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Synthesis of carbon nanotubes over nickel—iron catalysts supported
on alumina under controlled conditions

A.K.M. Fazle Kibria, Y.H. Mo and K.S. Nahrh

School of Chemical Engineering and Technology, Chonbuk National University, Chonju 561-756, Republic of Korea
E-mail: nahmks@moak.chonbuk.ac.kr

Received 8 September 2000; accepted 28 November 2000

Carbon nanotubes (CNTSs) were synthesized by catalytic decomposition of acetylene over Fe, Ni and Fe—Ni catalysts supported on
alumina. The growth of CNTs was carried out at various reaction conditions. The growth density and diameter of CNTs could be controlled
by varying the catalyst composition and the growth parameters. The growth density of CNTs increased with increasing the activation time
of catalysts in K atmosphere and/or decreasing acetylene concentration. A00gher density of CNTs was observed at 60 min for
higher Fe containing catalyst, whereas at 90 min for higher Ni containing catalyst. The growth density of CNTs highly increased with
increasing reaction time from 30 to 60 min. For all the catalysts, the diameter of CNTs decreased with increasing growth time further
mainly due to hydrogen etching. Bimetallic catalysts produced narrower diameter CNTs than single metal catalysts. The growth of CNTs
followed the tip growth mode and the CNTs were multi-walled CNTs.
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1. Introduction junction with the carbon-containing gas and reaction con-
ditions have a dramatic impact on the production and the
The extraordinary properties of carbon nanotubes (CNTa)ystalline perfection of the CNFs. Very recently, remark-
such as a metal, semiconductor and superconductor, andlity narrow tubular CNFs with various geometries and crys-
parallel the hydrogen storage capability of CNTs and carbdailinities have been observed from the decomposition of
nanofibers (CNFs) have produced much interestin searchid@/H, over various compositions of Fe—Ni particles sup-
their easier and low-cost synthesis route [1-5]. Recentlyorted on SiQ@ [8]. The CNFs grown on supported and un-
research interests have been focused on the catalytic sympported Fe—Ni catalysts showed very different morpholo-
thesis route where hydrocarbons such agGFiHg, CoHa, gies because of attaining different arrangement of graphite
CoH2 and CO are used as the carbon source, and Fe, Ni, flatelets [8,12,13]. The findings using Fe—Ni/giCata-
and Fe—Ni are used as catalysts [6—15]. This synthesis rolytgts represented a unique development of catalytic method
shows numerous merits over other growth techniques suchsynthesize relatively large quantities of CNFs of con-
as arc discharge process [16] and laser ablation method [17lled size in tubular structure. In GHH» gas medium, the
Besides the purity of product, the large amount of CNTs amplowth of huge amount of single-wall and multi-wall carbon
CNFs can be grown at moderate temperatures with low casgnotubes (SWNTs and MWNTSs) with a diameter range of
and the control of tube structure can be realized by reguldt5—15 nm has been reported [9] in the mixture of CNTs—
ing the growth parameters and catalyst composition as wek—AbOs composites. The above findings represent that,
as by modifying the nanomorphology of the catalysts withy varying the catalyst, support, carbon source and reaction
dispersion of metals on supports [6-14]. conditions, high quality nanotubes can be synthesized for fu-
Supports like A4O3 and SiQ show profound effect on ture applications. In this context, the present study aims to
the structural and morphological characteristics of metal paynthesize CNTs over Fe, Ni and Fe—Ni catalysts supported
ticles, which determine physical properties of grown CNTen Al,O3 using GH2 gas as carbon source and Hs the
and CNFs [6,8]. Recently, the catalytic activity of irongcarrier gas. The study also includes the morphological and
nickel and cobalt supported on &3 and SiQ has been structural characterization of the grown CNTSs.
investigated to see the effect of the supports [6,9-11,14].
Compared with single metal supported catalysts, however, )
it has been rarely reported that bimetallic catalysts wefe EXperimental
employed to grow CNTs. Baker et al. [12,13] extensively . . . .
studied the activity of the unsupported Fe—Ni catalysts us- We preparr—__\d three 'E"”??ta”'c catcalys.ts W'th_ d|fferent
ing CoHe/Hz, CO/Hp and GH./CO/H,, and established thatwelght proportionsof Fe : Ni: AlO3 (30:10:60,20:20:60,

the composition and nature of the bimetallic catalyst in cor}—o.: 30: 60.) and tWO. metallic catalygts 40Fe(Ni): 6%
using an impregnation method. High metal loading was

* To whom correspondence should be addressed. chosen in order to obtain longer catalytic activity. The
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size of the used-Al,03 powder was 0.3:m. To prepare tron microscopy (SEM), transmission electron microscopy
the catalysts, aqueous solutions of Fe@®H,O and/or (TEM)and FT-Raman spectroscopy.

