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Nitrogen doping on carbon nanotubes (CNTs) was carried out using N, microwave plasma at the powers
of 200 and 400 W. N, physisorption, XPS, XRD, TEM, and CO chemisorption were employed to investigate
the effects of nitrogen doping on the structure of CNTs and the state of Ru particles supported on CNTs.
The bulk structure and the surface texture of CNTs remain unchanged by such nitrogen doping. Two types
of nitrogen species, pyridinic and quaternary nitrogen, were found on the surface of nitrogen doped CNTs.
Pyridinic nitrogen atom may have a strong interaction with Ru. The average Ru particle size decreases with
the increase of pyridinic nitrogen content. The activity of Ru/CNTs catalysts in ammonia decomposition
is dependent on the dispersion of Ru particles and remaining nitrogen on the surface of CNTs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Proton-exchange membrane fuel cells are expected to replace
traditional internal combustion engines in the future to reduce
exhaust emissions and improve efficiency. The supply of fuel
hydrogen and sufficient energy storage on vehicles, in particular,
become a challenge, with one potential solution being the on-board
hydrogen production [1,2]. The current mainstream processes for
hydrogen production such as steam reforming or autothermal
reforming of hydrocarbons have limited application because they
produce some CO, which poisons the noble metal electrodes even
at CO concentration as low as 10ppm [3-6]. Suitable cleanup
equipment to completely remove CO after reforming is difficult to
achieve for on-board hydrogen production. As an alternative route
for hydrogen supply, catalytic decomposition of ammonia elimi-
nates the generation of CO while retaining the advantage of storing
hydrogen in high energy density form of liquid ammonia. The small
amount of the unconverted ammonia that passes through decom-
position reactor can be decreased to less than 200 ppb using an
effective absorber [1,2,6-11].

It is known that Ru catalysts show higher activity in ammo-
nia decomposition compared with other common metal catalysts
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such as Fe, Ni, Pd, Pt and Rh. It is also known that the activity is
dependent on the nature and the structure of support materials
[2,6-11]. Some investigations have shown that carbon nanotubes
(CNTs) exhibit higher activity of Ru catalysts than activated car-
bon, Al,03, TiO,, MgO and ZrO, [9,10]. The reason is believed to
be related with easier electron transfer from CNTs to Ru particles
due to the good electronic conductivity of CNTs, which can induce
a decreased ionization potential of Ru favoring the desorption of
adsorbed nitrogen atoms on Ru surface [9,10,12-16]. On the other
hand, single crystal studies and DFT calculations indicate that the
process of N, desorptionis a structure sensitive reaction and relates
to the ensembles of five Ru atoms (Bs-type active sites) on the sur-
face of Ru particles [15,16]. The maximum probability for Bs-type
active sites occurring is at 1.8-2.5 nm of Ru particles and larger par-
ticle will result in the probability monotonically decreasing [16].
Therefore, the activity of Ru/CNTs in ammonia decomposition can
be promoted via improvement of electron transfer of CNTs or the
dispersion of Ru particles.

The surface of primitive CNTs is inert and few anchor sites are
available for Ru particles. However, pretreatment with strong oxi-
dants will produce oxygen-containing groups on the surface of
CNTs, especially phenolic hydroxyls and carboxyls, which can act as
effective sites for binding to obtain the highly dispersed Ru particles
[10,17]. Since these groups are chemically and strongly bounded
with carbon, some oxygen-containing groups still remain on
Ru/CNTs after reduction in hydrogen and the electron-withdrawing
effects, which are more electronegative than Ru, are disadvan-
tageous to the activity of Ru particles [9,10,12-16]. In contrast
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to oxygen groups, some surface nitrogen-containing groups, e.g.
—C-N=C-, can anchor Ru particles as well and can be more easily
removed during hydrogen reduction [12].

In this work, N, microwave (MW) plasma was employed for
nitrogen doping on the surface of CNTs. The influence of the doping
on the structure of CNTs was studied using X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and N, physisorption.
The state of Ru particles was observed with a transmission electron
microscope (TEM) and CO chemisorption. The activity of Ru/CNTs
in ammonia decomposition to produce hydrogen was measured in
a fixed-bed reactor.

