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ABSTRACT

In this study, the synthesis of CNTs over MgO supported Co,O, by
chemical vapor deposition of acetylene at temperaturesin the range of 500
°C - 975 °C have been investigated. The size of Co,O, nanoparticles could
be controlled by changing the concentration of cobalt nitrate in aqueous
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solution containing of MgO lightweight powder by impregnation method.
The most important point is the fact that, without any pre-temperature of
catalyst nanoparticles, the synthesis process of CNTs started suddenly,
and then the effect of sudden initiation and conventional calcination
processes on yield of CNTs was compared. The results suggest that this
sudden initiation of synthesis process affects the carbon yield and

morphology of CNTSs.

INTRODUCTION

Sincetheir discovery!¥, carbon nanotubes (CNTS)
haveattracted agreat dedl of interest from theresearch
community duetotheir uniqueand useful chemical and
physical properties?. Thechemical vapor deposition
(CVD) method for production of carbon nanotubesis
of greet interest Sinceit giveslargequantity, good qud-
ity of CNTS2. The product can easily be varied by
changing the growth parameters, such ascatdyst (size
and kind of them), temperature!™, substrate!, car-
bon source” and pretreatment of cata yst®. Transition
metals, most frequently Fe, Ni or Co, supported on
oxidesor zeolitesarethe catalyst precursors®. Themost
commonly used catalyst supportsaresilica, magnesium
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oxide, zeoliteand aumind®*Y.

Theadvantage of CV D isthat themorphology and
microstructures of the carbon deposits can be easily
controlled by adjusting the processing parameters. Re-
cently, severa papersdedt with the mechanism of the
formation of carbon nanotubes. Particularly, therole of
pretreatment('22¥ andthesize of catdyst’s nanoparticles
have been di scussed™+ %),

Researchersmostly attempt to produce CNTswith
low diametersand high yieldi*"1*2%, Theinfluence of
metal loading onthefind carbon productivity hasbeen
demonstrated in afew studies®>9, Theyield of CNTs
depends significantly on the number of metal particles
on supported catalysts. For high productivity, there-
fore, it hasbeen suggested that themoremeta themore
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carbon¢8, Hence, in order to obtain ahigh produc-
tivity, oneefficient way istoincreasethe catayst metal
loading, but with relatively high dispersion.

Somereportsindicatethat usng highratio of cata-
lyst to support materia can causenegativeresultg*>24,
Thereforefinding an appropriate way in which these
conditionsaresatisfiedisvery essentid and beneficid.

This present work deal swith the effect of sudden
entranceof catayst nanopartidesinto thecenter of CVD
furnace, on growth of CNTs. Theaim hasbeento en-
hance CNTsproductivity with control of their diam-
eters. Weprepared cobalt oxide catdystswith four dif-
ferent metal |oadings by impregnation method. Mor-
phology and structural characteristicsof CNTshave
been investigated using scanning € ectron microscopy
(SEM) and X-ray diffraction (XRD).

EXPERIMENTAL

Preparation of the catalyst

TheMgO-supported Co,O, catalyst nanoparticles
(Co,0,/MgO) was prepared by means of homoge-
neous deposition— impregnation method, using cobalt
nitrate (Co(NQ,),.6H,0, Merck, >99% purity) as
metal salt. Inthismethod, at first 1gr of MgO light-
weight powder was dispersed in 50 ml of ethanol and
sonicated for 30 min. Then, thedesired weight percent
of Co(NO,),.6H,O was dissolved in 25 ml ethanol.
With constant magnetic tirring, at 75 °C, the solution
of cobalt nitrate was added dropwiseto the above so-
lution through adropping funnel. Therate of addition
waskept at 0.5 ml/min. After completion of the cobalt
nitrate, themixturewasstirredfor 1 hand dried at 120
°*Conahot plate, followed by grindingin to afine pow-
der by meansof usingamortar, until auniform powder
were achieved. Asthelast treatment, the samplewas
calcinated inan oven under 550 °C for 2 h (The tem-
perature of the furnace was steadily raised from room
temperature to 550 °C with an increment of 10 °C/
min). Co,0,/MgO catalytic substrateswere prepared
infour different concentration of Co,O, (10wt.%, 20
wt.%, 30 wt.% and 40 wt. %).