Ni(NO3z)2-6H,0O were mixed each other with AD3 and

stirred for about 1 h at 68C. The impregnate was dried in ) )

an oven at 106C for 12 h, calcined at 40T for 4 h and 3 Resultsand discussion

reduced in 100 sccm hydrogen flow at 480for 3 h. The e have first attempted to optimize the catalyst activa-
produced supported catalysts were stored in sealed vesaelgv P P y

and the nanotubes were synthesized over the catalysts. on condition for the best growth of CNTs. Figure 1 (a),

The nanotube synthesis was carried out according to bg and () shows the SEM images for the CNTs grown over
- y - 9 hé 20Fe : 20Ni: 60AI0O3 catalyst at 600C for 60 min un-
following procedure. Approximately 40 mg of a catalys

| tormiv di din the b : er 10/100 sccm £H,/Hy flow after activation periods of
sample was uniformly dispersed in the base area of a quag?zso and 60 min, respectively. With increasing the activa-

plate and placed in the central region of a horizontal _quarﬁ(jn time, the growth density of CNTs gradually increases,
tube reactor. There, the catalyst was activated af@00 \yhereas the nanotube diameter decreases dramatically. The
100 scem H flow to obtain the best active state, and thegyerage diameter of the CNTs grown over 60 min activated
the growth of carbon nanotubes was carried out. In Ggatalyst seems to be about 20 nm, which is almost three
der to find out the optimum growth condition, CNTs wergimes narrower than that grown over 30 min activated cat-
grown at temperatures between 500 and @y flowing alyst. In order to obtain more detailed information on the
10/100 sccm @Ho/H; for different time periods. The ef- 60 min grown CNTs, we measured the specific surface area
fect of GHz concentration on the growth of nanotubes wasf the 60 min activated catalyst before and after the growth
also investigated. The structure and morphology of the syof CNTs by the Brunauer—Emmett—Teller (BET) method
thesized nanotubes were determined by using scanning elesing N> adsorption at liquid nitrogen temperature which

(b) | )

Figure 1. SEM images for the CNTs grown over 20Fe : 20Ni : @A catalyst for 60 min at 600C under 10/100 sccm£Ei>/H» flow after activating:
(a) 5, (b) 30 and (c) 60 min, and (d) HRTEM image of a CNT of (c).
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Peigney et al. [9] employed for their catalyst and growooincides with the diameter estimated from the SEM image
CNTs. The measured surface areas of the catalyst befarel the diameter calculated from the surface area. The de-
and after the growth of CNTs are 191.5 and 2904gn crease in CNTs diameter with increasing activation time in-
respectively. The increase in surface area about 98/§ mdicates that longer activation time has a profound effect on
clearly indicates the growth of CNTs. The measured valdlee growth of very narrow diameter tubes. The activation
corresponds to the surface area of the grown CNTs. We catocess might cause the conversion of bulk metal oxides to
culated the diameter of the grown CNTs by substituting tiastive metal [8,12] as well as the formation of smaller sized

surface area of the CNTSs into the following equation: ~ metal crystallites, which may be responsible for the growth
of CNTs with narrow diameter because the size of metal par-
D =4/dS), ticle is a decisive condition for the CNT growth [7,20].

Figure 2 (a), (b) and (c) shows the SEM images for
where D is the diameter of CNTs{ is the density of the the CNTs grown over the 30Fe:10Ni: 608k catalyst
CNTs (2.26 g/cri) and S is the surface area of the CNTSfor 60 min at 500, 600 and 70C, respectively, under
The calculated diameter is 17.9 nm. As CNTs are generatgyy100 sccm eHo/H, flow after activating the catalyst for
from graphene sheet, for calculations the density of CNB® min. It is seen that the growth of CNTs is observed at
is generally considered to be that of graphite [18,19] argb0 and 700C, whereas no tubes are grown at 300 The
we also used this value. Figure 1(d) shows a high resolgrowth density at 606C is much higher than that at 76G.
tion transmission electron microscopy (HRTEM) image oAdditionally, the diameter of the CNTs grown at 60D
a CNT taken from figure 1(c). The tube consists of twenfig about three times narrower than that grown at €00
one graphite layers with a hollow center of 6.5 nm. The irMost of the tubes grown at 60C seem to follow step-
terlayer spacing between the graphite platelets is 0.34 mise growth, whereas those grown at P@are smooth.
and the diameter of the tube is 20 nm which approximateyowever, the above findings inform that it is possible to

