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MgO supported monometallic Fe (FeeMgO) and bimetallic FeMn (FeMneMgO) catalysts were developed
for growing carbon nanotubes using CO as carbon source. Characterizations on the FeeMgO catalyst
revealed that Fe cations were well-dispersed in the porous MgO support, forming a solid solution. Since
most Fe cations in the solid solution are difficult to reduce, FeeMgO can only catalyze the growth of
single-walled carbon nanotubes (SWCNTs) at temperatures of 700 �C and above. While Fe cations in
FeMneMgO could be reduced at lower temperatures with the assistance of Mn, catalyzing the subse-
quent growth of SWCNTs. Compared with most SWCNTs grown on components like Co or Ni at ambient
reaction pressure, the Fe-catalyzed SWCNTs demonstrate rather narrow chirality distributions. Particu-
larly, preferential (6, 5) tube growth on FeMneMgO was achieved at 600 �C. The narrow SWCNT chirality
distribution could be inherently related to the high carbon solubility of Fe nanoparticles, favoring the
nucleation of SWCNTs by a perpendicular mode. The present studies not only offer essential insights into
SWCNT growth mechanisms, but can guide the design of novel catalysts for chirality-controlled growth
of SWCNTs.

1. Introduction

Controlled synthesis of carbon nanotubes has been challenging
but highly preferred for the applications of carbon nanotubes in a
wide range of fields, especially in nanoelectronics and photonics
[1]. Due to the good controllability, low cost and easy scale-up,
chemical vapor deposition (CVD) technique has shown great po-
tential in controlled growth of carbon nanotubes, such as wall-
number control [2e4], diameter control [5,6], density control [7]
as well as chirality control [8e12]. Among them, chirality-
controlled growth is one of the most challenging tasks in single-

walled carbon nanotube (SWCNT) synthesis field. In CVD pro-
cesses, catalyst plays a crucial role both in nucleating carbon
nanotubes and in determining the chiralities of SWCNTs [13]. Fia-
woo et al. [14] discriminated two tube nucleation modes: perpen-
dicular one and tangential one, corresponding to different tube-
particle junction. Further work by Diarra et al. [15] suggests that
the wetting properties and carbon solubility of catalytic nano-
particles could be linked with the tube nucleation mode. So far,
correlation between nucleation mode and SWCNT chirality distri-
bution has not yet established. However, some recent studies
indicate that SWCNTs bias specific chiralities or chiral angles are
grown by either tangential [12] or perpendicular modes [6].

There is a growing list of supported catalysts implemented for
chiral-selective growth of SWCNTs, e.g. CoMoeSiO2 [8,16e18],
FeRueSiO2 [9], CoeSiO2 [19], CoMn-MCM-41 [20], NieSiO2 [21],
FeCueMgO [10], CoeMgO [11,22], and CoCueSiO2 [23], just to name
a few. Recently, progresses have been made in producing SWCNTs
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with metallic chirality [12,24] or even near-zigzag chirality [24,25].
Despite of the progresses, Fe-based catalyst [9,10] andMgO support
[10,11,22] are highly preferred not only because of their low cost
and easy removal after growth, but also because Fe-catalyzed
SWCNTs usually possess a narrow chirality distribution even
when growing at ambient pressure. A number of Fe-based catalysts
[9,10,26e28] have been developed for growing carbon nanotubes
so far. Unfortunately, not many of them are applicable for chiral-
selective growth of SWCNTs. The previous failure in narrowing
the chirality distribution of SWCNTs mainly arises from the relative
high reduction temperature of iron oxide [10,27]. As the high
reduction temperature could induce the coalescence of nano-
particles, causing the growth of SWCNTs with a wide chirality/
diameter distribution. Therefore, developing novel Fe-based cata-
lyst for low-temperature synthesis of SWCNTs is essential for both
fundamental understandings to their growth mechanisms and
chiral-selective growth of SWCNTs.

