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Carbon nanotubes (CNTs) were treated in air microwave plasma at three different microwave powers 80,
100 and 150 W. The effects of the treatment on the structure of CNTs and the dispersion of Ru particles
supported on CNTs were evaluated using XRD, N, physisorption, FTIR, TPD, XPS, TEM and CO
chemisorptions. The results show that the bulk structure and the texture of the CNTs were unchanged,
but phenolic hydroxyls and carboxyls appeared on the surface. The total concentration of these groups
increases with the microwave power to 100 W, then decreases. The phenolic hydroxyls and carboxyls on
the CNTs interact with Ru ions during the preparation of Ru/CNTs resulting in highly dispersed Ru
particles. The activity of Ru/CNTs for ammonia decomposition depends on the dispersion of Ru particles,

but is negatively affected by any remaining oxygen-containing groups on the surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The on-board generation of CO-free hydrogen is important for the
commercialization of proton-exchange membrane fuel cells [1].
Even small CO concentrations of 10 ppm in the hydrogen seriously
reduce the efficiency due to the adsorption of CO on the electrode
catalysts within the cell [2,3]. Conventional processes for hydrogen
production, such as steam reforming of methane or higher
hydrocarbons, produce large amounts of CO and CO,, requiring
additional downstream treatment operations (such as water-gas
shift, pressure-swing absorption and methanation) for their removal
[3]. Ammonia presents an attractive hydrogen carrier for on-board
vehicle generation without any CO contamination. Further, the small
amount of unconverted ammonia can be reduced to less than
200 ppb level using an effective absorber [4-11].

Highly dispersed Ru particles supported on carbon nanotubes
(Ru/CNTs) have been found to be much more active in ammonia
decomposition than when supported on the other materials such as
activated carbon, Al,03 and MgO. The reason is because the electron
transfer from CNTSs to Ru particles is assisted by the high electronic
conductivity of CNTs, inducing a decrease of the ionization potential
of Ru and facilitating the rate of N, desorption, the control step in the
process of ammonia decomposition [5-9,12-14].

It has been reported that the oxygen-containing functional
groups, especially phenolic hydroxyls and carboxyls on the surface
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of CNTs are advantageous to producing a strong interaction
between Ru and CNTs and obtaining the highly dispersed Ru
particles, which can promote the activity of Ru/CNTs [5]. The
surface of primitive CNTs is inert, presenting few anchor points for
Ru particles [15]. Therefore, CNTs usually need to be pre-treated
with strong oxidants, e.g. oxidizing gases such as ozone or nitric
oxide or solutions (nitric acid, sodium hypochlorite, etc.), to
introduce oxygen-containing functional groups such as phenolic
hydroxyls and carboxyls which act as effective sites for particle
binding [15-18]. However, these treatment methods are difficult
to control and involve dangerous chemicals and difficult waste
streams [17].

Microwave (MW) plasma with appropriate support gas offers a
simple and efficient method for doping functional groups on the
surface of many solid materials [19-21]. In this investigation, air
MW plasma was employed to introduce oxygen-containing
functional groups on the surface of CNTs. These arise from the
reaction of carbon atoms of CNTs with highly active oxygen
radicals produced within the MW [21]. The influence of the
treatment on the structure and the texture of CNTs and the
promoting effect on the activity of Ru/CNTs for ammonia
decomposition were investigated.

2. Experimental
2.1. CNT treatment and loading of Ru

CNTs were obtained from Tsinghua University. These produced
from methane decomposition on Fe-based catalyst at ca. 873-973 K
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in a continuous commercial fluidized-bed reactor. The purity of the
CNTs in the primitive samples is above 95%. The external diameter of
CNTs is in the range of 10-30 nm with the majority around 20 nm.
The inner diameters are typically about one-third of the correspond-
ing external diameters. The carbon layers ina typical CNT are parallel
to its axis.

