
 
 

 

The Influence of different experimental parameters 

on Pd based chemical vapor deposition grown 

carbon nanostructures   

 

 

 

Asghar Ali Khan 

Supervisor: Thomas Wågberg 

 
 

Master’s Thesis in Engineering Physics, Department of Physics, Umeå University, 2013 



 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Department of Physics 

Linnaeus väg 20 

901 87 Umeå 

Sweden 

www.physics.umu.se 



i 
 

Abstract  
Carbon nanostructures were fabricated by catalytic decomposition of acetylene on 

differently shaped palladium (Pd) nanocatalysts (nanoplates (triangle/hexagonal) and 

nanocubes) synthesized by an aqueous solution technique. The fabricated carbon 

nanostructures were investigated by transmission electron microscopy (TEM), it 

consists of multi-walled carbon nanotubes (MWCNTs) together with significant number 

of helical carbon nanofibers (HCNFs) and straight carbon nanofibers (SCNFs). The 

contributions of the three major components were highly dependent on the morphology 

of nanocatalysts, supportive gas ammonia, substrates and on the growth temperatures. 

Pd nanocatalysts shows structural sensitivity, the nanostructures synthesized on Pd 

nanoplates at 550 °C have almost the same amount of MWCNTs and carbon nanofibers 

(CNFs). At 650 °C the fabricated nanostructures on Pd nanoplates consist of more than 

95% MWCNTs. The yield and average diameter of all the three components increases 

with rising growth temperature (550-700 °C) and the growth seized completely at 750 

°C. Ammonia supports the growth of MWCNTs. As the nanocatalysts particles are 

embedded in the centre of the grown nanostructures; this suggests two directional 

growths for CNFs.   
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1. Introduction 
Carbon nanostructures are among the most promising materials due to its unique 

morphologies and excellent properties such as electrical, mechanical, thermal, optical 

and elastic properties. These properties allow a broad spectrum of potential applications 

such as in fuel cells, field emission applications [1] (electron gun for SEM, microwave 

amplifier, X-ray source, displays, lamps etc), actuators [2], super capacitors [3], sensor 

[4], batteries [5] and biotechnologies [6]. Milestones in carbon related research are the 

synthesis of the first carbon fibers by bacon [7]. The historical discoveries by Kroto [8] 

and Iijima [9] starting a huge research interest into the field of nano-carbon thereby 

becoming one of the hottest topic in the research societies. And with the synthesis of 

graphene boosting this interest again or even further. The numbers of publication were 

rising almost exponentially. Different methods were followed for the fabrication of 

carbon nanostructures which includes arc discharge [9], Laser ablation [10], electrolysis 

[11] and chemical vapor deposition [12]. 

For the fabrication of carbon nanostructures, high temperature techniques such as laser 

ablation and arc discharge were partly replaced by chemical vapor deposition (CVD). 

The main advantage of CVD over these is the easy control of the reaction course, high 

purity of the resulting products and for large scale production CVD is very economical 

[13]. CVD is used for the synthesis of various materials but in the synthesis of carbon 

nanostructure it is of greater importance. The general concept of the CVD process is the 

decomposition of the carbon precursors also in combination with catalysts on the 

substrate which leads to growth of carbon nanostructures. The synthesis conditions 

pressure, temperature, gases flow and the catalysts all will influence the growth 

products [14].  

In the catalytic chemical vapor deposition (CCVD), the role of the catalysts is of greater 

importance which not only decompose the hydrocarbon molecules but it also have large 

influence on the resulting nanostructures. Various transition metals such as Co, Ni, Fe, 

Pt, Pd etc are used for the catalytic purpose in CCVD processes. The use of Palladium 

in CVD processes is advantageous over other transition metals due to the solubility and 
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diffusion of carbon in Pd. The solubility of carbon in Pd is close to those in Co and Ni 

but diffusion of carbon in Pd is three to six times greater than those of carbon in Fe, Co 

and Ni due to lattice parameters of Pd. Additionally, Pd is non-magnetic. Magnetic 

impurities can cause problems both in characterization of the material for example by 

transmission electron microscopy and in the application such as in the case of magnetic 

storage devices.  

Various approaches were adapted for the synthesis of Pd nanocatalyst such as sol-gel, 

coreduction of precursors [15], impregnation [16], ion exchange precipitation [17] and 

physical deposition [13]. As the physical and chemical properties of the nanocatalyst 

depend on its morphology, so different methods were followed for the shape control 

synthesis of Pd in which the polyol method was considered to be the preferred one. But 

due to the strong reduction power of polyols most of the product remain truncated cubes 

and a small amount of impurities will change the final product. In comparison to the 

polyol method, aqueous based system provide a much more convenient and 

environmental friendly direction for the synthesis of Pd nanocatalysts [18]. 

The feature of this research work is to synthesize differently shaped Pd nanocrystals 

(truncated octahedron nanocrystals, triangular and hexagonal nanoplates and 

nanocubes) in aqueous solution (water based system) and utilize these nanoparticles 

as catalyst in CVD under different growth conditions. The influences of each particular 

shape of the nanocatalyst on the resulting product were studied. The effects of 

synthesis conditions such as different growth temperatures, different flow rates of 

support gas ammonia, the effect of pretreatment in ammonia and the effect of different 

substrates such as Si, SiO2 and Al2O3 on the final fabricated carbon nanostructures 

were observed. The resulting nanostructures were investigated by transmission electron 

microscope.   
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   2. Theory  

 2.1. Carbon nanostructures 

Carbon nanostructures are among the most promising materials due to their unique 

morphologies and excellent properties such as electrical, mechanical, thermal, optical 

and elastic properties. These properties allow a broad spectrum of potential applications 

such as in fuel cells, field emission applications [1] (electron gun for SEM, microwave 

amplifier, X-ray source, displays, lamps etc), actuators [2], super capacitors [3], sensor 

[4], batteries [5] and biotechnologies [6]. Carbon structures with relevant dimensions 

below hundred nanometers are usually termed as carbon nanostructures and the well-

nown examples includes fullerene, carbon nanotubes and carbon nanofibers as 

demonstrated in figure 1. 

   

 

 

 

Figure 1: Schematic diagram showing different appearances of carbon with carbon nanotubes, 
fullerenes, diamond and graphene. 
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2.1.1. Fullerene  

During the study of carbon vaporization through laser ablation, fullerenes have been 

discovered for the first time in the form of C60 in 1985 [8].  These smaller fullerene 

molecules C60 and C70 were stable in gas phase and have a relatively large band gape. 