In this study, we will first report an MgO-supported mono-
metallic Fe catalyst for growing SWCNTs using CO as the carbon
source. The chirality distributions of SWCNTs grown on the
FeeMgO catalyst will be presented and discussed. Meanwhile, the
Fe particle nucleation and carbon nanotube growth mechanisms
will be clarified based on characterizations of the catalyst before
and after CVD reaction. In addition, a FeMneMgO catalyst will be
designed for low-temperature growth of SWCNTs, the chirality
selectivity of which will be evaluated by optical characterization
techniques. Finally, the respective roles ofMn and Fe during SWCNT
growth will be discussed.

2. Materials and methods

2.1. Preparation of FeeMgO catalyst

The FeeMgO catalyst was prepared by atomic layer deposition
(ALD) technique [10]. The precursors for Fe and MgO are iron (III)
acetylacetonate (Aldrich, 97%) and magnesium carbonate hydrox-
ide hydrate (Aldrich, 99%), respectively. Porous MgO was prepared
by annealing magnesium carbonate hydroxide hydrate in open air
and loaded into an F120 ALD system. After preheating MgO in ni-
trogen at 400 �C for 5 h, iron (III) acetylacetonate was heated to
165 �C and carried by nitrogen to pass through the MgO support.
The Fe-deposition period lasted for 6 h. After flushing by nitrogen,
the deposited catalyst was further annealed at 450 �C with syn-
thetic air for 4 h to remove the residual organic ligands. All the
process was kept at a reduced pressure of 6e10 kPa.

2.2. Preparation of FeMneMgO catalyst

Manganese (II) acetate tetrahydrate (Aldrich, 99%) with a mass
of 0.74 g was first dissolved in 100 mL H2O and mixed with 4.0 g
MgO. After drying overnight, the mixture was annealed in air at
450 �C for 2 h. The obtained MneMgO powder was subsequently
added into an aqueous solution of iron (III) nitrate nonahydrate
(2.3 g in 100 ml H2O). The catalyst was annealed at 450 �C in air for
another 4 h after drying and finally ground into fine powder for
further use.

2.3. Growth of carbon nanotubes by CVD

CVD growth of carbon nanotubes was performed on a home-
made horizontal reactor with a quartz tube (inner diameter:
40 mm) [29]. Catalyst was loaded into themiddle of the quartz tube
and heated to desired temperature in the presence of 200 cm3/min
helium. After being stabilized at the desired temperatures (600 �C,
700 �C and 800 �C), CO with a flow rate of 200 cm3/min was

introduced to the CVD reactor to replace helium. The CO feeding
process lasted for 15 min and the systemwas cooled down to room
temperature in the protection of helium.

2.4. Catalyst and carbon nanotube characterizations

X-ray diffraction (XRD) patterns were recorded using a Pan-
alytical diffractometer with Cu Ka radiation (l ¼ 1.5406 Å). X-ray
photoelectron spectroscopy (XPS) measurements were carried out
with a Surface Science Instruments SSX-100 ESCA spectrometer
using monochromated Al Ka radiation (hn ¼ 1486.6 eV). H2

temperature-programmed reduction (TPR) was performed on a
Quantachrome Instruments CHEMBET-3000. Approximately
100 mg of FeMneMgO powder was first loaded into a quartz cell, a
mixture of H2 and N2 (1:9) was subsequently introduced to the
system and the catalyst was heated from room temperature to
800 �C, at a rate of 10 �C/min. The H2 consumed during the TPR was
monitored by a thermal conductivity detector (TCD).

The morphology and structure of both catalyst and carbon
nanotubes were characterized by a JEOL-2200FS FEG TEM/STEM
operated at 80 kV and 200 kV. Raman spectra of as-produced car-
bon nanotubes were collected using a Horiba Jobin-Yvon Lab-
ram300 Raman spectrometer. 633 nm and 514 nm lasers were used
as the excitation sources for Ramanmeasurements. To removeMgO
support and catalyst after carbon nanotube growth, diluted HCl
(3 M) was added to the products. The purified carbon nanotubes
were then washed with H2O and dispersed in an aqueous solution
of sodium cholate (2 wt%). After centrifugation, the tube disper-
sions were finally subjected to photoluminescence characteriza-
tions using a Horiba Jobin-Yvon NanoLog-4 spectro-fluorometer.

