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a b s t r a c t

The past two decades witnessed the thriving of non-conventional nanoparticles in catalytic synthesis of
single-walled carbon nanotubes (SWNTs). However, most of the SWNTs are limited to growing on a flat
surface which usually suffers low output, thus making the evaluation of SWNT chirality distribution
challenging. In this work, we report a solid magnesia (MgO) supported ruthenium (Ru) catalyst for
chemical vapor deposition (CVD) growth of SWNTs with sufficient quantity for optical characterizations.
Both MgO supported atomically dispersed Ru catalyst and Ru nanoparticles pre-deposited onto porous
MgO are active for catalytic synthesis of small diameter SWNTs. Particularly, enriched (6, 5) SWNTs are
achieved at temperatures higher than 800 �C by CO CVD, which is partially attributed to the high activity
of Ru clusters. Besides, density functional theory (DFT) calculations reveal that the charge transfer from
the MgO support to the Ru clusters promotes the carbon precursor absorption and dissociation, ac-
counting for the activation of Ru clusters. This work not only demonstrates the application of atomically
dispersed catalyst for CVD growth of SWNTs, but also paves the way for the chirality-selective growth of
SWNTs from non-magnetic nanoparticles.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Single-walled carbon nanotubes (SWNTs), combining extraor-
dinary electrical and optical properties as well as ease of scalable
synthesis by technique like chemical vapor deposition (CVD), hold
great promise as the basic channel materials for high-performance
field effect transistors [1,2] and logic circuits [3]. To meet the re-
quirements for structurally uniform SWNTs, significant progress
has been made in the past two decades by direct growth or post-
growth separation techniques [4e6]. In terms of low cost and
maintaining the pristine SWNT properties, selective synthesis of
SWNTs with a narrow chirality distribution is highly preferred [7].
g), hemaoshuai@qust.edu.cn
Owing to the high capability in absorbing and dissociating carbon
source molecules as well as the moderate metal-carbon interaction
strength, Fe-family metal catalysts, including Fe, Co, Ni, were
revealed to be located in the “Goldilocks zone” for SWNT growth
[8e10]. Unexpected growth from different metals [11e13], metal/
nonmetal oxides [14e16] and metal carbides [17,18], has also been
demonstrated since 2006. Particularly, chirality-specific synthesis
of (2n, n) SWNTs with extremely high selectivity was indepen-
dently reported [17,19e21]. In these works, catalyst nanoparticles,
including alloy and carbide nanoparticles, preserve their solid state
and sever as the template for the SWNT growth at high reaction
temperatures. Such a high chirality selection is an interplay be-
tween SWNT nucleation thermodynamics and growth kinetics
[22,23]. On one hand, most of the reports for developing uncon-
ventional catalysts are restricted to SWNTgrowth on flat substrates,
like SiO2/Si wafer [15], quartz [13] or sapphire [17]. The yield of
surface-grown SWNTs is too low tomeet the requirements for most
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potential applications. On the other hand, the activation mecha-
nism of catalyst metals located out of the “Goldilocks zone” remains
unclear. Therefore, it is necessary to develop solid supported cat-
alysts for bulk synthesis of SWNTs and clarify the catalyst activation
mechanisms.

Different from alloy or carbide nanoparticles, some noble
metals, like ruthenium (Ru), possess much higher melting tem-
perature than Fe-family metals, and could act as the solid template
for synthesizing SWNTs. Attempt in synthesizing carbon nanotubes
using Ru catalyst dates back to 1997, whenMüller et al. reported the
pyrolysis of acetylene over various metal catalysts [24]. Considering
the high activity of Ru in Fischer-Tropsch synthesis reaction [25], it
is not a surprise that carbon nanomaterials were formed over oxide
supported Ru catalysts [26]. During their reaction process, only Ru
particles with diameters larger than 30 nm could catalyze the
growth of multi-walled carbon nanotubes. Besides, the carbon
nanotube growth adopted a tip-growth mode [27], suggesting
weak interactions between the Ru nanoparticles and the oxide
supports. The critical Ru diameter for carbon nanotube nucleation
could be correlated with the use of propane as the carbon precur-
sor, and the decomposition of which provides excessive carbon for
deactivating the small diameter Ru particles [28]. Using a mixture
of acetylene and ammonia, Ru nanoparticles with diameters
ranging from 2 to 10 nm afforded the formation of carbon nano-
horns at 700 �C [29]. Successful growth of SWNTs was realized on
Ru nanoparticles with a mean diameter of 3.0 nm using CH4 or
ethanol as carbon source [30]. To regulate the Ru nanoparticle and
subsequent SWNT diameter, Bouanis et al. [31] combined a self-
assembly monolayer strategy with an activated hydrogen assisted
CVD pretreatment. Small diameter SWNTs grown on Ru were
realized by low temperature ethanol CVD [32]. However, the
SWNTs grown at 500 �C suffered a low yield and were insufficient
for comprehensive characterizations, thus hindering the possible
link establishment between Ru element and SWNT chirality
distribution.