The resemblance to the dome designed by Buckminster Fuller got the structures their 

name; fullerene or bucky ball, respectively.  C60 fullerene are highly symmetric closed-

cage molecules that consist of 60 carbon atoms bound together by 20 hexagonal and 

12 pentagonal rings which obey the isolated pentagon rule, which states that structures 

with no adjacent pentagons are more stable than those with neighboring pentagons 

[19]. In C60 molecule the pentagon has single carbon bonds while that of hexagons are 

double carbon bonds. Fullerene opened a new fields of carbon research at the end of 

20th century and still are a hot topic of self assembly nanostructures and solar cell 

applications [8, 20].    

   

Figure 2: Fullerene illustration of C60 and C70 from the original publications by Kroto [8, 20]. 

2.1.2. Carbon nanotubes 

The one dimensional derivatives of fullerene, carbon nanotubes, were first introduced 

by Iijima in 1991 [9]. Carbon nanotubes (CNTs) were observed on the negative 

electrode of an arc discharge system during the production of fullerene. However, 

hollow carbon structures were earlier reported by some scientists [7]. Graphite is the 

lowest energy state of elemental carbon at ambient temperature and pressure. 

Graphene sheets (a single sheet of graphite) rolled into a cylinder are a simple way of 

illustrating CNTs. On the basis of the number of walls CNTs are classified into single-
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walled (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). For SWCNTs an 

imaginary nano-tailor can cut a graphene sheet in a number of ways which results 

different types of nanotubes e.g. zigzag, armchair and chiral [21, 22]. In general smaller 

nanoparticle catalysts in CVD were more active in fabrication of SWCNTs while 

nanocatalysts with diameter approximately greater than 10 nm are producing MWCNTs. 

But it was also reported that in arc discharge and laser ablation a larger metal particle 

fabricates bundles of SWCNTs. Usually the hydrocarbons such as CH4 and CO are 

used for SWCNTs growth whereas hydrocarbon such as acetylene, ethylene and 

benzene are typically used for MWCNTs [14] but it is not always the case there are 

many other experimental parameters which determine the final products. In case of 

single walled CNTs the wall structure is hexagonal like honey comb lattice while in 

multi-walled CNTs the wall is built up by multi layers of graphene sheets with inner 

distance 0.34 nm. The growth rate of SWCNTs is limited by the carbon supply to the 

catalyst particles whereas for MWCNTs the growth is limited by diffusion of carbon 

through the catalyst particle [14].   

  

Figure 3: Schematic of the honeycomb carbon lattice and of SWCNT and MWCNT. 

Due to their unique mechanical, electrical and optical properties CNTs are considered 

ideal materials for various applications in wide areas such as actuators [2], transistors 

[23] and field emission displays [1]. However, CNTs are not without negative effects. 

For example, CNTs are able to penetrate plants seed and affect their seed germination 

and growth rate [6]. 

armchair

zig-zag

warping chiral 
vector

axis
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2.1.3. Carbon nanofibers 

Bacon received the credit for the first synthesis of carbon fibers [7, 24] by an approach 

known as arc discharge. However, these structures were usually in the micrometer size 

regime. Carbon fiber-like structures having only few tens of nanometer diameter are 

known as carbon nanofibers (CNFs) [25]. Different techniques are used to synthesize 

CNFs in which chemical vapor deposition is used for mass production of CNFs [26]. In 

contrast to carbon nanotubes, carbon nanofibers do not consist of well aligned 

graphene sheets in fiber axis. The prominent types of CNFs include ringbone, platelet 

and ribbon. The graphene layers are stacked tilted with respect to the fiber axis in the 

ringbone helical CNFs. In platelet the graphene layers are perpendicular to the fiber axis 

while in ribbon the graphene layers are parallel to the growth axis. Herringbone 

nanofibers composed of quasi-cylindrical arrangement which shows a hollow or 

amorphous core surrounding the axis and the outer part presents a well defined parallel 

graphene layers [27]. Helical CNFs are another specific class of carbon nanostructures. 

Due to its unique shape it can be applied in composites or as very sensitive mass 

sensors capable to measure in the attogram region. 

 

Figure 4: Typical TEM images of helical and straight CNFs [26]. 
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2.2. Synthesis of carbon nanostructures 

Carbon nanostructures are of greater importance and various methods were developed 

for their synthesis such as arc discharge [9], laser ablation [10], low temperature solid 

pyrolysis [28], solar techniques [29] and catalytic decomposition of hydrocarbons [12, 

30]. 

2.2.1. Arc discharge 

Arc discharge was the first known technique for the fabricating carbon nanotubes. Two 

high purity graphite electrodes serves as cathode and anode [9]. The electrodes, 

separated by 1-2 mm, are vaporized by a DC current (~100 A) passing through them in 

helium atmosphere. Both MWNTs and SWNTs can be produced with this technique but 

for SWNTs metal particles catalysts are added to the graphite target. The presence of 

hydrogen gas in the growth region is advantageous for the synthesis of MWCNTs. 

Different parameters such as temperature, current, metal concentration, inert gas 

pressure and system geometry determines the quantity and quality of the obtained 

nanotubes. 

2.2.2. Laser ablation 

The laser ablation technique was first introduced by Smalley and co-worker for 

producing fullerenes and carbon nanotubes [10]. In this technique a high power laser is 

used to vaporize carbon from a graphite target at high temperature. Similar to arc 

discharge both SWNTs and MWNTs can be obtained. The produced nanotubes depend 

on the amount and type of catalyst, temperature, pressure, laser power and wave 

length, type of inert gas and nanoparticles synthesized by laser ablation in liquid e.g. 

acetone depends on fluid dynamics near the target.    

2.2.3. Chemical vapor deposition  

Wide spectrums of materials were synthesized by chemical vapor deposition (CVD). 

Hydrocarbons were used as carbon source in the CVD process when it flows through 

the quartz tube, being in the oven at given temperature, the hydrocarbons are broken 

and produce pure carbon molecules. The carbon atoms or dimers diffuse toward the 

substrate which are heated and coated with catalysts nanoparticles. If the required 

parameters are maintained carbon nanostructures would be formed. 
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CVD apparatus configuration consists of either horizontal furnace or vertical furnace. In 

CVD the hydrocarbon is usually heated (500-1000 °C) inside the quartz tube in inert 

atmosphere. The catalyst particles may be deposited on a substrate placed inside a 

quartz tube or fed in continuously from outside.  

                                    

Figure 5: Schematic diagram of horizontal furnace CVD setup [14]. 

