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ABSTRACT

A SiC supported iron (Fe—SiC) catalyst was developed for chemical vapor deposition (CVD) growth of
carbon nanotubes. Using CO as the carbon source, sole Fe—SiC catalyst was mostly inactive for synthe-
sizing carbon nanotubes and only trace amount of carbon deposits was produced. In contrast, the powder
Fe—SiC catalyst could be activated by pressing them onto a flat SiO, substrate or by mixing them with
porous MgO powders. Particularly, efficient growth of single-walled carbon nanotubes (SWNTs) was
achieved on porous MgO promoted Fe—SiC catalyst, and predominant synthesis of (6, 5) SWNTs was
realized at a reaction temperature of 650 °C. Systematic characterizations revealed that the reducibility of
the Fe—SiC catalyst was enhanced by the physical contact with oxide support, which promotes the
formation of small active Fe nanoparticles for the subsequent SWNT nucleation and growth. This work
not only deepens our understandings to the catalyst activation mechanisms, but also helps design
composite catalyst for synthesizing SWNTs.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The production of single-walled carbon nanotubes (SWNTs)
with a narrow chirality distribution has been a topic of increasing
interest [1,2]. A catalyst template is usually required to initiate and
guide the growth of an SWNT, which has been highlighted in some
recent review works [3—6]. It is widely accepted that all the char-
acteristics of the catalyst, such as the nanoparticle structure [7,8],
morphology [9], and chemical composition [10,11], affect the
structure and length of SWNTs, which ultimately govern the final
SWNT diameter/chirality distribution. During gas phase growth
processes, including floating chemical vapor deposition (CVD) [12],
arc discharge [13] and laser ablation [14], randomly generated
catalyst particles are mostly unfavorable for regulating the syn-
thesized SWNTs’ diameters and structures. Therefore, report on
chirality-selective growth of SWNTs from free catalysts is scarce. In
contrast, heterogeneous catalysts over supported materials have
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been extensively studied for chirality-specific growth of SWNTs by
CVD [15—17]. The textural and chemical properties of the solid
support are crucial for the metal dispersion and the catalyst ac-
tivity. So far, the most prevalent supports adopted in catalysts
include insulate magnesia (MgO) [17—20], alumina (Al,03) [21],
silica (SiO3) [15,16,22] and their crystalline counterparts [23—25].
However, because of the exothermic reactions occurred on the
catalyst surface during CVD process [26], the poor thermal con-
ductivity of the oxide insulator supports could lead to the formation
of local hot spots [27,28]. The accumulative reaction heat might
cause the sintering of the metal catalyst, which is detrimental to the
growth of SWNTs with identical diameter or chirality structure.
Alternatively, SiC, which possesses high thermal conductivity, ari-
ses as a catalyst support for synthesizing carbon nanotubes
[29—32]. Unfortunately, mainly multi-walled carbon nanotubes or
SWNTs with poor diameter control were synthesized in the pre-
vious reports. Consequently, it is still imperative to develop an
outstanding supported catalyst for chiral-selective growth of
SWNTs.

In the efficient catalysts adopted for growing SWNTSs, the active


mailto:hemaoshuai@qust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2022.01.052&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2022.01.052
https://doi.org/10.1016/j.carbon.2022.01.052
https://doi.org/10.1016/j.carbon.2022.01.052

F. Han, L. Qian, Q. Wu et al.

metal components are mainly Fe, Co and Ni [2,33]. Among them,
Fe-based catalyst is extensively investigated because of its low cost
and large carbon solubility [34,35], which facilitates the growth of
small diameter SWNTs by a perpendicular mode [36]. Nevertheless,
the strong interactions between the Fe phase and the oxide support
makes the reduction of small iron oxide nanoparticles difficult
[37,38], causing a low number of active Fe nanoparticles available
for carbon nanotube synthesis at a low reaction temperature.
Indeed, it was previously demonstrated that only a trace amount of
multi-walled carbon nanotubes could be generated at 600 °C on an
MgO supported Fe catalyst [17]. The result is correlated with the H,-
temperature programmed reduction (TPR) profile of MgO sup-
ported iron oxide catalyst, which exhibits a complete reduction at a
temperature higher than 700 °C [38]. To improve the reduction of
supported Fe nanoparticles, a promoter metal, like Ru [16] or Pt
[39], was usually introduced to enhance their reduction. However,
the presence of a 2nd metal might complicate the post-growth
purification process. Moreover, the use of expensive noble metal
limits the wide application in catalytically growing SWNTs. As a
result, a cost-efficient promoter is preferred for enhancing the
chirality-selective growth of SWNTs.

