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We have rapidly synthesized multi wall carbon nanotubes (MWCNTs) by calcination of granulated
polystyrene with nickel nanoparticles having different average diameter (DNi = 10, 20, 50 or 90 nm) under
nitrogen gas at a certain temperature and time, (700 oC, 15 min) or (800oC, 10 min), using a domestic
10 microwave oven in order to systematically investigate influence of the diameter of nickel nanoparticles on
the diameter of MWCNTs. The MWCNTs synthesized here were characterized by a transmission electron
microscope, a Raman spectrophotometer and a wide angle X-ray diffractometer. We found that for the
calcination condition of (800oC, 10 min), a relationship between the outer diameter of the resulted carbon
nanotubes (DCNT) and the diameter of catalytic nickel nanoparticles (DNi) can be described as a linear
15 function, DCNT = 1.01DNi+14.79 nm with the correlation coefficient R = 0.99, and that for the calcination
condition of (700oC, 15 min), DCNT = 1.12DNi+7.80 nm with R = 0.95. Thus, we revealed that when
diameter of the catalytic nickel nanoparticles (DNi) increases by 1 nm, the outer diameter of the obtained
MWCNTs (DCNT) increases by about 1 nm.
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1. INTRODUCTION
In recent years, carbon nanotubes (CNTs) have been very much
paid attention as new carbon materials because they have various
excellent properties in electroconductivity, thermal conductivity,
chemical stability, etc.1, 2 The names of CNTs change by the
number of walls like as single wall carbon nanotube (SWCNT),
25 double wall carbon nanotube (DWCNT), and multi wall carbon
nanotube (MWCNT). The properties change by the number of
walls and symmetry of the layer.1, 2 As the synthetic methods of
CNTs, arc discharge method,3-6 layer ablation method,7 and
chemical vapour deposition(CVD) method8, 9 have been world30 widely developed up to date. However, each method needs high
energy and expensive apparatuses.1-9 On the other hand, we have
developed four convenient rapid synthetic methods, “metal
complex method”,10 “mixture method”,10 “nano fiber method”,11
and “nickel nanoparticle method”,12 by microwave heating using
35 a cheap domestic microwave oven. When these methods were
employed, MWCNTs could be synthesized in much lower cost
with saving energy within extremely short time. The nickel
nanoparticle method was the most rapid and energy-saving one
among these four methods. We could readily synthesize
40 MWCNTs from commercially available granulated polystyrene
(PS) and nickel nanoparticles in a very short time by using a
domestic microwave oven remodeled to control the temperature.
Therefore, we have pursued the best condition to synthesize
MWCNTs by using this nickel nanoparticle method.12 In order to
20
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establish the best conditions for the synthesis of MWCNTs, we
carried out the syntheses with changing temperature from 600 to
900oC and/or time from 5 to 20 min of microwave heating, and
then the qualities of the resulting MWCNTs were checked by
TEM, Raman spectroscopy and X-ray diffraction. As a result, it
was clarified that the best condition was at 800 oC for 10 min, and
that the second best one was at 700oC for 15 min. Under the best
condition, we could easily synthesize MWCNTs in gram scale at
a time, when the total amount of the mixture of PS and nickel
nanoperticles increased to several grams with keeping the nickel
weight ratio at 0.30. This may lead us to a bright prospect of
rapid synthesis of large amounts of CNTs in kilogram scale by
using a large-scale reactor in a factory. However, the diameters of
the obtained MWCNTs were about 25~100 nm. Thus, we could
not control the diameters of the MWCNTs synthesized by using
this method in our previous work.12 We thought that it might be
attributed to the largely distributed diameters (average = 100 nm)
of the catalytic nickel nanoparticles used in our previous work.
As known well, in order to synthesize CNTs all the methods
need metal catalyst like as Fe, Co, Ni, etc. It has been reported
that the diameter of CNTs depends on the diameter of the
catalytic metal nanoparticles, but there have been very few
systematic studies of this effect.13-15 It may be attributed to
difficulty of preparation of the catalytic metal nanoparticles
having desired diameter. Recently, a joint research group of
Osaka University and Nippon Steel & Sumikin Chemical Co. Ltd.
has successfully prepared the nickel nanoparticles having desired
[journal], [year], [vol], 00–00 | 1