In this work, we develop a porous MgO supported Ru catalyst
(Ru/MgO) for chirality-selective synthesis of SWNTs. Owing to the
use of solid supported catalyst, sufficient SWNTs are obtained after
CVD process. Particularly, preferential synthesis of (6, 5) species is
achieved at a temperature as high as 850 �C, which is correlated
with the in-situ formation of small Ru clusters. Furthermore, the Ru
cluster activation mechanism for carbon precursor absorption and
dissociation is elucidated by density functional theory (DFT)
calculations.

2. Experimental

2.1. Preparation of AD-Ru/MgO and NP-Ru/MgO catalysts

The porousMgO support was prepared by thermal calcination of
magnesium carbonate basic (Macklin, 99.99%) at 400 �C for 2 h. The
atomically dispersed Ru/MgO was prepared by impregnating 4.0 g
porous MgO in an aqueous solution containing 0.25 g RuCl3$3H2O
(Leyan, 99.0%). After drying at 80 �C overnight, the catalyst was
ground into fine powders and denoted as AD-Ru/MgO.

For comparison, a NP-Ru/MgO catalyst was also prepared to
grow carbon nanotubes. The Ru nanoparticles were prepared by a
microwave chemical reduction method [33] and then mixed with
0.5 g porous MgO. After drying, the catalyst was annealed in air at
600 �C for 4 h.

2.2. CVD growth of carbon nanotubes

The synthesis of SWNTs was carried out under atmospheric
pressure in a CVD apparatus with a quartz tube (inner diameter:
36
40 mm) reaction chamber [34,35]. After loading a boat with AD-Ru/
MgO or NP-Ru/MgO catalyst powders into the side region of the
quartz tube, a flow of 300 standard cubic centimeter per minute
(sccm) Ar gas was passed for 20min to exhaust air from the reactor.
Once reaching the desired temperature, a “fast heating” strategy
[36] was performed to transfer the catalyst in the middle of the
heating zone quickly. Meanwhile, CO was switched in with a flow
rate of 300 sccm for 30 min to grow carbon nanotubes. Finally, CO
was switched off and the furnace was cooled to room temperature
with a passing Ar flow.
2.3. Characterizations of catalysts and carbon nanotubes

The elemental analysis of the raw RuCl3$3H2O reagent was
carried out by inductively coupled plasma mass spectrometry (ICP-
MS, Thermo Scientific, iCAPRQ). The AD-Ru/MgO catalyst was
characterized by scanning electron microscopy (SEM, HITACHI, S-
4800) and high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM, Thermo Scientific, FEI-Titan
Cube Themis G2 300). The morphology of reduced AD-Ru/MgO
catalyst was observed by transmission electron microscopy (TEM,
JEOL, JEM-2100Plus). X-ray photoelectron spectroscopy (XPS,
Thermo Scientific, ESCALAB 250Xi) was carried out to investigate
the chemical states of AD-Ru/MgO catalyst. Hydrogen temperature
programmed reduction (H2-TPR) was performed by automatic
chemical adsorption apparatus (Micromeritic, ChemiSorb 2720).

Raman spectra of carbon nanotubes were recorded by a confocal
Raman spectrometer (Renishaw, inVia) with excitation lasers of
532 nm (2.33 eV), 633 nm (1.96 eV) and 785 nm (1.58 eV). The
carbon nanotubes were also characterized by thermogravimetric
analysis (TGA, NETZSCH, TG 209F3), SEM (HITACHI, regulus8100)
and TEM (JEOL, JEM-2100F). It is noted that the products were
rinsed with hydrochloric acid prior to TGA characterizations. The
products were purified by 4 M hydrochloric acid, before dispersion
in an aqueous solution of sodium deoxycholate (2 wt%) by tip-
sonication. Absorption spectra of SWNT suspensions were regis-
tered with an ultraviolet visible near infrared (UVeviseNIR) spec-
trophotometer (Agilent, cary 5000) after centrifugation.
Photoluminescence (PL) measurements were performed by a
modular spectrofluorometer (HORIBA Jobin Yvon, Fluorolog-3).
Atomic force microscopy (AFM, Bruker, MultiMode 8-HR) was
carried out to analyze the diameter distribution of SWNTs.
3. Computational simulations

