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ABSTRACT
Sub-nanometer armchair graphene nanoribbons (GNRs) with moderate band gap have great potential towards novel
nanodevices. GNRs can be synthesized in the confined tubular space of single-walled carbon nanotubes (SWCNTs), in which
precursor molecules have been specifically designed to form the GNRs with certain width and edge. However, it is still
unexplored how the diameter and metallicity of SWCNTs influence the synthesis of the GNRs. Herein, we applied a series of
SWCNTs with different average diameters to study the diameter-dependent synthesis of GNRs. By using Raman spectroscopy
and transmission electron microscopy, we found that the width of the GNRs can be tailored by the diameter of the SWCNTs.
Especially, the SWCNTs with average diameter of 1.3 nm produced 6 and 7 armchair GNRs with the highest yield, which can be
well explained by considering the width of the GNRs and van der Waals radius of hydrogen and carbon atoms. In addition,
semiconducting and metallic SWCNTs produced GNRs with different yields, which could attribute to different diameter
distributions and density of defects. These results enable the possibility of a high-yield production of certain armchair graphene
nanoribbons in large scale, which would benefit future applications as semiconductor with sub-nanometer in width.
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1 Introduction
Graphene nanoribbons (GNRs) exhibit unique electronic
properties such as tunable band gap, high mobility, and high
current carrying capabilities, which present superior ability
compared to the gap-less graphene, allowing them to develop new
generation of electronic nanodevices [1, 2]. Graphene
nanoribbons are distinguished by their width and edges. Armchair
GNRs (AGNRs) and zigzag GNRs are the two main common
groups of GNRs. Zigzag GNRs possess metallic character, whereas
AGNRs exhibit width-dependent electronic property. AGNRs are
classified by the number of dimer lines (n) across the ribbon
width: n = 3p, 3p + 1, or 3p + 2, where p is an integer. The AGNRs
with n = 3p or 3p + 1 have a relatively big band gap. Whereas the
AGNRs with n = 3p + 2 usually have a small band gap below
0.1 eV [3].
Generally, both top-down and bottom-up methods can
fabricate GNRs. The top-down approaches are usually realized by
narrowing the graphene, including electron and plasma etching,
or unzipping the carbon nanotubes (CNTs) [4–6]. The width of
the obtained GNRs is normally greater than 10 nm and the edge

cannot be well controlled. In contrast, the bottom-up approach
starting from designed precursor molecules enables to precisely
control the edge and width of the synthesized GNRs [7–10].
Elaborate poly-aromatic hydrocarbon molecules (PAHs) are ideal
raw materials as precursor. The GNRs can be formed by
polymerizing the monomeric precursor molecules either in
solvents [7] or on substrate surface [8–10]. In addition, singlewalled CNTs (SWCNTs) are promising nanoreactors providing
tubular confinement space for chemical reaction in nanometer
scale. Various kinds of meta-stable one-dimensional (1D) and qusi1D nanostructures were synthesized inside CNTs, such as linear
carbon chains [11–13], sulfur chains [14, 15], lanthanum chains
[16], and ionic chains [17–19]. GNRs were also obtained through
transforming the PAHs inside SWCNTs [20–22], however, only
until recently, GNRs with specific width and armchair edge were
successfully synthesized by using ferrocene molecules as precursor
[23–25]. In this case, the formation mechanism of AGNRs is
completely different from the previous one based on
polymerization of the monomers, since ferrocene molecules are
firstly decomposed and then catalyzed into AGNRs. Therefore,
not only the precursor molecules, but also the SWCNTs play an
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important role in the synthesis. The limited space of the SWCNTs
allows tailoring the inner nanostructures effectively [26]. Thus, the
SWCNT with certain diameter presents great potential to control
the formed GNRs towards a selective synthesis. Systematic study
on the diameter-dependent or metallicity-dependent synthesis of
GNRs inside SWCNTs is highly demanded, however, remains
unexplored.
In this work, we report a detailed study on the confined
synthesis of AGNRs with different widths by tuning the diameter
of the SWCNTs, especially, the 6-AGNRs and 7-AGNRs, which
represent two types of AGNRs with moderate band gaps, i.e., n =
3p and 3p + 1. By adjusting the average diameter of the SWCNTs,
the highest yields of both 6-AGNRs and 7-AGNRs can be
achieved. Furthermore, we find that the metallicity of the
SWCNTs could have impact on the formation of the AGNRs.
Also, no additional charge transfer is observed between the
AGNRs and the metallic SWCNTs compared to the
semiconducting SWCNTs.