diameter in a very narrow distribution by microwave heating of
octanol solution of
the Ni[(dialkylamino)(diformato)]
(Ni[(RNH2)2(HCOO)2]) complexes having different alkyl chain
length.16 We have obtained the nickel nanoparticles having four
5 different diameters (10, 20, 50 and 90 nm) from this group, and
systematically investigated effect of the diameter (DNi) of
catalytic nickel nanoparticles on the diameter (DCNT) of
MWCNTs in this work.

2. EXPERIMENTAL
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2-1. Apparatuses
The microwave heating apparatus used in this work is illustrated
in Fig.1. As shown in this figure, a commercially available
domestic microwave oven (Sharp RE-T1(700W)) was remodeled
in order to control the temperature, by using a thermocouple and
a temperature controller.10 In this microwave oven was placed a
furnace of Art BoxTM which can be heated by microwave
irradiation.17 A quartz test tube (diameter = 15 nm, length = 180

suspension into the black participates and the acidic water by
using a centrifugal separator (Shimadzu: CPN-005), the acidic
water layer was decanted and flesh water was added. This
manipulation was repeated until the aqueous layer became neutral.
The collected black residue was dried in a dryer (Fine: FO-60W)
at 140oC for overnight, and then further dried under vacuum at r.t.
for 2 more hours to afford black carbon products. Table 1 lists the
average yields (mg) of carbon products. For each of the
conditions (nickel nanoparticles size, temperature and time), it
was carried out five times. Each of the average values was
calculated from three mean values excluding the maximum and
minimum values.
Table 1 Yields of carbon products depending on diameter of nickel
nanoparticle (DNi), calcination temperature and heating time.

Thermocouple

N2 gas

N2 gas

55

Quartz tube

a

Each of the yields was the average of three mean values excluding the
biggest and smallest values, among five measured values.

2-3. Characterization
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The black carbon products prepared here were characterized by a
transmission electron microscope (JEOL, 2010 Fas TEM
microscope), a Raman spectrophotometer (Holo Lab 5000) and a
wide angle X-ray diffractometer (Rigaku, Rad).