To gain insight into the effect of MgO support on Ru catalyst
activity, the energies of CO dissociation on Ru8 without or with
MgO substrate were compared by DFT calculations, which were
performed within the Vienna ab initio simulation package under
the framework of plane-wave pseudopotential DFT methods
[37,38]. The energy cutoff for the plane-wave expansion was set to
400 eV. The ion-electron interactions were described by projector
augmented wave method [39] and exchange-correlation in-
teractions were dealt with generalized gradient approximation
with Perdew-Burke-Ernzerholf functional [40]. Supercells of
12.64 � 12.64 � 20 Å3 were used for the structure optimization
calculations and the Brillouin zones were sampled by a Monkhorst-
Pack k-point mesh with a 1 � 1 � 1 k-point grid [41]. The conver-
gence threshold for energy and force was reached when the
Hellmann-Feynman force on each atomwas smaller than 0.01 eV/Å.
The climbing-image nudged elastic band method [42] was used to
study the decomposition progress of and CO.
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4. Results and discussion

Fig. 1 presents an SEM image of as prepared AD-Ru/MgO catalyst
and its elemental mapping results, which reflect that Ru is well
dispersed on the porous MgO support. In order to exclude the
possible Fe-family metal impurities in the Ru catalyst, ICP-MS
elemental analysis was performed on the as received RuCl3$3H2O
reagent. The detected element compositions are listed in ESI
Table S1. The main impurity elements are tin, sodium, silicon and
phosphorus, which are generally inactive for catalytically growing
carbon nanotubes. In addition, XPS was performed to characterize
the prepared AD-Ru/MgO catalyst before and after CVD process (ESI
Fig. S1). Except Mg, O, and Ru, the concentrations of the impurity
elements were too low to detect. The chemical state of the Ru in
AD-Ru/MgO catalyst was also investigated (ESI Fig. S2). The Ru 3p3/2
and Ru 3p1/2 respectively show a binding energy centered at
462.9 eV and 485.2 eV, which are higher than those of Ru (0) but
lower than those of RuO2 [43,44]. Fig. 2a and b shows the typical
STEM images of the catalyst. Most of the Ru atoms are well
dispersed on the MgO surface. In atomically dispersed catalyst, the
metal utilization efficiency is maximized, thus significantly reduces
the amount of used metal and cuts down the catalyst cost. There-
fore, oxide supported atomically dispersed catalyst has been
applied in reactions like water-gas shift reaction, selective oxida-
tion/hydrogenation, and coupling reactions [45,46], where the
metal-support interaction plays crucial role in anchoring metal
atoms and taking part in the reactions. In the AD-Ru/MgO catalyst,
the atomically dispersed Ru clusters are readily reduced, as indi-
cated by its H2-TPR profile (ESI Fig. S3). Fig. 2c shows a TEM image
of the catalyst after CVD reaction at 850 �C. The measured lattice
distance of crystallized particles is 0.204 nm, corresponding to
(101) interplanar spacing of metallic Ru. The formed Ru nano-
particles could serve as the catalysts for synthesizing carbon
Fig. 1. (a) SEM image of AD-Ru/MgO and (b) Ru, (c) Mg, (d) O EDS elemental ma
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nanotubes.
Ambient pressure CVD was performed at 850 �C using CO as the

carbon precursor. Fig. 3a and ESI Fig. S4 show Raman spectra of the
products acquired with different laser wavelengths. The appear-
ance of radial breathing modes (RBMs) with frequencies close to
300 cm�1 indicates that subnanometer SWNTs were synthesized.
By referring to the Kataura plot, the SWNT chiralities were identi-
fied, indicating that SWNTs with different chiral angles could be
synthesized (ESI Fig. S4).With the aim to estimate the abundance of
different SWNTs, UVeviseNIR absorption (Fig. 3b) and PL (Fig. 3c)
spectroscopy characterizations were adopted. Obviously, prefer-
ential synthesis of (6, 5) SWNTs was obtained. Other species, like (6,
4), (7, 5) and (8, 3) tubes, were also detected. Fig. 3d presents the
normalized PL intensities of different semiconducting SWNT spe-
cies. To the best of our knowledge, this is the highest temperature
reported for predominant synthesis of small diameter (6, 5) SWNTs,
highlighting the advantages of Ru catalyst in growing SWNTswith a
narrowly distributed chirality.

