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Abstract—Carbon nanotubes (CNT) have been widely used as catalyst supports, and the confinement of metal nano-
particles inside the CNT cavity have received much attention. In this study, graphitic carbon nitride were used to intro-
duce nitrogen to CNT and form ruthenium nanoparticles inside the CNT channel. The XPS evidenced that the ruthe-
nium nanoparticles in the CNT cavity are present in more reduced state, and the nitrogen species are in a pyridinic
and a pyrrolic form. The prepared catalysts exhibited excellent hydrogen and carbon monoxide selectivity. The hydro-
gen-to-carbon monoxide ratio was close to the stoichiometric ratio of methanol decomposition. In contrast, the ruthe-
nium nanoparticles outside the CNT showed lower carbon monoxide selectivity at high methanol conversion. The
alteration of electrical properties of ruthenium nanoparticles by the CNT channel and N-doping might hamper side
reactions, such as water gas shift, methanation, dimethyl ether formation upon methanol decomposition.
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INTRODUCTION

Carbon nanotubes (CNT) have widely been utilized as catalyst
supports, films, and electric materials owing to their high electric
conductivity and robustness [1]. Recent studies demonstrated the
distinctive properties of the confined metal nanoparticles inside the
CNT cavity. Baos research group reported the extremely enhanced
ethanol production performance of rhodium based catalyst inside
CNT [2]. A carbon monoxide binding mode and binding strength
are altered by nanoparticle confinement in the CNT channel, which
ultimately facilitates C-O bond dissociation and ethanol formation.
Serp and co-workers delivered PtRu nanoparticles into the CNT
using a specific ligand which has a high affinity to CNT [3]. This
catalyst showed excellent performance on cinnamaldehyde hydro-
genation attributes to the confinement of active sites and reactants
in the CNT. Peralta-Inga et al. showed that the difference of charge
distribution inside and outside of the nanotubes [4]. The theoreti-
cal results indicate that the difference in charge density could affect
the adsorption of gas molecules. Su and co-workers reported nano-
particles inside the CNT have sintering resistance and show high
durability on electrocatalytic applications [5].

Those attractive characteristics of the nanoparticles inside CNT
have drawn huge attention and a number of methods have been
developed to integrate nanoparticles into the CN'T. The most com-
mon method is the impregnation of precursor solution to CNT,
which relies only on the capillary force of CNT [6]. The stepwise
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fabrication method of nanoparticles in the CNT-nitrogen dope car-
bon interlayer was reported by Jiang’s research group [7]. In situ syn-
thetic approach of cobalt nanoparticles confined CNT structure
was reported by Farrokhpour and co-workers.

Also, researches about methanol decomposition have been stud-
ied with various catalysts. Particularly, methanol decomposition
can be catalyzed by numerous transition metals such as Pt, Pd, Rh,
Co, Nj, Fe, and Mo [8-17]. However, high methanol conversion
often leads to the selectivity loss due to the side reactions (Eq. (5)-
(7)). CuO/SBA-15 showed >95% carbon monoxide selectivity at
lower methanol conversion below 50%, but the carbon monoxide
selectivity at 90% was lower than 80% [13]. Pt/SrTiO, catalyst exhib-
ited <90% hydrogen selectivity in the all methanol conversion range
[16].

Here we report a nitrogen doping induced localization of ruthe-
nium nanoparticles inside the CNT channel. The g-C;N, was em-
ployed to perform dual roles of a nitrogen doping agent on CNT
and a nanoparticle delivering agent into the CNT channel. The ruthe-
nium nanoparticles located inside and outside of the CNT exhib-
ited distinguished physical and chemical properties. As results,
different catalytic behaviors were demonstrated on hydrogen and
carbon monoxide production during methanol decomposition.