3. RESULTS AND DISCUSSION
Door

Art Box

TM

Microwave radiation
time and power controller

3-1. Yields

Nickel nanoparticles on granulated PS
20

Fig. 1. Setup for synthesis of carbon nanotubes by using a remodeled
domestic microwave oven and an Art BoxTM.
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nm) was inserted into this box, and nitrogen gas was pumped
through this test tube as a reactor vessel.
2-2. Synthesis
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Into a quartz test tube, 0.70 g of granulated polystyrene (PS:
Wako Chemicals, polymerization degree = ca.2000) and 0.30 g of
nickel nanoparticles (Nippon Steel & Sumikin Chemical, NSCC10(average diameter = 10nm), NSCC-20(20nm), NSCC50(50nm) or NSCC-90(90nm)) were sequentially put. Nitrogen
gas was pumped through the air. When an Art Box set in the
domestic oven, it was irradiated by microwave so the temperature
inside the box reached the desired temperature (700 or 800oC),
this test tube was inserted into the Art Box. PS was calcinated for
a certain period (10 or 15 minutes) under nitrogen gas. After
spontaneously cooling to r.t., 10 ml of conc. hydrochloric acid
(36% aq. sol.) was poured into this test tube and immersed in an
ultrasonic washing machine (Sharp: UT-105S) for one hour to
resolve the remaining bare nickel nanoparticles. The contents
were moved into an Erlenmeyer flask and left overnight. Into this
flask, 50 ml of water was poured and the resulted suspension was
divided into several centrifuge tubes. After separation of the
2 | Journal Name, [year], [vol], 00–00
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As can be seen from Table.1, both of the conditions of (800 oC, 10
min) and (700oC, 15 min) gave higher yield (mg) of the carbon
products with increasing the nickel nanoparticle diameter (DNi).
The bigger the nickel nanoparticle diameter becomes, the more
the carbon atoms resolve in the nickel nanoparticle, because the
volume of nickel nanoparticle rapidly increases in proportion to
the third power of the diameter. Therefore, the more carbon
products can be formed from the bigger nickel nanoparticles. This
will be discussed in details in Section 3-5.
3-2. TEM observation
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3-2-1 TEM images
Figs.2 and 3 show the representative TEM images of MWCNTs
synthesized for the conditions of (700oC, 15 min) and (800oC, 10
min), respectively. As can be seen from these TEM images, the
bigger the nickel nanoparticle diameter (DNi) becomes, the bigger
the outer diameter of the synthesized MWCNTs (DCNT) becomes.
Fig.4 shows nomenclature of the distances in MWCNT. Fig.4[A]
schematically illustrates the distances: DCNT = outer diameter of
MWCNT, r = inner diameter of MWCNT, L = wall thickness, n
= the number of graphene layers, and l = graphene thickness.
Fig.4[B] shows an example of the MWCNT in Sample No. 26
listed in Table S1. It could be estimated from this image that
DCNT, r, L, n and l are 32.8, 12.1, 10.0, 28 and 0.357 nm,
respectively. In Table S1 are listed 64 sets of the measured values
This journal is © The Royal Society of Chemistry [year]
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Fig. 2 TEM images of CNT obtained for calcination at 700oC for 15min
by using different nano Ni diameters (DNi), 10, 20, 50, and 90 nm.
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Fig. 4 [A] Nomenclature of the distances in MWCNT: DCNT = outer
diameter of MWCNT, r = inner diameter of MWCNT, l = thickness of a
graphene, and L = wall thickness. L = nl (n = number of graphene
layers); [B] Example of the MWCNT in Sample No. 26 listed in Table
S1: DCNT = 32.8, r = 12.1, L = 10.0 nm, n = 28 and l = 0.357 nm.
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( ) are the observed and average values, respectively. As can be
seen from this figure, the outer diameter of MWCNTs (DCNT)
linearly increases with increasing the diameter of nickel
nanoparticles (DNi) for both the calcination conditions.

Fig. 3 TEM images of CNT obtained for calcination at 800oC for 10min
by using different nano Ni diameters (DNi), 10, 20, 50 and 90 nm.

of DCNT, r, L and n, and the calculated values of l of the
MWCNTs synthesized with changing the diameter of nickel
nanoparticle like 90502010 nm at a certain calcinations
o
o
10 condition, (700 C, 15 min) or (800 C, 10 min). These values were
obtained from the TEM images.
3.2.2. Outer diameter of MWCNT (DCNT)
In Fig.5, the outer diameters (DCNT) are plotted against the nickel
nanoparticle diameters (DNi). Fig.5[A] and [B] show the
15 relationship
between DCNT and DNi, for the calcinations
conditions of (800oC, 10 min) and (700oC, 15 min), respectively.
In the figure, the values denoted as cross (x) mark and filed circle
This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Outer diameter of the obtained CNTs (DCNT) versus diameter the
Ni nanoparticle (DNi): [A] 800oC, 10 min, [B] 700oC, 15 min. x =
measured value and
= the average value.
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As can be seen from Fig.5[A], a relationship between the
average values of DCNT for (800oC, 10 min) and the DNi values
could be obtained as a linear function, DCNT = 1.01DNi+14.79, and
the correlation coefficient R is 0.99, which means that DCNT and
DNi show an excellent correlation. Since the slope is 1.01, the
outer diameter of the resulted MWCNTs for (800 oC, 10 min)
Journal Name, [year], [vol], 00–00 | 3

