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5 wt.% Ru nanoparticles confined in the channels or dispersed on the outside surfaces of carbon nanotubes
(CNTs) were prepared using ultrasonication-added capillarity action or deposition, affording two kinds of
catalysts labeled as 5 wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out. Characteristic studies by high-resolution
transmission electron microscopy, X-ray powder diffraction and H,-temperature programmed reduction
Ru revealed that the Ru nanoparticles existed in highly dispersion with a mean Ru particle size of 1.8 nm in
Carbon nanotubes the samples of 5wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out. The catalysts were evaluated for preferential
Egn%ri?;g?al oxidation oxidation of CO in hydrogen (CO-PROX). For a hydrogen-rich feed gas containing 1.0% CO and 1.0% O,

the 5wt.% Ru/CNTs-in catalyst showed the best activity with complete CO oxidation at the temperature
window of333-393 K. The CO-PROX performance at 373 K was stable for more than 100 h. However, lower
CO conversion and narrower temperature window were obtained over the 5wt.% Ru/CNTs-out catalyst
and 5 wt.% Ru nanoparticles supported on other carriers under identical conditions. It is concluded that
the nano-channels of CNTs can selectively increase the density of reactants and the encapsulation of Ru
nanoparticles in the channels of CNTs can provide a micro-environment to reinforce the reactivity of
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catalytic sites.
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1. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) has been
regarded as one of the most promising candidates for utilizing
hydrogen to produce heat and electricity, especially for electric
vehicles or residential co-generation systems [1]. However, Pt and
Pt-based alloys, which are generally used as the anode of PEMFCs,
are known to be easily poisoned by even small amounts of CO in
the hydrogen-rich stream that can be produced from various hydro-
carbons by the reforming and water gas shift (WGS) reactions [2],
the remaining CO should be removed before reaching the PEMFC.
Among the approaches investigated to remove the trace amount
of CO in hydrogen-rich stream [3,4], the CO preferential oxida-
tion (CO-PROX) has been considered to be suitable for sufficient
CO removal.

To date, various supported noble metal catalysts, such as Pt,
Ru, Au, Pd, and Rh, have been reported for the CO-PROX reac-
tion in a hydrogen-rich gas [4-9]. In particular, the catalysts
formulated with Pt have been most extensively tested [7,10-13].
However, they usually perform noticeable activities only under
practical conditions above 423K, at which temperature reverse
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WGS reactions can occur, thereby hindering complete CO removal.
The Ru-based catalysts, like Ru/Al;03, in some cases are reported
to be more efficient for oxidizing CO than the other catalysts
based on Pt, Pd, Rh, and Co under normal pressure conditions
[7,14]. Nevertheless, there are still many efforts to enhance the
CO-PROX activities of supported catalysts at low temperatures
[9,15-17].

Carbon nanotubes (CNTs) with unique properties can play an
important role in a large number of catalytic reactions [18]. The-
oretical studies reveal that deviation of the graphene layers from
planarity causes p-electron density to shift from the concave inner
surface to the convex outer surface, leading to an electron deficient
interior surface and an electron-enriched exterior surface [19]. In
addition, studies on non-catalytic gas-phase reactions suggest that
confinement within small channels could increase the density of
reactants [20]. All of the characters can affect the catalytic activity
for some reactions. Several studies have been reported on different
positions of the catalyst center which supported on the CNTs, focus-
ing on ethanol production [21], Fischer-Tropsch synthesis [22,23]
and benzene hydrogenation [24]. Previously, we found that the
CNTs-supported Pt catalysts (Pt/CNTs), in particular, the Pt/CNTs
doped with Ni-MgO, were extremely active in the PROX reaction
of CO [6,25]. However, the research on the enhancements of selec-
tive CO oxidation reaction over the CNTs-confined metal catalyst is
scarce.
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In this work, we have filled Ru nanoparticles into the inner
surface of CNTs using ultrasonication-aided capillarity action. The
CO-PROX reaction was performed to explore the confinement
effect.

2. Experiments
2.1. Catalyst preparation

Multi-walled CNTs with outer diameter of 10-20 nm and the
inner diameter of 4-8 nm were purchased from China Shenzhen
Nano-port Co., Ltd. Al,03, SiO,, and graphite (GA) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Active carbon (AC) was
purchased from Guangxi Yebao Active Carbon Co., Ltd and TiO, (P-
25) was obtained from Degussa AG Co., Ltd. Prior to its use, the
AC was pretreated in concentrated HNO3 (68 wt.%) at 363K for 4h
under reflux conditions to remove amorphous carbon. Meanwhile,
Al;,03 was calcined in air at 873 K for 4 h.