EXPERIMENTAL

1. Catalyst Synthesis and Characterizations

All the chemicals were purchased from Sigma-Aldrich and used
as received. For the synthesis of graphitic carbon nitride (g-C,;N,),
dicyandiamide was calcined at 550 °C for 4h under static air to
give a brownish-yellow powder. For the synthesis of Ru-NCNT,



1366 S.-W. Park et al.

which is ruthenium nanoparticles in nitrogen doped CNT, ruthe-
nium chloride hydrate (0.50 g), multi-walled carbon nanotube (1.0 g),
graphitic carbon nitride (g-C;N,, 1.0 g) were mixed in deionized
water (50 mL). The mixture was sonicated for 10 min at room tem-
perature and heated at 100°C for 4h under vigorous stirring to
evaporate water. The resulting black solid was ground and treated
at 550 °C for 4 h under nitrogen flow to give Ru-NCNT as a black
powder. The identical procedure was followed for the synthesis of
Ru-CNT, which is ruthenium nanoparticles on CNT, except that
g-C;N, was not used.

The prepared catalysts were analyzed by X-ray diftraction (XRD),
transmission electron microscope (TEM), and X-ray photoelectron
spectroscopy (XPS). XRD was recorded on a Rigaku Mini Flex I
with Cu K, radiation (1=1.54 A). TEM images were obtained using
a Philips CM30 at 200 kV. XPS was implemented on a Thermo
VF scientific, K,,.

2. Catalytic Activity Evaluation

Catalytic methanol decomposition was performed in a fixed-

bed reactor using 0.10g of catalyst shaped to 150-300 mm. The

catalyst was pre-reduced at 250 °C for 2 h under 10% H,/N, flow.
Methanol was fed into the evaporator with 30 pL-min ", then deliv-
ered to the reactor with 50 mL-min™" of nitrogen as carrier gas. The
calculated methanol concentration was 29 vol% and the space veloc-
ity was 666 mL-(min-g,,,) " The reaction was performed between
250 to 550 °C and product gases were monitored by online gas
chromatography (GC, Agilent).

Methanol conversion, carbon monoxide selectivity, and hydro-
gen selectivity were calculated with Egs. (1)-(3).

MeOH conversion (%)
_Sum of all carbon proudcts (mmol) 100 1)
Amount of MeOH (mmol)
Carbon monoxide selectivity (%)
_ Amount of CO in product gases (mmol) %100 (2)

"~ Amounts of all carbon products (mmol)

Hydrogen selectivity (%)
_ Amounts of H, in product gases (mmol)/2

(©)

x 100

Amounts of reacted Methanol (mmol)

Fig. 1. TEM images of fresh catalysts. (a), (b) for Ru-CNT, (c), (d) for Ru-NCNT.
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Scheme 1. Synthesis of Ru-CNT and Ru-NCNT.

RESULTS AND DISCUSSION

1. Physical Properties of the Catalysts

Nitrogen doping of CNT was accomplished using g-C,N,. g-
C;N, has a good nitrogen doping ability to carbon based material
because g-C;N, has plenty of nitrogen atoms (61 wt% N, based on
chemical formula) and has fully conjugated sp” structure, which
enables 77 interaction with carbon materials such as CNT, acti-
vated carbon, and graphene [18,19]. Ru-CNT and Ru-NCNT were
prepared by wet-impregnation of ruthenium chloride, MWCNT,
and w/ or w/o g-C;N, (Scheme 1).

The TEM images of catalysts indicates the formation of 2-5nm
sized ruthenium nanoparticles both in Ru-CNT and Ru-NCNT.
The g-C;N, did not affect the particle size of the final catalysts (Fig.
1). A clear difference was found in the location of ruthenium nano-
particles. The ruthenium nanoparticles of Ru-CNT were depos-
ited along the surface of CNT (Fig. 1(a)-(b)), while the ruthenium
nanoparticles of Ru-NCNT were mainly located inside the CNT
channel (Fig. 1(c)-(d)). These results indicate that the g-C;N, induces
nanoparticle formation inside the CNT channel. The nitrogen atoms
in g-C;N, have high affinity to metallic cation [20], and sp” conju-
gated structure of g-C,;N, favors 77 interaction with CNT. Thus,
g-C;N, could effectively deliver ruthenium cations into the CNT
channel during the catalyst synthesis process. While the impregna-
tion of aqueous solution into the CNT channel might not pre-
terred without g-C;N, due to hydrophobic characteristic of CNT.