 Argon, hydrogen and nitrogen are used as carrier gases but due to easy removal of air 

and production of inert atmosphere mostly argon [14] is used. Hydrogen is often added 

to the gas flow if reduction of catalyst particles is necessary. When the growth 

temperature is achieved carbon precursor (acetylene, CO or ethanol) is introduced. A 

number of transition metals are used as catalysts which can either be injected 

continuously or pre-deposited on the substrate. The synthesis conditions pressure, 

temperature and gases flow are all influencing the growth products. Plasma enhanced 

(PE-CVD), water assisted (WA-CVD) and microwave assisted (MA-CVD) are 

modifications to standard CVD developed over the last decades [14]. 

Various concepts are described by researchers in order to explain the growth 

mechanism which also includes a simple model [31] consisting of three steps 

dissociation, diffusion and precipitation. The carbon precursors are dissociated into pure 

carbon which then diffuses in or on the particle induced by a carbon concentration 

gradient. At the last step a structure precipitates from the particle. But the model has 

problems which not explaining for example the occurrence of helical structures. Helical 

growth was explained for example by Motojima et al. [32] and the main difference from 

the previous model is the anisotropic precipitation of the materials.  
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2.2.3.1. CVD synthesis on Pd nanoparticles 

There are not many studies reporting on the formation of carbon nanostructures by the 

decomposition of carbon precursors on palladium catalyst via CVD. Experimental 

conditions such as temperature gradient, pre-annealing conditions, pretreatment, 

synthesis temperature and growth time influence the synthesized products. Depending 

on the experimental conditions CNFs and CNTs with different morphologies were 

obtained. Lee et al. [16] synthesized carbon nanostructures using the catalytic 

decomposition of acetylene over alumina supported Pd catalysts, prepared by 

impregnation of palladium acetylacetonate (Pd/Al2O3) and deposition of dodecanethiol-

protected palladium nanoparticles (DT-Pd/Al2O3). The synthesized carbon products 

consist mainly of CNFs at 700 °C in the range of 9-26 nm in diameter and CNTs with 

well defined layer structures synthesized at 800 °C. HCNTs were synthesized [33] by 

the decomposition of acetylene over an alumina supported Pd catalyst prepared by 

solvated metal atom dispersion (SMAD) technique. The prominent structures were 

HCNFs at 500-700 °C but between 750-800 °C HCNTs were observed. A mixture of 

ethylene and oxygen resulted in the growth of CNFs and HCNFs with small diameter on 

Pd at 550 °C [34]. The decomposition of acetylene on Pd catalyst produce high degree 

graphitized nanotubes at 800 °C in the presence of hydrogen flow [35]. Adding 

hydrogen to the gas flow on the same catalyst produced high graphitized nanofibers by 

decomposition of methane at 850 °C. Using a standard CVD setup together with C60 

supported Pd catalyst enabled the growth of CNTs and HCNFs with periodic pitch, 

helicity and narrow diameter in a temperature range of 550-800 °C [26]. 99% of the 

synthesized carbon products were HCNFs at low temperature 550-600 °C. The growth 

at 650°c changes and a mixture of HCNFs, CNFs and CNTs was obtained. At 800 °C 

the growth of the investigated components stopped. Pd catalyst particles embedded in 

the middle of the grown structures imply two directional growths. Due to the shape of 

catalyst particles Nitze et al. [26] adopted a simple model that nanofibers curl due to 

blocked carbon diffusion pathways on the catalyst particle. In general the helical nature 

of carbon fibers is considered due to the unequal extrusion of carbon from a catalyst 

surface and this effect leads to the curvature [36]. Zhang et al. come with a different 
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proposal that the helical nature is due to the catalyst particles that are influenced by van 

der Waal forces [37]. 

2.3. Nanoparticles and nanocatalysts 

Metal nanoparticles have been widely studied due to their tremendous properties e.g. 

small size, homogenous structure and huge surface area (as surface atoms are more 

reactive and much of the chemistry occur on the surface) and applications in catalysis, 

electronics, photonics, optoelectronics, biodiagnostics, imaging, plasmonics, optical 

sensing, information storage and surface-enhanced Raman scattering (SERS) [38-40]. 

Besides from the size, the shape or crystal facets of nanoparticles can play a very 

important role in their catalytic performance.  

The developments of synthetic catalysts are motivated by natures use of enzymes to 

attain high reaction rates and selectivity [41]. The activity and selectivity of nanoparticle 

catalyst can be greatly influenced by specific crystal facets which determined the 

nanoparticle catalyst shape and a prerequisite for high performance in different catalytic 

applications [18]. Nanoparticles catalysts have attracted much more attention as 

compared to their counterpart the bulk materials [42] due to high surface to volume 

ratio, homogeneous structures, higher selectivity and have low energy consumptions 

during the use as catalyst (i.e. much higher catalytic activity can be achieved as 

compared to the same amount of bulk catalyst materials and potentially also lowering 

the reaction temperature). The physiochemical properties of nanocatalysts strongly 

depend on their size and morphology, so by controlling these parameters to tailor their 

properties it is possible to use them for various reactions. Recently shape controlled 

synthesis of nanoparticles catalyst have gained much more attention due to their 

versatile properties e.g. the number and position of surface Plasmon resonance (SPR) 

peaks as well as the effective spectral range for SERS can be easily tuned by 

controlling the shape of the metal nanostructures. Until now, the shape controlled 

synthesis have been achieved for various metals, including Ag, Au, Co, Pt, Pd, Rh, Ir 

and FePt [40, 42-44]. 
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2.3.1. Palladium nanocatalyst 

Palladium is one of the most studied noble metal nanoparticle catalyst. It has marvelous 

industrial applications, significant example includes hydrogenation/dehydrogenation 

reactions, fuel cells, organic reactions such as Suzuki, Heck and Stille coupling, the low 

temperature reduction of automobile pollutants and petroleum cracking [18, 45]. Due to 

the strong affinity towards hydrogen Pd plays an active role in its purification, storage 

and detection. 

Table 1: Properties of Pd nanocatalyst 

 

The solubility of carbon in palladium is determined by calculating the electrical resistivity 

of Pd specimen carburized under CO/CO2 atmosphere. The solubility of carbon in Pd is 

close to those in Co and Ni. Carbon atoms occupy octahedral interstitial sites when 

dissolved in Pd, similar in the case of Fe and Ni. The diffusivity of carbon in Pd is three 

to six times greater than those of carbon in Fe, Co and Ni. It can be easily understood 

by the fact that the lattice parameter of Pd is about 10% larger than the others while 

their melting temperature are close to each other [46].   

