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Abstract
In the present study, the effect of nickel nitrate addition as a catalytic precursor for the in situ formation of Ni nanoparticles 
during the heating process has been investigated on the modification of microstructure and graphitization of amorphous 
carbon resulting from pyrolysis of phenolic resin. For this purpose, the prepared resin samples were cured in carbon substrate 
with and without additives at temperatures of 800, 1000, and 1250 °C. XRD, FESEM, and TEM studies were performed to 
investigate the phase and microstructural changes in the samples during the heating process. In addition to phase and micro-
structural studies, thermodynamic calculations of the reactions performed for the in situ formation of nickel nanoparticles 
and their effective factors during the curing process were performed. The results indicated that nickel nitrate is transformed 
to nickel nanoparticles of different sizes during the reduction process in a reduced atmosphere. The in situ formation of 
nickel nanoparticles and its catalytic effect led to the graphitization of carbon resulting from the pyrolysis of phenolic resin 
at a temperature of 800 °C and above. By increasing temperature, the morphology of the formed graphite changed and hol-
low carbon nanotubes, carbon cells, and onion skin carbon were formed in the microstructure. It was also observed that by 
increasing the temperature and the amount of additive, carbon nanotubes and their size are increased. A noteworthy point 
from thermodynamic calculations during the formation of nickel nanoparticles was that the nickel nanoparticles themselves 
acted as accelerators of nickel oxide reduction reactions and the formation of nickel nanoparticles. This increases the amount 
of amorphous carbon graphitization resulting from the pyrolysis of phenolic resin which leads to the formation of more 
carbon nanotubes at higher temperatures.

Keywords  In situ nano-Ni · Catalytic graphitization · Carbon nanotubes (CNTs) · Phenolic resin · Thermodynamic 
investigation

1  Introduction

One of the main applications of phenolic resins is their 
use as a binder in carbon-containing refractory materials 
[1–5]. The resin pyrolysis process occurs during heating of 
refractories containing phenolic resin. Pyrolysis is a process 
in which the resin undergoes dehydration, hydrogenation, 
decomposition to light hydrocarbons, and finally amorphous 
carbon is formed. The amorphous carbon has disadvantages 
such as poor oxidation resistance and high brittleness, and if 
it is possible to change this structure into graphite and crys-
talline carbon by controlling the formulation, sampling and 

curing process, these disadvantages will become advantages 
that can have a significant impact on refractories containing 
final carbon and finally on the quality of the resulting steel 
[6–9]. Much research has been performed to achieve this 
goal, the most important of which is the use of nano-cata-
lytic additives that lead to the in situ formation of nanopar-
ticles, the most important of which include Fe, Ni, and Co, 
which eventually cause graphitization of amorphous carbon 
resulting from pyrolysis of phenolic resin and change the 
morphology of the structure [10–15]. Furthermore, previous 
research has shown that in addition to the effect of catalytic 
additives on graphitized amorphous carbon resulting from 
the pyrolysis of phenolic resin, the presence of catalytic 
nanoparticles improves the rate of some microstructural 
reactions in the matrix phase of carbon-containing refracto-
ries is increased during the curing process. Also, the mor-
phology of the phases formed in the microstructure changes 
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significantly from particular to fibrous after the curing pro-
cess, which can improve the properties and increase the ser-
vice life of the refractory material [16–18]. Of course, many 
parameters such as addition method, sample preparation 
process, curing conditions, additive percentage, etc. affect 
the quality of graphitization and microstructure morphology 
[19–21], based on which we refer to some relevant research.

Luz et al. [22] investigated changing the preparation 
process conditions (such as mixing, curing, and firing tem-
perature), the use of two types of Novolac and Resole resin, 
and types of additives that can affect the graphitization of 
amorphous carbon. The result of their work reveled that Fer-
rocene is more effective in this phenomenon and the role of 
mixing and curing steps is very important so that the use of 
low energy mixing and slower curing increases the level of 
graphitization for samples at the same curing temperature.

In another study [23], the effect of nickel addition as a 
catalytic particle to phenolic resin was investigated. The 
results showed that amorphous carbon from pyrolysis of 
phenolic resin can be graphitized in the presence of nickel, 
where heating temperature has a greater effect on graphitiza-
tion than other parameters.