For easy comparison, all the Raman spectra were normalized to
the intensity of the G-band. Then, to evaluate the relative yields of
AGNRs, the areas of C–H in-plane bending mode (CHipb) of 6AGNRs and 7-AGRNs were obtained by performing the peak
fitting using a Lorentzian function. The metallicity-separated
SWCNTs were measured by using an ultraviolet-visible-nearinfrared (UV-vis-NIR) spectrophotometer (Bruker VERTEX 80v).
The AGNRs@eDIPS-1.3 nm sample was characterized by the
Thermo Fisher (formerly FEI) subangstrom low voltage electron
(SALVE) transmission electron microscope fitted with a dedicated
chromatic and spherical aberration (Cc/Cs) corrector developed
by CEOS which is fully corrected for the fifth-order axial
geometric aberrations (including Cs and C5), for the third-order
off axial geometric aberrations, and for the first-order chromatic
aberrations, and also equipped with a Thermo Fisher Ceta 4K
CMOS camera. The exposure time of the images is 1.0 s.

2 Experimental

3.1 Diameter-dependent synthesis of AGNRs

The main procedure is illustrated in Fig. 1. In order to perform the
diameter-dependent experiments, HiPco SWCNTs with an
average diameter of 1.1 nm and SWCNTs with average diameters
of 1.0, 1.3, 1.43, 1.56, and 1.7 nm prepared by enhanced direct
injection pyrolytic synthesis (eDIPS) [27] were used as templates.
In addition, semiconducting and metallic SWCNTs were sorted
from the same branch of pristine eDIPS-SWCNTs with a mean
diameter of 1.3 nm by gel column chromatography method [28].
The as-grown SWCNTs were heated in air at 400 °C and then
treated by HCl to remove amorphous carbon and catalysts,
respectively. SWCNT buckypaper was obtained by rinsing and
filtering the dispersed SWCNTs with distilled water and ethanol.
The purified SWCNTs were opened by etching in air at 420 °C
and then sealed together with ferrocene in a glass ampoule. To fill
the ferrocene molecules into the SWCNTs, the sealed ampoule
was heated up and kept at 400 °C for 2 days. Transformation of
the ferrocene molecules to the AGNRs was performed by
annealing in a dynamic vacuum with pressure below 10−6 mbar at
500–900 °C for 2 h.
The samples were measured by Raman spectroscopy (LabRAM,
Horiba and TriVista, PI) with excitations at laser wavelengths of
633 and 568 nm (~ 0.5 mW power, a 50x objective), which were
proved to be in resonance with 6-AGNRs and 7-AGNRs,
respectively [25]. The spectra were calibrated by using Rayleigh
scattering line and a standard silicon reference peak at 520.7 cm−1.

6 kinds of SWCNTs with different average diameters of 1.0, 1.1,
1.3, 1.43, 1.56, and 1.7 nm were labeled as e1.0, H1.1, e1.3, e1.43,
e1.56, and e1.7, respectively. The opened SWCNTs were measured
by two excitations to evaluate their quality and diameter
difference. As shown in Fig. 2, the radial breathing mode (RBM)
of SWCNTs distributed from 100 to 300 cm−1 indicates the
discriminated diameter distribution of the samples, confirming the
average diameters obtained from the absorption. The split G-band
including G+ mode and G− mode located near 1,590 and 1,570
cm−1 originates from the in-plane vibrations along the tube axis
and the circumferential direction, respectively [29]. The small Dbands of e1.3, e1.43, e1.56, and e1.7 indicate a high quality of the

3 Results and discussion
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Figure 1 Illustration of main experimental procedure.

Figure 2 Raman spectra of opened SWCNTs measured by laser wavelengths
of (a) 633 nm and (b) 568 nm. RBMs, D-bands, and G-bands are framed by
dashed rectangles.
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CHipb for the 6-AGNRs and 7-AGNRs. The detailed Raman
frequency and corresponding modes are summarized in Table S1
in the ESM. Accordingly, we assign the G-bands of 6-AGNRs and
7-AGNRs to the Raman lines around 1,594 and 1,606 cm−1,
respectively. As shown in Fig. 3(c), the Raman modes belonging to
7-AGNRs can still be clearly seen when off-resonance excitations
are applied, but signal of 6-AGNRs is not found, since the
excitation energy is too far away from its resonance window. With
these excitations the G-band at 1,606 cm−1 of the 7-AGNRs can
eventually be directly observed, because the intensity of G-band of
SWCNTs decreases even more than that of the 7-AGNRs. The Gband intensity of the 7-AGNRs is very sensitive to the
environmental effects when excited in resonance condition.
Therefore, excitation out of resonance window was chosen to
evaluate the synthesis process. As shown in Fig. 3(d) and Fig. S4 in
the ESM, surprisingly the synthesis saturated extremely fast,
although it is still needed to consider that the GNRs already start
to grow when increasing the furnace temperature to the optimal
temperature.
In general, two factors can be presumed to affect the growth
yield of AGNRs inside different SWCNTs. Firstly, the filling ratio
of the precursor molecules. It is influenced by the diameter of the
SWCNTs. The spatial configuration of molecules inside SWCNTs
mainly depends on the van der Waals interaction and the ideal
distance between inner molecule aggregation and tube [20, 26].
Secondly, the diameter of the carbon nanotubes. In the case of
ferrocene, the distance between cyclopentadienyl is about 0.3 nm
and the diagonal length of the molecule is near 0.4 nm. Thus,
ferrocene molecules should be able to be encapsulated in the
SWCNTs with diameter of 1.0 to 1.7 nm. Also, the filling of
ferrocene saturated in 2 days, since the yield of filled GNRs cannot