increases by 1.01 nm when the diameter of nickel nanoparticles
increases by 1.00 nm. As can be seen from Fig.5[B], a
relationship between the average values of DCNT for (700oC, 15
min) and the DNi values can be similarly obtained as a linear
5 function, DCNT = 1.12DNi+7.80, R = 0.95, which means that DCNT
and DNi also show a satisfactory correlation. Since the slope is
1.12, the outer diameter of the resulted MWCNTs for (700oC, 15
min) increases by 1.12 nm when the diameter of nickel
nanoparticles increases by 1.00 nm. It has been reported in Figure
14
10 24 and Table 4 of the review paper
that the outer diameter of the
CNTs (DCNT = 1.0~11.7 nm) appeared in several papers also gave
linearity with the diameter of the catalytic metal nanoparticles
(DM = 1.0~12.6 nm). By using the values reported in Table 4 in
this review, a liner function, DCNT = 0.92DM-0.50; R=1.00, could
15 be obtained. The correlation coefficient R=1.00 means extremely
excellent correlation between DCNT and DM. When the diameter
of catalytic metal nanoparticles (DM) increases by 1.0 nm, the
outer diameter of the resulted CNTs (DCNT) increases by 0.92 nm.
Therefore, it became apparent from these linear functions in both
20 the previous works and our present work that when diameter of
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Fig. 6 Inner diameter (r) of the obtained CNTs versus diameter of the Ni
nanoparticle (DNi): [A] 800oC, 10 min, [B] 700oC, 15 min. x = measured
value and
= the average value.
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the catalytic metal nanoparticles (DM) increases by 1 nm in the
wide range from 1nm to 90nm, outer diameter of the resulted
CNTs (DCNT) increases by about 1 nm. To our best knowledge,
such a good linearity between DM and DCNT has been established
at the first time in such a very wide range of diameter of catalytic
metal nanoparticles.
3-2-3. Inner diameter of MW CNT (r)
4 | Journal Name, [year], [vol], 00–00
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In Fig.6, the inner diameters (r) of the resulted MWCNTs are
plotted against the nickel nanoparticle diameters (DNi). Fig.6[A]
and [B] show relationship of (800 oC, 10 min) and (700oC, 15
min), respectively. As can be seen from this figure, each of them
shows a big scatter. However, the dispersion of the r values for
(800oC, 10 min) is smaller than that for (700oC, 15 min). Hence,
the calcination condition of (800oC, 10 min) may be more
suitable than that of (700oC, 15 min).
3-2-4. Wall thickness (L)
In Fig.7, the observed values of wall thickness (L) are plotted
against the nickel nanoparticle diameters (DNi). Fig.7[A] and [B]
show the graphs for the calcinations conditions of (800oC, 10
min) and (700oC, 15 min), respectively. As can be seen from
these graphs, the wall thickness (L) increases with increasing the
nickel nanoparticle diameter (DNi), similarly to the outer diameter
of MWCNT (DCNT).

Fig.7 Wall thickness (L) of the obtained CNTs versus diameter of Ni
nanoparticles: (DNi): [A] 800oC, 10 min; [B] 700oC,15 min. x = measured
value and
= the average value.

•

3-2-5. Number of graphene layers (n)
The number of graphene layers (n) was counted from each of the
TEM images. The observed numbers (n) are plotted against the
nickel nanoparticle diameters (DNi) in Fig.8. As can be seen from
this figure, the number (n) increases with increasing the DNi value,
similarly to the DCNT value.
3-2-6. Graphene thickness (l)
The graphene thickness (l) could be calculated from an equation
of l = L/n. The calculated l values are also listed in Table S1, and
plotted against the DNi values in Fig.9. As can be seen from these
table and figure, the l values of graphene thickness are almost
This journal is © The Royal Society of Chemistry [year]

[A] 800oC, 10 min

constant at about 0.35 nm as the same as the generally observed
values.

[B] 700oC, 15 min

Ni(200)

90 nm
Ni(220)

Ni(200)

50 nm

20

40

60

Intensity (a.u.)

Intensity (a.u.)

Graphite(002)
Ni(111)

Graphite(002)
Ni(111)

50 nm

20 nm

20 nm

10 nm

10 nm

80

20

40

Fig.8 The number of grapheme layers (n) of the obtained CNTs versus
diameter of Ni nanoparticles (DNi): [A] 800oC, 10 min; [B] 700oC, 15
min. x = measured value and
= the average value.
45

50

•

55

3-3. X-ray diffraction studies
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Fig.11 Raman spectra of the carbon products obtained by using different
diameter of Ni nanoparticles (DNi): [A] 800oC, 10 min, [B] 700o C, 15 min.
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3-4. Raman spectra
Fig.11 shows Raman spectra of the carbon products obtained by
calcination in the conditions of (800 oC, 10 min) and (700oC, 15
min) with changing the DNi diameter. Each of the spectra gave a
40 G band due to graphene and a D band due to defect of the

[B] 700oC, 15 min

[A] 800oC, 10 min

Intensity (a.u.)