3. Results and discussion

3.1. Growth of carbon nanotubes on FeeMgO catalyst

Fig. 1a depicts a typical TEM image of the FeeMgO catalyst.
Hardly any isolated Fe nanoparticle was observed on the surface of
the MgO support. However, energy-dispersive X-ray spectroscopy
(EDX) analysis and XPS characterization clearly demonstrate the
presence of Fe in the catalyst (ESI Fig. S1). The composition of the
catalyst was further analyzed by EDXmapping (Fig. 1bed), showing
that the elements of Fe, O and Mg are almost overlapped and the Fe
element disperses uniformly in the MgO support. The character-
ization results indicate that Fe cations are dissolved into the MgO
matrix forming a FeeMgO solid solution. Indeed, the formation of a
solid solution is further confirmed by the XRD pattern of the
catalyst, where only lines of MgO structures could be resolved [10].
The above results indicate that a considerable diffusion of Fe into
the MgO matrix occurs during catalyst preparation, promoting the
high extent of bulk FeeMgO solid solution. It is noted that although
the catalyst calcination temperature is not high, considering the
high activity of metal atoms deposited onto the MgO support and
the vacuum applied during ALD processes, the formation of a
FeeMgO solid solution is reasonable.

Growth of carbon nanotubes on the FeeMgO catalyst was per-
formed at temperatures of 600 �C and above. As we reported pre-
viously [10], only multi-walled carbon nanotubes (MWCNTs) were
synthesized at 600 �C. The formation of large-diameter MWCNTs is
attributed to the presence of a trace amount of large-size iron oxide
particles, which are located at the “unreactive” sites of MgO sup-
port and readily reduced at a low temperature for the synthesis of
MWCNTs. The result of present study is very similar to previous
findings [26,28] that no SWCNT growth was observed on FeeMgO
catalysts at temperatures below 700 �C.

With the increase of reaction temperature, SWCNTs were
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observed to grow on the FeeMgO catalyst. Fig. 2 demonstrates the
Raman spectra of the products grown at 700 �C and 800 �C. Besides
the high intensity ratio between G mode and D mode, radial
breathing modes (RBMs) were observed in the Raman spectra of
the tubes, indicative of the presence of high-quality SWCNTs. It is
noteworthy to mention that Li et al. [28] and Ago et al. [26] also
reported the growth of high-quality SWCNTs on FeeMgO catalysts.

However, in both of their experiments, methane was used as the
carbon source and the produced SWCNTs have broad diameter
distributions. As demonstrated by the photoluminescence spec-
trum of methane-grown SWCNTs on 0.6 wt% FeeMgO [26], (7, 5)
and (7, 6) tubes have the highest photoluminescence intensity.
Besides, other species, like (6, 5), (8, 4), (8, 6), (8, 7), (9, 4) and (9, 5)
also exhibit relatively high emission intensities, denoting these
tube species also occupy substantial proportion in the product. The
possible reasons for the broad chirality distribution of methane-
grown SWCNTs are attributed to selective nucleation and destroy
of small-diameter SWCNT caps by hydrogen generated by methane
decomposition [16,30].

Different from methane, CO has been reported to facilitate the
growth of SWCNTs with a narrow chirality distribution at low
growth temperatures [16,30]. Our preliminary studies further
suggest that CO could increase the carburization degree of nano-
particles, leading to the dissolution of carbon in nanoparticles with
higher carbon fractions. More detailed discussion on carburization
of nanoparticles is beyond the scope of this paper. As suggested by
the high-frequency RBMs in the Raman spectrum of SWCNTs
grown at 700 �C (Fig. 2), most of the produced SWCNTs have di-
ameters smaller than 1.0 nm. The production of small-diameter
SWCNTs is also confirmed by TEM characterizations (ESI Fig. S2).
In addition, intermediate frequencymodes (IFMs, 700e1200 cm�1),
which are correlated with small-diameter SWCNTs, were also
observed in the Raman spectrum. With the increase of growth
temperature, RBMs with low-frequency numbers became

Fig. 1. (a) A typical TEM image of FeeMgO catalyst. (b) Mg (c) O and (d) Fe EDX elemental maps of the FeeMgO catalyst, showing the uniform distribution of Fe in the catalyst. (A
colour version of this figure can be viewed online.)