Bitencourt et al. [24] also investigated the effect of vari-
ous additives along with changes in the sampling process 
parameters on the graphitization of Novolac. The results of 
their study showed that graphitization of amorphous carbon 
resulting from pyrolysis of phenolic resin occurs with the 
presence of iron-containing additives (Ferrocene, Hema-
tite, and Nano-Fe2O3) but the effect of Ferrocene is greater. 
Also, there is a possibility of agglomeration during sample 
preparation with the presence of nano-additives. Another 
important result obtained from this study on changing the 
sampling process parameters is that a heating rate of 3° per 
minute and 5 h stop at curing temperature of 1400 °C lead 
to the best results.

In another study [25], the role of in situ iron nanoparticles 
on the graphitization of carbon from pyrolysis of phenolic 
resin was investigated. The results showed that the graphiti-
zation temperature of amorphous carbon decreased by pyrol-
ysis of phenolic resin and carbon nanoparticles were formed 
with onion skin and tubular morphology in microstructure. 
By increasing the curing temperature as well as the iron 
additive percentage, the amount and size of carbon nano-
tubes increases and also the oxidation resistance improves.

Based on the above, nickel nitrate was used in this study 
to obtain nickel nanoparticles in situ and to investigate 
their effect on carbon graphitization resulting from the 
pyrolysis of phenolic resin. Changes in curing tempera-
tures as well as the percentage of nickel used in the com-
position were among the parameters considered in this 
study. Therefore, in the studies performed on the mor-
phology and particle size of carbon structures, micro-
structural observations as well as relevant thermodynamic 

calculations for graphitization of amorphous carbon result-
ing from the pyrolysis of phenolic resin were pursued for 
the mechanism of graphite structure formation from amor-
phous carbon to be more controllable in this process and 
the relevant results be more accurate.

2 � Experimental procedure

2.1 � Preparation and pyrolysis of in situ nano‑Ni 
containing phenolic resins

In this research, a type of Iranian phenolic resin (Novolac) 
with 55% constant carbon, MERCK nickel nitrate and etha-
nol were used as raw materials. To fabricate the samples, 
nickel nitrate was first weighed and added to ethanol and 
the resulting mixture was mixed using a magnetic stirrer 
at ambient temperature for 3 h and finally a uniform solu-
tion was prepared. Afterwards, phenolic resin (Novolac) was 
poured into the solution and stirred for homogenization for 2 
h. The stirring operation was then continued at a temperature 
of 80 °C until the solvent was removed from the system and 
the resulting mixture became a uniform gel. After this step, 
the resulting gel was drained and placed at 24 °C for 24 h to 
remove volatiles. The final dried material was ground and 
passed through a mesh 80 sieve. The composition of the 
samples was adjusted so that the amount of nickel metal to 
resin was 0, 3, and 6 wt.% and was named PR, PRN-3, and 
PRN-6, respectively. Curing process of prepared samples 
was conducted in a reducing atmosphere (carbon media) at 
800, 1000 and 1250 °C for 3 h. To evaluate and compare the 
properties, resin powders were prepared without additive 
and cured at 1200 °C according to the above curve.

2.2 � Testing and characterization methods

X-ray diffraction (XRD) test was performed to investigate 
the phases formed in phenolic resin and the effect of nickel-
containing additive on crystallization and graphitization 
of amorphous carbon resulting from pyrolysis of phenolic 
resin. To perform this test, CuKα beam irradiation with 
a wavelength of 1.5406 angstroms was used in an XRD 
device by Philips. The scanning step was considered 0.2 
and X'Pert HighScore Plus software was used to interpret 
and identify the resulting peaks. Using this device, studies 
were performed to determine the Miller index of the formed 
crystallographic planes, the distance of the crystallographic 
planes, the size of the crystals and finally the percentage of 
graphitization in the resin samples. For this purpose, Eq. 1 
(Scherrer equation) was used to calculate the size of the 
crystallites [26].
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In this equation, LC is average crystallite size, 0.89 is 
shape factor, λ is the wavelength of X-ray, β denotes full 
width at half maximum of the (002) peak in radians, � 
denotes the Braggs angle. After the LC calculation degree 
of graphitization (G) was also determined by [27]:

For the scanning electron microscopy studies, MIRA3 
TESCAMield emission microscope was used for micro-
structural investigation of PR samples and TEMCM30 
150 kV transmission electron microscope was used to 
study the morphology and microstructure of samples con-
taining additives. Through this test, microstructural stud-
ies were performed with higher magnification and higher 
resolution. Also, diffraction patterns were taken from areas 

(1)LC =
0.89�

� cos �
.