2. Experimental
2.1. Doping of nitrogen and loading of Ru on CNTs

CNTs, produced from methane decomposition over Fe catalysts
in a fluidized-bed reactor, were supplied by Tsinghua University,
China and the purity in the primitive samples was above 95%.
The orientation of the carbon layers in a typical CNT is paral-
lel to its axis. The external diameter of CNTs is in the range of
10-30 nm and most of CNTs have the diameter around 20 nm. The
inner diameters are typically about one third of the correspond-
ing external diameters. After synthesis, CNTs were soaked in 4 M
HNO3 solution at room temperature for 24h to remove Fe par-
ticles and then washed with water to neutrality. After cleaning,
CNTs were dried in air at 393K for 5h and sieved into different
size fractions. The particles of 63-500 pwm were used for N-doping
experiments.

Nitrogen doping in N, MW plasma was carried out in a ver-
tical quartz tube, which had an internal diameter of 46 mm and
was located inside MW waveguide cavity. MW was generated from
a magnetron with power of 50-1000W and a fixed frequency
2.45 GHz. Detailed information about the equipment can be found
elsewhere [18]. An infrared transducer was employed to monitor
the temperature of CNTs. Approximately 1.0g CNTs was used for
each experiment which was exposed for 5 min under N, at a flow
rate 120mlmin~! (STP) and pressure 60-90 Torr. Samples were
produced at MW powers of 200 or 400 W and the corresponding
reflected powers were 2-3 W. The samples obtained were denoted
as follows: CNT-un (undoped CNT samples), CNT-200 (doped at
200 W) and CNT-400 (doped at 400 W).

The loading of Ru on CNTs was carried out by an impregnation
method with aqueous solution of RuCls. The loading contents of Ru
on CNTs were 0.8 wt.%. After loading, the samples were dried for
24 h in air at room temperature and then calcined in a quartz tube
under N, at a heating rate of 2Kmin~! from ambient to 773 K and
at 773K for 10 h.

2.2. Characterization

The binding energies (BEs) of N1s and the elemental compo-
sition of CNTs samples before and after nitrogen doping were
measured with a PHI-560 ESCA system Perkin-Elmer XPS. The bind-
ing energy values were corrected by taking Cls, 284.5eV, as a
criterion. All spectra were acquired at a pressure 2 x 10~7 Torr with
Mg Ko excitation at 15 kV.

The XRD profiles of CNTs before and after nitrogen doping were
obtained on a Bruker D8 advanced research XRD with Cu Ko radi-
ation at a scanning rate of 2° min—1.

The pore structures of CNTs were measured using N, physisorp-
tion on a NOVA 1200 adsorption analyzer (Quantachrome). Specific
surface areas of the samples were obtained from the BET equa-
tion. The pore size distribution of the samples was evaluated by
the desorption branch of the isotherm.

The Ru particles of Ru/CNTs after reduction in hydrogen at 773 K
were observed with a JEOL JEM 1010 TEM. The Ru/CNTs samples
were also investigated with XPS instrument under the same con-
ditions as described above.

CO chemisorption at room temperature was employed to mea-
sure the dispersion and the average size of Ru particles on Ru/CNTs
samples in a conventional pulse system. The samples were first
reduced in flowing hydrogen at 773K for 2 h and then followed by
flushing for 2h in a helium stream of 50 mlmin~! at 773 K with
subsequent cooling in flowing helium to ambient temperature. CO
pulses (200 .1 each one) were injected into the helium carrier gas
and detected by TCD. By comparing the amount of CO reaching the
detector and the amount of CO injected, the quantity of CO adsorbed
could be determined. Blank experiments on CNT showed there was
no measurable uptake of CO on the support itself.

2.3. Ammonia decomposition

In ammonia decomposition reaction, 100 mg catalyst samples
were used for each experiment. A vertical quartz tube reactor with
an inner diameter of 8 mm was used. The catalyst was first heated
in hydrogen to 773K at a heating rate of 5Kmin~! and then held
at 773K for 2 h to reduce the Ru catalyst. Finally the temperature
was adjusted to the required value and the feed was switched from
hydrogen to argon to flush the system for 30 min and then switched
to ammonia for the decomposition reaction. Ammonia with a flow
rate of 70mlmin~! (STP) was used as reactant. All the reactions
were performed at atmospheric pressure. A Shimadzu GC-8A gas
chromatograph equipped with a TCD was employed to measure the
composition of product gas. Argon was used as the carrier gas.