Fig. 2. Raman spectra of carbon nanotubes grown on FeeMgO catalyst using CO as the
carbon source at 700 �C and 800 �C, respectively. The excitation wavelength of the
laser is 633 nm. (A colour version of this figure can be viewed online.)
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significant while the relative intensity of IFMs in the Raman spec-
trum decreased considerably (Fig. 2). The observations suggest the
formation of more large-diameter tubes at 800 �C. In order to
evaluate the chirality distributions of SWCNTs grown on FeeMgO
catalyst, photoluminescence characterizations were carried out on
the dispersions of SWCNTs. The photoluminescence emission in-
tensities recorded with three specific resonant excitation wave-
lengths are displayed in Fig. 3a and b. In the photoluminescence of
700 �C-grown SWCNTs, there are three intense emissions (centered
at 980 nm, 963 nm and 1032 nm) (Fig. 3a), arising from the emis-
sions of (6, 5) tubes, (8, 3) tubes and (7,5) tubes, respectively. The
results indicate that such three tube species are the dominant
components in the 700 �C-grown products. The claim is further
confirmed by the photoluminescence excitation/emission map for
the SWCNT dispersion (Fig. 3c). Clearly, except (6, 5), (8, 3) and (7, 5)
species, the emission intensity of other SWCNT species are rela-
tively low, suggesting that SWCNTs grown at 700 �C on the FeeMgO
catalyst have a narrow chirality distribution. In addition, the
chirality distribution of SWCNTs broadens with the increase of the
reaction temperature (Fig. 3b and d), which is consistent withmany
previous studies [8e10,16,19,21].

Besides the intimate dependencies on parameters related to
CVD growth process, such as pressure, temperature and carbon
source, the chirality distribution of SWCNTs also relies heavily on
the compositions of the catalyst nanoparticles [31,32]. For example,
Chiang et al. [31] reported the tuning of SWCNT chirality by

adjusting the composition of NixFe1-x nanoparticles. When incor-
porating Fe into the lattices of Ni nanoparticles, the chirality dis-
tribution of SWCNTs grown on the alloy nanoparticles became
narrower. Similarly, the compositional effects on the chirality dis-
tributions of SWCNTs were also verified in our previous studies
[19,21]. It is noted that SWCNTs grown on either Co [18,19] or Ni
[21] at ambient pressure usually demonstrate relatively broad
chirality distributions. Although growth of SWCNTs with a very
narrow chirality distribution was also reported on Co-based cata-
lyst [16,18], such a high-chiral-selectivity growth was mainly ach-
ieved at high reaction pressures. In contrast, on the FeeMgO
catalyst, SWCNTs synthesized at ambient pressure show a relatively
narrow chirality distribution (Fig. 3c).

Why Fe particles catalyze SWCNTs with a much narrower
chirality distribution than those grown on Ni or Co at similar
growth conditions is still an open question. Previous work
attempted to interpret the results using epitaxial growth [33]
where the catalyst nanoparticle serves as the template for
SWCNT nucleation, determining the chirality of SWCNT grown on
it. While we suggest here that one should interpret the results with
the tube nucleation mode, i.e. perpendicular or tangential mode,
which depends on the carbon contents of metal nanoparticles [14].
As Fe particles have higher carbon solubility [34] than Ni or Co
particles with same sizes, SWCNTs nucleate on Fe nanoparticles
tend to adopt a more perpendicular mode with the SWCNT diam-
eter much smaller than the size of nanoparticle. Therefore, SWCNTs

Fig. 3. Photoluminescence spectra of the dispersion of SWCNTs grown on FeeMgO catalyst at (a) 700 �C and (b) 800 �C using CO as the carbon source. The excitation wavelengths
are 568 nm, 648 nm and 668 nm, respectively. Contour plots of normalized photoluminescence emission intensities under various excitation energies for the SWCNTs grown at
700 �C (c) and 800 �C (d). (A colour version of this figure can be viewed online.)
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grown on Fe nanoparticles display a tendency to have very small
diameters. Besides, (6, 5) tubes, possessing a small diameter and
more stable configuration than other species [35], are more favored
to form. Consequently, predominant (6, 5) SWCNT synthesis can be
achieved on Fe-based catalysts [9,10,36] even at ambient pressure.
In contrast, due to the relatively low carbon solubility in Co parti-
cles, SWCNTs nucleated on them do not have very small diameters
and narrow chirality distributions. It is noted that increasing the
reaction pressure increases the chemical potential of carbon in the
atmosphere. As a result, the carbon fraction in metal nanoparticles
(like Co) could be increased at high reaction pressures, favoring the
growth of SWCNTs with a perpendicular mode. Such a perpendic-
ular mode growth thus also accounts for the high-chiral-selectivity
synthesis SWCNTs on Co catalysts when applying high pressures
during CVD [16,18].