Figure 2. SEM images for the CNTs grown over 60 min activated 30Fe : 10Ni xdatalyst for 60 min under 10/100 sccratdy/H- flow at: (a) 500,
(b) 600 and (c) 700C, and (d) TEM image of CNTs grown at 60C (b).
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Figure 3. SEM images for the CNTs grown over 60 min activated b
30Fe : 10Ni: 60AO3 catalyst at 600C under 10/100 sccm4EBio/Ho flow (b)

for: (2) 30 and (b) 90 min. Figure 4. SEM images for the CNTs grown over 60 min activated

30Fe : 10Ni: 60A$O3 catalyst for 60 min at 600C under: (a) 20/100 and

obtain high density CNTs with narrow diameters by select- (b) 30/1000 sccm gHa/H; flow.
ing an appropriate reaction temperature. Figure 2(d) shows
the TEM image for the CNTs grown at 60G (figure 2(b)). In order to understand the effect of acetylene concentra-

The hollow appearance represents the fibrous nature of then on the growth of CNTSs, the tubes were grown for 60 min
grown CNTs and the average diameter of the tubes is abat600°C under 20 and 30/100 sccmi@/H> flow, respec-

30 nm, i.e., 10 nm higher than that of the tubes grown on thigely, over the 30Fe : 10Ni: 60403 catalyst after activat-
20Fe : 20Ni: 60A$O3 catalyst under the same experimentahg the catalyst for 60 min. The observed SEM photographs
condition. are shown in figure 4 (a) and (b) for 20 and 30 sccshl&

The effect of reaction time on the growth of CNTs overespectively. From figures 4 and 2(b), it may be seen that
the 30Fe : 10Ni: 60AI0;3 catalyst was studied using the besthe tube density decreases with increasingi£concentra-
catalyst activation period of 60 min and growth temperatuten. However, the quantity of straight tubes with uniform
of 600°C under 10/100 sccm £Elo/Hz flow. Figure 3 (a) diameters gradually increases with increasingl&£concen-
and (b) shows the SEM images for the CNTs grown for 3@ation.
and 90 min, respectively. From figures 3 and 2(b), it may Consequently, the optimum growth condition of CNTs
be seen that the growth density and length of CNTs highlyas identified to be the sample activation period of 60 min,
increase with increasing the reaction time from 30 to 60 mieaction time of 60 min, growth temperature of 6@and
and then decrease remarkably when increasing the time fGpH»/H> flow rate of 10/100 sccm. In order to obtain more
ther up to 90 min. However, the density of CNTs at 90 minlear information for the effect of growth time on the den-
growth time is higher than that at 30 min. The decrease sity of CNTs, besides this optimum condition, CNTs were
CNT density after 90 min cannot be clearly explained at thikoroughly grown over all the catalysts after 60 min activa-
point. However, the observation indicates that the reactition for 5, 30 and 90 min, respectively. The carbon yield
time has a remarkable effect on the growth of CNTs and tlf#) is compiled in table 1 as a function of reaction time with
best growth time is 60 min. some reported data. The carbon yield was calculated by di-



A.K.M. FazleKibria et al. / Carbon nanotube synthesis 233

Table 1
Carbon yield (%) as a function of reaction time over the catalysts (present study) with available reported results.
Catalyst Gas Temp. Carbon yield (%)
medium fC) 5 min 30 min 60 min 90 min

40Ni : 60Al,03 CoHa/Hy 600 309 6.86 1134 2283
40Fe : 60ApO3 CoHa/Ho 600 448 869 1611 2655
20Fe : 20Ni: 60AO3 CoHo/Ho 600 1074 3448 6026 7485
30Fe : 10Ni: 60A»O3 CoHa/Hy 600 1421 4689 9419 13465
10Fe : 30Ni: 60A)O3 CoHa/Ho 600 755 2049 3939 3718
Fe:4Ni: 95SiG [8] CO/Hy 600 - - - 1080
2.5Fe:2.5Ni: 95SiQ[8] CO/H, 600 - - - 620
4Fe:Ni:95SiQ [8] CO/Hy 600 - - - 2400
2.5Fe:97.5Si9 [14] CHgy/Ny 700 - 2950 - -
Al1 gFey 103 [9] CHg/Hy 1050 - - 277 -
Mgo.oFep.1Al204 [15] CHgy/H> 1070 177 - - -
Mgo.4Fep.2Al204 [15] CHgy/H> 1070 616 - - -

Table 2

Diameter ) of CNTs grown over different supported AAl,O3) catalysts at 600C under 10/100 sccmEio/Ho
flow for 60 min.