TGAwas performed to evaluate the SWNT quality and purity (ESI
Fig. S5). Only an oxidation peak centered at 448 �C was observed,
indicating that mainly SWNTs exist in the products. SEM and TEM
were also used to characterize the morphology and structure of the
products (ESI Fig. S6). The diameter distribution of SWNTs was
deduced according to the height measurement by AFM (ESI Fig. S7),
which shows that the diameters of most SWNTs are smaller than
1.0 nm, in agreement with optical characterization results. Although
SWNTs could grow on AD-Ru/MgO at 700 �C, their quality and purity
are not high, as suggested by the Raman spectra (ESI Fig. S8).

In a typical CVD process, an SWNT must nucleate on a catalyst
particle, and the SWNT-catalyst interface not only affects the
chirality structure of the tube via nucleation thermodynamics but
also governs the tube growth rate, i.e., growth kinetics [22,23,47].
As a result, all the factors could be related to the properties of
pping of AD-Ru/MgO. (A colour version of this figure can be viewed online.)



Fig. 2. (a, b) HAADF-STEM images of AD-Ru/MgO catalyst, (c) TEM image of Ru particles after CVD process at 850 �C. (A colour version of this figure can be viewed online.)

Fig. 3. (a) Raman spectra (b) UVeviseNIR optical absorption spectrum (c) Contour plot of normalized PL intensities under the various excitation energies (d) Chirality distribution
deduced from PL spectrum of SWNTs grown from AD-Ru/MgO catalyst at 850 �C. (A colour version of this figure can be viewed online.)
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catalyst surface, including the size [48], crystal structure [49,50]
and composition [51e53], have been proven to be coherently
related to the diameter/chirality distribution of SWNTs. However,
too small catalyst clusters are unfavorable for SWNT nucleation
because the barrier energy for generating a stable small cap is
extremely high. Consequently, the atomically dispersed Ru clusters
themselves are not active for nucleating SWNTs. During CVD
38
process, the Ru atoms readily migrate to form Ru clusters with
larger diameters. Once the size of Ru cluster reaches a critical
diameter, a stable SWNT cap could form on the Ru cluster (Fig. 4).
Incorporation of more carbon atoms to the open end of the SWNT
leads to the prolongation of the SWNT.

Besides, the use of CO as the carbon feed stock also contributes
to the growth of small diameter SWNTs, especially compared with



Fig. 4. Schematic illustration of Ru particle formation from AD-Ru/MgO for catalyzing
the nucleation and growth of an SWNT. (A colour version of this figure can be viewed
online.)
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hydrocarbon precursor. Mabudafhasi et al. [26] reported that the
critical Ru metal size for carbon nanotube nucleation when using
propene as the carbon source is larger than 30 nm. He et al. [54]
systematically investigated the SWNTs grown from CO and CH4,
and revealed that CO favors the growth of small diameter, near-
armchair species by a perpendicular mode [55]. Recently, Diaz
et al. [56] proved that rich oxygen environment reduces the in-
teractions between carbon shell and catalyst surface, thus
increasing the possibility of carbon cap “lift off” and SWNT
nucleation.

For comparison, NP-Ru/MgO, in which the Ru nanoparticles
were first prepared by a microwave irradiation technique and
subsequently deposited onto the porous MgO support, was applied
for CVD growth of SWNTs. As previously reported by Wang et al.
[33], most of the Ru nanoparticles have diameters larger than
1.0 nm. The optimized reaction temperature was determined to be
800 �C using CO CVD. Fig. 5a presents the Raman spectra of the
carbon nanotubes grown on NP-Ru/MgO. Similar to the AD-Ru/
MgO catalyst, the NP-Ru/MgO also affords the selective synthesis
of (6, 5) SWNTs (Fig. 5b and c). Obviously, the abundance of (6, 5)
SWNTs grown on NP-Ru/MgO is not as high as that synthesized
from AD-Ru/MgO, even though the reaction temperature of NP-Ru/
MgO is slightly lower than the latter. The results further confirm
that the AD-Ru/MgO facilitates the synthesis of small diameter
SWNTs because of the in-situ formation of small Ru clusters during
Fig. 5. (a) Raman spectra (b) UVeviseNIR absorption spectrum (c) Contour plot of normali
MgO catalyst at 800 �C. (A colour version of this figure can be viewed online.)
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CVD growth process.
Although Ru has long been applied as catalyst for growing car-