Despite the fact that hardly any Fe nanoparticles exist on the
surface of the FeeMgO catalyst, Fe cations in the MgO matrix
migrate onto the surface of MgO support upon reduction by CO at
the reaction temperatures. Under such a mild reduction tempera-
ture (700 �C), mainly near-surface Fe cations are reduced, forming
small-size Fe nanoparticles. The migration of Fe to the surface is
verified by the XPS measurement results, which demonstrate that
the atomic concentration of Fe in the catalyst surface increases from
0.6% before the CVD to 1.3% after the reaction. Furthermore, the
sizes of reduced Fe particles could be very small as XRD charac-
terizations on the products (ESI Fig. S3) did not show any new
phase compared with the raw catalyst [10]. With the increase of the
reaction temperature (800 �C, for example), more Fe cations are
reduced to form Fe particles with a broad size distribution, causing
the growth of SWCNTs with different chiralities. Consequently, the
achieved SWCNTs have a wide chirality distribution. At high reac-
tion temperatures, MWCNTs were hardly grown on the catalyst.
There are two reasons could account for the lack of MWCNTs in the
products synthesized at high temperatures. On the one hand, the
large Fe particles which is active at a low reaction temperature is
not activated at the reaction environments; On the other hand, the
carbon soluble in large Fe particles increases with increasing tem-
peratures, favoring the growth of small diameter SWCNTs by a
tangential mode [14,15]. The schematic illustration of Fe reduction

and carbon nanotube synthesis on FeeMgO catalyst at different
temperatures is presented in Fig. 4.

3.2. Growth of carbon nanotubes on FeMneMgO catalyst

It has been empirically observed that SWCNT chirality distri-
bution becomes narrower with the decrease of reaction tempera-
ture [9,10,16]. In order to decrease the reduction temperature of
active component in the catalyst, a secondmetal is usually added in
some catalyst systems, like the respective use of Ru and Cu in
FeRueSiO2 [9] and FeCueMgO [10,36] catalyst systems where
synergistic effects occur during SWCNT CVD growth. Indeed, such
kind of synergism has been widely explored in a number of cata-
lysts that have been applied in Fischer-Tropsch synthesis [37,38]
where CO is used as one of the starting materials. Among them,
FeMn catalysts have shown promise in enhancing the reduction of
Fe and the selectivity for light olefins remarkably [39,40]. However,
to date, the application of FeMn catalyst in SWCNT growth has
rarely been reported.

Fig. 5a displays the RBM region in the Raman spectra of SWCNTs
grown on the FeMneMgO catalyst at 600 �C with two different
excitation wavelengths. Obviously, mainly RBM peaks with fre-
quencies higher than 250 cm�1 were detected. The photo-
luminescence excitation/emission map for the SWCNT dispersion
clearly shows that predominant (6, 5) tube growth was achieved at
600 �C (Fig. 5b). The structures of small-diameter SWCNTs were
further verified by TEM characterizations (Fig. 5c). Like any other
SWCNTs grown at low temperatures [8,19,21,22,31], the yield of
SWCNTs is not high. However, it is expected that with the optimi-
zation of the atomic ratio between Fe and Mn in the catalyst, both
the SWCNT yield and purity could be improved, as previous re-
ported CoMo [41] catalyst and FeCu catalyst [42].