Catalyst
40Ni: 60A 20Fe : 20Ni: 60A 30Fe: 20Ni: 60A 10Fe : 30Ni: 60A 40Fe: 60A
d (nm) 55-60 18-20 30 40-45 50-55

viding the increased weight of the catalyst before and aftérl8 mg/min g, whereas it decreases to 1.89 mg/migg

the CNTs growth by the catalyst weight before the growtlafter 60 min growth. In the case of 30Fe : 10Ni: 4@,

as employed by Hernadi et al. [14]. this value decreases from 28.42 to 15.69 mg/mgigfgr the
From table 1, it can be seen that for all the catalystgrowth times of 5 and 60 min, respectively. However, the

the carbon yield (%) gradually increases with increasing reNTs growth rate over bimetallic catalysts is always higher

action time except for the 10Fe : 30Ni: 6%3 Catalyst at than over the Sing|e metal Cata|ysts_

90 min. The carbon yields (%) for the bimetallic catalysts A close look at the CNTs grown over different catalysts

are remarkably higher than those for the single metal cagvealed that their diameters are very different. In order to

alysts. Among the investigated catalysts, the catalytic gngerstand the variation of CNTs diameters, the diameters

tivity of the 40Ni: 60ALO3 catalyst is the poorest, whereagyere determined from the surface area measurement, TEM,

that of 30Fe : 10Ni: 60403 is the best. Compared to the,rrEN and SEM images for the CNTs grown over different
earlier reported data [8,9,14,15], the presently observed [:%ftalysts and are summarized in table 2.

sults indicate a good activity of the catalysts for the growth
of CNTs.

In order to obtain a correlation between the carbon yiel
(%) and the density of CNTs, SEM measurements wer,
duly carried out. Figure 5 (a), (b) and (c) shows the SE
images for the CNTs grown over 40Fe: 608k, 10Fe: : .
30Ni: 40Al03 and 40Ni: 60A403 catalysts, respectively, using bimetal catalysts. )
at the reaction period of 60 min. It can be seen that high den-':Igure 6 (a). (b) a_md (c) shows the SEM Images for
sity CNTs are grown over the catalyst surfaces. When cofyi\ 1S grown for 90 min over 40Fe : 60ADs, 20Fe : 20Ni:

paring the findings regarding the density of CNTs grown f¢{0Al20s and 10Fe : 30Ni: 404105 catalysts. It can be seen

60 min, as presented in figures 1, 2 and 5, it can be seen tHidt In most of the cases, the density of CNTs grown for
high density CNTs are grown over 30Fe : 10Ni: 66®¢ 90 min is remarkably lower compared with that for 60 min,
catalysts (figure 2(b)). This represents that the growth de?s Was observed for the 30Fe : 10Ni: 69@4 catalyst (fig-
sity of CNTs can be fairly well correlated with the carures 2(b) and 3(b)). Particularly, in the case of a single me-
bon yield (%). Although it is clear that the carbon yieldal catalyst, the effect of 90 min reaction time on CNT den-
(%) gradually increases with increasing reaction time (t&ity is severe. In the case of the 40Ni: 6084 catalyst, for

ble 1), the growth rate of CNTs (mg/migg gradually example, the growth density was very small (not shown).
decreases with increasing time. The growth rate is tifd this 90 min growth stage, except the activity of the
highest during the 5 min growth time. For example, id0Fe : 30Ni:40A$O3 catalyst, there is no evidence showing
the case of 40Ni: 60ADs, the growth rate after 5 min is a correlation between the carbon yield (%) and the density of

From table 2, it can be seen that the diameters of the
NTs grown over bimetal catalysts are thoroughly smaller
an those grown on single metal catalysts. The narrowest
iameter tube was grown over the 20Fe : 20Ni : 6@X| cat-
alyst. Itindicates that the diameter of CNT can be controlled
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(b) - (b)

(©

Figure 5. SEM images for the CNTs grown for 60 min at 8@0un- Figure 6. SEM images for the CNTs grown for 90 min at 8@0un-

der 10/100 sccm §Hy/H, flow after 60 min sample activation over: der 10/100 sccm £Hy/H, flow after 60 min activation over: (a) 40Fe:

(a) 40Fe: 60A303, (b) 10Fe: 30Ni: 60AJO3 and (c) 40Ni: 60ApO3 cat-  60AIoO3, (b) 20Fe:20Ni: 60A4O3 and (b) 10Fe:30Ni:60AI03 cata-
alysts. lysts.