ICH/IG

ICH/IG

SWCNTs. The D-bands of e1.0 and H1.1 are larger than the
others, thus the defects could influence the growth of the GNRs.
Note that the frequency of the D-band decreases as reducing the
diameter of the carbon nanotubes, which can be explained by
competing the spring constant and double resonance effects [30].
The transformed samples show additional Raman modes
compared to the opened SWCNTs (Fig. 3). Previously, we have
already identified that those Raman modes belong to 6-AGNRs
and 7-AGNRs, which can be clearly observed when excited by
lasers with wavelengths of 633 and 568 nm, respectively, due to
resonance effect [25]. The vibration of radial breathing-like mode
(RBLM) can be considered as a 1D oscillator along the width
direction, which is located at low frequency and its position
depends on the width of the AGNRs [31]. In our case, the RBLMs
located at around 467 and 412 cm−1 are assigned to 6-AGNRs and
7-AGNRs, respectively. The peaks between 1,200 and 1,300 cm−1
are the CHipb [32]. The remaining peaks between 1,200 and
1,500 cm−1 are related to the vibrations near the edge of the
AGNRs [33, 34]. Because their frequencies are close to the
frequency of the D-band of sp2-hybridized carbon materials, this
mode is named D-like mode (DLM) for the GNRs. However, the
DLM is not dispersive in contrast to the dispersed D-band [33].
Similarly, the G-band of the AGNRs appears at around 1,600 cm−1,
highly overlapped with the G-band of SWCNTs, thus it is very
difficult to resolve them (Fig. 3, Figs. S1 and S2 in the Electronic
Supplementary Material (ESM)). Fortunately, the combination
mode, though weak, can help to recognize the frequency of Gband of AGNRs. Several weak components can be found near the
2D-band, as shown in the insets of Figs. S1(a) and S1(b) in the
ESM. Corresponding peak fittings can be found in Fig. S3 in the
ESM, including two combination modes and one overtone of
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Figure 3 Raman spectra of e1.0, H1.1, e1.3, e1.43, e1.56, and e1.7 after formations of the 6-AGNRs and 7-AGNRs excited by lasers of (a) 633 nm and (b) 568 nm,
respectively. The insets in (a) and (b) show the relative intensity of the CHipb for the 6-AGNRs and 7-AGNRs in different samples. (c) Raman spectra of e1.3 excited by
lasers with wavelengths of 488, 514, and 531 nm. (d) The growth of the 7-AGNRs in e1.3 under different annealing time.
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be improved by prolonging the duration of the filling process.
Consequently, the first factor can be neglected, and the second
factor would play a major role. Indeed, by comparing the intensity
of the Raman modes belonging to the AGNRs, it is clearly seen
that the SWCNTs with different diameter distribution play a key
role in the growth of both 6-AGNRs and 7-AGNRs. To compare
the diameter-dependent synthesis, the relative intensities of the
CHipb and the G-band of the 6-AGNRs and 7-AGNRs are plotted
as the insets in Figs. 3(a) and 3(b), respectively. It is clearly shown
that the e1.3 sample presents the best capability as templates for
the growth of both the two AGNRs, which is reasonable, because
the width difference between these two AGNRs is only around
0.1 nm. The best diameters for the 6-AGNRs and 7-AGNRs
would be around 1.3 and 1.4 nm considered van der Waals
interaction, respectively. This also explains why only few 6AGNRs and 7-AGNRs are synthesized by using too narrow (e1.0,
H1.1) and too large (e1.56, e1.7) samples.
To verify the diameter-dependent synthesis of GNRs, except the
Raman spectroscopy, aberration-corrected high-resolution
transmission electron microscopy (ACHRTEM) was also used for
direct observation. As displayed in Figs. 4(a)–4(d), GNRs with
different widths can be clearly seen inside individual SWCNTs,
confirming the formation of the GNRs inside SWCNTs. The
widths of the GNRs and the diameter of SWCNTs both can be
accurately identified by their contrast profiles as shown in the
bottom of each image. Summarizing the obtained width and
diameter in Fig. 4(f), the width of the GNRs indeed changes with
the diameter of the SWCNTs, which is in line with the results
from the Raman spectroscopy. The distance between the edge of
GNR and the wall of hosting SWCNT is kept at near 0.35 nm,
which is slightly higher than the theoretical value, and similar to
the diameter difference between the inner and outer tubes of
double-walled carbon nanotubes. In addition, the overall yield of
the GNRs statistically from many ACHRTEM images is greater
than 90%, revealing a high efficiency of the transformation from
molecules to GNRs, as shown in Fig. 4(e). Noted that most of
GNRs are with width between 0.6 and 0.8 nm, corresponding to 6AGNRs and 7-AGNRs, which is again consistent with our Raman
results. Although the GNR can be quite flat, twisted structure is
also the most frequently observed status of the GNRs, similar to

