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Abstract: Multicomponent catalysts for chemical vapor decomposition process
of carbon nanotubes synthesis were developed. Efficient catalysts were synthesized on

the basis of mixed metal oxide systems (Fe,Co)/MgO-Al;03, (Fe,Mo0)/MgO—Al,0O3,
(Co,Mo0)/MgO-Al,03, (Fe,Co,M0)/MgO-Al,03, (Fe,Co,Mo0)/Aly03. Effect of
synergism of metals in multicomponent catalysts is discussed.

Introduction

Catalyst is a key for obtaining carbon nanotubes (CNT) of specified structure by
chemical vapor decomposition (CVD) method. Particularly, following properties of
carbon nanotubes are determined by or sensitive to the nature of catalyst used: structure
and orientation of graphene layers; number of walls; external and internal diameter;
length; structure ordering, content of disordered carbon; uniformity of diameter and
thickness of wall along nanotube; mass yield; content of mineral admixtures in as-
synthesized CNTs; structure of aggregates or bundles of the nanotubes grown.

Reviews on catalysts for CVD process are available [1, 2]. Usually, metal oxide
catalysts are used for synthesis of CNTs by CVD technology. Briefly, following
methods were most frequently used for synthesis of metal-oxide catalysts:

1) co-precipitation of metal hydroxides from aqueous solution; as a variant,
precipitation of catalytically active metal hydroxides in presence of disperse supports
(for instance, alumina);

2) impregnation of disperse supports (silica, alumina, magnesia, etc.) with solution
of catalytically active metal nitrates in water or organic solvents, with subsequent
drying and thermal decomposition;

3)ion exchange between solutions of salts of catalytically active metals and
disperse supports like magnesia or magnesium carbonate;

4) different variants of sol-gel methods.

The methods listed above are commonly known and were used in numerous
works, so we do not cite specific references here. Following methods are more specific.

5) Thermal decomposition of metal acetates soluted in high-boiling organic
solvents (for instance mono-butyl ether of diethyleneglycol), which results in formation
of nano-sized metal particles; as a variant, this process was conducted in presence of
dispersed supports like alumina [3—10];

6) thermal decomposition (in furnace, flame, or plasma) of aerosols of sprayed or
nebulized solutions containing metal compounds — alcoholates, carboxylates, nitrates,
which thermally decompose with formation of fine particles of metal oxides [2, 11-14].
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7) So called “wet combustion” method, which consists in thermal decomposition
of homogeneous solutions or melts of metal compounds containing oxidative and
reducing components, such as metal nitrates + organic compounds citric acid, tartaric
acid, formic acid, urea, amino-acetic acid, ethylene glycol, polyethylene glycol,
glycerol, sugar, etc. [1, 15-29]. This method or group of methods seems to be most
convenient for laboratory use. Its advantages are simplicity and constancy of metal
atoms ratio from starting components to the final multicomponent metal oxide.

Preferably the starting solution or melt should contain organic compounds able to
form complexes with metal ions, and most preferable to form polymeric complexes.
From this view using of polybasic organic acids like citric is most efficient because not
only they themselves, but also products of their oxidation can form polymeric
complexes with metal ions. Formation of polymeric complexes hampers separation of
phases and crystal growth at least on first stages of thermal treatment and favor
obtaining of fine multicomponent metal oxides with very small size of crystallites. This
method was widely used for preparation of complex metal oxide catalysts from
solutions or melts containing metal nitrates and organic compounds listed above.