The CNTs were first soaked in 4 M HNOs solution at room
temperature for 24 h to remove any Fe particles carried over from
the catalyst and then washed until neutrality. Following this step,
the CNTs were dried in air at 393 K for 5 h and sieved into different
size fractions. The particles in the range 63-500 pwm were used for
the doping experiments.

The plasma treatment of CNTs was carried out in a vertical
quartz tube located inside the MW waveguide cavity. The MW
magnetron provides 50-1000 W of power at a fixed frequency
2.45 GHz [22]. An infrared transducer was used to monitor the
treatment temperature of the CNT samples. Approximately 1.0 g of
CNTs was used for each experiment, which involved MW exposure
for 5 min under air flow rate 120 ml min~! (STP) and pressure 60—
90 Torr. Samples were produced at MW powers of 80, 100 and
150 W; the corresponding reflected powers were 2-3 W. We refer
to these samples as follows: CNT-un (for CNT samples without
treatment in plasma), CNT-80 (treatment at 80 W), CNT-100
(treatment at 100 W) and CNT-150 (treatment at 150 W).

The loading of Ru on the CNTs was done by dry impregnation
method using an aqueous solution of RuCl1s. Analytical grade
RuCl3-3H,0 obtained from Sigma-Aldrich Inc. and without any
further purification or drying, was used to prepare a 0.025M
aqueous solution of RuC13 whose pH value was about 5.5. After
loading of RuCls, the samples were dried at room temperature in
air for 24 h and then calcined in a quartz tube in atmosphere of N,.
This procedure used a heating rate of 2 K min~! from ambient to
773 K after which the sample was held at 773 K for 10 h. In all cases
the Ru loading on the CNTs was 0.8 wt.%.

2.2. Characterization

The XRD measurements of the CNT samples before and after the
treatment in air MW plasma were conducted with a Bruker D8
advance research X-ray diffractor (XRD) with Cu K« radiation at a
scanning rate of 2° min~".

The pore structures of the samples were measured using
nitrogen physisorption in an NOVA 1200 adsorption analyser
(Quantachrome). Specific surface areas, Sg, of the samples were
obtained from the BET equation. The pore size distributions of the
samples were evaluated by the desorption branch of the isotherm
using the BJH method.

The surface functional groups on CNT-un and CNT-100 were
observed in a Nicolet NEXUS Fourier transform infrared spectro-
scopy (FTIR). CNT samples and KBr particles were first ground into
fine particles smaller than 300 mesh, dried in air at 393 K for 5 h,
cooled to ambient and kept in a drier, before being physically
mixed with each other to uniformity and finally pressure formed
into wafers. Since CNTs absorb infrared light strongly, the content
of CNTs in the wafers was only 0.2-0.3 wt.%. During the
investigation with FTIR, the wafers were located on the sample
shelf which is exposed to air in the instrument available to us. The
IR absorptions in the range of 3800-800 cm~! were recorded.

The desorption of CO and CO, from CNT-un, CNT-100 (without Ru
impregnation) and from Ru/CNT-un and Ru/CNT-100 after reduction
for 2 h in hydrogen at 773 K, was investigated in a temperature-
programmed desorption (TPD) process. Helium was used as the
carrier gas at a flow rate of 50 ml min~! (STP). The heating rate of the
samples was 5 Kmin~!. A Shimadzu GC-8A gas chromatograph
equipped with a thermal conductivity detector (TCD) was employed
to analyse the composition of the desorption gas.

The binding energies (BE) of O1s and the atomic ratios of O/C on
the surface of the CNT samples were investigated with a PHI-560
ESCA system (PerkinElmer) X-ray photoelectron spectroscopy (XPS).
Cls,284.5 eV, was taken as a criteria. All spectra were acquired at a
basic pressure 2 x 10~7 Torr with Mg Ko excitation at 15 kV.

The morphology of the reduced Ru particles supported on CNTs
was observed with a JEOL JEM 1010 transmission electron
microscope (TEM).