(2)G% =
0.344 − d002

0.344 − 0.3354
,

in the samples to study the crystallization and probable 
formation of graphite structure.

3 � Results and discussion

3.1 � Phase evolution of different samples 
after pyrolysis

The X-ray diffraction pattern of the PR cured sample at 
1200 °C is shown in Fig. 1. As can be seen, the diffraction 
pattern of the PR sample with no additives is quite amor-
phous as expected. Because after curing the PR sample, no 
crystalline structure is formed and amorphous or glassy car-
bon with low toughness and oxidation resistance is formed.

Figures 2 and 3 show the X-ray diffraction pattern of 
PRN-3 and PRN-6 samples cured at 800, 1000, and 1250 °C. 
As can be seen in these figures, the XRD pattern of PRN-3 
and PRN-6 samples is completely different from the PR 
sample and a graphite crystal structure is formed in these 
samples. The peaks at 2 � angle of about 26° correspond to 
the (002) planes, 43° peaks correspond to the (100) planes, 
54° peaks correspond to the (004) planes, and 78° peaks 
correspond to the (110) planes of graphite. With increasing 
temperature from 800 to 1250 °C and also with increasing 
the amount of nickel-containing additive in the amorphous 
carbon matrix, the intensity of carbon crystalline peaks 
increases and this indicates an increase in the amount of 
graphite crystal phase due to pyrolysis of phenolic resin.

Figures 4 and 5 show the effect of curing temperature 
on crystallite size (LC) and graphitization percentage (G%) 
of the samples PRN-3 and PRN-6, respectively. As shown 
in Figs. 4 and 5, using a nickel-containing additive in phe-
nolic resin, the resin structure is closer to the graphite 
structure. That is, the distance of (002) planes in these com-
pounds is closer to the distance of (002) planes of graphite 
(0.3354 nm) and also the length of formed crystals and the Fig. 1   XRD pattern of PR sample fired at 1200 ºC

Fig. 2   XRD patterns of PRN-3 
sample fired at different tem-
peratures
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graphitization percentage are increased. In general, by exam-
ining the results of this test, it can be said that using a nickel-
containing additive, the graphitization temperature of carbon 

resulting from the pyrolysis of phenolic resin is reduced. 
So that at a temperature of 800 °C for PRN-3 and PRN-6 
samples, 33.72% and 34.88% of amorphous carbon have 
been graphitized, respectively, which has reached 74.41% by 
increasing curing temperature to 1250 °C in PRN-6 samples, 
which is considerable. Comparing the results of PRN-3 and 
PRN-6 samples at different temperatures, it is observed that 
adding more nickel-containing additives gives better results. 
In PRN-6 samples, the graphitization percentage (G%) and 
also the size of crystallites (LC) is higher than PRN-3 sam-
ples at similar temperatures, which indicates a better impact.

3.2 � Microstructural observation by FESEM 
and HRTEM

Figure 6 shows an electron microscope image of a PR cured 
sample at 1200 °C. As shown in the figure, the PR samples 
have a homogeneous amorphous structure that has no effect 
on graphitization and crystalline structure formation.