The catalysts were prepared by referring to the procedure
described in the literature with some modifications [21-24,26]. In
order to fill the Ru species into the channel of CNTs, the as-received
raw CNTs were treated with concentrated HNO3 (68 wt.%) at 413K
for 14 h. The pretreated CNTs were then collected through filtra-
tion, washed several times with distilled water, and dried overnight
under a vacuum at 353 K. Analysis by inductively coupled plasma
optical emission spectrometer (ICP-OES) using a Thermo Electron
IRIS Intrepid II XSP showed that the remaining Ni impurity in the
CNTs was less than 0.002 wt.%. The acetone solution of RuClz was
introduced into the channels of CNTs utilizing the capillary forces
aided by ultrasonication and stirring. The suspension was stirred
for 12 h and evaporated at 333 K to remove the solvent. The solid
obtained was dried under a vacuum at 353K for 12 h. Before the
catalytic reaction, the as-dried sample was activated by reduction
in a flow of 5%H,-95%N, at 673K for 4h. The final powder was
labeled as Ru/CNTs-in catalyst. For the Ru/CNTs-out catalyst, the
pretreated CNTs were impregnated in acetone with ultrasonication
for 4 h. Then the acetone solution of RuCl; was added into the above
suspension. After stirring for 1h, the acetone was evaporated and
the remained solids were subject to the same treatments of drying,
heat-treatment, and reduction.

For comparison, the as-received raw CNTs were also treated
with 6.0moll-! aqueous HNO3 solution at 363K for 12h. The
treatment could remove amorphous carbon and most of Ni con-
tamination but keep the caps closed. The remaining Ni impurity
in the CNTs was less than 0.006 wt.% by ICP-OES. The product
was denoted as CNTs-c. The catalysts of Ru/CNTs-c, Ru/GA, Ru/AC,
Ru/SiO,, Ru/Al,03 and Ru/TiO, were prepared by the procedure
similar to Ru/CNTs-out.

The nominal Ru loading was controlled to be 5 wt.%. The actual
Ru content was determined by ICP-OES. The received values were
4.95 wt.% for Ru/CNTs-in, 4.93 wt.% for Ru/CNTs-out and 4.98 wt.%
for Ru/CNTs-c.

2.2. Catalytic testing

The catalytic performance was examined in a conventional
fixed-bed flow reactor using 100 mg of catalyst at 0.1 MPa as previ-
ously reported [27,28]. The reactant mixture was adjusted by mass
flow controllers with compositions of CO/O,/H;/N,=1/1/50/48
(mol.%) for PROX reaction and CO/O,/N,=1/1/98 for CO oxida-
tion reaction. The ratio of total gaseous reactant flow rate to
catalyst weight (F/W) was 30,000 mlh~1 g~1. A steady conversion
was attained after the reaction for 30 min at each temperature.
The effluent gas was analyzed by an on-line gas chromatograph
equipped with two packed columns (Molecular sieve 5A and Pora-
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Fig. 1. XRD patterns of CNTs and 5 wt.% Ru/CNTs catalysts: (a) raw CNTs; (b) CNTs
pretreated by 68% HNOs for 14 h at 140°C; (c) 5 wt.% Ru/CNTs-in catalyst; (d) 5 wt.%
Ru/CNTs-out catalyst.

pak Q) and thermal conductivity detector. The CO conversion and
0O, selectivity were calculated by the equations as reported else-
where [27].

2.3. High-resolution transmission electron microscopy and
scanning electron microscope

Transmission electron microscopy (TEM) images were obtained
on a Tecnai F30 electron microscope operated at an acceleration
voltage of 300 kV. Samples for TEM measurements were ultrasoni-
cally dispersed in ethanol. Drops of suspensions were deposited on
a copper grid coated with carbon. Scanning electron microscopy
(SEM) images of the samples were obtained on a LEO 1530 scan-
ning microscope operated at 10 eV. Prior to analysis, all the samples
were gold coated in a sputter coating unit.

2.4. X-ray diffraction

X-ray diffraction (XRD) pattern was performed using a PAN-
Alytical X’pert Pro. diffractometer equipped with a graphite
monochrometer and Cu K, radiation. The operation voltage and
current were 40 kV and 30 mA, respectively.

2.5. H,-temperature-programmed reduction

H,-temperature-programmed reduction (H,-TPR) profiles were
measured in a fix bed continuous flow reactor connected to a Hiden
Qic-20 mass spectrometer. In a typical measurement, the as-dried
sample (50 mg) was reduced in a mixture of 5% H,—95% Ar at a flow
rate of 30 mlmin~! and heating rate of 10 Kmin~!. The amount of
H, consumption was measured using the mass spectrometer.

