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Abstract. Carbon nanotubes were produced by chemical vapor deposition method to meet the specifications for hydrogen
storage. So far, the various catalyst had been studied outlining their activities, performances, and efficiencies. In this work,
tri-metallic catalyst consist of Fe-Co-Mo supported on MgO was used. The catalyst was prepared by wet-impregnation
method. Liquefied Petroleum Gas (LPG) was used as carbon source. The synthesis was conducted in atmospheric fixed
bed reactor at reaction temperature range 750 — 850 °C for 30 minutes. The impregnation method applied in this study
successfully deposed metal component on the MgO support surface. It found that the deposited metal components might
partially replace Mg(OH)2 or MgO molecules in their crystal lattice. Compare to the original MgO powder; it was
significant increases in pore volume and surface area has occurred during catalyst preparation stages. The size of obtained
carbon nanotubes is ranging from about 10.83 nm OD/4.09 nm ID up to 21.84 nm OD/6.51 nm ID, which means that
multiwall carbon nanotubes were formed during the synthesis. Yield as much as 2.35 g.CNT/g.catalyst was obtained during
30 minutes synthesis and correspond to carbon nanotubes growth rate of 0.2 um/min. The BET surface area of the obtained
carbon nanotubes is 181.13 m?/g and around 50 % of which is contributed by mesopores. Micropore with half pore width
less than 1 nm contribute about 10% volume of total micro and mesopores volume of the carbon nanotubes. The existence
of these micropores is very important to increase the hydrogen storage capacity of the carbon nanotubes.

INTRODUCTION

The increase in global temperature in the last ten years due to increasing concentrations of greenhouses gasses
(GHG) in the atmosphere [1]. The main source of GHG is the combustion of fossil fuels such as petroleum, natural
gas and coal for power generation, industry and transport [2]. Hydrogen can be a promising alternative energy source
in the future. Besides categorized as a clean fuel due to release non-GHG, it has a high calorific value which is
approximately 2.75 times greater than the heating value of hydrocarbon fuels [3]. Development of safe and reliable
hydrogen storage technology which also meet the criteria of performance and economic viability is critical to use
hydrogen as a fuel for motor vehicles, industry and power plants. Carbon nanotubes (CNT) is seen as a potential
medium for hydrogen storage because it has a lot of inner space as well as the space formed between the tubes which
can adsorb hydrogen [4].

In chemical vapor deposition (CVD) method, carbon nanotubes were produced from the decomposition of carbon-
containing compounds such as hydrocarbons and carbon monoxide [5]. Synthesis of carbon nanotubes using various
carbon sources such as methane, ethylene, acetylene, ethanol, natural gas, etc. has been widely carried out which
produces diverse morphology, size, and purity of CNT products. One alternative source of carbon is liquefied
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petroleum gas (LPG). LPG is a mixture of light hydrocarbons mainly propane and butane and contains a little amount
of sulfur. The advantages of LPG as a carbon source is readily available in the market so that it can be obtained easily,
and the price is much cheaper than other carbon sources in pure form. Huang et al. [6] and Zhang et al. [7] has been
successfully synthesizing CNT using LPG as a carbon source, but still get a low rate of growth of CNT.

Transition metals consisting of Fe, Co, Ni, either in single or mixtures of them is generally used as a catalyst that
acts as the active components. To increase its mechanical strength and specific surface area, the catalyst was deposited
on porous media such as MgO, Al,Os, Si0,, CaCOs, which acts as a catalyst support [8]. It has been revealed that the
metal is used and its loading, reaction temperature, and catalyst support are the variable which is considered controlling
the quality (diameter, thickness, the degree of graphitization, purity) and yield of CNT [9]. Moreover, both of quality
and yield were also influenced by the diameter of the metal and the degree of dispersion [8]. Observation has proved
that the catalyst performance could be improved drastically by mixing two or more metal. Besides improving the
quality of the resulting CNT, this action will also reduce the reaction temperature [10].

One of the requirements of a good support material is easily separated from the product CNT. In this case, MgO
was considered superior to others because it can be removed only by a simple acid treatment [11]. It was also reported
that the use of MgO-supported Fe has shown excellent performance. The strong interaction between the MgO support
and the metal which resulted in the good dispersion of the metal catalyst was considered to be the determining factor
[12].