The results indicate that the addition of Mn improved the ac-
tivity of Fe catalysts and gives full play to their synergistic catalytic
reaction [40]. At such a low reaction temperature, the presence of
Mn facilitates the reduction of iron oxide and thus increases the
surface active sites, leading to the formation of small Fe nano-
particle, capable of growing small diameter SWCNTs with a narrow
chirality distribution. The crystalline species in FeMneMgO catalyst

Fig. 4. Schematic illustration of catalyst reduction and carbon nanotube growth on FeeMgO catalyst at different reaction temperatures using CO as carbon source. (A colour version
of this figure can be viewed online.)
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is studied by XRD (ESI Fig. S5). ESI Fig. S6 depicts the H2-TPR profile
of FeMneMgO catalyst, showing that the catalyst can be readily
reduced below 600 �C. The H2-TPR result well explains the suc-
cessful growth of SWCNTs at 600 �C. Although Mn can also affect
the selectivity towards methane and C2eC4 olefins during Fischer-
Tropsch process [39], its influence on the SWCNT chirality distri-
bution is insignificant. This is because in contrast to Fischer-Tropsch
process where H2 is also introduced to produce hydrocarbons, only
pure CO is introduced in our CVD process. The negligible effect of
Mn on tube chirality is confirmed by comparing the chirality dis-
tributions of FeMn-grown and Fe-grown SWCNTs synthesized at
identical conditions. As depicted in Fig. 5d, the chirality distribution
of FeMn-grown SWCNTs is quite similar to that of SWCNTs grown
on monometallic Fe catalyst (Fig. 3d). Meanwhile, the crystalline
species and binding energy of Mn in FeMneMgO catalyst was
studied by XRD (ESI Fig. S6) and XPS (ESI Fig. S7), respectively.
ComparedwithMneMgO catalyst, no new peak appears in the XRD
pattern of FeMneMgO and no binding energy change of Mn is
observed in the XPS (ESI Fig. S7). From the phase diagram, it seems
that Fe and Mn could form alloy. However, the characterizations of
reduced catalyst (ESI Fig. S8) and photoluminescence of resulting
SWCNTs further suggest there is no alloy formation in the FeM-
neMgO catalyst.

In short, the major role of Mn is to facilitate the reduction of Fe

cations, leading to the growth of SWCNTs at low temperatures. The
chirality distribution of SWCNTs is determined by the active
component (Fe) in the catalyst, the high carbon solubility of which
facilitates the growth of small-diameter SWCNTs with a

Fig. 5. (a) RBM regions of Raman spectra of carbon nanotubes grown on FeMneMgO catalyst at 600 �C using CO as carbon source. (b) Contour plots of normalized photo-
luminescence emission intensities under various excitation energies for the SWCNTs grown on FeMneMgO catalyst at 600 �C. (c) A TEM overview of purified carbon nanotubes
grown on FeMneMgO at 600 �C. (d) Contour plots of normalized photoluminescence emission intensities under various excitation energies for the SWCNTs grown on FeMneMgO
catalyst at 800 �C. (A colour version of this figure can be viewed online.)

Fig. 6. Schematic illustration of CO spillover from Mn to iron oxide, facilitating the
reduction of Fe for SWCNT nucleation by a perpendicular mode. (A colour version of
this figure can be viewed online.)
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perpendicular mode, accounting for a very narrow chirality distri-
bution of SWCNTs. The catalyst reduction and tube growth pro-
cesses are schematically illustrated in Fig. 6.

4. Conclusions

To conclude, monometallic FeeMgO and bimetallic FeMneMgO
catalysts were designed for CVD growth of carbon nanotubes. Op-
tical studies showed that using CO as the carbon source, FeeMgO
catalyst favored the growth of SWCNTs with a narrow chirality
distribution at a temperature of 700 �C. No SWCNT growth was
observed on the FeeMgO catalyst when decreasing the reaction
temperature, arising from the difficulties in reducing the Fe cations.
The addition of Mn to FeeMgO catalyst facilitates the reduction of
Fe cations, leading to the predominant growth of (6, 5) SWCNTs at
600 �C. The narrow chirality distributions of Fe-grown SWCNTs are
attributed to the perpendicular nucleation mode, adopted by
SWCNTs grown on high-carbon-solubility Fe nanoparticles in CO
atmosphere. This work adds new insights into the relationship
between SWCNT chirality distribution and carbon solubility of
catalyst nanoparticles, sheds more light on the understandings to
SWCNT nucleation and growth mechanisms.
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