Synthesis and purification process of carbon
nanotubes

CNTswere synthesized by the catal ytic decompo-
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sition of acetyleneat different temperatures (500 °C -
975°C) over Co,0,/MgO, using CVD method at at-
mospheric pressure. To synthesize CNTs, 50 mg of
catalyst powder was dispersed uniformly on aquartz
boat. Two proceduresfor synthesisof CNTswas used.
Infirst method, the conventional method®1°1219, the
catalyst was placed in the center of aquartz tube (i.d.
50 mm, length 1200 mm). Thequartz tube, mountedin
anelectrica tubefurnace, was heated to 925 °C in the
ar atmosphere. Subsequently, argon wasfed at aflow
rateof 300 sccmfor 15 min. A mixtureof acetylene (15
scem) and carrier gas (150 scem) wasintroduced into
thequartz tubeand maintained at the reaction tempera-
turefor 15 min before the furnace was cooled down to
room temperature under Ar protection. In secant
method, the onein this paper, whilekeeping constant
Ar carrier gasflow at 150 sccmin the quartz reaction
tube, thetemperature of thefurnacewasraised to de-
sired temperature for the growth of CNTs. Then the
guartz boat (contain of catalyst powder) was placed
directly inthe middle of the furnace as acetylene gas
wasflowing s multaneoudy (with flow rateof 15 sccm),
and synthesisprocess of CNTs started suddenly. The
synthesisof CNTswascarried out by pyrolysisof the
acetylenefeed gasfor 15 min. After synthessof CNTSs,
thereactor wasturned off and cooled down to room
temperature under Ar gasatmosphere.

Sructureand mor phological analysis

Theprepared catal yst was characterized by X-ray
diffraction (XRD, GBC, Cu (K ) radiation, A =1.54 A),
scanning range 20=10-90° to analyzethe phasesand
averageszeof particles. Theresulting CNTswerechar-
acterized by scanning electron microscopy (SEM,
Philips, MAG 15 kV, 30000 X, SE Detector Micro-
scope).

RESULTSAND DISCUSSION

Inorder toinvestigate the effect of catalyst sudden
initiation in to the reaction zone of CV D furnaceon
growth of CNTSs, carbonyield intwo different methods
mentioned was compared. Theresult of four different
weight percentages (10 wt. %, 20 wt. %, 30 wt.%,
and 40 wt.%) areshownin Figure 1. Comparing dia-
grams laand 1b, it can be seen that carbon yield in
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second method (suddeniinitiation of catalyst) isconsd-
erably higher than thefirst one (conventiona method).
Thisisindeed aremarkableresult which hasn’t been
much attention from researchers. In other hand, for tem-
peratures higher than 800 °C and contents morethan
30wt.%, carbonyield decreasesrapidly infirst method
compared to the second onein which higher carbon
yiedisachieved.

This can be aresult of thermal shock caused by
sudden entrance of catalyst in thereaction zonewith
high temperature which then crumblesthe aggregated
catalyst nanoparticles. Thisinfact increasethe number
of nanoparticlesimplied for CNTsgrowth and a'sothe
carbonyied. Whereas, infirst method, catalyst main-
tenancein that high temperature of furnace causes
more aggregation of catalyst nanoparticleswhichthen
form bigger particlesand thereforeless carbon yield.
According to the different resultsachieved from both
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Figurel: Carbonyield (%) asafunction of Co,0, loadings
(wt.%) at different temper atures; a) synthesison calcinated
of catalyst in CVD reactor for 15min (conventional method),
b) the synthesisprocessof CNTsstarted suddenly.
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methods, theeffect of temperature on growth of CNTs
for 10 wt.% and 30 wt.% of Fe oxide nanoparticles
using second method wasa so investigated.

Figure 2 showsthe XRD patternsof nanoparticles
synthesized for 10 wt.% and 30 wt.% of Co,O, sup-
ported by MgO powders. The maximum peak be-
longsto Co,O, nanoparticlesin 26=36.8° becoming
sharper by increas ng the content of cobalt oxidefrom
10wt.% to 30 wt.% respectively. According to
scherrer’s equation'®, the average s ze of nanoparticles
for two contents, 10 wt.% and 30 wt.% are 11 nm
and 16 nm respectively.
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Figure2: TheXRD pattern of Co,0,/MgO catalyst for 10
wt.% and 30 wt.%.