Fig.10 shows the X-ray diffraction patterns of the carbon
products obtained by calcinations in the conditions of (700oC, 15
min) and (800oC, 10 min) with changing the diameter of catalytic
15 nickel nanoparticles (DNi). We focused on two reflection peaks of
Ni(111) and graphite(002). The Ni(111) reflection can be
attributed to nickel metal encapsulated in the carbon products,
because the bare nickel metal was completely removed from the
product when it had been treated by conc. hydrochloric acid aq.
20 solution during the purification. As can be seen from this figure,
the intensity of the graphite(002) reflection increases with
increasing the diameter of nickel nanoparticles (DNi) for both of
the calcinations conditions. To further clarify this tendency,
intensity ratios of Gr(002)/Ni(111) 12 are plotted against the
25 diameter of nickel nanoparticles (DNi) in Fig.S1. As can be seen
from this figure, the Gr(002)/Ni(111) ratios obviously increase
with increasing the diameter DNi. This means that the graphene
structure develops with increasing the diameter of the nickel
nanoparticles. It may be attributed to the volume of nickel
30 nanoparticles, as already pointed out also in Section 3.1. Since
the volume of nickel nanoparticles rapidly increases in proportion
to the third power of the diameter of DNi, the more the carbon
atoms resolve in the nickel nanoparticles and the more carbon
products may be originated. This will be discussed in details in
35 Section 3-5.

graphene. Compared to the intensity of G band, the intensity of D
band relatively increases with increasing the DNi diameter for
both of the calcination conditions. To further clarify this tendency,
the peak intensity ratios of D/G are plotted against the DNi
diameters in Fig.S2. As can be seen from this figure, the D/G
intensity ratio obviously increases with increasing the diameter of
nickel nanoparticle (DNi), in a sequence of 205090 nm for
both of the calcination conditions. Thus, the more defective
MWCNTs were produced with increasing the DNi diameter. For
1020 nm, the D/G intensity ratios slightly decrease for both of
the conditions. The reason is not clear at the present time. Further
studies are necessary.

Intensity (a.u.)

10

80

Fig.10 X-ray diffraction patterns of the carbon products obtained by using
different diameter of catalytic Ni nanoparticle: [A] 800oC, 10 min, [B]
700oC, 15 min. The intensities of Ni(111) are normalized in these graphs.
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Fig.9 The calculated values of graphene thickness (l = L/n) of the
obtained CNTs versus diameter of Ni nanoparticles (DNi): [A] 800oC, 10
min; [B] 700oC, 15 min. x = measured value and
= the average value.
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3-5. Possible production mechanism of CNTs
As illustrated in Fig. 12, when granulated polystyrene is heated at
700oC or 800oC, it decomposes to atomic carbons, which resolve
into nickel nanoparticles to form a solid solution between nickel
and carbon. On cooling, the supersaturated carbon recrystallizes
from the solid solution of nanoparticles to form carbon
nanocapsules and/or carbon nanotubes on the surface of nickel
nanoparticles. On further cooling, carbon nanotubes continue to
grow by separating saturated carbon from the solid solution.
Therefore, solubility of carbon in metal may be crucial point for
carbon nanotube production.
Journal Name, [year], [vol], 00–00 | 5
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Schematic illustration of the production mechanism of CNTs by
calcination of polystyrene with nickel nanoparticles.