Fig. 2 shows XRD patterns of Ru-CNT and Ru-NCNT. Both
catalysts show broad and characteristic diffraction patterns of the
carbon material at 26=27° and 45° (JCPDS 75-2078), which is at-
tributed to carbon-carbon stacking structure [21]. Small ruthenium
diffraction peaks appear at 260=38.39" and 69.41° of Ru-NCNT
XRD pattern (JCPDS 06-0996). The ruthenium diffraction peak
intensity of Ru-NCNT is higher than that of Ru-CNT. This indi-
cates that the crystal domain size of Ru-NCNT is larger than that
of Ru-CNT. However, it cannot be directly related to the nanopar-
tidle size of Ru-CNT and Ru-NCNT due to the low intensity. As evi-
denced by TEM analyses, the particle size of two catalysts is almost
similar.

XPS was measured to elucidate the electronic structure of the
ruthenium, carbon, and nitrogen species in the catalysts. The Ru
3p spectra were deconvoluted to metallic ruthenium at 461 eV and
ruthenium (IV) oxide at 463 eV [22-24] (Fig. 3). The spectra dis-
played that the Ru-NCNT exists in a more reduced state. The
Ru(0)/Ru(IV) ratios are 2.19 and 4.55 for Ru-CNT and Ru-NCNT,
respectively. Because lone pair electrons in nitrogen atoms make
CNT more electronegative, the ruthenium nanoparticles in the N-
doped CNT are more reducible than ruthenium nanoparticles in

-—- K-_-_-_-_-_-

Intensity (Arbitray Units)
(‘,\;)
ke
*

10 20 30 40 50 60 70 80 90
26 (degree)

Fig. 2. XRD patterns of Ru-CNT and Ru-NCNT.

normal CNT. The different electronic environment inside and
outside of the CNT affects the reducibility of ruthenium nanopar-
ticles as well. The deconvoluted C1s XPS of Ru-CNT and Ru-NCNT
showed a sharp C=C peak at 284.21 eV, a small C-C peak at 28523
eV, and a C-O peak at 285.99eV [25,26]. C=C peak is a major
peak which constitutes the CNT frame. The defect sites of CNT,
which could be enhanced by N-doping, are attributed to C-C peak;
the Ru-NCNT thus occupies higher portions of C-C bonds (Fig.
3(c)-(d)). The pyridinic and pyrrolic N centered at 398 eV and 400
eV, respectively, were predominant in the N1s XPS spectra of Ru-
NCNT [27-29].
2. Methanol Decomposition

Ru-CNT and Ru-NCNT were employed as catalysts for metha-
nol decomposition. Methanol is the simplest alcohol compound
which produces carbon monoxide and hydrogen upon decompo-
sition. Methanol decomposition includes several unwanted path-
ways, such as water gas shift (WGS), methanation, dimethylether
formation [30,31] (Eq. (5)-(7)); thus, selectivity control is pivotal to
yield more hydrogen and carbon monoxide.

CH,OH—>CO+2H, 4
2CH,0H—H,COCH,+H,0 (5)
CO+H,0—->CO,+H, (6)
CO+3H,—~CH,+H,0 7)

Fig. 4(a)-(b) shows methanol conversion and carbon monoxide
selectivity of methanol decomposition catalyzed by Ru-CNT and
Ru-NCNT. As temperature increases, the methanol conversion in-
creases over both Ru-CNT and Ru-NCNT catalysts. Ru-CNT exhib-
ited a higher methanol conversion than Ru-NCNT below 500 °C,
but the catalytic activity over 550 °C was higher on Ru-NCNT. These
results indicate that the nanoparticles outside the CNT exhibit higher
catalytic activity toward methanol decomposition, likely due to eas-
fer accessibility of reactant methanol to the more exposed surface
sites than inside the channel. In contrast, the trend of carbon monox-
ide selectivity was different from methanol conversion. The car-
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Fig. 3. Ru3p, C18, and N1S XPS spectra of Ru-CNT and Ru-NCNT.