previous findings [21, 25]. The twisted structure is an important
signature of GNRs in ACHRTEM, making it different from the
inner wall of double-walled carbon nanotubes. Time-series of
ACHRTEM images of a narrow GNR with width of around
0.5 nm shown in Figs. 4(g)–4(k) demonstrate the movement of a
twisted GNR under irradiation. Part of the GNR is observed in
form of a chain, and sometimes a flat form can be seen when it
rotates. Such narrow GNRs keep intact under the beam for
minutes scale during the observation, revealing an excellent
stability well protected by the SWCNT.
3.2 Does the metallicity of the SWCNTs affect the
growth of the AGNRs?
It is well-known that SWCNTs show unique electronic property
closely related to their chirality, which can be roughly classified
into two categories: semiconducting and metallic SWCNTs.
Therefore, it is of high interest to study the metallicity-dependent
synthesis of the GNRs. Semiconducting and metallic SWCNTs
were separated from the same branch of the e1.3 SWCNT sample
by gel column chromatography method [28]. The solutions of
semiconducting and metallic SWCNTs in the optical images
present dark red and olive green, respectively (insets of Fig. 5(a)).
Further, the optical absorption spectra demonstrate the success
separation and a high purity of the samples, showing peaks at
around 700 and 1,000 nm originated from the E11 optical
transition of the metallic SWCNTs and E22 of the semiconducting
SWCNTs, respectively. Their Raman spectra suggest that the
metallic SWCNTs are slightly larger than the semiconducting
SWCNTs. Also, the metallic SWCNTs have a larger D-band and a
broader G-band (because of the Breit–Wigner–Fano effect [35])
compared to that of the semiconducting SWCNTs (Figs. 5(b) and
5(c)). After filling and transformation of the ferrocene molecules
inside the semiconducting and metallic samples, both the 6AGNRs and 7-AGNRs can be synthesized, yet with lower yields,
because the inserted solvents during the separation process
definitely prevent the high-yield filling of the ferrocene molecules
into the SWCNTs. In addition, this process damages the
SWCNTs, as indicated by the increased D-band after separation.
The semiconducting SWCNTs produce more AGNRs than the
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Figure 4 (a)–(d) ACHRTEM images of four selected GNR@SWCNTs (top) and their corresponding contrast profiles (bottom). (e) TEM statistics histogram of ratios
of GNRs with different widths inside SWCNTs. (f) The relationship between the diameter of SWCNTs and the width of GNRs statistically obtained from (a) to (d).
(g)–(k) Time-series ACHRTEM images captured every 3 sec. The scale bar in all images is 2 nm.
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Figure 5 (a) The optical absorption spectra of the separated semiconducting (red) and metallic (green) SWCNTs. The insets show optical graph of the separated
samples. Raman spectra of empty (dashed lines) and AGNRs-encapsulated (solid lines) metallicity-sorted e1.3 SWCNTs excited by lasers with wavelengths of (b) 633
nm and (c) 568 nm. Insets: enlarged RBLM region.