Figures  7, 8 and 9 show PRN-3 sample images and 
Figs. 10, 11 and 12 show PRN-6 sample images cured at 
800, 1000, and 1250 °C. In PRN-3 and PRN-6 samples 
cured at 800 °C (Figs. 7 and 10), the microstructural mor-
phology began to change and the carbon microstructure was 
somewhat non-amorphous and tended toward the onion 
structure and carbon shells. This structure may normally 
occur in phenolic resins at temperatures above 2000 °C, 
but it is reduced below 1000 °C with the addition of nickel 
nanoparticles [28]. The progression of graphitization in this 
onion structure is significant and reaches about 33.72 and 
34.88% respectively, according to XRD results (for PRN-3 
and PRN-6 samples). By increasing the curing temperature 
to 1000 and 1250 °C for PRN-3 and PRN-6 samples, the 
amount of graphitized structure is increased. The formation 
of carbon nanotubes at these temperatures is noticeable as 
the amount of nanotubes formed increases and also their size 
becomes larger and their density is increased in the matrix. 

Fig. 3   XRD patterns of PRN-6 
sample fired at different tem-
peratures

Fig. 4   Crystallite size of PRN-3 and PRN-6 samples fired at different 
temperatures

Fig. 5   Graphitization level of PRN-3 and PRN-6 samples fired at dif-
ferent temperatures
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The formed carbon nanotubes are about 20–60 nm thick and 
reach more than a few micrometers in length. As shown in 
the images, the structure is completely hollow and the wall 
thickness of the formed nanotubes is about 10 nm. In other 

words, about 30 layers of graphene together form the carbon 
nanotube wall in these samples.

As can be seen in the figures, a diffraction pattern has 
been taken from the samples to confirm the XRD results. 
The diffraction patterns prepared from the samples indicate 
4 loops that represent the (002), (100), (004), and (110) 
crystalline planes which indicate the formation of graphite 
structure in the samples with the aid of nickel nanoparticles 
obtained from the nickel-containing additive. The results 
of the diffraction patterns are in accordance with the XRD 
results. The loops formed for samples cured at 1000 and 
1250 °C, which are specified in the diffraction pattern, are 
clearer and the number of points composed of crystalline 
plane is higher. That is, the percentage of graphitization is 
higher in these samples (Figs. 8d, 9e, 11e and 12e).

Another point that can be seen in the images of PRN-3 
and PRN-6 samples is that nickel nanoparticles are formed 
at one end of carbon nanotubes, which is probably composed 
of the decomposition of nickel nitrate during the curing pro-
cess. The growth of nanotubes begins with the formation 
of a graphite layer around these nanoparticles and contin-
ues in a hollow shape (Figs. 8a, 9c and 12c). The shape 
of nickel nanoparticles is spherical and quasi-oval, which 
vary between 40 and 200 nm. However, in some cases the 
nickel particles are agglomerated and larger dimensions are 
observed (Fig. 9a).

According to the presented microstructural images, it is 
clear that with increasing the percentage of nickel-containing 

Fig. 6   FESEM image of PR sample fired at 1200 ºC

Fig. 7   HRTEM image and 
diffraction pattern of PRN-3 
sample fired at 800 ºC
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additive and curing temperature, the percentage of graphiti-
zation is increased, which is observed both in the density of 
onion skin particles and in the amount and size of carbon 
nanotubes. In general, it can be said that by increasing the 
percentage of nickel-containing additive to 6 wt. % and vary-
ing the curing temperature from 800 to 1000 and 1200 °C, 
the morphology of the samples has changed significantly.

3.3 � Modified phenolic resin graphitization process

3.3.1 � Transition metals selection and mechanism of effect

According to research, the best catalysts utilized in this 
regard include some of the transition metals. Elements such 
as Ni are catalytic metals that have the ability to accelerate 
and facilitate graphitization of amorphous carbon resulting 
from the pyrolysis of phenolic resins and the formation of 
carbon nanotubes as well as the formation of ceramic fib-
ers in the bulk of carbon-containing refractories [29, 30]. 
The reasons for choosing these metals can be described as 
follows.

1. To select a metal with catalytic capability in the bulk 
of a carbon-containing refractory, it should be examined 
whether the oxide compounds of these metals can be reduced 
by carbon or not? Examination of the Ellingham diagram 
indicates that the Ni metal is higher than carbon and CO. 
Given that in the Ellingham diagram, the lower elements can 

reduce the oxide of the higher elements, then the oxide of 
this metal can be reduced by carbon and CO [31].