In the case of metal component Fe, Co, and Mo, each component has its role and advantages. Fe active
component is capable of producing higher yields than Co and Ni [8,13] and produces CNT with high density, the
density of single-wall carbon nanotubes (SWCNT) are greatly influenced by the catalyst used in the order of Fe> Co
>> Ni=~ Cu [11]. The active component Co can improve the quality of CNT in term of graphitization and structure
[14]. Mo acts as promoter and activator, demonstrate synergy with other metals to increase the yield and improve the
CNT morphology [15] and to prevent very rapid deactivation of the catalyst [8,16,17].

The addition of Molybdenum could enhance the synergism among the mixture of Fe or Co metal catalyst. The role
of Mo would be as a promoter or activator which will improve the catalyst performance in term of increasing the yield,
produce better CNT morphology [10,15]. Wei [18] was reported that the addition of Mo to Fe metal catalyst will
prevent sintering of Fe metal catalyst, so the presence of both metals in the catalyst system will prevent rapid
deactivation of the catalyst due to sintering. It was also reported that the addition of Mo to Co will stabilize the Co
species and avoid agglomeration. However, the addition of Mo in the tri-metallic catalyst system is still not widely
observed.

To date, the use of a catalyst comprising of more than two metal components is still rare. In this present study
a combination of three metal components, consisting of Fe, Co, and Mo which were deposited on MgO as the support
was used as a catalyst. The objective of the study is to investigate the catalyst activity, performance and efficiency
resulting from the interaction of the three components of metal, in synthesizing of CNT by chemical vapor deposition
using LPG as the carbon source.

EXPERIMENTAL

Catalysts Preparation

Tri-metallic catalysts, with wt.% proportions of Fe:Co:Mo:MgO (2:2:1:95) were prepared using a wet chemical
impregnation method. In such synthetic procedure, 4,7500 g MgO were dispersed in 95 ml of distilled water and the
suspension was sonicated for 10 minutes, followed by stirring for 60 min in order to produce a homogeneous
suspension. Appropriate amounts of aqueous solutions of metals nitrate Fe(NO3)3.9H>O, Co(NOs),. 6H,O and
(NH4)sM07024.4H,0 were then added to the MgO suspension, and the mixture was further stirred for 30 min. The
final mixture was dried at 110 °C under vacuum, collected and grounded into fine powder. The dried catalyst then
placed in an electric furnace to undergo calcination process at 500 °C for 4 hours.
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CNT Synthesis

CNT synthesis was performed in the electrically heated atmospheric fixed bed reactor. The reactor made from
quartz tube with 1.6 cm inner diameter and 25 cm length. At the bottom of the reactor was fitted quart wool which
serves as a gas distributor and maintains the catalyst in place. As much as 200 mg of the calcined catalyst powder
were poured over the quartz wool. At a distance of 10 cm above the catalyst was also fitted quartz wool to prevent the
entrainment of the catalyst out of the reactor follow the flow of the effluent gas. The reactor was then heated to 450
°C for 5 h under hydrogen atmosphere for undergoing catalyst reduction process. The temperature then rises to 750 —
850 °C for CNT synthesis. When the required temperature was achieved, LPG as a carbon source was admixed with
the carrier gas (hydrogen and argon) at flow rates of 25, 19, and 150 cc/min, respectively, and is fed through the
bottom of the reactor. The synthesis was performed for 30 minutes. After synthesis lasts for 30 minutes, the reaction
is stopped by turning off the flow of LPG and hydrogen. The reactor is then cooled to room temperature with argon
gas flow.

Characterization Techniques

The characteristic of the catalyst was evaluated by X-ray diffraction and nitrogen adsorption isotherms. The carbon
nanotubes diameter and morphology were analyzed by Transmission Electron Microscope (TEM) and Field Emission
Scanning Electron Microscope (FE-SEM). While the carbon nanotubes pore structure and volume were characterized
by nitrogen adsorption isotherm.