2.3.2. Synthesis of controlled shape palladium nanoparticles 

Various approaches have been adopted for the synthesis of Pd nanostructures. The 

presence of materials, such as surfactants, polymers, DNA or RNA can mediate the 

reactions and control the morphology [39, 47]. Due to the polyols ability to dissolve 

many metals salts (precursors to the noble metals e.g. Na2PdCl4, H2PdCl4, PdCl2 etc), 

polyol synthesis has been emerged to a preferred method. The secondary work besides 

salvation of the precursor of polyol, such as ethylene glycol, is the reduction of metal 

salts at elevated temperature. But due to the strong reducing power of polyol most of 

Palladium Melting 

point 

Boiling 

point 

Electro- 

negativity  

Electro-

positivity 

Ionization  

potential 

Stable Isotopes 

 

  

46Pd106.42 

 

1554.9°c 

 

2963°c 

 

2.20 

 

1.8 

804.4 

KJ/mol 

Pd102,Pd104,Pd105 

Pd106,Pd108,Pd110 
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the products are restricted to truncated cubes or cuboctahedrons and a trace amount of 

impurity will already alter the whole result [18, 38, 47].  

Recently, compared to the polyol synthesis, the aqueous solution phase synthesis 

provides a much more convenient and environmental friendly route for the synthesis of 

noble metal nanocrystals due to no involvement  of toxic organic solvents [18, 40, 43-

45, 47]. The water based systems consist besides water of reducing agents, capping 

agents and stabilizers which are safe and easy to handle, typical examples include L-

ascorbic acid, citric acid, poly vinyl pyrrolidone (PVP) and KBr. By controlling the 

thermodynamics or kinetics involved in the nanocrystal growth, different shapes of Pd 

can be achieved. The product will have the lowest surface energy under thermodynamic 

control and the capping agent will play an important role in determining the shape of the 

nanocrystal by changing the surface energies of the different facets through selective 

adsorption, while in kinetically controlled synthesis the product move away from the 

thermodynamically favored structures [45]. Reducing agents (PVP, citric acid, L-

ascorbic acid) of different strength influence the kinetics and can give different shapes 

of palladium nanocyrstals. For example Pd truncated octahedrons can be obtained by 

heating an aqueous solution containing Na2PdCl4, L-ascorbic acid and PVP for 3 hours 

at 100 °C. Pd octahedrons can be synthesized by heating an aqueous solution 

containing Na2PdCl4, citric acid and PVP at 100 °C for 26 hours and when the amount 

of PVP is reduced decahedrons will be obtained. Pd nanoplates (triangular/hexagonal) 

can be synthesized by heating aqueous solution containing Na2PdCl4 and PVP for 3 

hours at 100 °C. Pd nanocubes can be obtained by heating an aqueous solution 

containing Na2PdCl4, C6H8O6, KBr and PVP at 100 °C for 3 hours [18]. 

2.3.3. Removal of PVP 

Typically PVP is used as a colloidal stabilizer in the solution-phase synthesis of Pd 

nanocrystals, but even after extensive washing and centrifugation trace amounts of PVP 

will still remain on the surface and it can decreases the active sites due to strong 

bonding to the Pd surface [45]. Also centrifugation varies the nanocrystals structure. To 

avoid structural changes it is desirable to remove PVP under mild conditions. For this 

purpose, ultraviolet-ozone cleaner (UVO) is used which mostly maintain the 
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nanocrystals morphology during cleaning. UVOs are based on ultraviolet light and 

ozone that abolish organic adsorbates at room temperature through photosensitized 

oxidation. The samples are usually examined by XPS, XRD and SEM after UVO 

cleaning and the results shows that during the first half hour treatment in UVO the PVP 

decay is fast and homogeneous and after three hours most of the PVP is removed. It is 

also observed that UVO cleaning practice is not able to remove PVP from the sides that 

are opposite to the lamp. The UVO cleaned Pd nanocrystals shows four-fold increase in 

activity over those Pd nanocrystals covered in PVP in the CCVD carbon nanostructures 

growth [45, 48, 49].  

2.4. Transmission electron microscopy 

The limitation in the resolution of optical microscopes compelled researchers to develop 

instrument which can investigate objects in size beyond the visible light wavelength. 

Resolution means the smallest possible distance that can be resolved between two 

points. The classical Rayleigh criterion for light microscopes for the smallest distance 

that can be resolved, 𝛿, is given by [50] 

                                                

                                               𝛿 =
0.61 𝜆

𝜇  𝑠𝑖𝑛𝛽
                                                   (1) 

Here 𝜆 is the radiation wavelength, 𝜇 the refractive index and 𝛽 the semi angle of the 

lens. For simplicity, the denominator 𝜇𝑠𝑖𝑛𝛽 is taken as unity which means the resolution 

only little more than half of the wavelength of the used light or radiation. To overcome 

the limitations of light microscopes a series of inventions were done and various 

approaches were adopted, particularly the particle-wave duality opened new ways to 

use particles as illumination sources. Electrons earned in this circumstance much 

attention. Early researchers considered the possibility to see with electrons and design 

a microscope for the investigation of objects smaller than the atomic size. The de 

Broglie`s equation shows that the wavelength of electrons is related to their energy [50] 
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                          𝜆 =
ℎ

𝑝
                with            𝑝 =

𝑚𝑣

 1−𝑣
2

𝑐2 

             (2) 

Here h is Planck`s constant, p the relativistic impulse, m the rest mass, v the velocity of 

the particle and c the speed of light in vacuum. A microscope which uses electrons as 

an illumination source like in a classical light microscope is known as transmission 

electron microscope (TEM). 

In TEM an electron gun emits electrons by thermionic, Schottky, or field emission. For 

high gun brightness and coherence field emission is used. A series of condenser lens 

allows variation of the illumination aperture and the area of specimen illuminated. With 

the help of lens system (three to eight lenses) the electron intensity distribution behind 

the specimen is projected onto fluorescent screen or a CCD camera. For best resolution 

the TEM`s specimen must be very thin, preferable tens of nanometer. The limiting factor 

in recent TEMs is the uses of electro-magneto lenses which have inhomogeneous 

magnetic fields to control the electrons beam.   