CO chemisorption at room temperature was employed to
measure the dispersion and the average size of Ru particles in a
conventional pulse system. The samples were reduced in flowing
hydrogen at 773 K for 2 h followed by flushing for 2 h in a helium
stream of 50 ml min~' at 773 K and then cooled in flowing helium
to ambient. CO pulses of 200 .l each were injected into the helium
carrier gas and detected in the outlet gas 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 CNTs showed that there was no measurable
uptake of CO on the support itself.

2.3. Ammonia decomposition

In the 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 pure hydrogen from ambient to 773 K at a heating
rate of 5 Kmin~! and then held for 2 h to reduce the catalyst fully.
Finally the temperature of the catalyst was adjusted to the required
temperature 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. Pure ammonia with a flow rate of
70 ml min~! (STP) was used as reactant. All the reactions were
performed at atmospheric pressure. The same gas chromatograph
as above equipped with a TCD was used to analyse the composition
of the product gas. Argon was used as the carrier gas.

3. Results and discussion

3.1. Effects of air plasma treatment on the texture and structure of
CNTs

During the treatment of CNTSs in air MW plasma, the colour of
the plasma ball was purple, becoming brighter as the MW power
was increased. The temperatures of the treated CNTs were 853, 883
and 933K for MW output powers of 80, 100 and 150W,
respectively. Since some CNT samples were lost down stream
into the vacuum pump during the treatment process, the mass
change due to oxidization could not be obtained.

The XRD profiles of the four different CNT samples are shown in
Fig. 1. The structures of all the CNTs before and after treatment in
air MW plasma at 80-150 W are similar to that of graphite crystal,
which means the treatment does not change the bulk structure of
the CNTs.

The pore size distribution curves of CNT-un, CNT-80, CNT-100
and CNT-150 obtained from N, physisorption are shown in Fig. 2.
There is no clear change except for a slight volume increase of the
pores between 12.5 and 15 nm in CNT-80 and between 2.5 and
3.7 nm in CNT-100. The corresponding surface areas (Sg) of CNT-
un, CNT-80, CNT-100 and CNT-150 are 160, 155, 167 and
141 m2 g7!, respectively. The pore size distributions and the
values of Sg for all the samples are essentially equivalent
considering the resolution of the adsorption instrument.

These results with XRD and N, physisorption indicate that the
MW treatment did not alter the bulk structure and the texture,
which is advantageous to the use of CNTs as a support for Ru
catalyst.
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Fig. 1. XRD profiles of the CNT samples before and after treatment in air MW plasma
at different MW powers; Cu Ka; O, graphite.

94

6] CNT-150
S\ —
0

9_ T T T T T T T T L} T T T $ T T

6 CNT-100
]
04

dV (x10 mlig)

: M
37
04
I e E e I Ee e s e

0 5 10 15 20 25 30 35 40
Pore diameter (nm)

Fig. 2. Pore size distributions of the CNT samples measured before and after
treatment in air MW plasma at different MW powers.

3.2. Effects of plasma treatment on the surface functional groups of
CNTs

Fig. 3 shows the IR absorption spectra of CNT-un and CNT-100
in the range of 3800-800cm~'. All band assignments are
summarised in Table 1.

Absorbance (a.u.)

CNT-100

CNT-un

T ' T L T L T L T L T L T L
3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 3. IR absorption spectra of the untreated CNT sample (CNT-un) and treated in
air MW plasma at 100 W of MW power (CNT-100).

Table 1

Assignments of the absorption peaks in IR spectra of CNT-un and CNT-100.
o(cm™) Assignments References
880 Isolated aromatic C-H out-of-plane bending [16]
1050-1120 C-0 stretching in ethers [23,24]
1190 C-C stretching [16]

1250 C-0 stretching in phenols [23,24]
1400 H-0 bending in water, carboxyls and phenols [16,25,26]
1580 Aromatic ring stretching [16,18,23]
1630 Adsorbed water [16,25]
1730 C=0 stretching in carbonyls and carboxyls [16,18,23,25]
2860, 2930 CH>/CHj stretching [16,23]
3180 H-0 stretching in carboxyls and phenols [23,24]
3460 H-O0 stretching in water [27,28]