3. Results

During the process of nitrogen doping on CNTs in N, MW
plasma, the color of the plasma flame was pink and the plasma
light became brighter with increasing MW power. The tempera-
tures of the CNT samples during the doping process were around
1063 K (790°C)and 1213 K (940°C), respectively, at the MW power
of 200 and 400 W.

3.1. Characterization of CNTs

Fig. 1 presents the XPS survey scans of CNT-un, CNT-200 and
CNT-400. The spectra show stronger carbon signal than nitrogen.
However, the nitrogen peak is clearly observed in the XPS spec-
tra for CNT-200, while it is very weak for CNT-400 and cannot
be discerned for CNT-un. The results of elemental analysis are
listed in Table 1. The nitrogen content of CNT-un, CNT-200 and
CNT-400 is quite different. CNT-200 gives the highest value and
CNT-un shows the lowest, CNT-400 gives the intermediate value.
For oxygen content, CNT-200 and CNT-400 exhibit similar but much
reduced oxygen concentration compared with CNT-un, which is
due to the treatment of samples at high temperatures. The content
of Fe on the three CNT samples is all around 0.05%, which suggests

Table 1
Elemental analysis of CNT samples and reduced Ru/CNTs.

Samples Elemental content (%)
C N (0] Fe Others (Si, Ca, Al etc.)

CNT-un 97 0.05 2.6 0.05 03

CNT-200 96 1.9 1.5 0.05 0.55

CNT-400 97 0.9 14 0.05 0.65

Ru/CNT-un 98 0.05 1.5 0.05 0.4

Ru/CNT-200 98 0.4 1.2 0.0 0.4

Ru/CNT-400 98 0.1 1.3 0.05 0.55
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Fig. 1. Survey scans of the different CNTs with XPS before and after nitrogen doping
in N, MW plasma at 200 and 400 W of the MW power.
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Fig. 2. Binding energy of N1s on the different CNTs after nitrogen doping in N, MW
plasma at 200 and 400 W of the MW power.

that the amount of the remaining Fe is very low after being soaked
in HNOj3 solution.

Fig. 2 shows the narrow scans of N1s of CNT-200 and CNT-400.
The N1s signals for CNT-un were masked by the high noise/signal
ratio, due to the much low content of nitrogen on the sample. The

Table 2
Results of the deconvolution of XPS spectra of the N1s region.
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Fig. 3. XRD profiles of the different CNTs before and after nitrogen doping in N, MW
plasma at 200 and 400 W of the MW power; Cu Kat; (O) graphite.

N1 spectra of CNT-200 and CNT-400 can be fitted into two Gaussian
sub-peaks referred as p1 and p2, around 397 and 400 eV, respec-
tively, suggesting two nitrogen species present on N-doped CNTs.
The details of fitting results, namely binding energy (BE), full widths
at half maximum (FWHM), and area ratio of p1/p2 are given in
Table 2. As seen, BE values for CNT-400 are slightly higher than
those of CNT-200 but the area ratio of p1/p2 is higher for CNT-200.

The XRD profiles of CNT-un, CNT-200 and CNT-400 are illus-
trated in Fig. 3. There is no obvious difference between the bulk
structure of the CNT samples before and after nitrogen doping, and
the main peaks of all the CNTs are similar to those of graphite, which
indicates that the employed CNTs are highly graphitized.

The pore size distribution curves of CNT-un, CNT-200 and CNT-
400 obtained from N, physisorption are shown in Fig. 4. There are
only some slight changes of the curves for the three samples. A small
decrease in the pore volume is observed at diameter of 2.5-4.0 and
13-15 nm for CNT-200 and CNT-400, suggesting that the N-doping
produces some collapse of large pores. The specific surface areas
of CNT-un, CNT-200 and CNT-400 are 160, 130 and 140m2 g1,
respectively. These changes can be considered insignificant con-
sidering the resolution of the adsorption instrument. These results
show that the surface texture of CNTs is not changed significantly
after nitrogen doping in N, MW plasma.