RESULT AND DISCUSSION

Chemical Characterization of the Catalyst

In this study, the impregnation method was applied to prepare the catalyst with designed metal loading to be 5 %w
with metal composition Fe:Co:Mo = 2:2:1 %w. That means that the weight per cent of all reduced metal components
which include Fe, Co, and Mo would be 5 %w of the total catalyst weight. To confirm the composition, X-ray
fluorescence. (XRF) analysis was performed. The reduced catalyst sample was characterized using SPECTRO X-Lab
Pro X-ray fluorescence spectrometer. The result of the analysis was exposed on Table 1. It can be seen that the
component weight ratio close to the designed composition. This provides an indication that the impregnation method
applied in this study successfully deposed metal component on the MgO support surface.

TABLE 1. X-ray fluorescence analysis result of reduced catalyst

Component Concentration (%w)  Weight Ratio

MgO 92.80726 93.97
Fe 2.78000 2.81
Co 2.27900 2.31
Mo 0.90110 0.91

Total 100

To further detect the state of the metal components in the MgO support, X-ray diffraction (XRD) analysis was
performed. The X-ray diffraction analysis of the catalyst samples was carried out in a Panalytical X’pert Pro
diffractometer equipped with a Cu Ko, Koo, Kp source (A = 0.154060 nm, 0.154443 nm, 0.139225 nm, respectively)
and a power setting of 40 kV and 30 mA. The patterns were recorded in the 2-theta (20) range from 10.0084° to
89.9764° in steps of 0.0170° and counting time 10.16 s per step. To investigate whether there are any phase transitions
during the catalyst preparation step, XRD analysis was performed for a series of samples includes the original MgO
powder, the catalyst sample after the deposition of metal components which have been dried (dried catalyst), the
catalyst sample after calcinations (calcined catalyst) and the catalyst sample after the reduction process (reduced
catalyst). The XRD pattern corresponds to the series of the samples were shown on Fig. 1. As shown in the pattern,
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the original MgO powder comprises of Mg(OH) (brucite) and MgO (periclase) phase. According to the analysis
record the composition is comprised of 72%w Mg(OH), and 28%w MgO. The crystal system of Mg(OH), is hexagonal
whose cell volume of 40.94x10° pm?, while MgO has cubical crystal system whose cell volume of 75.53 x10°¢ pm’.
The density of crystalline Mg(OH), and MgO is 2.36 and 3.58 g cm >, respectively. In dried catalyst, it found that
only Mg(OH); phase was detected. It shows that the interaction between MgO particles and water during preparation
of MgO slurry before metal deposition lead to rehydration of MgO to Mg(OH),. Furthermore, H,O release or
dehydration occurs in the calcination stage due to heat treatment, thus only MgO phase was detected in the calcined
catalyst. The level of temperature needed for complete conversion of Mg(OH), to MgO was affected by the dispersion
of the original Mg(OH), crystals and the efficiency of H,O removal. It was reported that temperatures level of 350—
450 °C are sufficient to achieve the decomposition in a reasonable time of about 1-10 h [19]. Further heat treatment
during catalyst reduction stage does not cause any phase transition and formation, this is shown by the resulted pattern
which confirms that the only detected phase in the reduced catalyst is MgO.

MgO
4000 g
% MgO
reduced catalyst
3000 A
MgO
oy
" M,
E & calcined catalyst
= 2000 -
Mg(OH); Mg(OH),
Me{OH)
Mg(OH), dried catalyst
1000 4
Mg{OH) Mg(OH);
MgO  Mg(OH)
M
Mg(OH) MO powder
0 -
0 20 40 &0 20

28 (degree)
FIGURE 1. XRD pattern of the original MgO powder and the catalyst samples

In reality, in the XRD pattern, it was not detected the formation of a new phase containing the deposited metal
components, either after the deposition process (dried catalyst) nor after calcination and reduction stage. This fact
indicates that the deposited metal components might partially replace Mg(OH), or MgO molecules in their crystal
lattice. This phenomenon has strengthen opinion that there is a strong metal-support interaction between MgO support
and the metal components. It was also reported that Fe is able to dissolve into MgO support and dispersed evenly
during the impregnation process [20].