In the work, we developed a SiC supported Fe catalyst (Fe—SiC)
for CVD growth of carbon nanotubes. Although the Fe—SiC catalyst
alone is inactive for growing carbon nanotubes, it can be activated
by physical contact with either flat SiO, substrate or porous MgO
powders. On one hand, the use of SiC as catalyst support avoids the
formation of local hot spots on the support surface; On the other
hand, the oxide promoter enhances the reduction of iron oxide,
facilitating the formation of small, active Fe nanoparticles for
growing SWNTs. Consequently, predominant (6, 5) SWNT growth
was achieved on the MgO promoted Fe—SiC catalyst at 650 °C. This
work evidences the application of SiC supported catalyst for
growing SWNTs with a high chirality selectivity.

2. Experiments
2.1. Preparation of Fe—SiC catalyst

The Fe—SiC catalyst was prepared by an impregnation method.
Firstly, Fe(NOs3)3-9H,0 (Aladdin, 99.99%) with a mass of 0.25 g was
dissolved in 50 ml H,O. After mixing with 5.0 g SiC (Macklin, 99.9%),
the impregnated catalyst was dried overnight and ground into fine
powders. Finally, air calcination was performed in a muffle furnace
at 600 °C for 4 h.

2.2. CVD growth of carbon nanotubes

A horizontal reactor with a quartz tube (inner diameter: 40 mm)
was applied for CVD growth of carbon nanotubes. After loading
Fe—SiC powders inside the reactor center, the reactor was flushed
with 300 sccm Ar and heated to desired temperatures. CO with a
flow rate of 300 sccm was subsequently introduced to the CVD
reactor to replace Ar and the reaction lasted 35 min. The system was
finally cooled to room temperature with 300 sccm Ar.

There are two strategies to promote the growth of SWNTs. One
is to press the Fe—SiC powders onto bare SiO,/Si substrate with an
oxide layer thickness of 300 nm. The other is to mix Fe—SiC catalyst
with porous MgO by grinding them together (the weight ratio be-
tween Fe—SiC to MgO is ~1:2). Noted that the porous MgO was
prepared by thermal decomposition of magnesium carbonate
hydroxide.

2.3. Characterizations of catalysts

The crystal structures of raw SiC support and Fe—SiC catalysts
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were characterized by X-ray diffraction (XRD, Bruker D8 advance)
with a Cu K, (A = 0.15406 nm) radiation in the scanning angle range
of 20°-90°. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
ESCALAB 250 Xi) was carried out to examine the SiC support and
catalyst chemical states. Photoelectrons with 1486.6 eV energy
were excited by an Al Ko X-ray source. The morphologies of the
support and catalyst were investigated by transmission electron
microscopy (TEM, JEOL JEM-2100PLUS). The element distributions
of catalyst were characterized by energy-dispersive X-ray spec-
troscopy (EDS, X-MaxN 80T) elemental mapping. H,-temperature
programed reduction (H,-TPR) was conducted in a AutoChem 2920
system equipped with a thermal conductivity detector (TCD).
During the TPR process, the sample temperature was increased to
900 °C at a rate of 10 °C/min.

2.4. Characterizations of carbon nanotubes

The as-synthesized carbon nanotubes were examined by Raman
spectroscopy (Renishaw, inVia). Spectra were collected over many
random spots on each sample with 633 nm and 532 nm excitation
lasers. The morphology of carbon nanotubes was characterized by
scanning electron microscopy (SEM HITACHI, regulus8100) and
TEM. For carbon nanotubes synthesized on MgO promoted Fe—SiC
catalyst, the powder MgO was removed by acid hydrochloric (HCI)
and the residual materials were characterized by thermogravi-
metric analysis (TGA, Netzsch TG-209F3). HCl-purified carbon
nanotubes were dispersed in an aqueous solution of sodium
deoxycholate (SDC, 2 wt%) by sonication. After centrifugation at
100,000 g for 50 min, the decanted supernatant was subjected to
ultraviolet—visible—near-infrared (UV—vis—NIR, Agilent Cary
5000) absorption and photoluminescence (PL, HORIBA Jobin Yvon,
Fluorolog-3) spectroscopy characterizations. To measure the SWNT
diameter, the decanted supernatant was dispersed on (3-
aminopropyl) triethoxysilane (APTES, Macklin, 99%)-coated SiO-/
Si substrate and subjected to atomic force microscopy (AFM,
MultiMode 8-HR) characterizations.