3.2. Characterization of Ru/CNTs

Fig. 5 shows the XPS survey scans of Ru/CNT-un, Ru/CNT-200
and Ru/CNT-400 after reduction in hydrogen at 773 K. In the range
of 280-300 eV of BE, the carbon signals are pronounced, the nitro-
gen signals are weaker and the signals of Ru3d (around 282 eV)
are overlapped and masked by those of C1s (around 284 eV). The

Samples p1 (pyridinic nitrogen) p2 (quaternary nitrogen) Area ratio of p1/p2
BE (eV) FWHM (eV) BE (eV) FWHM (eV)

CNT-200 396.4 3.0 400.2 1.6 2/1

CNT-400 396.9 1.9 400.6 2.6 1/1
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Fig. 4. Pore size distributions of the different CNTs measured before and after nitro-
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Fig. 5. Survey scans of the different Ru/CNTs with XPS after reduction in hydrogen
at 773 K.

Table 3
Dispersion and average size of Ru particles supported on CNTs measured with CO
chemisorption.

Samples Weight (mg) CO adsorption (jl) Dru (%) dry (nm)
Ru/CNT-un 500 138 16 8.6
Ru/CNT-200 450 244 31 4.4
Ru/CNT-400 470 188 23 6.0

corresponding elemental analysis shows that nitrogen contents
of Ru/CNT-200 and Ru/CNT-400 are decreased greatly compared
with CNTs supports (Table 1). For CNT-200 and CNT-400, nitro-
gen content is 0.4% and 0.1%, respectively, which is due to further
higher temperature treatment during Ru-based catalyst prepara-
tion. Additionally, Cl was not observed with XPS on the three
Ru/CNTs samples, which suggests that the Cl residues from RuCls
were removed completely after the calcination and reduction in
hydrogen at 773K [9,12].

Fig. 6A-C shows the TEM photos of Ru particles on Ru/CNT-
un, Ru/CNT-200 and Ru/CNT-400 catalysts after reduction at 773 K,
respectively. Since Ru loading content was all 0.8 wt.%, it was diffi-
cult to find many particles in a single observation. However, based
upon the observation of 20 particles, the average size of Ru particles
could be evaluated as ca. 15, 5 and 8 nm on supported Ru/CNT-
un, Ru/CNT-200 and RuCNT-400 catalysts, respectively. The results
show that smaller Ru particle could be obtained on nitrogen doped
CNT supports. Furthermore, no Fe particles were found in TEM
observation, suggesting they were removed during the pretreat-
ment using 4 M HNO3 solution to soak the CNTs.

CO chemisorption was used to measure the dispersion of Ru
particles (Dgy) and the average size of Ru particles (dg, ) by assum-
ing a surface stoichiometry of CO/Ru=1. The surface area of Ru
metal particles was calculated assuming a Ru surface density of
1.63 x 101% atomsm~2, and a hemisphere model of a Ru particle
which contacts with the CNT surface by its cross section plane.
The average size (dg,) of Ru particles was determined from the CO
uptake by the expression dg, = 6V/S, where Vand S are the metal vol-
ume and the surface area of Ru, respectively [19,20]. The results of
Dgy and dgy of Ru/CNT-un, Ru/CNT-200 and Ru/CNT-400 are listed
in Table 3. It is clearly shown that, after nitrogen doping on CNTs,
the dispersion of Ru particles is clearly improved.

3.3. Catalytic activity of Ru/CNTs in ammonia decomposition

Fig. 7 shows the rate of ammonia decomposition and turnover
frequencies (TOFs) of three Ru/CNT catalysts at 773, 823 and 873 K.
Ru is an expensive metal, and from a technological perspective
a high rate of ammonia conversion, related to its mass, is a key
criterion of the catalyst’s performance [15]. However, a scien-
tific understanding is also of importance so the surface activity,

Fig. 6. TEM photographs of Ru particles of the different Ru/CNTs after reduction in hydrogen at 773 K: (A) Ru/CNT-un; (B) Ru/CNT-200; (C) Ru/CNT-400.
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Fig. 7. Conversion (A) and TOF (B) of ammonia at 773-873K on the different
Ru/CNTs.

expressed in turnover frequency (TOF) of ammonia, is also signifi-
cant. In catalysis, TOF is also called turnover number, and is defined
as molecules reacting per active site in unit time. The number of
the reacting molecules of ammonia in unit time can be calculated
out from the conversion and the flow rate of ammonia at the cor-
responding reaction temperature and the available number of Ru
active sites on the corresponding catalyst can be obtained from
the dispersion of Ru atoms measured from CO chemical adsorption
as above (Table 3). Additionally, a blank activity test of ammonia
decomposition was carried out as the reference on CNTs without
loading of Ru after being soaked in 4 M nitric acid (Fig. 7A). It seems
that the catalytic behaviors of CNTs (containing 0.05 at.% Fe) at low
temperatures can be negligible, however, the catalytic activity of
CNTs is increased with the reaction temperature. This number of
the converted ammonia on CNTs in the blank activity test has been
taken into account when TOF on the different Ru catalysts was
calculated (Fig. 7B).