2. The mechanism of formation of carbon nanotubes 
using metal catalysts is such that during the heating process 
of the samples, first the adsorption of carbon or carbon-
containing compounds resulting from the decomposition of 
the resin to the surface of the catalytic metal oxide occurs. 
Then reduction of catalytic metal oxide and in situ forma-
tion of nanometals, carbon penetration into nanometals, 
carbon saturation in nanometals, deposition, and nucleation 
of graphite layers around nanometals and finally growth 
of graphite layers in the form of onion, bamboo and car-
bon nanotube structure and the repetition of this cycle are 
performed through three mechanisms: solid vapor (VS), 
vapor–solid–liquid (VLS) and solid–liquid–solid (SLS). One 
of the necessary conditions in this process is the solubility 
of carbon in the catalytic metal. However, the amount of 
this solubility must be very limited to saturate very quickly 
and precipitate carbon [25]. Examination of the Ni–C binary 
equilibrium diagram shows that [32] carbon has a very lim-
ited solubility region with nickel that can be rapidly satu-
rated and precipitate as a crystalline structure. However, 
in general, the mechanism of graphitization of amorphous 
carbon resulting from pyrolysis of phenolic resin due to the 
formation of catalytic nanoparticles is often similar, and the 
mechanism of this phenomenon has been explained in our 
previous research in detail [25].

Fig. 8   HRTEM image and 
diffraction pattern of PRN-3 
sample fired at 1000 ºC
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3.3.2 � In situ formation of nano‑Ni, modified carbon 
and thermodynamic discussion

Nickel nitrate is a raw material that contains the nickel and 
is gradually transformed to nickel oxide during reactions 3–6 
in the heating and preparation process of research samples 
[33].

(3)Ni
(

NO3

)

2
.9H2O → Ni

(

NO3

)

2
.2H2O + 7H2O

(4)H2O(l) → H2O(v)

CO, CO2, H2, H2O, CH4, and C2H6 gases are formed in 
the system during heating of phenolic resin samples. Among 
the available gases, CO, H2, and CH4, can often reduce nickel 
oxide, and eventually nickel metal is formed in situ according 
to reactions 7–10 [31, 34].

(5)

Ni
(

NO
3

)

2
.2H

2
O → 1∕3Ni(OH)2.2Ni

(

NO
3

)

2
.2H

2
O

+ 2∕3HNO
3
+ 2∕3H

2
O

(6)
1∕3Ni(OH)2.2Ni

(

NO3

)

2
.2H2O → NiO + 4∕3NO2 + 1∕3O2 + H2O

Fig. 9   HRTEM image and 
diffraction pattern of PRN-3 
sample fired at 1250 ºC
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In the curing process, phenolic resin samples are created 
according to the reducing atmosphere and in the presence 
of carbon and oxygen, CO, CO2, and O2 gases will be in 
equilibrium through reactions 11–13 [31, 34].

(7)
NiO + CO = Ni + CO2

ΔG◦ = −48, 074 + 1.59T(J)

(8)
NiO + C = Ni + CO

ΔG◦ = 122, 632 − 172.882T(J)

(9)
NiO + H2 = Ni + H2O

ΔG◦ = −12, 092 − 30.42T

(10)
NiO + CH4 = Ni + CO + 2H2

ΔG◦ = 53, 513 + 51.254 log T − 238.23T(J).

(11)
2C(s) + O2(g) = 2CO(g)

ΔG
◦

= −223, 426 − 175.3T(J)

(12)
C(s) + O2(g) = CO2(g)

ΔG
◦

= −394, 133 − 0.84T

(13)
2CO(g) + O2(g) = 2CO2(g)

ΔG
◦

= −564, 840 + 173.62T

As can be seen, the reactions 11–13 are exothermic, i.e. 
the above oxidation reactions start at low temperatures. In 
the presence of solid carbon (graphite and carbon from phe-
nolic resin) and CO2, another reaction (reaction 14) occurs 
that is very likely in the reduction atmosphere, called the 
Boudouard reaction [31, 34].