3. Results and discussion

The XRD patterns of CNTs and the supported Ru catalysts are
shown in Fig. 1. Diffraction lines due to the raw CNTs were observed
at 20=26.0°, 42.9°, 44.7°, 53.7° and 78.3°. After pretreatment,
the peak at 20 =44.7° disappeared, indicating that almost residual
Ni-catalyst for the production of CNTs was eliminated. The XRD pat-
terns did not show any differences between the CNTs-supported Ru
catalysts of 5 wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out and the puri-
fied CNTs. The results implied that the size of metallic Ru crystallites
was below 4 nm detectable limitation of XRD.
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Fig. 2. SEM, TEM and HRTEM images of CNTs and 5 wt.% Ru/CNTs catalysts: (a) SEM image of raw CNTs; (b) SEM image of CNTs pretreated by 68% HNO3 for 14 h at 140°C;
(c) TEM image of 5wt.% Ru/CNTs-in catalyst; (d) TEM image of 5wt.% Ru/CNTs-out catalyst; (e) HRTEM image of 5wt.% Ru/CNTs-in catalyst; (f) HRTEM image of 5wt.%

Ru/CNTs-out catalyst.

The SEM image of raw CNTs in Fig. 2a shows that the sample con-
tains solely CNTs without carbonaceous impurities and the woven
nanotubes with high aspect ratios has length of 1-2 pwm. After pre-
treatment with concentrated HNO3 for 14 h, the raw CNTs were
cut into shorter pieces with length of 100-500 nm and opened tips
(Fig. 2b). The locations of Ru nanoparticles were verified using sev-
eral TEM images (Fig. 2c-f). Fig. 2c shows that the Ru particles in the
5wt.% Ru/CNTs-in are very uniform and most of them are located
in the channels of CNTs with particle diameters around 1-2 nm.

Fig. 2d shows that most of Ru particles in the 5wt.% Ru/CNTs-out
are well distributed on the outer surfaces of CNTs and their sizes
are also rather uniforms (1-2 nm). The mean particle size in the
5wt.% Ru/CNTs-in was estimated to be 1.8 nm, which was almost
the same as thatin the 5 wt.%Ru/CNTs-out. From the HRTEM images
of two catalysts (Fig. 2e and f), we could clearly observe that the Ru
nanoparticles were arranged along the inner wall of CNTs in the
Ru/CNTs-in catalyst, while those were irregularly deposited on the
outer surfaces of CNTs in the Ru/CNTs-out. Clearly, the size of Ru
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Fig. 3. H,-TPR profiles of CNTs and Ru base catalysts: (a) CNTs pretreated by 68%
HNO; for 14h at 413K; (b) RuCl3-3H,0; (c) as-dried 5wt.% Ru/CNTs-in; (d) as-
dried 5 wt.% Ru/CNTs-out; (e) as-calcined 5 wt.% Ru/CNTs-out; (f) as-calcined 5 wt.%
Ru/CNTs-in.

nanoparticles in the Ru/CNTs-in catalyst left sufficient space for
the reactants and products diffusing in and out of the channels of
CNTs.

H,-TPR profiles of the as-dried samples of 5 wt.% Ru/CNTs-in and
5wt.% Ru/CNTs-out are shown in Fig. 3. There were mainly two H,
consumption peaks at the temperature range of 373-1173K for
the two samples. The first peak might be assigned to the reduction
of Ru3* species to metallic Ru, appearing at a temperature almost
same to each other. The second peak that appeared at temperatures
above 673 K was likely due to the reduction of carbon species on the
surfaces of CNTs, since supported Ru nanoparticles could act as cat-
alysts for the formation of methane via a reaction of hydrogen with
the carbons on CNTs at higher temperatures. The phenomenon was
also observed in previous studies on the CNTs-supported Fe and
Fe-Ru catalysts [29,30]. However, the 5wt.% Ru/CNTs-in sample
gave lower reduction temperature for the second peak, which sug-
gested that the Ru nanoparticles in the sample of 5 wt.% Ru/CNTs-in
possessed a higher catalytic activity.