SEM (Figures 3, 4 and 5) studies revead that,
CNTswere produced over Co,0,/MgO cataystspre-
pared under experimental conditionscited above. In
500 °C, therewas no carbonaceous product C on the
surface of catalyst (wedid not show the SEM results
here). This result indicates that cobalt oxide
nanoparticlesaren’t absolutely active at 500 °C. By
increasing temperatureto 550 °C, however, the de-
composition process of acetylene gas and rel ease of
carbon atomsoccurred, but all productswere carbon
impuritiescoveringthe catalyst’s surface and no CNTs
was seenin SEM images (Figures 3). A possible ex-
planation of thelow activity below 550 °C for synthe-
sisof CNTsisthat the catal ytic components, cobalt
and MgO, have strong interaction that makethe meta
reduction difficult at low temperatureg?*,

Theexistenceof CNTsin figure4, indicatesthat
600 °C isthe appropriate temperature for reduction
of cobalt oxide nanoparticlesand thecatalyst activity
both weight percents of catalyst (10 wt.%, 30 wt.%)
ishigh and they areintertwined together. In addition,
no tubular structure, such asfibers, with abnormal and
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Figure3: The SEM imagesof experimentsresultsat 550°C
with C,H, over Co,0,/MgO for 10wt.% (a,), and 30 wt.%
(a,) of cobalt oxide.

large diameterswas seen. Thisindicatesthat therecan
beauniformdigtributionin diametersof theinitia cata:
lyst nanoparticles preparedin thisresearch. Compar-
ing nanotubesgrown at 600 °C (Figures4a,, 4a,) with
those grown at 700 °C (Figures 4b,, 4b,), 800 °C
(Figures4c,, 4c,) and 900 °C (Figures4d,, 4d,) in-
dicatesthat alower temperature correspondsto thin-
ner andlessimpurity ascribable, whileahigh tempera
turewasfor thicker diameter CNTsand increase car-
bon impurities, because of the increase in size of
nanoparticlesand faster reaction rate. CNTsreduced
amount was attributable to the catalyst partial surface
deactivation. These results are in accordance with
those reported by other researcherg?0.1,

At higher temperature (975 °C) (Figures5b,, 5b,),
CNTsgrowth did not occur as aconsequence of the
full deactivation of the catalytic active particlesen-
capsul ated by amorphous carbon. Different factors
causing the catal yst deactivation could betakeninto
account. In general, during the CNTsgrowth, acety-

flano Soienoe and flano Teohnology

lene molecules decompose on the catalyst
nanoparticles surface and then these carbon atoms
diffuseinto catalyst particles. Aswidely reported with
regard to the non-catalytic pyrolysis of acetylene, the
deactivation mainly occursthrough the formation of
amorphous carbon encapsul ating the active catal ytic
particleswhich prevent thediffusion of acetyleneinto
the surface of catalyst, formation of metal carbidefor
nucleation of CNTg20:2324,

Theauthorssuggest that, apossiblefactor of the
increasein deactivation asthetemperatureraisescould
bethebreaking of thewholecatalyst structure (Co,O,
nanoparticles supported on MgO micro-particles)
caused by thetherma shock of nanoparticles, with sud-
denly putting catalyst from environment’s temperature
tothecenter of hot furnacewithout any pretemperature.
Thebreaking of the catal yst-support structure on one
hand will increase the exposure of the active surface,
but ontheother hand will decreasethecatdytic activity
of themetal particlesthroughthefailureof theinterac-
tionwith the support at higher temperatures.

In contradiction toreported literatures*®®, efficient
CNTs production can be achieved when
pretemperature procedureisnot used. We believethat
If wedon’t heat the nanoparticles before synthesis of
CNTs, the production might beimproved by keeping
Co,0, nanoparticlesactivefor nucleation. Using this
processfor high percent of catalystsresultedin CNTs
withlow diametersand highyield without any negative
effectsreducing the production rate, thisiswhat we
weretryingto achieve.

Theresult demonstratesthat the catalyst powders
with two different contents of Co,O, showed similar
behavior during the synthesis process, in different tem-
peratures. Inaddition, not only thedensity of CNTsbut
also their diameter can be controled by adjusting the
growth temperature. Asthetemperatureincreases, the
migrationrateof catalyst nanoparticlesincreasestofa
cilitatethe agglomeration of Co,O, particles®#. Asa
result of moresignificant agglomeration at higher tem-
peratures, larger size Co,O, particlesareformed with
low density and broad diameter distributions. Thesize
of catalytic particlesusualy determinesthediameter of
CNTsin CVD growth?1, Therefore, the CNTswith
larger diameter and lower density can be grown by
raising thegrowth temperature. Thereisthe additiona
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Figure4: The SEM imagesof synthesized CNTsat 600°C (a,, &,), 700°C (b, b,), 800°C (c,, ¢,), and 900°C (d,, d,) withC_H,
over Co,0,/MgO for 10wt.% (indexed by 1) and 30 wt.% (indexed by 2).
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possibility of non-catalytic pyrolysisof acetyleneon
CNTssdewadlls, leadingto thickening of thetubes. This

behavior on the surface of CNTs can be seen perfectly
infigure4d,.