Physical Characterization of Catalyst
Besides the chemical composition, the porosity and the surface area of the supported catalyst could also affect the
catalytic performance of supported species. Some studies have attributed the influence of pore size on the catalytic

activity to mass transport phenomena. More recently, the effect of intra-particle pore diffusion limitations on the
catalyst productivity and the role of catalyst porosity on mass transfer have been observed [21]. Because of the
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importance of porosity and surface area of catalyst in catalytic processes, in this work physical characterization of
such physical properties were carried by nitrogen adsorption-desorption isotherm method using Quantachrome
NovaWin - data acquisition and reduction for quanta chrome instruments version 11.03. The results of the analysis
are shown in Table 2. It can be seen that the mesopores which were determined by BJH method give a dominant
contribution to the total pore volume of the catalyst, on the other hand, micropores volume measured by HK method
has a very small proportion. It was also shown that there is no significant change in pore radius during the whole series
of catalyst preparation stages. Compare to the original MgO powder, it was observed significant increases in pore
volume and surface area during the catalyst preparation stages. It was reported that about 50% contraction of the lattice
happens in dehydration which leads to the development of cracks and crystal disintegration. This incident results in
surface area increase during Mg(OH); calcination [19]. Such cracking and crystal disintegration may also be a cause
of the increasing pore radius after calcination.

TABLE 2. Porosity and surface area of the catalyst

Pore Volume Surface Area
Avg Pore
Sample .

Radius BJH HK Method {,"tal BJH BET
Method (micropores) Voflflile Method Method

(nm) celg celg celg m?/g m?/g
MgO powder 14.29 0.183 0.010 0.191 13.808 26.744
Dried catalyst 12.81 0.450 0.030 0.473 42.060 73.850
Calcined catalyst 16.31 0.409 0.021 0.416 30.672 51.055
Reduced catalyst 14.15 0.390 0.022 0.399 34.713 56.457

Carbon Nanotubes Morphology and Diameter

Morphology of the CNT was analyzed using FE-SEM and the image is presented in Fig. 2. As can be seen,
entangled CNT were formed. There is no clear indication of the formation of amorphous carbon. This fact indicate
that the deactivation of the catalyst has not happened, then the addition of the reaction time is still great potential for
increasing the yield. A strong interaction between MgO with active components may be the factor that makes the
catalyst dispersed quite well and were stable at high temperatures so that its activity can be maintained. Co role as a
promoter is also shown by the capability protecting the catalyst from sintering at high temperatures so that the growth
of CNT do not undergo a termination. While TEM analysis was performed to observe the diameter and structure of
the CNT. The TEM image was shown in Fig. 3. It can be seen, from the TEM image, that the size of CNT is ranging
from about 10.83 nm OD/4.09 nm ID up to 21.84 nm OD/6.51 nm ID. It means that multi-wall carbon nanotubes
(MWCNT) were formed during the synthesis. Taking into account the distance between the CNT layer which is 0.34
nm, it means that the number of the wall formed were in the range 20 — 45 walls. This lack of uniformity in term of
the CNT diameter can occur due to the influence of individual characteristics of the components Fe and Co, one
between the two components might tend to form a CNT with a smaller diameter. CNT obtained in this work has
smaller outer diameter than produced by Zhang et al., which produce CNT from LPG having an outer diameter around
35 nm [7]. From the image, we can also observe that some of the formed individual CNT have carbon blockage in its
inner space instead of fully interconnected inner hole along CNT. The very high activity of the catalyst in decomposing
hydrocarbons, so that the rate of deposition of carbon into the CNT network was not able to counterbalance the carbon

decomposition rate, may cause the formation of such carbon blockage.
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FIGURE 2. FE-SEM image of the CNT product

FIGURE 3. TEM image of the CNT product

Yield and Growth Rate of the CNT

Catalyst activity in CNT synthesis reaction can be observed by determining the yield of CNT produced. The CNT
yield is expressed in mass of CNT produced per unit mass of catalyst. The mass of catalyst used is determined from
the difference between the total mass of the reactor after and before feeding of the catalyst. The mass of reactor was
measured by weighing its weight on an electric balance. In this case, the external and internal mass transfer is assumed
not a limiting factor for the overall rate of reaction. Then the yield is practically only affected by the catalyst activity
in decomposing hydrocarbons as well as in CNT formation and growth. Mass of the CNT was obtained by counting
the difference of reactor weight after and before CNT synthesis. In this work, during 30 minutes reaction, the yield of
2.35 g.CNT/g.catalyst was obtained. In that period CNT around 5 pm in length could be formed, which correspond
to the CNT growth rate of 0.2 um/min. This value is much less than the results achieved by Zhang et al. which can
reach a growth rate of 1.5 pm/min in the synthesis of CNT from LPG using a floating catalyst [7].
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Physical Characterization of the Carbon Nanotubes
Nitrogen Adsorption-desorption Isotherm