From Fig. 7A, it is seen that ammonia conversion rate increases
with increasing temperature. For three catalysts, ammonia con-

version shows an order of Ru/CNT-200 > Ru/CNT-400 > Ru/CNT-un.
However, from Fig. 7B, the order of TOF values on the three samples
is opposite to that of the above reaction rate.

4. Discussion
4.1. Effects of nitrogen doping on the structure of CNTs

Elemental analysis from XPS shows the presence of nitrogen
on the surface of CNTs, which indicates that N, MW plasma is an
effective approach for doping nitrogen atoms on CNTs. However,
the plasma power influences the doping temperature and thus
affects the nitrogen contents and their chemical states on CNTs.
From Table 1, it is seen that CNT-400 has lower nitrogen content,
which is due to the high temperature of CNT inducing higher evap-
oration of nitrogen. In addition, N1s XPS spectra on CNT-200 and
CNT-400 show clearly two sub-peaks p1 and p2 around 397 and
400eV, respectively (Fig. 2). From the literature [21-28], N1s BEs
of carbon nitride formed on solid carbon materials were found to
be around 398 and 401 eV. The shift of BE in this investigation is
ascribed to the different chemical environments for nitrogen atoms
in various compounds and the relaxation effect in the measure-
ment process [29-31]. According to the literature [24-27,32-34],
p1 can be attributed to the tetrahedral C-N bonding with C in sp3
hybridization and N in sp? hybridization states. The nitrogen atoms
in this bonding state are located at the edge of the graphene sheet
in the plane of the graphite and are referred to as pyridinic nitro-
gen [25-27,32]. On the other hand, p2 is assigned to trigonal C-N
bonding with both C and N in sp? hybridization state. The nitro-
gen atom substitutes for a carbon atom in the hexagonal graphene
sheet. These nitrogen atoms within the graphene sheets are termed
as quaternary nitrogen [25-27,32].

For CNT-200 and CNT-400, the area ratio of p1/p2 is different and
CNT-200 exhibits higher ratio, suggesting that high doping temper-
ature (associated with higher MW power) favors the formation of
quaternary nitrogen and low doping temperature is favorable to
the generation of pyridinic nitrogen. Thermal stability of pyridinic
nitrogen is usually lower. This result is consistent with the litera-
ture [25-27,32]. XRD (Fig. 3) and N, physisorption measurements
(Fig. 4) show that there was no significant influence of the doped
nitrogen on the bulk structure and the surface texture of CNTs.
This is probably due to small amount of pyridinic and quaternary
nitrogen on CNTs.

4.2. Effects of nitrogen doping on the dispersion of Ru particles

The average Ru particle size on Ru/CNT was obtained from TEM
and CO chemisorption. For Ru/CNT-un, TEM observation and CO
chemisorption are different, but they are consistent for Ru/CNT-200
and Ru/CNT-400. The difference can be ascribed to the measure-
ment error of the methods. In the comparison of three catalysts, it is
seen that Ru particle size follows the same order, Ru/CNT > Ru/CNT-
400 > Ru/CNT-200. Thus it is concluded that the dispersion of the Ru
particles is significantly improved after nitrogen doping.

Pyridinic nitrogen atoms, located at the edges of the graphene
sheets on the surface of CNTs are more easily to contact with metal
ions Ru3* adsorbed on the surface of CNTs than the quaternary
nitrogen within the graphene sheet in the bulk of CNTs [25,32].
Each pyridinic nitrogen atom in sp? hybridization state has an
unbonded electron pair, being able to complex the empty orbital
of Ru3* as a ligand and anchor the Ru3*, thus hindering agglom-
eration and surface diffusion of Ru3* and minimizing the sintering
of Ru particles across the surface of CNTs at high temperature of
calcination and reduction [35]. Table 1 shows that more pyridinic
nitrogen are formed on CNT-200 than on CNT-400, the interaction
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of CNT-200 with Ru particles is thus stronger and the Ru particles
are more resistant to sintering during calcination and reduction in
the preparation process.