In previous reports [22-24], the metal oxides filled in the chan-
nels of CNTs always presented lower reduction temperatures in
comparison to that supported on outside surfaces of CNTs. The
decrease of reduction temperature of metal oxides which were
filled in the channels of CNTs could be explained by the theory
of electron-deficient interior surface of CNTs [31]. In the hollow
concave surface of CNTs, the strengthened interaction between
electron-deficient concave surface and anionic oxygen leads to
weak the bonding strength of metal oxide bond, thereby the
reducibility of metal oxides located inside the channels of CNTs
is higher than that of ones in the outside surfaces of CNTs. We
checked the H,-TPR profiles of RuOx deposited inside the chan-
nel and outside surfaces of CNTs. It was true that a lower reduction
temperature for the RuOx filled in the channels of CNTs could be
observed as shown in Fig. 3f. Therefore, we deduced there might
be different reduction behaviors between Ru3* species and RuOy.
If the metallic Ru was directly reduced from Ru3* species, there
would be no significant differences in the reduction temperatures
with respect to the Ru species located in the channels or on the
outside surfaces of CNTs.

Table 1 compares the CO-PROX performances of Ru particles
supported on several different carriers. It was manifested that
CO was completely removed over the 5wt.% Ru/CNTs-in catalyst
with O, selectivity of 50% at the temperatures ranging from 333
to 393 K. However, the Ru/CNTs-out catalyst gave a CO conver-
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Fig. 4. The performances of CO oxidation and CO-PROX over 5wt.% Ru/CNTs-in and
5wt.% Ru/CNTs-out catalysts. (l)and (®): CO conversion over 5 wt.% Ru/CNTs-in and
5wt.% Ru/CNTs-out, respectively; (O) and (O): O, selectivity over 5wt.% Ru/CNTs-
in and 5 wt.% Ru/CNTs-out, respectively. (a) CO oxidation on 5 wt.% Ru/CNTs-in and
5wt.% Ru/CNTs-out. Reactants: 1.0% CO, 1.0% O, balanced with N3; (b) CO-PROX
performance on 5 wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out. Reactants: 1.0% CO, 1.0%
03, 50% Hy, balanced with N; (c) CO-PROX performance on 5wt.% Ru/CNTs-in and
5wt.% Ru/CNTs-out. Reactants: 1.0% CO, 1.0% O, 10% H,, balanced with N5.

sion of 39.5% at 333K and the highest CO conversion of 94.9% at
353 K. Similar result was also obtained on the Ru/CNTs-c catalyst,
which afforded a CO conversion of 23.1% at 333 K and the highest
CO conversion of 90.9% at 353 K. When the Ru nanoparticles were
supported on other carriers, they showed lower CO-PROX perfor-
mances under identical conditions. The results indicated that the
changes of Ru particles electronic properties and the confinement
effect of CNTs were beneficial for the removal of CO in a hydrogen-
rich stream.

Fig. 4 shows the results of CO oxidation and CO-PROX over the
5wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out catalysts as a function
of temperature. For CO oxidation reaction, CO could be com-
pletely converted to CO, at 393 K on the 5 wt.% Ru/CNTs-in catalyst,
while the complete CO oxidation occurred at 433 on the 5wt.%
Ru/CNTs-out catalyst (Fig. 4a). As for the CO-PROX reaction, the CO
conversion reached 100% at 333 Kon the 5 wt.% Ru/CNTs-in catalyst
and such a performance could be maintained from 333 to 393 K. By
contrast, the maximum CO conversion was only about 94.9% over
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Table 1

The comparison of PROX performance over supported Ru catalysts with different carriers.

Catalyst (Ru loading =5 wt.%) CO conv./%

0, selec./% The lowest temp. (K) for

maximum CO conv.?

At333K At393K At333K At393K

Ru/CNTs-c 23.1 80.4 70.2 402 353(90.9)
Ru/CNTs-out 39.5 83.9 75.6 419 353(94.9)
Ru/CNTs-in 100 100 50 50 333(100)
Ru/ACP 152 80.6 60.7 403 353(95.0)

Ru/GAS 9.1 76.8 67.2 384 473(85.0)
Ru/Al,03 282 95.2 81.3 476 373(98.5)
Ru/TiO, 123 51.7 34.9 25.9 433 (100)
Ru/SiO, 20.8 545 56.2 273 373(95.8)

Reaction conditions: Catalyst weight=0.1g, feed gas=CO (1.0%)+ 0, (1.0%)+H, (50%)+N; (48

2 The data in parentheses are the CO conversion at this temperature.
b AC: active carbon.
¢ GA: graphite.

the 5wt.% Ru/CNTs-out catalyst at 353 K (Fig. 4b). Nevertheless, at
higher temperatures, the CO conversion decreased gradually both
on the 5wt.% Ru/CNTs-in and 5 wt.% Ru/CNTs-out catalysts due to
the consumption of O, by H,. The dropping rate for the CO conver-
sion, however, was slower on the 5wt.% Ru/CNTs-in catalyst. The
above results again indicated that the deposition of catalytic active
species on the inside channels of CNTs could enhance the catalyst
activity.