High resolution transmission electron microscopes (HRTEMs) are capable to resolve 

the crystal structures and operate to the atomic level efficiently. Contrast generation is 

the main difference between the low and high resolution TEMs. TEM images are the 

two dimensional representation of the three dimensional structures. The interpretations 

of TEM images are usually difficult [26, 50]. Selected area electron diffraction (SAED) in 

transmission electron microscopy is similar to X-ray diffraction (XRD) but is 

advantageous over XRD because it records the whole pattern at once. There is no need 

for scanning of angles and hence eases the measurement.   
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3. Experimental section 
 

 For the fabrication of carbon nanostructures, a CVD setup with flexible experimental 

conditions such as temperature gradient, different gases with different flow rates, Pd 

nanocubes and nonoplates as catalysts and the effect of different substrates were 

experimented. In this particular research work the stability of Pd nanocubes was taken 

as a challenge while removing the PVP in the ultraviolet ozone cleaner. The influences 

of Pd nanocubes and nanoplates on different substrates such as Si, SiO2 and Al2O3 on 

CVD grown carbon nanostructures with various experimental condition were observed.  

3.1. Catalyst preparation for CVD 

 3.1.1. Materials  

Sodium tetrachloropalladate (Na2PdCl4)  (99.998%)  (Sigma Aldrich) 

Polyvinylpyrrolidone (PVP)   (C6H9NO)× (average mol wt, 40,000) (Sigma Aldrich) 

L-Ascorbic acid (C6H8O6) (VWR Prolabo) 

Citric acid (C6H8O7) (Sigma Aldrich) 

Potassium bromide (KBr) (Fisher Scientific) 

Deionized water 

3.1.2. Methods  

Pd nanoplates were synthesized by heating 11 mL of an aqueous solution containing 

17.4 mM Na2PdCl4 (56.3 mg) and 87 mM PVP (105.3 mg) at 100 °C for 3 hours [18].  

Where mM (millimolar) is unit of molar concentration e.g. for Na2PdCl4  

 294.2114 g/mol × 0.0174 mol/L × 0.011 L = 0.05631 g = 56.31 mg  

 

Pd nanocubes were synthesized by heating 11 mL of an aqueous solution containing 

17.4 mM Na2PdCl4 (56.3 mg), 31 mM C6H8O6 (60.1 mg), 230 mM KBr (301 mg) and 87 

mM PVP (105.3 mg) at 100 °C for 3 hours [18]. But in order to keep the Pd nanocubes 
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morphology stable during the PVP removal, various attempts were made with different 

proportions of above composites. The homogeneous Pd nanocubes are achieved by 

reducing the amount of PVP from 87 mM (105.3 mg) to 45 mM (55 mg) while keeping 

the amounts of other components constant.   

3.1.3. Removal of PVP and Substrate preparation  

The aqueous solution of Pd nanocubes was washed with acetone then ethanol and at 

the end washed once again with acetone and each time the nanocubes were collected 

by flocculation. The Pd nanocubes solution were drop-casted on silicon wafers (525 ±20 

µm thickness with 200 nm oxide layer, Siegert consulting), SiO2 and Al2O3 and dried at 

50 °C. Most of the PVP were washed out through flocculation but to remove the PVP 

completely the substrates were cleaned in a UVO cleaner (model 42-220, Jelight 

Company, Inc.) for one hour.                  

 3.2. Chemical vapor deposition 

The standard CVD setup used for the fabrication of carbon nanostructures are given 

below 

                

Figure 6:  Standard CVD components with oven, reaction chamber (quartz-tube) and flow meters. A 

water filled wash-bottle is connected at the exhaust side to decouple the reaction chamber from the 

atmosphere and to remove poisonous gases from the exhaust.    
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The key components of the CVD setup consists of a horizontal furnace (Nabertherm), 

quartz tube (1000 mm in length with 26 mm inner diameter and 28 mm outer diameter, 

Saveen Werner), gas connections (supplied from AGA) and gas flow meters. Argon 

(Ar), Varigon (95%Ar+5%H2), ammonia (NH3) and acetylene (C2H2) with high purity are 

used in this system. The prepared substrates were transferred into the CVD setup. After 

sealing the system the heating was started in Ar flow (100 ml/min) to the desired growth 

temperatures. A number of parameter sets with Pd nanocatalysts (nanocubes and 

nanoplates) were tested and their influences over growth mechanism were investigated. 

For the synthesis of carbon nanostructures, following procedures were adopted.  

a) When the growth temperature is reached, the substrates were pretreated with 

Varigon (100 ml/min) and ammonia (25 ml/min) for 30 min and then acetylene 

(25 ml/min) was added to it. 

b) After reaching the growth temperature, acetylene (25 ml/min), varigon (100 

ml/min) and ammonia (25 ml/min) were added to the argon (100 ml/min) flow. 

Following the above procedures at the constant growth time (160 min), the effect of 

different shapes of Pd nanocatalysts (nanoplates and nanocubes ) on the carbon 

nanostructures was studied at various substrates (Si, SiO2 and Al2O3), growth 

temperatures(550-750 °C) and  ammonia flow rates (0-25 ml/min). The grown samples 

were cooled down in the presence of Ar flow and were collected around 150 °C. 

3.3. Transmission electron microscopy 

A small amount of the synthesized materials were dispersed in ethanol with the help of 

ultra-sonication. Transmission electron microscopy grids (400 Mesh Cu, holey thin 

carbon and thin carbon film from Pacific Grid Tech) were coated by drop casting (5µl 

per grid) and dried in air. 

TEM micrographs were obtained on a transmission electron microscope (JOEL 1230) at 

80 keV electron energy.  
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 Figure 7: Schematic of the experimental procedures. 
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4. Results  

4.1. Synthesis of Pd nanocatalysts 
 

The Pd nanocatalysts were successfully synthesized as it can be seen in the following 

figures showing TEM micrographs of Pd nanocatalysts before UVO cleaning. It is 

possible to control the shape and the yields of the specific shape of the nanoparticles to 

a very high extend either by thermodynamically controlled pathway or by kinetically 

controlled process.  

          

    Figure 8: Pd nanoparticles a) nanocubes and b) nanoplates before the UVO treatment. 

4.1.1.  Removal of PVP 
 

The synthesized products contains considerable amount of PVP which reduces its 

catalytic performance. For removal of PVP different approaches were followed. 

i. The synthesized nanoparticles were washed in ethanol and centrifuged for 45 

minutes; the resultant TEM images are given below.  

The nanocatalysts are mostly agglomerate with each other and only large nanocubes 

with average size 100 nm and nanoplates with average size 130 nm are left behind. 
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ii. In the second approach Pd nanoparticles were directly put in the UVO cleaner for 

three hours after the synthesis and the resulted TEM images of the final products 

are given below.  

          

Figure 9: Pd nanocatalysts a) nanocubes b) nanoplates after three hours UVO treatment. 

 

Almost all the PVP were removed from the nanoplates without changing its morphology. 