The metals which are catalytically active in the process of CVD synthesis of CNTs
are Fe, Co, Ni, Mo. Sometimes Mn, V, and W were used. Bimetallic catalysts (for
instance Fe+Mo, Co+Mo, Fe+Co, Ni+Mo) have greatest catalytic activity. Metal-oxide
catalysts were used most often. Mechanisms of CNTs growing on multicomponent
catalysts are far from clarity in spite of numerous investigations in this area. The
problem is sophisticates by transformation of structure of metal oxide catalysts upon
reduction in CVD reactor and transformation of structure and particles size in the
process of CNTs growing. As for reduction, contact of a metal-oxide catalysts with gas
containing hydrogen or hydrocarbons at high temperature results in reduction of
transition metal oxides to free metals. Then metal atoms or clusters can migrate on the
surface of matrix to form larger clusters or crystallites. If content of reducible metal
oxide in mixed metal oxide catalyst is large, the reduction can cause change of structure
and fragmentation of matrix. Fragmentation of matrix can also occur in the process of
CNTs growing. For instance, it was found that the CNTs growing process is
accompanied by spontaneous fragmentation of catalyst particles [30]. Basing on
analysis of the published data [1, 2, 31-40] following assumptions can be made for
explanation of synergism of metals in multicomponent catalysts:

1) preparation of mixed metal oxides in the form of hetero-metalloxanes, solid
solutions or crystals structures containing two or more metals (e.g., hetero-
polymolybdates, ferrites, solid solutions like NiO-MgO) favors formation and
stabilization of catalytically active metal particles (formed upon reduction) of smaller
and uniform size;

2) clusters of molybdenum carbide (formed in the course of CVD process) retard
sintering of particles of iron, cobalt, nickel or their mixtures. It should be mentioned that

analogues effect was observed for solid acid catalysts (for instance WO3/ZrOy,
Mo0O3/ZrO», and similar); clusters of WO3 or MoO3, adsorbed on surface of ZrO;

grains in co-precipitated mixed oxides retard sintering of ZrO; crystals upon calcining
and this increases surface area and catalytic activity of the solid acids;

3) eutectic mixtures of metals with lower melting point temperature are formed
and this accelerates diffusion of dissolved carbon in the process of CNTs growth.

4) molybdenum or tungsten oxide on alumina support (matrix) is classic solid acid
system; Lewis acid centers (or Broensted acid centers formed upon reduction with
hydrogen) activates hydrocarbon molecules; as well, reduced clusters of molybdenum
or tungsten oxides in low metal valence state acts as dehydrogenation catalyst; when
combined with nanoparticles of iron, cobalt or nickel, multifunctional catalytic systems
are formed, similar to well-known bi-functional solid acid catalysts promoted with
platinum or palladium.
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Summarizing, synergism of transition metals in catalysts for CVD CNTs synthesis
is well known, though its mechanism is open to question.

Much less information is available about synergism of components of matrix
(support for catalytically active metals) in the catalysts for CNTs CVD [31, 41-43].

Most studies were performed using mono-phase metal oxides (e.g. SiOz, MgO, or

Al;O3) as a matrix. Composition of matrix has essential influence on catalyst activity
and quality of the synthesized carbon nanotubes. In particular, the nature and ratio of
components of the matrix determines the acid-base properties of the catalyst surface,
which may significantly affect the growth process of CNTs [42, 44]. CNTs of high
structural perfection were obtained at optimal surface acidity of catalyst, which was
determined by ratio of matrix components. The system MgO—Al,O3 is strong solid base
if magnesium oxide dominates, and solid acid, if aluminum oxide dominates.

Interaction of catalytically active metals with matrix also affects the tendency to
aggregation of catalytically active particles, i.e., their size, and, in its turn, diameter of
growing CNTs. It is known that the diameter of CNTs directly depends on size of
particles of catalytically active metals [45-50].

Particularly, obtaining of catalytically active particles of a given size is important
for synthesis of single-walled and double-walled carbon nanotubes, because if size of
metallic clusters is too small nanotubes do not grow at all, and if the size is too great —
very thick multi-walled nanotubes forms, often with great variation of parameters. In

[42] double-walled carbon nanotubes were synthesized on the catalyst Fe/MgO-Al,03.
In this paper the size of catalyst particles was controlled by creating a micro-
heterogeneous catalyst matrix. The basic idea was to use the phase separation of
components of the matrix, which consists of phases which do not form solid solution in
each other. This was achieved by introduction of aluminum oxide into the catalytic
system Fe/MgO. At optimum ratio of Al/Mg micro-heterogeneous structure was formed

consisting of MgAl,04 and MgO phases. Due to mismatch of crystal lattices parameters
of these phases they form micro-heterogeneous system in which size of crystallites is
reduced compared to mono-phase system. Using of the catalyst with optimal A/Mg
ratio allowed obtaining double-walled carbon nanotubes with increased yield and high
quality.