3. Results and discussion

SiC is one of the most remarkable catalyst supports because of
its intrinsic physicochemical properties (ESI Fig. S1), such as good
chemical inertness and high thermal conductivity, which avoids the
formation of local hot spots on the support surface during reaction
process, beneficial to uniform SWNT growth. Fig. 1a displays the
XRD pattern of the prepared Fe—SiC powers, where two sets of
diffraction peaks were detected, and all the 26 peaks arise from SiC
phase (JCPDS card No.: 29-1131, 49-1428). The lack of iron oxide
features in the XRD profile indicates the well dispersion of Fe-
containing components. The presence of Fe in the catalyst is veri-
fied by the Fe 2p XPS spectrum (Fig. 1b). The binding energies
correspond with those of iron oxide phases. Meanwhile, the pres-
ence of satellite structure between the Fe 2p doublet at 8.0 eV
higher than the binding energy of Fe 2p3; is unique for a-Fe;03
[40]. Although the heat conductivity of SiC is much higher than that
of oxide insulator support [41,42] SiC support is unfavorable for
stabilizing metal particles because of its chemical inertness.
Therefore, when using SiC as support in heterogeneous catalysis, a
thin oxide layer is generally coated on the SiC surface to stabilize
the dispersed metal particles [42—45]. For example, Liu et al. [43]
prepared a TiO,-decorated SiC for enhancing the Co catalyst
properties for Fischer-Tropsch synthesis. The nanoscale introduc-
tion of the TiO, promotes the formation of small Co nanoparticles
due to the suitable metal-support interaction. Besides, a straight-
forward strategy for anchoring metal nanoparticles on SiC surface is
to perform air calcination, which leads to the formation of a
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Fig. 1. (a) XRD pattern of the Fe—SiC catalyst. (b) XPS spectrum of Fe 2p in the Fe—SiC catalyst. (c) TEM image of Fe—SiC catalyst (Inset is a magnified image).

homogeneous SixOy layer [45]. In agreement with previous find-
ings, a thin amorphous layer was also observed on the surface of SiC
support after air calcination of the Fe—SiC catalyst (Fig. 1c). By
comparing with the TEM image of raw SiC (ESI Fig. S1d), it can be
concluded that the SixOy layer is formed during the Fe—SiC catalyst
calcination process.

Growth of carbon nanotubes was initially carried out at 850 °C
using CO CVD. ESI Fig. S2 presents the Raman spectrum of the
product grown on the Fe—SiC catalyst. The lack of radial breathing
mode (RBM) and the relative high D mode intensity indicate that
the products could be multi-walled carbon nanotubes or carbon
fibers. The results are in agreement with the report by Shahi et al.
[31], who investigated the effect of catalyst combination ratio on
carbon nanotube growth over Fe—Co/SiC catalyst and found that
only multi-walled carbon nanotube was generated no matter what
the metal combination ratio was.

During CVD process, the catalyst activity could be influenced by
the nature of the catalyst support, the metal dispersion and the
preparation method. Even after nearly 30 years of research on
developing catalysts for growing SWNTs, it continues to be a
challenge to unravel the catalyst activation mechanisms [3,26].
Although the nature of the active catalyst and the dynamic nature
of metal-carbon system under reaction environments complicate
any interpretation on catalyst performance, the reduction of cata-
lyst seems to be of great importance in activating metal oxide
catalyst [46]. Too easy reduction of metal oxide causes the sintering
of metal particles, accounting for the formation of large diameter
multi-walled carbon nanotubes or catalyst deactivation. In the case
of Fe—SiC catalyst, FeOy is difficult to reduce (ESI Fig. S3) because of
the SixOy layer covering, which induces a strong catalyst-support
interactions between Fe species and insulator oxides.