But in case of Pd nanocubes, during the removal of PVP the morphology of the 

nanocubes were changed. To overcome this problem, different washing approaches 

were practiced with different orders and the one who gives the positive results are given 

as under. 

iii. In order to keep the morphology of the Pd nanocubes constant, the synthesized 

nanocubes were first washed with acetone then ethanol and finally with acetone 

again and at the end put in UVO cleaner for one hour.  
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 Now all the PVP were moved out without 

changing the morphology of the Pd 

nanocubes. 

                                                                                  

                                                                                                          

 

 

 

                                                                                                           Figure 10: Washed Pd nanocubes after one hour UVO treatment. 

4.2. Carbon nanostructures growth 
 

In order to understand the influences of different protocols on the characteristics of 

carbon nanostructures, first the synthesis procedures and the synthesized products 

should be discussed briefly. A number of experiments were performed in the CVD 

system in which the effects of different parameters such as the nanocatalysts shapes, 

growth temperature, ammonia pretreatment, ammonia flow rate during the growth time 

and the effect of different substrates (Si, SiO2 and Al2O3) are examined and their results 

were discussed in systematic manner. The typical TEM images show three major types 

of carbon nanostructures growth on different shapes of Pd nanocatalysts with various 

experimental parameters i.e. helical CNFs, straight CNFs and MWCNTs are present in 

different proportions with different characteristics.  

4.2.1.  Carbon nanostructures on Pd nanoplates 
 

The two different conditions with various experimental parameters and their influences 

on the synthesis of carbon nanostructures on Pd nanoplates were studied.  
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Growth condition (a) 

In growth condition a); after reaching to growth 

temperature the substrates were pretreated 

with Varigon (100 ml/min) and ammonia (25 

ml/min) for 30 minutes and then acetylene (25 

ml/min) was added to it. The resulted carbon 

nanostructure at 550 °C includes CNFs and 

MWCNTs with very high yield and small 

fraction of straight CNFs were also observed.                                              

                                                                                                                  Figure 11: HCNFs and MWCNTs with almost same yields.  

The HCNFs are highly homogeneous with respect to morphology; the average diameter 

of HCNFs is 80 nm while their length is not clear here but less than 10 µm. The average 

diameter of straight CNFs 90 nm and MWCNTs have average diameter of 10 nm. The 

nanocatalysts particle locates in the centre of the HCNFs which indicates two 

dimensional symmetrical growths away from the nanocatalysts particle. In case of 

straight CNFs the outer diameters of the fibers are identical to the size of the 

nanoparticles, so the nanocatalysts particles which are responsible for its growth have 

higher dimensions.  

Growth condition (b) 

In growth condition b); Ammonia (25 ml/min), Varigon (100 ml/min) and acetylene (25 

ml/min) were added to the Ar (100 ml/min) flow after reaching to the growth temperature 

550 °C. 

The amount of MWCNTs in the grown nanostructures was much higher than HCNFs as 

compared to condition a) however the dimensions of both the nano-fibers and 

nanotubes are remain the same. 

Growth temperature is an important parameter which greatly influences the synthesis of 

carbon nanostructures. In order to find out the affect of various growth temperatures on 

the fabricated nanostructures, several experiments were performed on condition b) with 
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different temperatures. At 650 °C more than 95 % of the synthesized nanostructures are 

MWCNTs. The average diameter of the MWCNTs is 17.42 nm which is higher than the 

MWCNTs grown at 550 °C.  

                                                    

                    

   Figure 12: MWCNTs growth with condition b at 550°C and b) High quality of MWCNTs at 650°C.                                                     

 At 750 °C the growth of the investigated major components were stopped but a very 

small fraction of CNTs was observed with an inner layer have bamboo like defects 

perhaps due to nitrogen doping of the inner CNT layers.                                                                                                                                                                                                                        

The quantity of support gas ammonia significantly changes the synthesized carbon 

nanostructures morphologies as shown in figure 13. Keeping all parameters of growth 

condition b) but reducing ammonia flow to 12.5 ml/min; the grown nanostructures 

include straight CNFs, HCNFs and MWCNTs with very low qualities. The growth 

product consists of only HCNFs and straight CNFs with almost same fractions without 

the support gas ammonia. The diameters of both HCNFs and straight CNFs increased 

to 80 nm and 100 nm respectively.  
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Figure 13: a) with ammonia flow 12.5 ml/min, all the three major components are present b) without 

ammonia only HCNFs and SCNFs are sown in the micrograph. 

The amount of precursor greatly influences the quality of the grown nanostructures. By 

reducing the amount of acetylene to half (i.e. 12 ml/min) and with growth temperature 

650 °C, the TEM micrographs shows MWCNTs with very low quality and  considerable 

amount of amorphous carbon.              

The nanostructures grown via Pd nanoplates on 

various substrates such as Si, SiO2 and Al2O3 also 

effects the growth products. The nanostructures 

grown by nanoplates on Si substrates at 600 °C 

are given by the following TEM micrographs.               

Most of the nanostructures consist of HCNFs and 

MWCNTs with average diameter of 70 nm and 15 

nm respectively.                                                                                                                                                     

                                                                                                                              Figure 14: HCNFs and MWCNTs grown on Si at 600°C. 
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The fabricated carbon nanostructures on SiO2 at 

600 °C via Pd nanoplates are given by the 

following TEM micrographs. The average 

diameter of the MWCNTs is decreased to 12 nm 

as compared to the MWNTs grown on Si 

substrate at the same temperature. The fractions 

of straight CNFs are high and have diameter 

about 100 nm.  

                                                                                    Figure 15: SCNFs grown on SiO2 at 600 °C.  

The carbon nanostructure fabricated on Al2O3 substrate at 600 °C shows the following 

TEM micrographs shown in figure 16. Here the carbon nanostructures have high 

fraction of straight CNFs and MWCNTs. The dimensions of the MWCNTs are the same 

compared to MWCNTs grown on SiO2 but the diameter of straight CNFs increased to 

130 nm. Also the diameter of HCNFs increased to 90 nm.  

         

Figure 16: a) Straight CNFs, HCNFs and b) MWCNTs grown on Al2O3 substrate at 600 °C.  
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4.2.2.  Carbon nanostructures on Pd nanocubes 

 

The nanostructures grown via nanocubes with changed morphologies after UVO 

cleaning treatment, gives unsatisfactory results and their  corresponding TEM images 

are not clear, either that indicates bunches of very small nanotubes or fibers but they 

were found all over on the sample. After the successful removal of PVP without 

changing the morphology of the nanocubes, the effects of various experimental 

parameters on carbon nanostructures were investigated on different substrates at 

growth condition b). 