One can suppose that in multiphase micro-heterogeneous system clusters of
catalytically active metals can be located at inter-grain borders and this can additionally
improve properties of catalyst due to retarding diffusion of catalytically active metals on
surface of matrix and sintering of metal clusters.

In this paper we have synthesized and studied some catalysts based on mixed

MgO-Al,03 matrix and different combinations of catalytically active metals.
Experimental

Catalysts containing mixed oxide MgO-Al)O3 as a matrix and oxides of
catalytically active metals (Fe, Co, Mo) in different combinations were prepared by
thermal decomposition of solutions, containing calculated amounts of metal nitrates,
ammonium molybdate, and citric acid.

The catalysts synthesized were tested in industrial reactor of CNTs synthesis
(NanoTechCenter Ltd., Tambov, Russia). Samples of catalysts were placed on Graflex
sheets and series of samples was put on the reactor support. Technical grade propane-
butane was used as a source of carbon. The process of CVD synthesis was conducted
40 min at 650 °C. Multi-walled CNTs (MWCNT) were obtained in these conditions.

Few-walled nanotubes “Taunit-4” were obtained by CVD method using fixed bed
laboratory reactor. Horizontal quartz tube reactor (inner diameter 37 mm, length
1150 mm, volume of hot zone nearly 0,5 L) was used in our experiments. Samples of
catalysts were placed into reactor on semi-cylindrical Graflex (flexible graphite foil)
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supports. The feed rates of gases were measured and regulated with “MassFlow”
(Bronkhorst HIGH TECH) electronic device and are given below at normal conditions.
Tubular ceramic furnace PT-1.2-70 was used for precision temperature control.

Mass yields of CNTs were calculated as ratio of mass of the crude product minus
mass of starting catalyst divided by mass of catalyst.

Electron images of CNTs were recorded with using two-beam scanning electron
microscopy (SEM) complex Neon 40, Carl Zeiss. It was found from SEM images that
in all cases the products were nanotubes without visible admixture of other particles.

Results and discussion

It was shown that the MgO—-Al,03 mixed oxide (Mg:Al=3:1 at) prepared by citric
acid-metal nitrate method in X-ray diffraction (XRD) exhibited very broad peaks
corresponding to MgO [51]. The size of MgO crystallites estimated from width of the
peaks by Debay—Sherrer formula was approximately 4 nm. Peaks corresponding to
AlO3 or MgAl,O4 were not observed. Probably the size of crystallites and/or
concentration of these components were too small to be recorded in XRD. Thus,
MgO-Al,O3 mixed oxide is micro-heterogeneous system with very small size of
crystallites.

We have synthesized three series of catalysts with different combinations of
catalytically active metals:

(Fe,Co)/MgO—Al,O3 with atomic ratio Fe;Cog 7(Mg+Al)z.1;

(Fe,Mo0)/MgO-Al,O3 with atomic ratio Fe;Mog 1(Mg+Al);.1;

(Co,M0)/MgO-Al,03 with atomic ratio Coj 4Mog 14(Mg+Al)7 .

Mg to Al atomic ratio was changed from 100% Mg to 100% Al within each series.
For each catalyst mass yield of CNTs was determined and recalculated to grams of
carbon (CNTs) per 1 gram of starting catalyst. According to SEM images, the carbon
products obtained were nanotubes with diameter near 10...20 nm; surface area of
samples was in the range of nearly 200...300 mz/g. Typical SEM images are shown in
Fig. 1-3.