Reaction 14 shows an equilibrium between CO and CO2 
in the presence of solid carbon. This reaction is exothermic 
and is more likely to take place at temperatures above 900 ºC 
and form CO. Since the activation energy is very high, this 
energy cannot be provided at low temperatures, and, there-
fore, carbon is precipitated. Therefore, it can be said that 
with the reducing cure atmosphere, at low temperatures, CO2 
gas and solid carbon, and at high temperatures, CO gas will 
often react with the components. Now, after a relative study 
of the atmosphere resulting from carbon and its compounds 
and possible reactions, we will examine the reactions of the 
components of the research composition during curing in 
the reducing atmosphere.

Research shows that the presence of nickel nanoparticles 
plays a catalytic role in the Boudouard reaction and 

(14)
CO2(g) + C(s) = 2CO(g)

ΔG◦ = 170, 700 − 174.5T(J).

Fig. 10   HRTEM image and 
diffraction pattern of PRN-6 
sample fired at 800 ºC
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accelerates this reaction [35, 36]. In examining the reason 
for the influence of Ni nanoparticles in the process of this 
reaction, it should be said that with the presence of carbon 
in the system, reaction 14 (Boudouard) is inevitable. Accord-
ing to the thermodynamic conditions, the Boudouard reac-
tion takes place more in CO + CO2 gas mixture with increas-
ing temperature from about 900 °C onwards. For a gaseous 
mixture of CO and CO2 at atmospheric pressure and in equi-
librium with solid carbon, the changes in PCO

PCO2

 in terms of 

temperature are given in Fig. 13, i.e. as the temperature 
increases [31, 34], reaction 14 moves toward CO 
production.

With the presence of nickel oxide in the composition, 
part of the CO produced in the Boudouard reaction can be 
used to perform reaction 7 and reduce nickel oxide. Given 
that in the Boudouard reaction, CO2 must be combined 
with C to produce CO, more CO consumption means that 
the Boudouard reaction must advance more and it will be 
accelerated. Since the produced CO is needed to reduce 
nickel oxide and is consumed in reaction 7 [31, 34], this 
cycle is constantly repeated and performed, and thus it can 
be said that Ni nanoparticles will have a catalytic effect 
on these reactions.

On the other hand, at temperatures above 750 °C, in 
addition to increasing the amount of CO, the amount of 
H2 available in the furnace atmosphere is also increased 

Fig. 11   HRTEM image and 
diffraction pattern of PRN-6 
sample fired at 1000 ºC
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using catalytic elements such as nickel. This increase is 
achieved by breaking the bond of hydrocarbons such as 
CH4. Therefore, it can be said that with the formation of 
nickel in the composition, the percentage of reduction of 
nickel oxide also increases, and this effect is due to the 
breakdown and modification of the hydrocarbon structure 
and the acceleration of reactions 15 and 16.

(15)

CH4(g) + CO2(g) = 2CO(g) + 2H2(g)

ΔG
◦

= 239, 819 − 51.254 log T − 109.15T (J)

Therefore, it can be said that as a result of these reac-
tions, the amount of reducing gases H2 and CO increases 
and as a result, the reduction percentage in nickel oxide 
increases with increasing time and temperature. Therefore, 
with the production of Ni nanoparticles, in addition to 
Ni causing graphitization and preparation of crystalline 
carbon structures, it also has a positive and catalytic effect 
on the reduction process of nickel oxide in the system [35, 
36]. A schematic view of this process is shown in Fig. 14.

(16)
CO(g) + H2O(g) = CO2(g) + H2(g)

ΔG
◦

= −71, 965 + 64T (J).

Fig. 12   HRTEM image and 
diffraction pattern of PRN-6 
sample fired at 1250 ºC
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The properties of formed nickel nanoparticles can be 
influential in the amorphous carbon graphitization process 
resulting from the pyrolysis of phenolic resins. Thus, when 
the nickel particle size is smaller (Figs. 8a, 11d and 12c), 
morphology improvement and increased growth of carbon 
nanotubes are observed, and where agglomeration occurs 
(Figs. 7a, 8b, 9a and 10b), carbon does not grow in tube 
form. Due to the effect of nanoparticle size at the melting 
temperature, this effect needs to be carefully studied. The 

relationship between particle size reduction and melting 
point can be calculated through Eq. 3. This relationship 
shows that by reducing the particle size to nanoscale, the 
melting point is significantly reduced [37].