The nanostructures synthesized at 550 °C on SiO2 substrate gives mostly HCNFs with 

very small fraction of straight CNFs as indicated in figure 17a. The average diameter of 

the HCNFs is 58 nm while that of straight CNFs is 100 nm while their average length is 

less than 10 µm.  

                                                                                                                      .                                                                                     

Figure 17:  CNFs grown on SiO2 substrate at a) 550 °C and b-c) 600 °C. 

At 600 °C on SiO2 substrate, the resulted nanostructures contains moderate fraction of 

both HCNFs and straight CNFs. The diameter of straight CNFs remains constant while 

that of HCNFs diameters increased to 80 nm. In both carbon nanostructures grown at 

550°C and 600 °C, the transition between HCNFs and straight CNFs were observed 

and at the transition point the fibers are bent almost at 90° angle. This indicates the 

transition occurs in a very short interval of time and is due to the sudden change of 

diffusion rate. There is only one catalyst particle per fiber and in two dimensional TEM 

micrographs the particle shape is look like rhombic in straight CNFs.  

c 
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 MWCNTs were appeared with both HCNFs and SCNFs in 

the synthesized product at 650 °C on SiO2 substrates, 

which are shown by the following TEM micrographs. The 

average diameter of these MWCNTs has 30 nm which is 

higher than those fabricated by Pd nanoplates i.e. 10 nm. 

The fabricated nanostructures on SiO2 substrate at 700 °C 

mainly consists of MWCNTs. With increasing temperature 

the diameter of the nanotubes also increases.                       Figure 18:  MWCNTs grown on SiO2 at 650 °C. 

The nanocatalyst particles always found on the growing tip 

of the MWCNTs. At 750 °C the growth of nanostructures 

seized, only amorphous carbon structures were observed 

in the TEM micrographs. The reduced amount of precursor 

(12 ml/min) badly affects the resulted nanostructures.                                                                                        

                                                                                            

The carbon nanostructures synthesized on different           Figure19: MWCNTs grown on SiO2 at 700°C. 

substrate such as Si, SiO2 and Al2O3 at 600 °C reveals 

different characteristics. The synthesized nanostructures 

on SiO2 substrate contain both HCNFs and straight CNFs 

with almost same fraction. Straight CNFs have average 

diameter of 120 nm while HCNFs have 80 nm.                                                                                                      

The resulted nanostructures were mostly HCNFs with 

small fraction of straight CNFs, fabricated on Si substrate 

at 600 °C. The diameter of HCNFs decreased to 60 nm.     Figure 20:  HCNFs grown on Si at 600 °C.  

The nanostructures fabricated on Al2O3 substrate include 

all the three components i.e. HCNFs, straight CNFs and 

MWCNTs. The transitions from straight CNFs to HCNFs 

were also observed on the coated Al2O3 substrate and at 

the transition point the fibers are bent almost at 90° angle. 

This indicates abrupt change in diffusion channels.    

                                                                                                                                                Figure 21: CNFs on Al2O3 at 600 °C                                                                                                                                                                                                                                                                                                                      
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5. Discussion 

Pd nanocrystals demonstrate structural sensitivity, meaning that the activity depends on 

the arrangement of atoms on the surface. The catalytic properties of Pd nanocatalysts 

strongly depend on its morphology; the shape not only controls the facets but also the 

proportions of surface atoms at planes, edges and corners. In general the variation in 

the structures of the synthesized carbon nanostructures can be explained by different 

morphologies of the nanocatalysts and with various experimental parameters such as 

growth temperatures, substrates and with different gas (precursor acetylene and 

support gas ammonia) flow rates. The results show that the shape of the Pd 

nanocatalysts as well as the other experimental parameters significantly changes the 

final fabricated nanostructures both morphologically and characteristically.  

 

Table 2: Summary of the results obtained from the synthesized nanostructures. 

 

 
Nanocatalyst 
Particles 
 

 
Substrate 

 
Temp: 
   °C 

                                                            Growth of    

                HCNFs                 SCNFs            MWCNTs 

Yield  Average 
diameter 

Yield Average 
diameter 

Yield  Average 
diameter 

Truncated 
Octahedrans 

 
Si O2 

 
550 

 
High  

 
60 nm 

 
moderate 

 
70 nm 

 
small 

 
10 nm 

 
 
Nanoplates 

 
 
SiO2 

550 moderate 60 nm small 80 nm moderate 10 nm 

600 small ……….. moderate 100 nm  High  12 nm 

650 …………… ………..  Very small ……….. Very high 17 nm 

800 …………… ………... ……………… ………… ……………… ……………. 

Si 600 moderate 70 nm small ………… high 15 nm 

Al2O3 600 small 90 nm moderate 130 nm high 17 nm 

 
 
 
 
 
Nanocubes 

 
 
SiO2 

550 Very high 58 nm Very small 100 nm ……………… ……….. 

600 moderate 80 nm moderate 100 nm ……………… ……….. 

650 moderate 80 nm moderate 100 nm Very 
small 

……….. 

700 ……………… ……….. Very small …………. Very high 30 nm 

750 ………… ……….. …………….. …………. ……………… ……….. 

Si 600 High  60 nm Small  …………. ……………… ……….. 

Al2O3 
(coated) 

600 moderate 80 nm moderate 100 nm ……………… ……….. 

Al2O3 600 High  80 nm moderate 100 nm Very small 15 nm 
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The average diameters for the carbon nanostructures indicated in table 2 were 

determined by taking three to five TEM micrographs for every condition and in each of 

them reading were taken and on the basis of that average diameter were calculated.    

The fractions of CNTs without pretreatment in ammonia were much higher compared to 

HCNFs than with the pretreatment synthesis, it shows that there is some sort of 

agglomeration of the catalyst particles during the pretreatment time and/or the shape of 

the nanocatalysts changes. In some of the TEM micrographs (2-dimensional) one can 

clearly observe that the Pd nanocatalysts shape look like rhombic structure. Carbon 

nanostructures grown on condition (b) have a higher fraction of MWCNTs as compare 

to growth condition (a). It is true for all nanocatalysts particles i.e. Pd truncated 

octahedrons, Pd nanoplates and Pd nanocubes. 