Fig. 1. Scanning electron microscopy image of CNTs obtained from propane-butane
on (Fe,C0)/MgO-Al,0; catalyst (40 min, 650 °C)
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Fig. 2. Scanning electron microscopy image of CNTs obtained from propane-butane
on (Fe,Mo0)/MgO-Al,O; catalyst (40 min, 650 °C)

Fig. 3. Scanning electron microscopy image of CNTs obtained from propane-butane
on (Co,M0)/MgO-Al,03 catalyst (40 min, 650 °C)

In Fig. 4-6 there are shown dependences of CNTs mass yield on atomic ratio of
Mg/(Mg+Al) for different combinations of catalytically active metals (Fe+Co, Fe+Mo,
Co+Mo).

As it follows from Fig. 4-6, for all combination of catalytically active metals
maximum of CNTs yield is observed near Mg/(Mg+Al)=0.75 (Mg:Al=3:1). It is
interesting, that just this ratio of magnesium to aluminum is characteristic for the natural
layered mineral hydrotalcite, MggAlp(OH)16CO34H20, pyrolysis of which gives mixed
Mg-Al oxide. It is interesting to note that metal oxide catalysts based on double layer
hydroxides or hydroxy-carbonates like hydrotalcite (containing catalytically active
metals) were successfully used in CVD process of CNTs synthesis [15-20, 41, 52-57].

Exploring ideas considered above, we have developed several efficient catalysts
for synthesis of different carbon nanotubes. Below we regard several examples.
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Fig. 4. Mass yield of CNTs (¥, g/g of catalyst) obtained from propane-butane
on (Fe,Co)/MgO-Al,Oj3 catalyst dependently on Mg/(Mg+Al) atomic ratio (40 min, 650 °C)
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Fig. 5. Mass yield of CNTs (¥, g/g of catalyst) obtained from propane-butane
on (Fe,Mo0)/MgO-Al,O; catalyst dependently on Mg/(Mg+Al) atomic ratio (40 min, 650 °C)

Scanning electron microscopy images in Fig. 7 and 8 illustrate difference in CNTs
diameter obtained from propane-butane on Ni-containing catalyst. Change of Ni/MgO

catalyst for Ni/MgO-Al,0O3 allows obtaining much more thin nanotubes. Presumably,

this effect is achieved due to micro-heterogeneity of the MgO—-AlpO3 matrix, which
retards sintering of catalytically active nickel particles.

Combination of Fe, Co, and Mo as catalytically active metals and micro-
heterogeneous MgO-AlpO3 matrix allows obtaining of thin CNTs with number of
carbon layers 2—4, diameter 4...8 nm and surface area 600...700 m*/g. These are CNTs
“Taunit-4”, by our trademark. Mass yield of these nanotubes amounts 1.5...2.5 g/g of
catalyst, which is relatively high compared to typical mass yields of double-walled
nanotubes (DWCNTSs) 50-150 % from mass of catalyst reported in literature. CVD
process was conducted at 800 °C, propylene or acetone were used as carbon sources
with the same success. Nanotubes in this systems grow in bundles (Fig. 9).
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Fig. 6. Mass yield of CNTs (Y, g/g of catalyst) obtained from propane-butane
on (Co, Mo)/MgO-AlL,Oj3 catalyst dependently on Mg/(Mg+Al) atomic ratio (40 min, 650 °C)

Fig. 7. CNTs “Taunit” (industrial product, NanoTechCenter Ltd., Tambov, Russia)
obtained on Ni/MgO catalyst from propane-butane (CNTs diameter 20...70 nm)

Fig. 10 illustrates mechanism of bundles formation — they grow perpendicularly to
surface of flakes of catalyst. The sample shown in Fig. 10 was obtained with other
catalyst, and the nanotubes were MWCNTSs. Due to their large diameter individual
nanotubes are clearle seen in this case. In SEM image Fig. 9 only bundles of nanotubes
are visible, but sometimes thin belts on bundles can be recognized which are remainders
of catalyst flakes.

