nanoparticles

interaction for the ALD-prepared Pt/MWCNT
catalysts.
Conclusions

Highly dispersed platinum nanoparticles were suc-
cessfully deposited on non-functionalized MWCNTs.

@ Springer

HRTEM observation indicated that Pt particles had a
narrow size distribution centered at around 1.3 nm.
The explanation for the deposition of Pt nanoparticles
on non-functionalized MWCNTs is the existing of
surface defect sites with oxygen containing functional
groups on the surface of MWCNTSs. The catalytic
activity of the PUMWCNT catalysts was evaluated by
liquid-phase catalytic hydrogenation of xylose to
xylitol. For comparison, a variety of commercial
catalysts were used to study the hydrogenation of
xylose carried out under the identical reaction condi-
tions. The ALD-prepared PYMWCNT showed the best
catalytic performance with 100 % conversion of
xylose and 99.3 % selectivity to xylitol. The order of
catalytic activity was observed to be Pt/
MWCNT > Pt/C > Ru/C > Raney Ni (with refer-
ence to selectivity). The cycling experiments indicate
that the PYMWCNT had better stability than the
commercial Pt/C. The Pt mass fraction slightly
decreased from 5.4 to 5.2 % for the ALD-prepared
Pt/MWCNT after 20 cycles of reaction. In contrast, the
commercial 3 % Pt/C lost about 30 % of Pt after only
10 cycles of reaction, decreasing from 3.0 to 2.1 %.
The unusual behavior of PYMWCNT could be attrib-
uted to the high dispersion and high stability of Pt
nanoparticles on MWCNTs as well as the unique
textual and electronic properties of carbon nanotubes.
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