For the spectrum of CNT-un, the peak at 880 cm™' is ascribed to
the isolated aromatic C-H out-of-plane bending mode [16]; the
peaks at 1050 and 1120 cm ™! are due to the stretching vibrations
of C-0 in ethers [23,24]; the peak at 1250 cm~! comes from the
stretching vibrations of C-0 in phenols [23,24]; the absorptions at
1630 cm~! are due to water adsorbed mainly on the KBr and CNTs,
possibly during the preparation and the observation [16,25]; since
no peaks appear at 1730 cm™! (assigned to the stretching vibration
of C=0)[16,18,23,25], the peak at 1400 cm~! may be in associated
with H-0 bending vibrations in water and phenols [16,25,26] and
the peak at 3180 cm~! may be attributed to H-O stretching
vibration in phenols [23,24]; the peaks of 2860 and 2930 cm ™! are
in the range of CHs3/CH, stretching vibration [16,23]. The
absorptions at 3460 cm™! is due to the H-O stretching vibration
of the adsorbed water on the KBr and CNTs [27,28]. The
absorptions at 1400, 1630 and 3460 cm™! are also present in
the KBr backgrounds. In this interpretation, besides C-C and C-H,
there are oxygen-containing surface groups on CNT-un, mainly
ethers together with some phenols. These groups most likely arise
in the pre-treatment in 4 M HNOs3 solution at room temperature.
Also, oxygen in air may be chemisorbed at low temperatures on
unsaturated carbon atoms at any defects or dislocations that occur
on the surface of the CNTs. These may react further to generate
some of the oxygen-containing surface groups [15].

Compared with IR spectrum of CNT-un, two additional bands
are apparent on CNT-100: one is at 1580 cm™! originating from an
aromatic ring vibration [16,18,23]; and the other is at 1730 cm™'
which can be assigned to the C=0 stretching vibration in carboxyls
or carbonyls [16,18,23,25]. The peak at 1580 cm™' indicates
aromatic skeleton rings sticking out of the surface of CNTs after
the oxidation of the surface in air MW plasma. The formation of
C=0 shows oxidization to generate carbonyls or carboxyls in the
surface of CNT-100. Additionally, the absorptions at 1190 cm™!
which correspond to C-C stretching vibrations are enhanced and
the peak at 880 cm~! becomes obscure, which implies C-H bonds
were oxidized and more carbon defects appeared on the surface of
CNTs [16]. The increased intensity of the peak at 1250 cm™!
indicates more phenols were formed [23,24]. The increased
intensity of the peak at 3180 cm~! shows comparatively more
phenols and carboxyls in the surface of CNT-100. Since the surface
functional groups are very complex and their vibration ranges are
adjacent to one another, it is difficult to make quantitative
assignments. Nevertheless, the above analysis shows that more
carboxyls and phenols were produced after MW treatment.

TPD spectra of CNT-un and CNT-100 are shown in Fig. 4A and B.
In all cases, an increase of the amount of the surface oxygen-
containing groups is evidenced by the bigger peak areas of CO and
CO,. According to the literature [29], the formation temperatures
of CO and CO, correspond to the different kinds of the surface
oxygen-containing groups. Phenols may decompose to CO at low
temperatures around 873 K, compared with ethers, carbonyls and
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Fig. 4. TPD spectra for the untreated CNT sample (CNT-un), the treated sample in air
MW plasma at 100 W of MW power (CNT-100) and the two reduced Ru catalysts
with hydrogen at 773 K, Ru/CNT-un and Ru/CNT-100; (A) CO evolution; (B) CO,
evolution.