Formation of catalysts in form of flakes was often observed in our experiments
when catalysts were obtained by “wet combustion” nitrate-citrate method. The reason of
this is that very viscous melt is formed at the first stage of thermal treatment of
concentrated solutions containing metal nitrates and citric acid. At further rapid heating
the melt forms very fine foam consisting of thin-wall bubbles, which after grinding of
the final metal-oxide catalyst give micro-flakes.

Interesting peculiarity of the “Taunit-4” CNTs is their ability to form dense,
flexible, relatively strong films upon simple drying of moist layer of precipitate formed

114 ISSN 0136-5835. Bectauuk TI'TY. 2013. Tom 19. Ne 1. Transactions TSTU



Fig. 8. Analogue of CNTs “Taunit” obtained on Ni/MgO—-ALOj3 catalyst
from propane-butane (CNTs diameter 10...20 nm)

Fig. 9. Scanning electron microscopy and transmission electron microscopy (TEM) images
of bundles of thin CNTs obtained on (Fe,Co,M0)/MgO-Al,Oj3 catalyst
(diameter of individual nanotubes 4...8 nm, length of bundles up to 100 mc and more)

on usual fibrous filter (polypropylene), without using micro-filters and surfactants.
Dependently of conditions, apparent density of these sheets can be 0.1...0.4 g/cm’,
thickness 0.1...1 mm. Probably, the sheets are formed due to presence of very long (up
to fractions of millimeter) strands of nanotubes bound together by strong capillar forces
which tighten nanotubes strands upon drying. These materials can be interesting for
creation of electrodes for fuel cells and other power sources, and for creation of
nanocomposites with polymers.

Summarizing, multicomponent catalysts based on synergism of catalytically active
metals and micro-heterogeneous matrix are very efficient for CVD synthesis of carbon
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Fig. 10. Growing of CNTs bundles on flaky catalyst particles

nanotubes. In principle, at least two approaches can be applied to synthesis of
multicomponent micro-heterogeneous catalysts. The first was described above and
consists in application of some method of synthesis of mixed metal-oxide nanoparticles.
The second approach consists in synthesis of mixed metal hydroxides in form of double
layered hydroxides [57—60]. Most known example of such structures is hydrotalcite [57]
and its derivatives. These compounds (analogs of clays, but with positive charge of
layers) are built from layers containing metal ions of different valency — 2, 3, rarely 4.
Hydroxyls or anions of acids are disposed between positively charged metal hydroxide
layers and compensate their charge. Compositions of these compounds can be varied in
sufficiently wide range without separation of phases. Thermal treatment of double
layered hydroxides results in mixed metal oxides in which components consist of grains
(crystallites) with very small size. Taking into account that practically all metals
catalytically active in CVD process of CNTs growing are 2- or 3-valent (Fe, Co, Ni,
Mn), as well as metals of matrices (Al, Mg, Zn), this approach is very convenient for
synthesis of multicomponent catalysts in which the components are uniformly mixed at
atomic level before thermal treatment and are micro-heterogeneous after it. 5- and
6-valent metals like V, Mo, and W, addition of which promotes growth of CNTs, can be
introduced into original layered structure in form of anions which substitute some part
of hydroxyl groups or carbonate anions.

Both approaches are efficient for synthesis of the multicomponent catalysts under
consideration.

Conclusion
Mixed oxides of magnesium and aluminum are efficient matrices for catalysts of
CNTs CVD synthesis. Optimal atomic ratio of Mg to Al is nearly 3:1. Combination of
Al and Mg oxides in matrix and transition metals as catalytically active components
allows creation efficient catalysts for CVD process of CNTs synthesis.
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MHOroKoMIIOHEeHTHbIE KaTaJau3aTopbl AJisl CHHTE3a YIJIEPOAHBbIX
HaHOprﬁOK MeTOA0M XMMHYECKOI0 0CAKIeHUs U3 ra30Boi (1)33])1

A.B. Menexuk, U.B. PomanunoBa, A.I'. TkaueB

Kageopa «Texnuxa u mexnono2uu npouzeo0cmea HaHORPOOYKMos»,
@I'BOY BIIO «TI'TY»; nanocarbon@rambler.ru

KuioueBble ciioBa u ¢pa3bl: katanu3aTop; MHOrO(A3HBII; CHHEPIU3M; YTIIe-
POJHBIC HAHOTPYOKH; XUMHYCCKOE OCAXK/ICHUE U3 Ta30BO (ha3bl.