Nitrogen adsorption isotherm profile of porous materials is the most common information use to determine the
surface and internal structure properties of porous solid. Some pore characteristics that can be derived from such
profile include specific surface area, pore size distribution, pore connectivity, surface chemistry, and the area density
of any surface functional groups [22].

The adsorption isotherm was obtained by measuring the amount of N, adsorbed on CNT sample across 0 - 1
relative pressures at a constant temperature 77.350 K. Conversely, desorption isotherm was achieved by measuring
gas removed as pressure is reduced. The isotherms, which are obtained using the quantachrome instruments, such as
used for catalyst analysis, are shown in Fig. 4, in which P is the equilibrium pressure and Po is the saturation pressure.
It seems follow type IV isotherm which occurs on porous adsorbents with pores in the range of 1.5 — 100 nm. The
isotherm type is observed where at higher pressure the slope shows increased uptake of adsorbate as pores become
filled. The capillary condensation below the expected condensation pressure of the adsorbate is considered as cause
the increase in adsorbed volume at higher P/Po in type IV isotherms. Capillary condensation requires pre-formation

of adsorbate layer on the pore walls formed by multilayer adsorption, which usually occur in the region of 0.3 — 1
P/Po [23].

600

—@— adsorption
—6— desorption

400 -

200 -

volume at STP (cc/g)

0 - T T T T
0,0 0,2 0,4 0,6 0,8 1,0

relative pressure - P/Po

FIGURE 4. Nitrogen adsorption-desorption isotherm profile

Surface Area Analysis

The surface area is formed by surface irregularities and the presence of pores interiors. The surface area can be
determined on the atomic level by the adsorption of an un-reactive or inert gas. Besides determined by the amount of
the exposed surface, the amount of adsorbed gas is also influenced by (i) temperature, (ii) gas pressure and (iii) the
strength of the interaction between the gas and solid. In fact, most gasses and solids interact weakly by van der Waals
forces, then the surface must be cooled significantly to be able to adsorb measurable amount of gas. When the gas
pressure is raised, after monolayer formation is completed, excess gas adsorption will continue to form a multilayer.
The Brunauer-Emmett-Teller (BET) method is the most widely used procedure for the determination of the surface

area of porous materials. The result of carbon nanotubes surface area by multi-point BET analysis was presented in
Table 3.

TABLE 3. Result of carbon nanotubes BET surface determination

P/Po 1/ W((Po/P)-1) |
0.0090 0.2136
0.0173 0.3904
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0.0476 1.0058

0.0974 1.9814
0.1469 2.9242
0.2479 4.7887

where, P/P,: relative pressure and W: weight of gas adsorbed. From these data, it was obtained the specific surface
area = 181.13 m%g. The surface area is comparable with were obtained by C. Kuo et al. (82.2 m?%/g) [24] and C. Wu
(106.9 m?¥/g) [25].

Pore Size Distribution — BJH Method

According to [TUPAC recommendation, pores are classified according to their sizes: macropores for pore diameter
greater than 50 nm, mesopores for pore diameter range between 2 — 50 nm, and micropores for pore diameter less
than 2 nm. Gas adsorption studies can characterize the porosity of powders and other porous solids. There are two
common ways of describing porosity: (1) determination of total pore volume and (2) measurement of pore size
distribution.

The pore size distribution (PSD), which provides information about pore volume as a function of pore diameter,
is the most important textural properties of the porous material. Nitrogen adsorption— desorption isotherm data at 77
K is the most used method to obtain the PSD. Barrett, Joyner and Halenda (BJH) are the first one who proposed a
method to determine PSD for mesopores size calculations, based on the capillary condensation theory, built upon
cylindrical pore geometry assumption, and used Kelvin equation [26].