With the aim of promoting the activation of Fe—SiC catalyst, a
“pressing on oxide” method was adopted [21]. Fig. 2a shows an SEM
image of carbon nanotubes grown at 850 °C by pressing the Fe—SiC
catalyst on a flat SiO,/Si substrate. Clearly, carbon nanotubes are

observed to protrude out of the interfaces between the powder
Fe—SiC and SiO,/Si. Raman characterizations confirmed the growth
of SWNTs and the detected RBMs acquired with two laser wave-
lengths were summarized in Fig. 2b and ESI Fig. S4a. Most RBMs are
located in the frequency range of 180—200 cm ™, corresponding to
SWNTs with diameters close to 1.2 nm. The activation of the Fe—SiC
catalyst is attributed to the presence of O atoms on the SiO,/Si
surface, which help dissociate the CO molecules to generate active
carbon atoms [21,47]. The dissociated carbon atoms could diffuse to
the adjacent Fe—SiC, promoting the reduction of iron oxide for
growing SWNTs. Such a catalyst activity enhancement could be
further strengthened by mixing the Fe—SiC power with porous
MgO, which could donate electrons to the anti-bond orbitals of
absorbed CO molecules, thus enhancing the dissociation of CO [48].
Fig. 2c and ESI Fig. S4b show the Raman spectra of the products
grown from the MgO promoted Fe—SiC catalyst at 850 °C. The RBM
frequencies are similar to those acquired from individual SWNTs on
flat substrate (Fig. 2b, ESI Fig. S4a). The generation of SWNTs at
lower reaction temperatures was also verified by SEM and TEM
characterizations (ESI Fig. S5). The results verify that porous MgO
could also enhance the growth of SWNTs, thus making the bulk
synthesis of SWNTs possible.

TEM was performed to characterize the MgO promoted Fe—SiC
catalyst (Fig. 3a). Fig. 3b-g presents the elemental mapping of the
catalyst and the overlapped image. Clearly, all the elements, such as
Mg, Si, C, O and Fe, are well dispersed and overlapped, indicating
that the porous MgO are contacted well with the Fe—SiC catalyst,
thus promoting the growth of SWNTs during CVD process. Fig. 4a
shows the H,-TPR profile of the porous MgO promoted Fe—SiC
catalyst. Compared with raw Fe—SiC catalyst (ESI Fig. S3), the pro-
moted catalyst is easier to reduce. Three distinct reduction peaks,
centered at 430 °C, 526 °C and 588 °C, are respectively assigned as
the gradual reduction of Fe;03 to Fe304, Fe304 to FeO and FeO to
metallic Fe. Although the active phase of Fe for growing carbon
nanotubes could be FesC or Fe,Cs [8,39], the reduction to metallic
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Fig. 2. (a) SEM image of carbon nanotubes grown from Fe—SiC catalyst pressed on flat SiO,/Si substrate at 850 °C. (b) RBMs acquired from SWNTs grown from Fe—SiC catalyst
pressed on flat SiO,/Si substrate at 850 °C. (c) Raman spectrum of SWNTs grown on MgO promoted Fe—SiC catalyst at 850 °C by CO CVD. The excitation wavelength is 633 nm.
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Fig. 4. (a) H,-TPR profile of MgO promoted Fe—SiC catalyst. (b) (c) Raman spectra of SWNTs grown at different temperatures with 633 nm and 532 nm lasers respectively.

phase is a prerequisite for the subsequent carburization. Fig. 4b and
c presents the Raman spectra of carbon nanotubes grown at
different temperatures. With increasing reaction temperature, the
diameters of the SWNTs increase. The phenomenon is in agreement
with many previous findings [15—17]. Several reasons could be
responsible for the temperature dependence of SWNT diameter
evolution. First is the particle sintering or coalescence caused by
elevated temperature. At high reaction temperatures, Ostwald
ripening becomes severe, leading to the generation of large diam-
eter catalyst particles for large diameter SWNT growth. Second, a
high CVD temperature provides sufficient energy to overcome the
nucleation barriers of different SWNT species [49], causing the di-
versity of SWNT structures. Third is related to the entropy-driven
stability of SWNTs [50]. The stability of a (n, m) chiral SWNT de-
pends on the interfacial energy of armchair and zigzag contacts on
catalyst surface, the difference of which becomes smaller at high
temperatures, resulting in a broad chirality distribution. Conse-
quently, low temperature growth is highly preferred for synthe-
sizing SWNTs with a narrow chirality distribution.