quinones at high temperatures, 873-1253 K. The decomposition of
carboxyls and lactones to CO, occurs at 373-673 and 463-900 K,
respectively. Anhydrides decompose to CO and CO, at about 623-
900 K. In Fig. 4A, CNT-100 gives much more CO than CNT-un in the
range 500-800 K, while the amounts of CO formed on them are
comparable above 800 K. In Fig. 4B, the CO, signal of CNT-100 is
much pronounced than that of CNT-un: for CNT-100, there are big
peaks at 480-800 K and some shoulder peaks from 800 to 1100 K;
for CNT-un, the main peaks appear around 850 K. After considering
these results together with the above FTIR results, we ascribe the
shoulder CO peak of CNT-100 at 480-800 K to phenols, and the big
CO peaks of both CNT-un and CNT-100 above 800K to the
decomposition of ethers [29]. The CO, peaks of CNT-100 at 400-
800 K are assigned to carboxyls. The shoulder peaks of CNT-100 at
800-1100 K and the peaks of CNT-un around 850 K may be due to
lactones and anhydride. The reason that no C=0 on CNT-un could
be seen with FTIR may be because the amount is too low. TPD
results further show that after the treatment in plasma at 100 W,
the concentration of ethers on the surface of the CNTs was not
appreciably changed, the increase of lactones and anhydrides was
slight, but there was a pronounced increase in phenols and
carboxyls. This is consistent with FTIR results.
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Fig. 5. Binding energies of O1s on the CNT samples before and after treatment in air
MW plasma at different MW powers.

Fig. 5 shows the O1s core level spectra of XPS of CNT-un, CNT-
80, CNT-100 and CNT-150. The O1s spectra of the four samples are
subdivided into two Gaussian sub-peaks. The details of the fitting
results of the peaks, such as BE, full widths at half maximum
(FWHM) and areas of the peaks are given in Table 2. Peak I at
531.1-531.5 eV represents oxygen in C-O and C=0 bonds, and
peak II at 533.4-533.8 eV is attributed to oxygen in H-O bonds
[19,30,31]. However, no peaks are found at 535.9 eV which
corresponds to oxygen in the chemisorbed water which may be
observed on both CNT-un and CNT-100 with FTIR [29]. We
consider that these water molecules were most likely desorbed
from the surface of CNTs as a result of being bombarded by high
energy Ar* ions in vacuum during XPS measurements.

The changes in BE of O1s here can be considered insignificant
based on the energy resolution of the XPS instrument. After
considering the TPD and FTIR results, majority of the oxygen-
containing surface groups are ethers and the concentration of
phenolic hydroxyls and carboxyls is very low on CNT-un. From
CNT-un to CNT-80 to CNT-100, the concentrations of both C-0/
C=0 and of H-0 increase, which means more phenolic hydroxyls
and carboxyls were produced from the air plasma treatment. From
CNT-100 to CNT-150, the concentration of C-O/C=0 goes up, while
that of H-O decreases. The measured atomic ratios of O/C in CNT-
un, CNT-80, CNT-100 and CNT-150 are 0.03:1, 0.05:1, 0.10:1 and
0.09:1. A MW power increase from 100 to 150 W, should make the
oxygen radicals in the air MW plasma more active and conse-
quently lead to the further oxidization of phenolic hydroxyls to
carbonyls. The corresponding increase of the treatment tempera-
ture of CNTs from 883 to 933 K as the power is increased may be
expected to lead to esterification and dehydration among phenolic
hydroxyls and carboxyls. All these reactions lead to a decrease the
concentration of phenolic hydroxyls and carboxyls in the surface of
the CNTs. The competing factors result in a maximum in the
concentration of phenols and carboxyls on the surface of CNTs,
which occurs around 100 W of MW power in our apparatus.

Table 2
Results of the deconvolution of XPS spectra of the O1s region using a multiple
Gaussian function.

CNT Peak I (C-0/C=0) Peak Il (O-H)
samples

BE (eV) FWHM (eV) Area BE (eV) FWHM (eV) Area
CNT-un 531.4 4.8 34,000 533.8 10.2 11,000
CNT-80 531.1 44 46,000 533.7 52 30,000
CNT-100 5314 3.5 47,000 5334 4.9 70,000
CNT-150 531.5 3.8 60,000 533.6 4.9 49,000




J. Chen et al./Catalysis Today 148 (2009) 97-102 101

20 nm

Fig. 6. Ru particles supported on the untreated CNT sample (CNT-un) and the treated sample in air MW plasma at 100 W of MW power (CNT-100); (A) on CNT-un; (B) on CNT-100.