In the CO-PROX reaction, the H, concentration was several times
higher than CO. When the reactant gas was confined into the chan-
nels, the increase of CO density might be much more obvious than
Hs, and thus the CO/H; ratio would be changed in the channel of
CNTs. The effect might be one of the most important reasons for
the enhanced performance. To gain insight into the increase of the
density of reactants due to the confinement effect [32], we varied
the H, concentration in the feed gas. The representative results are
displayed in Fig. 4c. When the concentration of H, was significantly
lowered down from 50% to 10%, the 5wt.% Ru/CNTs-in catalyst
could still perform a CO conversion of 100% at a wider temperature
range of 333-393 K, while the 5wt.% Ru/CNTs-out one could only
exhibit a CO conversion of 100% at a narrower temperature range
of 353-373 K. In this case, the O, selectivity for CO, formation over
the two catalysts was almost same. Taking the results obtained at
different H, concentrations into account, it was suggested that the
ratios of CO/H, and O, /H; in the channels of CNTs would be much
higher than those in the outside surfaces of CNTs, even if in the case
of dilute CO and O, in a hydrogen-rich stream, in virtue of the nano-
channel confinement effect for enrichment of reactants [21-24].
The enrichment of CO and O, in the channels of CNTs increased the
probability of CO reacted with O, and enhanced the O, selectivity.
As a result, the CO conversion maintained 100% from 333 to 393K
on the Ru/CNTs-in catalyst in the case of H, concentration at either
10% or 50%. By contrast, the maximal CO conversion was lower than
100% on the Ru/CNTs-out catalyst in the case of H, concentration
at 50%, which was essentially due to its lower selectivity of O, by
the reaction of H, and O,.

By comparing the performances of 5 wt.% Ru/CNTs-in and 5 wt.%
Ru/CNTs-out catalysts at temperatures higher than 393 K, we found
that the trends of CO conversion and O, selectivity on these two
catalysts were almost the same to each other. The CO conversion
increased in the 50% H, mixture (Fig. 4b) and decreased in the 10%
H, mixture (Fig. 4c) on the either Ru/CNTs-in or Ru/CNTs-out cata-
lysts at temperatures exceeding 430 K. This was essentially owing
to the complete consumption of O, and the methanation of CO by
H, at higher temperatures. Nonetheless, the methanation was less
significant in the 10% H, mixture feed gas, resulting in a decrease
of CO conversion at temperature above 430 K. The results indicated
that higher H, concentration was beneficial for the CO methanation
over the catalysts.

%), F/W=30,000mlh~" g.,~1, reduction temperature of catalyst=623 K.
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Fig. 5. CO-PROX over 5wt.% Ru/CNTs-in catalyst as a function of reaction time at
373 K. (m) and (O): CO conversion and O, selectivity. Reactants: 1.0% CO, 1.0% O,
50% Hs, balanced with N»; (a) and (A): CO conversion and O, selectivity. Reactants:
1.0% CO, 1.0% O, 50% Hz, 19% CO,, 10% H,0, balanced with N,.

The stability of CO-PROX reaction over the 5wt.% Ru/CNTs-in
catalyst is presented in Fig. 5. The catalyst could sustain 100% CO
conversion and 50% O, selectivity for longer than 100 h at 373 K.
Further prolonging the reaction time could cause a gradual drop in
the CO conversion although which was still above 90%. When the
CO-PROX reaction was conducted using a feed gas containing 19%
CO, and 10% water vapor, 100% CO conversion and 50% selectivity
of O, could be sustained for more than 85h at 373 K. Moreover,
the deactivated catalyst could be reused several times when the
deactivated catalyst was reduced in a flow of 10%H,-90%N, at 573 K
for 4 h.

4. Conclusion

We have prepared a 5wt.% Ru/CNTs-in catalyst with most of Ru
nanoparticles confined in the channel of CNTs by a wet chemistry
approach using ultrasonication-aided capillary action. The mean
size of Ru particles in the channels of CNTs was around 1.8 nm.
The results showed that the confinement of Ru nanoparticles in the
channels of CNTs improved the catalytic performance for CO-PROX
reaction, as being reflected by the wider operating temperature
window of 333-393 K and good stability as long as 100 h at 373 K.
The catalyst could also tolerate the existence of H,O vapor and
CO, in the feed gas and reuse several times. The enhanced perfor-
mance was attributed to the micro-environment which reinforced
the reactivity of catalytic sites and increased the density of reac-
tants due to the nano-channels.
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