The chirality distribution of SWNTs was investigated by ab-
sorption spectroscopy. Fig. 5a compares the absorption spectra of
SWNTs grown at 750 °C and 650 °C. In agreement with Raman
characterizations, SWNTs grown at 750 °C exhibit a broad chirality
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distribution. Near-armchair species, including (6, 5), (7, 5), (7, 6), (8,
6) and (8, 7) tubes, are the main products. The preferential syn-
thesis of (n, n-1) nanotubes can be explained by the nucleation of
(n, n) tubes and their structural change by kinetically incorporating
an energetically preferred pentagon-heptagon pair in the tube wall
[51]. Generally, the active catalyst surface adopts a flat low-index
plane, like (111) plane with a 3-fold symmetry. According to the
symmetry match concept [23], SWNTs with similar symmetry, like
(6, 6) ones, are thermodynamically stable when nucleated on the
catalyst surface. However, the perfect match between the (6, 6)
SWNT and the underlying catalyst makes the incorporation of new
carbon atoms to the tube rims extremely difficult [27], and the
SWNT growth rate is very slow. Under near-equilibrium growth
conditions, a possible chirality mutation could change (n, n) SWNTs
into (n, n-1), (n+1, n), (n+1, n-1), (n+2, n) species [51]. The near-
armchair tubes have kink sites at the edge for carbon insertion,
and thus possess reasonable SWNT growth rates and lengths.
Decreasing reaction temperature favors the synthesis of small
diameter SWNTs with a narrow chirality distribution. For example,
SWNTs grown at 650 °C exhibit an enrichment of (6, 5) species
(Fig. 5a). The preferential (6, 5) nanotube synthesis was also
confirmed by PL map of the SWNT dispersion (Fig. 5b). Fig. 5c
presents the PL intensity ratios between the (6, 5) SWNT and the (7,
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Fig. 6. (a) AFM image and (b) Diameter distributions of the SWNTs grown at 750 °C. (c) AFM image and (d) Diameter distributions of the SWNTs grown at 650 °C.

5), (8, 4) and (7, 6) tubes. Compared with FeCu catalyst [17] and
FeRu catalyst [16] which are highly selective to the (6, 5) tube,
Fe—SiC catalyst promoted by porous MgO has much higher PL in-
tensity ratios, indicating that it is more enriched with the (6, 5)
tube. The narrow SWNT chirality distribution could be correlated
with the high thermal conductivity of SiC support, which avoid the
formation of hot spots on the catalyst surface. In addition, the use of
Fe as the active component and CO as the carbon precursor pro-
motes the growth of SWNTs with a perpendicular mode [34].
With the aim to estimate the yield and purity of the products,
TGA was carried out on the products synthesized at 650 °C after
rinsing with HCl (ESI Fig. S6). The TGA profile exhibits a primary
oxidation temperature of 550 °C, which is higher than other pre-
viously reported SWNTs with similar diameter distribution [52,53],
further highlighting the advantages of the oxide-promoted growth
method. Besides, AFM was applied to characterize the produced
SWNTs. Grounded on the height measurement, the diameter dis-
tributions of the SWNTs synthesized at different temperature were
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deduced. Fig. 6a and b displays the typical AFM images and di-
ameters of the dispersed SWNTs synthesized from the MgO pro-
moted Fe—SiC catalyst at 750 °C, exhibiting an average diameter of
0.92 nm. In agreement with optical characterization results,
decreasing reaction temperature leads to the generation of SWNTs
with smaller diameters (Fig. 6¢ and d). The average diameter of
650 °C grown SWNTs is 0.79 nm, close to the diameter of (6, 5) tube.
Meanwhile, it is noted that many previous works [18,37,54,55]
demonstrate that the diameter and chirality distributions of SWNTs
deduced by different techniques generally do not show striking
differences.

4. Conclusions

In summary, a SiC supported Fe catalyst was applied for the
synthesis of carbon nanotubes. By physically mixing the catalyst
with oxide support, the reduction of the Fe—SiC catalyst was
enhanced, promoting the growth of SWNTs at relatively low
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temperatures. The temperature effect on the diameters of SWNTs
synthesized from porous MgO promoted Fe—SiC catalyst was
investigated and predominant (6, 5) SWNT growth was achieved at
a temperature of 650 °C. This work not only highlights the impor-
tance of oxide support in activating catalyst particles, but also guide
the development of oxide promoted heterogeneous catalysts for
chiral selective synthesis of SWNTs.
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