4.3. Effects of nitrogen doping on the activity of Ru/CNTs

The characterization results (XRD and N, adsorption) show that
nitrogen doping on CNTs did not induce changes of bulk structure
and surface texture of CNTs. However, nitrogen doping introduced
different electron states of nitrogen atom and change of Ru disper-
sion, which will influence catalytic activity of Ru/CNT.

For CNT-un and Ru/CNT-un, XPS measurement shows that the
contents of nitrogen in CNT-un and Ru/CNT-un are both about
0.05 at.% (Table 1), which implies that these nitrogen may not origi-
nate from the adsorbed nitric acid during soaking process, but from
synthesis process of CNTs at high temperatures, otherwise, the con-
tent of nitrogen in Ru/CNT-un should be much lower than that in
CNT-un because nitric acid can be removed during the calcination
and reduction process of Ru/CNT-un at 773 K. Compared with the
doped nitrogen in plasma process, the amount of these nitrogen
is negligible. On the other hand, all the CNT supports in this work
originate from the same CNTs. Therefore, the promoting effects of
the doping nitrogen by plasma on the activity of Ru in ammonia
decomposition can still be observed despite the existence of these
nitrogen.

In general, catalytic activity of Ru-based catalyst will be depen-
dent on dispersion of Ru particle and electron transfer ability. Due
to low loading of Ru on CNTs, the binding energies of Ru particles
on Ru/CNT-un, Ru/CNT-200 and Ru/CNT-400 could not be detected
using XPS. The surface elemental analysis showed that some nitro-
gen atoms still remain on Ru/CNTs samples after Ru impregnation
and reduction in hydrogen at 773 K (Table 1). The remaining sur-
face nitrogen can reduce the surface activity of Ru as a result of
electron withdrawal [12-14]. Although oxygen content is higher
than nitrogen on Ru/CNTs samples (Table 1), oxygen atoms do not
act as the main sites to anchor Ru particles while nitrogen atoms are
strongly bounded with Ru and show local electron-drawing inter-
action [15]. Also, elemental analysis indicates that oxygen content
on three catalysts is similar, but nitrogen is quite different. Thus,
the activity will be more related to nitrogen. It has been reported
that the doping of nitrogen in CNTs can increase the basicity of
CNTs, which may be advantageous to electron transfer from CNTs
to Ru and increasing the activity of Ru for ammonia decomposition
[32]. However, nitrogen is more electronegative than Ru and has
an electron-withdrawing effect from Ru atoms [12-16]. The order
of TOF on Ru/CNT-un, Ru/CNT-400 and Ru/CNT-200 catalysts in
Fig. 7B is the same order of the remaining nitrogen content reflect-
ing more negative effect of electron withdrawal caused by nitrogen
on ammonia decomposition.

On the other hand, Ru particles in this investigation are bigger
than 2.5 nm, higher dispersion of Ru particles on catalyst surface
will be advantageous to promote the activity of Ru/CNTs in ammo-
nia decomposition. Therefore, the activity of Ru/CNTs in ammonia
decomposition is closely related to the dispersion of Ru particles.
From Table 3, it has shown that Ru dispersion follows an order of
Ru/CNT-200 > Ru/CNT-400 > Ru/CNT-un and thus the rate of activity
of the three catalysts exhibits the same order as shown in Fig. 7A.

5. Conclusions

Nitrogen doping on CNTs in N MW plasma produced two
forms of nitrogen species. One is pyridinic nitrogen at the edge of
graphene sheet on the surface of CNTs and the other is quaternary
nitrogen within the graphene sheet. The increase of MW power
reduced the ratio of pyridinic nitrogen to quaternary nitrogen on
CNTs. However, nitrogen doping will not significantly change the

bulk structure and the surface texture of CNTs due to low nitrogen
content. The dispersion of Ru particles on CNTs can be improved
with the increasing content of doped nitrogen ascribed to a stronger
interaction of Ru particles with pyridinic nitrogen on the surface of
CNTs. The average size of Ru particles decreases with the increase
of pyridinic nitrogen content on CNTs. The activity of Ru/CNTs in
ammonia decomposition is dependent on the dispersion of Ru par-
ticles and amount of nitrogen on the surface of CNTs. Among the
three Ru/CNT catalysts prepared in this investigation, Ru/CNT-200
exhibited the highest activity in terms of reaction rate.
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