The nanostructures grown on Pd nanocubes and truncated octahedrons by condition a) 

at 550 °C consist mostly of CNFs and small fraction of MWCNTs while nanostructures 

grown on Pd nanoplates by same condition gives almost same amount of CNFs and 

MWCNTs. The diameter of both CNFs and MWCNTs were decreased in the case of Pd 

nanoplates. The higher yield of MWCNTs in the synthesized product on the Pd 

nanoplates is due to the faster surface diffusion of carbon atoms over Pd nanoplates as 

compared to the Pd nanocubes and Pd truncated octahedrons. Due to high surface to 

volume ratio the activation energy of Pd nanoplates is much higher than those of Pd 

nanocubes and Pd truncated octahedrons. It also indicates that surface diffusion is 

more important than bulk diffusion for carbon nanostructures growth. The total free 

energy of Pd nanoplate is relatively higher as compared to the same size of polyhedral 

nanocrystal regardless faces (top and bottom) covered by {111} facets reveal a large 

surface area. According to the recent study [51], the threefold hollow sites in the centre 

on the {111} facets are energetically preferred for carbon adsorption.  

One of the important parameters which significantly influence the synthesized carbon 

nanostructures is the growth temperature. Carbon nanostructures synthesized at 

various growth temperatures gives different results. Table 2 clearly illustrates that the 

carbon nanostructures grown on Pd nanoplates on the SiO2 substrate, with increased 

growth temperature, the yield of HCNFs decreases and the yield of MWCNTs are 
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increased. The average diameter and yield of all the three components increases with 

the rising temperature. The nanostructures fabricated on Pd nanocubes, with rising 

growth temperature from 550 °C to 650 °C the yield of both HCNFs and straight CNFs 

increased. In terms of yield, one gram of Pd nanoplates produces more than 260 g of 

MWCNTs at 650 °C. The abrupt change occurs at 700 °C, where very small fraction of 

straight CNFs and very high yield of MWCNTs are observed. With increasing 

temperature the nanocatalysts have almost melted surface which further enhances 

solubility rate and surface diffusion of carbon atoms and as a result the yield of CNTs is 

increased [33].  At 750 °C the growth of nanostructures seized completely only 

amorphous carbon are observed.    

 The function of ammonia in CNTs growth is not clear and it is expected that it behaves 

differently to different metal nanocatalysts. One explanation might be that the ability of 

ammonia to prevent agglomeration of nanocatalysts will lead to CNTs growth and the 

smaller nanocatalysts (have high catalytic activity) are more favorable for the CNTs 

growth whereas bigger catalysts would lead to CNFs. It is illustrated that the diffusion of 

carbon atoms over Pd nanoparticles are faster than on larger sized Pd particles. Carbon 

nanostructures synthesized either on any Pd nanocatalysts shapes ( truncated 

octahedrons, nanoplates and nanocubes) without support gas ammonia at 550 °C does 

not exists MWCNTs. However, with ammonia flow rate 12.5 ml/min gives all the three 

components including MWCNTs but of very bad qualities. The same experimental 

condition but the flow rate of ammonia is increased to 25 ml/min both the quantity and 

quality of MWCNTs increased while their outer diameter decreases.    

The substrates effect the grown carbon nanostructures, it is clear from table 2 that the 

nanostructures grown on Pd nanoplates at 600 °C on different substrates gives different 

results. The fraction of HCNFs is moderate on Si while it is very small on SiO2 and Al2O3 

substrates but it is vice versa for straight CNFs. All the three substrates have high 

amount of MWCNTs but possesses morphological changes such as the average 

diameter is 12 nm, 15 nm and 17 nm on SiO2, Si and Al2O3 substrates respectively. The 

carbon nanostructures fabricated on Pd nanocubes on Si, SiO2 and Al2O3 have different 

contributions of the three major components with different diameters shown in Table 2. 
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It has been obvious that the interaction phenomenon between nanocatalysts and 

substrates is of greater importance for carbon nanostructures growth. However, this 

mechanism cannot be simply understandable only by examining through transmission 

electron microscopy. An intense study of substrates surface via atomic force 

microscopy and Raman spectroscopy for the grown nanostructures might be helpful to 

understand the interaction phenomenon at up to some extent.   

The catalyst particles are embedded inside and centered in respect to the whole fiber 

length in the synthesized carbon nanostructures; this suggests a two-directional growth 

for HCNFs and straight CNFs. This suggestion is based on the two-directional growth 

model, explaining the occurrence of HCNFs, presented by Nitze et al. [26]. If the 

diffusion pathway on/or within the particles is blocked, parts of the fiber can grow faster 

than others and lead to curled growth. The transformation from HCNFs to SCNFs is 

also observed, it gives information about the nature of nanocatalysts i.e. it changes 

during growth time.  

These results are comparable with previous studies on the synthesis of carbon 

nanostructures on Pd catalysts. It is quite interesting that both the truncated 

octahedrons and nanoplates of Pd were able to produce MWCNTs at such low 

temperature i.e. 550 °C and the synthesized product on Pd nanoplates consist of more 

than 95% MWCNTs at 650 °C. Lee et al. [16] were able to achieve MWCNTs at 700 °C 

and with higher yield at 800 °C. MWCNTs were observed by Segura et al. [33] between 

600 and 700 °C and its higher yield between 750 and 800 °C. Nitze et al. [26] observed 

small fraction of MWCNTs at 650 °C and  with higher yield with raising temperature up 

to 800 °C. In terms of yield, it is highly comparable with the higher yield synthesis e.g. 

Segura et al. [33] produced more than 240 grams of MWCNTs at 800 °C after two hours 

of synthesis. The optimized shapes of Pd could be an option for large scale fabrication 

of carbon nanostructures at low costs.  
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6. Conclusion  
The results show that the shape of Pd nanocatalysts as well as the other experimental 

parameters significantly influenced the resulted nanostructures both morphologically 

and characteristically. The pretreatment of nanocatalysts particles in ammonia support 

CNFs while suppressed MWCNTs growth. Pd nanocatalysts shows structural 

sensitivity, meaning the activity depends on the arrangement of atoms on the surface. 

With rising growth temperature (550-700 °C), the yield and average diameter of both 

HCNFs and MWCNTS increased but at 750 °C the growth is completely seized and only 

amorphous carbon were observed. In case of Pd, ammonia supports the growth of 

MWCNTs. The nanocatalysts particle lies in the centre of the grown nanostructures 

which suggests two directional growths. The transition from SCNFs to HCNFs is due to 

abrupt change in diffusion rate.    

7. Outlook  
In future work, efforts can be made to understand the interaction phenomenon between 

the nanocatalysts particles and the substrates surfaces. It is important to understand 

this interaction in carbon nanostructures growth but it cannot be simply understandable 

by just examine the final products through TEM. An intense study to understand the 

various factors involves in this interaction should be required. In future for 

electrochemical properties, the fuel cell test can be conducted for these nanostructure 

materials while decorated with Pd nanoplates. 
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