bon monoxide selectivity of methanol decomposition catalyzed by
Ru-CNT reached the peak value at 400 °C, then significantly de-
creased over 400 °C. However, carbon monoxide selectivity of Ru-
NCNT was >99% in the entire temperature range. Both metha-
nol conversion and carbon monoxide selectivity reached >95% at
550 °C on Ru-NCNT. These results signify that the side reactions
which produce other products than carbon monoxide occur on
Ru-CNT at high temperature. The different reaction pathways in
Ru-CNT and Ru-NCNT are evident from product gas distributions
(Fig. 4(c)-(d)). Significant amounts of carbon dioxide and meth-
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ane were produced on Ru-CNT over 400 °C. On the other hand,
hydrogen and carbon monoxide were exclusively formed on Ru-
NCNT.

Hydrogen to carbon monoxide ratios of Ru-NCNT over 300 °C
are close to stoichiometric ratio of methanol decomposition (Fig.
5(a)). This result again clarifies that Ru-NCNT exclusively catalyzes
methanol decomposition, and other reactions, such as WGS, and
methanation, rarely occur on Ru-NCNT. In contrast, hydrogen to
carbon monoxide ratios of Ru-CNT increase from 1.8 to 2.5 as
temperature increases from 250 °C to 500 °C because WGS uti-
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Fig. 4. Methanol decomposition profiles. Methanol conversion and carbon monoxide selectivity catalyzed by (a) Ru-CNT, (b) and Ru-NCNT.
Product gas distributions catalyzed by (c) Ru-CNT, and (d) Ru-NCNT.
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Fig. 5. (a) Hydrogen to carbon monoxide ratios, and (b) hydrogen selectivity on methanol decomposition catalyzed by Ru-CNT and Ru-

NCNT.

lizes one molecule of carbon monoxide and produces one mole-
cule of hydrogen. Hydrogen selectivity plot supports as well the
selective methanol decomposition on Ru-NCNT over 350 °C (Fig.
5(b)).

As shown by other reports [13,16], methanol conversion and
hydrogen selectivity are in a trade-off relation on Ru-CNT. How-
ever, hydrogen selectivity is higher on Ru-NCNT regardless of meth-

anol conversion (Fig. 4 and 5). These results indicate that active
sites of Ru-NCNT catalyze methanol decomposition but are not
active other for reactions such as WGS and carbon monoxide meth-
anation. The highly selective catalysis of Ru-NCNT might due to
the low activity of Ru-NCNT toward carbon monoxide, which is
attributed to electrical alteration by N-doping and nanoparticle
confinements [32,33].
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CONCLUSION

Ruthenium nanoparticles were introduced into the CNT chan-
nel via g-C;N, induced nanoparticle formation. The ruthenium spe-
cies in Ru-NCNT is in more reduced state than ruthenium species
in Ru-CNT. Those electrical adjustments might due to the differ-
ent electrical environments inside and outside of CNT and nitro-
gen doping effects. Methanol decomposition catalyzed by Ru-CNT,
ruthenium nanoparticle outside of CNT, and Ru-NCNT, ruthe-
nium nanoparticles inside of CN'T, showed a clearly different cata-
lytic performance. Ru-NCNT exhibited extraordinary hydrogen
and carbon monoxide selectivity in methanol decomposition. The
catalytic active sites of Ru-NCNT seem inert on WGS, carbon mon-
oxide methanation in all temperature range. The stoichiometric
formation of hydrogen and carbon monoxide also displays high
selectivity of Ru-NCNT. Our study provides a novel method for
nanoparticle confinement in CNT and the possibility of catalytic
pathway control using confined nanoparticles.
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