" e 1 ! fad v
Figure5: The SEM imagesof experimentsresultsat 975°C
with C,H, over Co,0,/MgO for 10wt.% (a,), and 30 wt.%
(a,) of cobalt oxide.

Theresultsindicate that the temperature hasthe
dua effect of increasing both thediffusion coefficient
and thesolubility of carboninthemetallic nanoparticles.
Consequently, hightemperaturesimprove CNTsgrowth
by increasing therate-limiting step of carbon diffusion;
however, thetemperature

Can’tbe arbitrarily high due to accelerated thermal
decomposition of hydrocarbon supplying more carbon
than can be dissolved and transported at agiven tem-
perature, which preci pitates as unwanted amorphous
carbon.

The average diameter of CNTsisfound to be 13
nm, 21 nm, 27.5 nmand 37.5 nmfor 10wt.%, and 19
nm, 27.5nm, 52.5 nm and 62.5 nmfor 30 wt.% at 600
°C, 700 °C, 800 °C and 900 °C, respectively. Then, the
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average diameter of CNTsincreasesfrom ~13 nm at
600 °C to ~37.5 nm at 900 °C for 10 wt.%, and also
from 19 nmto 62.5 nmfor 30 wt.%. Figure 6 show the
scattered temperature-diameter data between 600 °C
and 900 °C with CH, over Co,0,/MgO for 10 wt.%
and 30 wt.%. A widerange of CNTsdiameterscan be
effectively synthesized over arangeof temperatures. This
scattered temperature-diameter datahad shown apos--
tivediameter- temperaturere ationship between 600 °C
and 900 °C. It can be seen that the increasing rate of
diameter is much morerapid in therange of 700 °C -
800 °C compared to other temperature intervals, and
thischangeismoreobviousfor 30 wt.%. Thishappens
becauseof thedifferenceinthediffusonrateof catalyst
nanoparticlesinto each other in different temperature
ranges. In 900 °C although the diffusion rate is high, but
largesizeof nanoparticlesresultsinlow catalys activity.
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Figure6: Thescattered temperature-diameter datafrom
600°C - 900°C with C H,, over Co,0,/MgO for 10wt.% (a),
and 30wt.% (b).

X-ray diffraction study and texturepropertiesof
CNTs

Toverify theeffect of growth temperatureon szeof
nanoparticlesand crystallinity of graphitic sheets, XRD
patternswereobtained. Figure 7 shows XRD patterns
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of theproduced CNTs, for 30 wt.% of cobalt oxide, at
600 °C - 900 °C. The diffraction patterns normally
present sharp, graphitic (00 2) reflectionsat about 26.5°,
indicatingahigh degreeof structura order of CNTs. The
other peaksare always broad which might contain the
overlapped diffractionsof MgO, C, or possible Co,C.
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Figure7: The XRD pattern of synthesized CNTsfrom 600
°C-900°C with C,H, over Co,0,/MgO for 30wt.%.

Themaximum peak belong to cobalt oxideat 20 =
44.8°, becoming sharper by increasing thegrowth tem-
perature caused by migration of nanoparticleswhich
increases the agglomeration of Co,O, particles. Re-
garding scherrer’s equation, the average size of the cata-
lyst particlesincreases. Asaresult of moresignificant
agglomeration, the CNTsdiameter wasfound toin-
creasewithtemperatureincreasedueto changesin metd
catalyst particlesize.

CONCLUSIONS

We proved that both Co,0,/MgO aregood cata-
lystsinthegeneration of CNTsfrom acetyleneviaCVD.
Thesudden initiation with temperature and percent of
cobalt oxide, played animportant rolein producing
CNTs. Thestudiesindicated that sudden synthesispro-
cessof CNTsresulted in high density, highyield and
low impurity. Resultingfromrgpid growth of CNTstaking
placejust beforethe new aggregation of crumbled cata
lyst nanoparti clesunder therma shocking. Wehavedso
observed that the highest CNTsdensitiesresulted from
un-pretemprature at 600 °C - 900 °C, therefore favor-
ing thegrowth of CNTSs,
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