To investigate the remaining oxygen-containing surface groups
on Ru/CNTs catalysts, the evolution spectra of CO and CO, were
observed in TPD processes of Ru/CNT-un and Ru/CNT-100
following reduction in hydrogen at 773 K, as depicted in Fig. 4A
and B. The concentration of oxygen-containing groups decreases
sharply after reduction. The remaining phenols and ethers on Ru/
CNT-100 were similar to those on Ru/CNT-un. Anhydrides and
lactones on Ru/CNT-un decomposed nearly completely, while
some carboxyls, lactones and anhydrides could still be observed on
Ru/CNT-100.

3.3. Effects of air plasma treatment on the catalyst dispersion

Two typical TEM microphotos are shown in Fig. 6A and B. Based
on TEM the majority of the Ru particle sizes on CNT-un and CNT-
100 after reduction at 773K were around 15 and 5nm,
respectively. It should be specified that we cannot clearly identify
whether the Ru particles are located inside or outside the tubes
because the TEM image is of two dimensions. No residual iron
catalyst from the primitive CNT samples were found with TEM,
demonstrating that soaking in 4 M HNOs solution was effective for
iron removal.

CO chemisorption was used to measure the dispersion of Ru
particle, Dg,, and the average size of Ru particle, dg,. The surface
area of Ru metal particles was calculated assuming a Ru surface
density of 1.63 x 10'° atoms m~2, a stoichiometry CO:Ru=1:1,
and a hemisphere model of a Ru particle contacting with the CNT
support surface. The average Ru particle size, dg, was determined
by the expression dg, = 6V/S, where V and S are the metal volume
and the surface area of Ru, respectively [32,33]. The measurement
results of Dg, and dgr, on Ru/CNT-un, Ru/CNT-80, Ru/CNT-100 and
Ru/CNT-150 are given in Table 3.

The absolute sizes of Ru particle obtained with CO chemisorp-
tion are smaller than the corresponding values by TEM observa-
tion, which reflects the different measurement methods. However,
both the results indicate that the dispersion of Ru particles is
significantly improved after the treatment of the CNTs in air MW
plasma.

Phenolic hydroxyls and carboxyls have a major effect on the
dispersion of metal particles on carbon materials during impreg-
nation [5,15]. First, these groups decrease the hydrophobicity of

Table 3
The dispersion and the average particle size of Ru supported on CNTs measured by
the chemisorption of CO pulse.

Samples Weight of Volume of Dry (%) dry (M)
samples (mg) adsorbed CO (pl)

Ru/CNT-un 500 138 16 8.6

Ru/CNT-80 480 142 17 8.1

Ru/CNT-100 432 254 33 4.1

Ru/CNT-150 453 240 30 4.5

the carbon surface thus making it more accessible to the aqueous
metal precursor solution. Most dilute aqueous Ru** from RuCls
exist as [Ru(H»0)sCl]**, [Ru(H20)s0H]?** and [Ru(H.0)s]** [34]
which interact with the acidic phenolic hydroxyls and carboxyls.
The chemical interaction between Ru* groups and the surface -0~
and -COO~ serves to hinder agglomeration and surface diffusion of
Ru3*ions, and minimizes the sintering propensity of the formed Ru
particles across the CNT surface in the calcination and reduction
process [15]. The peak concentration of phenolic hydroxyls and
carboxyls that occurs around at 100 W of MW power, results in the
most Ru anchor points for Ru particles and maximizes the
interaction between CNT surface and the Ru particles, for the
conditions applied in this investigation.