AHHOTaHHﬂ: Pa3pa60TaHb1 MHOTOKOMIIOHCHTHBIC KaTaﬂl/ISaTOpI)I JJIs1 CUHTE3a
YIJIEPOIHBIX HAHOTPYOOK METOJIOM XHUMHUYECKOTO OCKACHHs M3 ra3oBod (aspl. D-
(heKTHUBHBIC KaTaIM3aTOPbl CHHTE3MPOBAaHBI HA OCHOBE CMECIIAHHBIX METaUIOKCHIHBIX
CHCTEM (Fe,Co)/MgO-Al,0s3, (Fe,Mo0)/MgO—Al,03, (Co,Mo0)/MgO-Al,0s3,
(Fe,Co,M0)/MgO-Al,03, (Fe,Co,Mo0)/Al,0;3. O0cyxneH >pQpeKT CHHepru3Ma MeTaj-
JIOB B MHOTI'OKOMITOHCHTHBIX KaTaJ'll/l3aT0an.

Vielkomponente Katalisatoren fiir die Synthese der Kohlennanoréhren
durch die Methode der chemischen Ablagerung aus der Gasphase

Zusammenfassung: Fir die Synthese der Kohlelennanordhren durch die
Methode der chemischen Ablagerung aus der Gasphase wurden die vielkomponenten
Katalisatoren ausgearbeitet. Die effektiven Katalisatoren wurden auf Grund der
gemischten metallaktiven Systeme (Fe,Co)/MgO-Al,O;, (Fe,Mo)/MgO-Al,03,
(Co,Mo0)/MgO-AlL,03, (Fe,Co,M0)/MgO-Al,03, (Fe,Co,Mo0)/Al,03 syntesiert. Es
wurde den Effekt des Sinergismus der Metalle in den vielkomponenten Katalisatoren
besprochen.

Catalyseurs muticomposants pour la synthése des nanotubes carboniques
par la méthode de la précipitation chimique a partir de la phase gazeuse

Résumé: Pour la synthése des nanotubes carboniques par la méthode de la
précipitation chimique a partir de la phase gazeuse ont été élaborés les catalyseurs
muticomposants. Les catalyseurs efficaces ont été synthésés a la base des systémes
métallooxydes (Fe,Co)/MgO-Al,03, (Fe,Mo0)/MgO-Al,03, (Co,M0)/MgO-Al,03,
(Fe,Co,M0)/MgO-Al,03, (Fe,Co,Mo0)/Al,03. A été¢ discuté l’effet de synergie des
métaux dans les catalyseurs muticomposants.

ABTopbl: Menescuk Anexcandp Bacunvesuu — kanau1aT XMMUYECKUX HAYK, J10-
neHT kadenpel «TexHuka W TEXHOJIOTHH TPOHW3BOJCTBA HAHOMPOAYKTOBY»; Pomanuyoea
Hpuna Bnaoumuposna — acivipanT kadeapbl « TeXHUKa ¥ TEXHOJOTHUH MPOU3BOICTBA
HaHONPOAYKTOBY»; Tkauee Anexceit Ipuzopbesuy — NOKTOp TEXHHYECKHX HAYyK, MPO-
(eccop, 3aBenyromnii kadenpoit « TexHUKa U TEXHOJIOTHH MTPOU3BOACTBA HAHOMPOLYK-
toB», ®I'BOY BIIO «TT'TY».

Peuenzent: Jleonmveea Anvouna Heanoena — NTOKTOpP TEXHUIECKUX HAYK, IPO-
(eccop, 3aBeaytomas kadeapoi « XMMUUECKHE TEXHOJIOTHA OPraHUYECKUX BEILECTBY,
OI'BOY BIIO «TI'TY».
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