Fig. 13 shows metal-carbon phase diagrams for Fe, Co,Ni
and Cu.18 Coloured area represents solid solution. As can be seen
from these diagrams, each of the metals, Fe, Co and Ni, can form
solid solution, whereas Cu does not form the solid solution. It is
consistent with the fact that Fe, Co and Ni are catalysts for carbon
nanotube synthesis but Cu is not. Hence, it is apparent that
catalytic ability for carbon nanotube synthesis may be originated
from ability of formation of solid solution between metal and
carbon.
Hereupon, we consider physical meaning of recrystallization
and phase separation from thermodynamic viewpoint. Fig.S3
illustrates two representative temperature-composition (T-X)
diagrams. Fig.S3A shows T-X diagram of naphthalene and
benzene. As can be seen from this T-X diagram, solid
naphthalene and solid benzene are not soluble for each other, so
that no solid solutions are formed. On cooling the liquid
solution from Point X’, recrystallization of naphthalene begins to
take place at Point P. On further cooling, the liquid solution
completely disappears at Point Q and a mixture of solid
naphthalene and solid benzene begins to form. Fig.S3B shows a
part of T-X diagram of aluminium and copper. Solid aluminium
and solid copper are partially soluble for each other, so that the
solid solutions  and  are formed, as can be seen from this
diagram. On cooling the liquid solution from Point X’,
recrystallization of solid solution  begins to take place at Point
P and liquid solution completely disappears at Point Q. On
further cooling, phase separation begins at Point R to form a
mixture of solid solutions and . We look at a dotted line in
Fig.13. On cooling solid solution along this dotted line, phase
separation begins at Point R to form a mixture of solid solution
and solid carbon (CNT). With decreasing temperature, the more
carbons supersaturate in the solid solution, the more solid carbon
(CNT) separate from the solid solution.
As can be seen from Fig. 13, solubility of carbon in the
metal-carbon solid solution apparently depends on metal and
temperature: the best solubility of Ni is 2.7% at ca.1460oC; Co,
4.1% at ca. 1320oC; Fe, 0.1% at 740oC (and 9.06% at 1153oC
6 | Journal Name, [year], [vol], 00–00
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Fig. 13. Temperature-composition (T-X) diagrams of metal–carbon
binary system for Fe, Co, Ni and Cu. Coloured area represents solid
solution.

This journal is © The Royal Society of Chemistry [year]

for Fe). Therefore, amount of saturated carbon in a nanoparticle
of the metal-carbon solid solution depends on the nanoparticle
volume. The volume of nickel nanoparticle rapidly increases in
proportion to the third power of the diameter. The bigger the
5 nickel nanoparticle diameter becomes, the more amount of
carbon resolves in a nickel nanoparticle. Accordingly, the more
carbon products can be formed from the bigger nickel
nanoparticles. Thus, the bigger the catalytic nickel nanoparticle
becomes, the thicker the carbon nanotube is resulted. As
10 mentioned above, we found a good linear correlation between the
diameter (DNi) of the catalytic nickel nanoparticles and the outer
diameter (DCNT) of the resulted carbon nanotubes. Fig.14
illustrates the relationship between outer diameter of CNTs and
the diameter of catalytic nickel nanoparticles. From the
15 thermodynamic viewpoint discussed above, we believe that the
present relationship may be widely applicable to all the CNTs
prepared by other techniques. As a matter of fact, the CNTs
prepared by CVD methods also showed the same liner
relationship in a region of diameters of the catalytic metal
14
20 nanoparticles (DM = 1.0~12.6 nm),
as already mentioned above.

a

45

50

55

60

65

70

75

80

Fig.14 Relationship between outer diameter of CNTs and the diameter of
catalytic nickel nanoparticles. The bigger the nickel nanoparticle becomes,
the thicker the resulted carbon nanotube becomes.
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4. CONCLUSION

We have rapidly synthesized MWCNTs by calcination of
granulated polystyrene with nickel nanoparticles having different
diameter (DNi = 10, 20, 50 or 90 nm), under nitrogen gas using a
domestic microwave oven. We revealed that outer diameter of the
30 obtained MWCNTs (DCNT) increases by about 1 nm when
diameter of the catalytic metal nanoparticles (DNi) increases by 1
nm. To our best knowledge, such a good linearity between DM
and DCNT has been established at the first time in the very wide
range of diameter of catalytic metal nanoparticles from 1nm to
35 90nm.
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