3.4. Activity of Ru/CNTs in ammonia decomposition

Fig. 7A and B shows the rate of ammonia conversion based on
the weight of Ru employed and the turnover frequencies (TOF) of
ammonia conversion based on the number of Ru atoms available
on the surface of the Ru particles at 773, 823 and 873K,
respectively. 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 usefulness [35]. However, a
scientific understanding is also of importance so the surface
activity, expressed in TOF of ammonia, is also provided.

From Fig. 7A, the rate of ammonia conversion increases from
Ru/CNT-un to Ru/CNT-80 to Ru/CNT-100. However, the rate of
ammonia conversion is lower on Ru/CNT-150 than that on Ru/CNT-
100. From Fig. 7B, Ru/CNT-un and Ru/CNT-80 have a much higher
TOF than Ru/CNT-100 or Ru/CNT-150.

Having established that the treatments do not change the bulk
structure and the texture of the CNTs and since all the Ru/CNTs
catalyst samples were prepared using the same experimental
procedure, their differences in activity with respect to ammonia
decomposition are attributed to the interaction of Ru particles with
phenolic hydroxyls and carboxyls located on the surface of the
CNTs [15].

It has been reported that the process of N, desorption on the
surface of Ru is a structure sensitive reaction and related to
ensembles of Ru atoms (Bs-type active sites) on the surface of Ru
particles [35,36]. The maximum probability for Bs-type active sites
occurs for Ru particles of 1.8-2.5 nm. For particles larger than that,
the probability monotonically decreases [36]. Therefore, increasing
the dispersion of Ru particles should be advantageous for
promoting the activity of Ru/CNTs in ammonia decomposition
[5]. On the other hand, the remaining surface oxygen-containing
groups located on Ru/CNTs have been found to decrease the surface
activity of Ru [8,9,13,14] as a result of electron withdrawal, which
can be shown by the decrease of the values of TOF of ammonia.
Since the electron-drawing interaction is only local, this negative
effect should be weaker for larger Ru particles [35]. Therefore, the
activity of Ru/CNTs in ammonia decomposition is dependent on
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Fig. 7. Rate of ammonia conversion and turnover frequency of NH; in ammonia
decomposition on Ru catalysts supported on untreated CNT sample and the treated
samples in air MW plasma at different MW powers; (A) rate of NH3 conversion; (B)
turnover frequency of NHs.

the positive effects from dispersion of Ru particles and the negative
effect of the remaining oxygen-containing groups on the surface of
CNTs.

Based on this analysis, Ru/CNT-un to Ru/CNT-80 should have a
smaller number of Bs-type active sites per gram of Ru than Ru/
CNT-150 to Ru/CNT-100 as the former two have a larger catalyst
particle size as shown in Table 3. Fig. 7B shows that the Ru/CNT-un
to Ru/CNT-80 have a much higher TOF than Ru/CNT-150 to Ru/
CNT-100. Therefore, the negative effect of the remaining oxygen-
containing groups on Ru/CNT-un or Ru/CNT-80 is much weaker
than that on Ru/CNT-100 or Ru/CNT-150. This balance results in an
optimum (for ammonia decomposition) at about Ru/CNT-100.

4. Conclusions

The bulk structure and the texture of CNTs remain unchanged
after the treatment of CNTs in air MW plasma at 80-150 W of MW
power in this investigation. However, the acidic groups, phenolic
hydroxyls and carboxyls appear on the surface of CNTs during the
treatment process. The total concentration of them increases with
the treatment MW power till 100 W. When the power is 150 W,
owing to the increase of the treatment temperature and the
activity of the oxygen radicals, the further reaction processes may
decrease the total concentration. Phenolic hydroxyls and carboxyls
play an important role to decrease the size of Ru particles
supported on CNTs and increase their dispersion. The activity of
Ru/CNTs in ammonia decomposition depends on the balance
between the size of the Ru particles and the negative effect of the
remaining oxygen-containing groups on the surface of Ru/CNTs.
The optimal power of air MW plasma is 100 W for the treatment of
CNT, which results in the highest catalyst activity for Ru/CNTs-100.
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