In this relation Q is the Moore latent heat of fusion, γ is 
the surface tension, M is the molecular mass, T is the melt-
ing point, r is the particle diameter and ρ is the density.

(17)ΔT =
2�MT

r�Q
.

Fig. 13   PCO

P
CO2

 against temperature

Fig. 14   The schematic of the Ni 
catalytic effect on H2 and CO 
formation
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For example, to calculate this parameter for nickel nan-
oparticles with a particle diameter of 40 nm:

That is, by reducing the dimensions of nickel metal to 
40 nm, its melting point decreases to 65.7 °C and reaches 
approximately 1389 °C. On the other hand, according to the 
nickel-carbon diagram, nickel has a eutectic with carbon at a 
temperature of about 1326 °C, which according to the above 
calculations, by reducing the size of the nickel particle, there 
is a possibility of partial melting around the curing tempera-
ture in the research samples.

The most important variable factors based on the condi-
tions in Eq. (17) are the surface tension and the desired par-
ticle diameter. Previous research has shown that if the nickel 
particle size is between 10 and 200 nm, the surface ten-
sion of the particle does not change significantly and can be 
ignored [38]. Therefore, the most important available factor 
is the particle size. Thus, it can be said that by reducing the 
size of the nickel particle, the amount of ∆T will be higher 
in the composition, which means that by reducing the nickel 
particle size, the melting temperature will further decrease.

A very important point in the growth of carbon nano-
tubes, which may be influential, is the type of crystalline 
structure of the transition metal used. Given that the crys-
talline structure of nickel is FCC and the {111} planes are 
the densest, then saturated carbon from Ni nanoparticles 
will precipitate on {111} planes and grow in parallel. Thus, 
when the carbon in the nickel lattice reaches saturation, it 

ΔT =
2 ×

(

1.769
j

m2

)

×
(

58.69
g

mol

)

×
(

1728ok
)

(

40 × 10−9 m
)

×
(

7.81 × 106
g

m3

)

×
(

17, 480
j

mol

) = 65.7.

leave the quadrilateral and octahedral nickel empty spaces 
and precipitates on the denser planes, and then the growth 
process will continue in the direction parallel to these planes. 
A schematic of the growth of nickel-saturated carbon with 
FCC structure is shown in Fig. 15. This phenomenon causes 
graphite carbon to grow in a certain preferential direction, 
eventually forming carbon nanotubes.

4 � Conclusions

Using a nickel-containing additive (nickel nitrate) during the 
curing process in the carbon substrate, nickel nanoparticles 
with a size of about 40–200 nm were formed in the phe-
nolic resin. The results of phase studies (XRD) showed that 
with the addition of nickel, the graphitization temperature of 
amorphous carbon resulting from the pyrolysis of phenolic 
resin was reduced, starting at a temperature of about 800 
ºC and reaching 74.41% at a curing temperature of 1250 
ºC in samples with 6 wt.% of nickel. As the percentage of 
nano-nickel additive and curing temperature of the modified 
resin samples increase, the amount of LC (crystallite size in 
c direction) and G% (percentage of graphitization) and in 
other words the amount of graphitization are increased. The 
microstructure of crystalline carbon formed in phenolic resin 
with additive is often in the form of carbon nanoparticles 
with the onion morphology, carbon shells, and CNTs, which 
by increasing curing temperature as well as the percentage 
of nickel additive, the amount and size of carbon nanotubes 
is increased. Also by decreasing of the nickel particle size, 
morphology improvement, and increased growth of carbon 
nanotubes are observed, and where agglomeration occurs, 
carbon does not grow in tube form. Another thing is that, 
production of Ni nanoparticles has a positive and catalytic 
effect on the reduction process of nickel oxide in the system.

Studies have shown that, the important point of the 
research is that the formation of carbon nanotubes in the 
composition of modified phenolic resin samples is in the 
form of carbon layers grown from the surface of nickel par-
ticles, through the surface of dense planes in FCC nickel 
crystal structure (parallel to {111} planes).
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