BJH pore size distribution of CNT produced in this study was presented on Table 4. It was shown that the total
pore volume of mesopores was 0.8480 cc/g correspond to pore radius range 2.8 — 35.8 nm. The distribution profile
also suggests that the mesopores contribute 95.310 m?/g of pores surface area.

TABLE 4. BJH pore size distribution

Pore Radius Cumulative Cumulative
) Pore Volume Pore Surface dV(r) dsS (r)
(\2) Area (S)
nm celg m?/g ce/nm/g  m?/nm/g
2.8 0.0717 51.968 0.0458 33.1960
35.8 0.8480 95.310 0.0120 0.6713
85.2 0.8480 95.310 0.0000 0.0000

Micropore Volume Characterization — HK Method

The quantitative determination of pore size distribution for micropores solid still a crucial problem. Although some
methods suitable for meso and macropores characterization, such as BET and BJH method, the application of such
method to micropores materials has not generated a satisfactory result. The main reason is the adsorbate molecules
can no longer be treated in a fluid state if the pore size less than 2 nm and attractive force in molecular level become
important to be taken into account [27]. Then, the measurement of micropores distribution in porous adsorbent and
catalyst still become a challenge. Horvath and Kawazoe (HK) proposed a classical thermodynamic approach for PSD
analysis which is mostly applied to micropores range. The model was originally developed for slit shape pores which
assumed a linear Henry’s law isotherm [22]. The fundamental concept of HK model is correlate the micropores filling
pressure to the solid-fluid interaction potential [28]. For strictly microporous material, the HK model generates nearly
identical results obtained from the Density Functional Theory (DFT), which is considered as the new and most
sophisticated method of the determination of microporosity [29]. The result of micropores volume distribution
measurement of CNT product is shown in Fig. 5. It shows that the cumulative micropore volume is 0.074 cc/g for half
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pore width ranging from about 0.18 — 1.00 nm. Moreover, micropores with a size of less than 0.2 nm dominate as
indicate by the contribution of more than half of the volume of micropores. Compare to the results of mesoporous
volume determined by BJH method, microporous and mesoporous volume ratio is approximately 1: 10. It means that
micropore with half pore width less than 1 nm contribute about 10% volume of total micro and mesopores volume.

0,08 ~
0,06 -

0,04

0,02

cumulative pore volume (cc/g)

0 . : :
0 0,2 0.4 0,6 0,8 1

half pore width (nm)
FIGURE 5. Micropore volume distribution

The presence of micropores in the CNT is the advantage regarding the application of the CNT as hydrogen storage,
since the existence of these micropores will increase the hydrogen storage capacity of the carbon nanotubes. The
MWCNT with narrowest micropores will have the highest hydrogen adsorption potential [4].

CONCLUSION

The X-ray fluorescence analysis has shown that the impregnation method applied in this study successfully deposed
metal component on the MgO support surface. No formation of a new phase of the deposited metal components,
neither after the deposition process (dried catalyst) nor after calcination and reduction stage, indicates that the
deposited metal components might partially replace Mg(OH), or MgO molecules in their crystal lattice. Compare to
the original MgO powder. It was observed significant increases in pore volume and surface area during the catalyst
preparation stages. Contraction of the lattice which happens in dehydration cause the development of cracks and
crystal disintegration leading to an increase in surface area during Mg(OH), calcination. Analyzed CNT product using
FE-SEM has shown that entangled CNT was formed. The size of obtained CNT is ranging from about 10.83 nm
0OD/4.09 nm ID up to 21.84 nm OD/6.51 nm ID, which means that MWCNT were formed during the synthesis. Yield
as much as 2.35 g.CNT/g.catalyst was obtained during synthesis time of 30 minutes and correspond to CNT growth
rate of 0.2 pm/min. The BET surface area of the obtained CNT is 181.13 m?/g and around 50 % of which, which is
95.310 m?/g, is contributed by mesopores. Micropore with half pore width less than 1 nm contribute about 10% volume
of total micro and mesopores volume of the produced CNT. The existence of these micropores is very important to
increase the hydrogen storage capacity of the carbon nanotubes.
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