CNTs for all the catalysts. Two factors of the loss of CNTfaces of the catalyst particle and this step follows carbon

and gain of carbon yield (%) occurred at the same time. dissolution and diffusion through the particle and finally pre-
It is well known that the dissociative chemisorption otipitation on a different set of faces to form a tubular struc-

hydrocarbons occurs on a particular set of crystallograptige [8]. If the crystallographic faces for the CNTs forma-
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tion are deactivated then only deposition of carbon can
achieved. In the present case, we speculate that the incr
in carbon yield (%) during the period of 60—-90 min occu

deactivation occurs when the formation of amorphous ca
bon predominates. It reduces the diffusion rate of carb¢.
source gas to the catalyst and produces remarkably w

Rodriguez [8] have reported 58% amorphous carbon for
tion in the growth of CNFs over a Fe : 4Ni: 95Si@atalyst
for 90 min.

In the present case, the increase of CNT density up
60 min growth time represents the better activity of the c3
alysts (table 1). However, the decrease of CNT density a
diameter at 90 min indicates that there might be some other @)
factors that have high impacts on the growth of nanotubes.
The most probable effect might be hydrogen etching. Ot
factor such as the loss of preferential sites of one me
during extended period of reaction time cannot be cons
ered because the effect should also have been observe
case of single metal catalysts [8]. Recently, Choi et al. [2
have investigated the hydrogen etching effect on the dia
eter and length of CNTs grown over nickel thin films un
der CHy/H> media when increasing the reaction time. |
this case, the nanotube diameter decreased almostina|
ear fashion with time, for example, from 70 to 20 nm whe
extending the growth time from 50 to 100 min. For lowe
hydrogen concentrations, however, the etching effect sig
icantly decreased. Tsai et al. [23] have reported that hig
concentrated hydrogen plasma and highly negative bias v,
age to the substrate effectively etches the randomly oriented (b)

CNTs. In the present case, high hydrogen concentration
probably imparted severe etching effect. However, this etcfigure 7. SEM images for the CNTs grown over 60 min activated
ing behavior indicates that smaller diameters of CNTs cafFe - 10Ni: 604303 catalyst at 600C under 10/100 sccmgEiz/N3 flow
. . . . for: (a) 60 and (b) 90 min.
be synthesized by controlling reaction time.

In order to confirm whether the density and diameter of
the nanotube decreased due to the hydrogen etching, alter-
native growth studies were carried out over the 30Fe : 10NE
60Al,03 catalyst under 10/100 sccnmpB,/N2 flow for the G
reaction periods of 60 and 90 min, respectively. The ol&
served SEM images for the grown nanotubes are shown&
figure 7 (a) and (b), respectively. The density of CNTs growl:_:
for 60 min is much higher than that for 90 min, but the avefg
age diameter of CNTs increases with the growth time. T A "
average diameter seems to be equal to that of the large digfh- % @)
eter tubes grown for 60 min. It indicates that the hydrogen
etching effect was also important for the CNTs grown for L
90 min. However, in this case, only smaller diameter tubes 200 400 600 800 1000 1200 1400 1600 1800 2000
were etched by the hydrogen produced during the decom-
position of acetylene as observed by quadrupole mass spec-
troscopy (QMS) [24]. The decrease of CNT density Wltltllgure 8. FT-Raman spectra of CNTs grown over 10Fe : 30Ni: 804l
the growth time coincides with the findings in the case of catalyst for: (a) 60 and (b) 90 min.

Csz/Hz media.

Figure 8 (a) and (b) shows FT-Raman spectra of CNT&o strong peaks. Both the peaks at 1593 (figure 8(a)) and
grown over the 10Fe:30Ni: 604Dz catalyst for 60 and 1597 cnt! (figure 8(b)) seem to appear due to the C-C
90 min (figures 5(b) and 6(c)), respectively, at the excstretching Raman-active,Enodes, indicating the formation
tation wavelength of 1064 nm. The spectra clearly shoef graphitized CNTs [22,25]. The peak at around 1284 &m

(b)

T

Raman shift (cm™)
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