bon nanotubes, the catalyst activation mechanism has been
neglected. Since ruthenium carbide is unstable, the active compo-
nent for nucleation of carbon nanotube should be metallic Ru.
Indeed, post-growth TEM characterizations revealed the metallic
state of the nanoparticles (Fig. 2c). Further considering the high
melting temperature of metallic Ru, the Ru nanoparticle is sup-
posed to catalyze SWNT growth by a vapor-solid-solid mechanism
where the Ru preserve its solid state throughout the CVD process.
To fulfill the criteria required by active catalyst for growing SWNTs,
a metal nanoparticle should readily dissociate the carbon source
molecules and possess a suitable metal-carbon bond strength.
Compared with Fe-family metals, which are located in the “Goldi-
lock zone” for SWNT growth [9], Ru nanoparticles are less active
because of the difficulties in carbon source dissociation and rela-
tively weak metal-carbon interaction. However, together with
some previous reports [30,32], our experimental results demon-
strate that supported Ru nanoparticles are as active as Fe-family
metals in catalyzing carbon nanotube growth.

With the aim to elucidate the role of MgO and the activation
mechanism of Ru catalyst, DFT calculations were carried out. The
CO dissociation on Ru starts with the absorption, followed by the
catalytic decomposition (Fig. 6a). ESI Fig. S9 compares the ener-
getics of CO dissociation on a free Ru8 cluster and on a MgO sup-
ported Ru8 (Ru8/MgO). Although the desorption steps of CO are
endothermic, CO molecule only weakly absorbs (0.04 eV) on the
free Ru8, so that it desorbs easily prior to dissociation. Meanwhile,
the energy barrier for CO dissociation is very high (2.96 eV, Fig. 6b).
Ru metal is thus located out of the “Goldilock zone” and unsuitable
for catalyzing SWNT growth [57]. In contrast, Ru8 supported on a
MgO substrate exhibits superior properties in CO dissociation (ESI
Fig. S9). Careful electronic structures analysis shows that obvious
orbital hybridization occurs between the p orbitals of O atoms and
d orbitals of Ru atoms (Fig. 6c), which accords well with the sig-
nificant charge transfer from MgO to Ru8. The excessive electron
charges could be donated from the d orbits of Ru to the anti-
bonding p* molecular orbits of absorbed CO molecules, thereby
strengthening the metal-CO interaction and promoting the disso-
ciation of CO. On one hand, the absorption energy on Ru8/MgO
increased to 0.77 eV, enhancing the absorption of CO on Ru8 cluster.
On the other hand, the activation energy for CO decomposition
decreases to 1.86 eV (Fig. 6d), suggesting that atomic carbon is
energetically favorable to form on Ru8/MgO surface. Furthermore,
the bond strength of RueC could also be increased because of the
interaction between Ru8 and MgO, which is indispensable for
maintaining the open end of a growing SWNT [58]. To wrap all this
up, the charge-transfer from MgO support to Ru8 enhances the
zed PL intensities under the various excitation energies of SWNTs grown from NP-Ru/



Fig. 6. (a) Schematic diagram of the CO dissociation processes on Ru8/MgO. Energy profile of the dissociation processes of CO on (b) free Ru8 and (d) Ru8/MgO. (c) Partial density of
states of Ru8/MgO. Inset is the charge density difference plot of Ru8/MgO. (A colour version of this figure can be viewed online.)
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carbon source dissociation and metal-carbon interaction, thus
moving Rumetal into the “Goldilock zone” for SWNT synthesis. The
results also explain previous success in growth of SWNTs from
supported Ru nanoparticles [32] and could be extended to other
unconventional metal catalyst systems.

5. Conclusions

In summary, we design the monometallic AD-Ru/MgO catalyst
and achieved the high enrichment of (6, 5) SWNTs at 850 �C with
CO CVD. During the growth process, highly dispersed Ru atoms in
AD-Ru/MgO aggregate and form Ru clusters suitable for the
nucleation and growth of subnanometer SWNTs with dominant (6,
5) tubes. The activation of Ru catalysts supported on MgO is
attributed to the charge transfer from substrate to metal clusters,
promoting the carbon source decomposition and SWNT cap stabi-
lization. This work deepens our understandings in catalyst activa-
tion mechanisms, which could guide the design of more
unconventional catalysts for large scale growth of SWNTs, ulti-
mately open up a new avenue for chirality-selective synthesis of
SWNTs.
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