metallic tubes, which can be attributed to two reasons: One is due
to their slightly different diameter distribution, and the other is
because of the different density of defects, since the growth of
GNRs could be interrupted at the defect. Thus, the metallicitydependent synthesis of GNRs needs further evaluation. More
importantly, no shift of the Raman modes for both the 6-AGNRs
and 7-AGNRs is found inside the metallic and the semiconducting
SWCNTs, illustrating that the interaction between the SWCNTs
and the AGNRs is rather weak, thus almost no influence on the
AGNRs.
In summary, we find that the width of the synthesized GNRs is
highly related to the diameter of the SWCNTs. Especially, 6AGNRs and 7-AGNRs can be grown optimally inside the
SWCNTs with average diameter of 1.3–1.4 nm. The overall yield
of the GNRs is more than 90%. Moreover, although the metallicitysorted SWCNTs give different growth yields of the AGNRs, the
metallicity-dependence of the formation of the AGNRs is not
evidenced. These results demonstrate a route with great potential
to precisely synthesize certain GNRs by using single-chiral
SWCNTs in future and lead to a promising and practical way to
produce sub-nanometer-wide AGNRs in large scale, which is
crucial for semiconducting applications.

Acknowledgements
This work was supported by the National Natural Science
Foundation of China (No. 51902353), Guangdong Basic and
Applied Basic Research Foundation (No. 2019A1515011227), and
Science and Technology Innovation Strategy Special Fund of
Guangdong Province (No. pdjh2020(b)0018) and State Key
Laboratory of Optoelectronic Materials and Technologies (No.
OEMT-2021-PZ-02). U. K. acknowledges the support of the
Graphene Flagship and DFG SPP Graphene as well as the DFG
and the Ministry of Science, Research and the Arts (MWK) of
Baden-Wuerttemberg within the frame of the SALVE project.
Electronic Supplementary Material: Supplementary material
(Raman spectra excited by several lasers) is available in the online
version of this article at https://doi.org/10.1007/s12274-021-3819-8.

References
[1] Novoselov, K. S.; Fal′ko, V. I.; Colombo, L.; Gellert, P. R.; Schwab,
M. G.; Kim, K. A roadmap for graphene. Nature 2012, 490,
192–200.
[2] Dutta, S.; Pati, S. K. Novel properties of graphene nanoribbons: A
review. J. Mater. Chem. 2010, 20, 8207–8223.
[3] Son, Y. W.; Cohen, M. L.; Louie, S. G. Energy gaps in graphene
nanoribbons. Phys. Rev. Lett. 2006, 97, 216803.

[4] Bai, J. W.; Zhong, X.; Jiang, S.; Huang, Y.; Duan, X. F. Graphene
nanomesh. Nat. Nanotechnol. 2010, 5, 190–194.
[5] Kim, M.; Safron, N. S.; Han, E.; Arnold, M. S.; Gopalan, P.
Fabrication and characterization of large-area, semiconducting
nanoperforated graphene materials. Nano Lett. 2010, 10, 1125–1131.
[6] Ma, B. J.; Ren, S. Z.; Wang, P. Q.; Jia, C. C.; Guo, X. F. Precise
control of graphene etching by remote hydrogen plasma. Nano Res.
2019, 12, 137–142.
[7] Narita, A.; Verzhbitskiy, I. A.; Frederickx, W.; Mali, K. S.; Jensen,
S. A.; Hansen, M. R.; Bonn, M.; De Feyter, S.; Casiraghi, C.; Feng,
X. L. et al. Bottom-up synthesis of liquid-phase-processable
graphene nanoribbons with near-infrared absorption. ACS Nano
2014, 8, 11622–11630.
[8] Cai, J. M.; Ruffieux, P.; Jaafar, R.; Bieri, M.; Braun, T.;
Blankenburg, S.; Muoth, M.; Seitsonen, A. P.; Saleh, M.; Feng, X.
L. et al. Atomically precise bottom-up fabrication of graphene
nanoribbons. Nature 2010, 466, 470–473.
[9] Liu, X. M.; Li, G.; Lipatov, A.; Sun, T. Pour, M. M.; Aluru, N. R.;
Lyding, J. W.; Sinitskii, A. Chevron-type graphene nanoribbons with
a reduced energy band gap: Solution synthesis, scanning tunneling
microscopy and electrical characterization. Nano Res. 2020, 13,
1713–1722.
[10] Xu, X. S.; Di Giovannantonio, M.; Urgel, J. I.; Pignedoli, C. A.;
Ruffieux, P.; Müllen, K.; Fasel, R. Narita, A. On-surface activation
of benzylic C-H bonds for the synthesis of pentagon-fused graphene
nanoribbons. Nano Res. 2021.
[11] Shi, L.; Rohringer, P.; Suenaga, K.; Niimi, Y.; Kotakoski, J.; Meyer,
J. C.; Peterlik, H.; Wanko, M.; Cahangirov, S.; Rubio, A. et al.
Confined linear carbon chains as a route to bulk carbyne. Nat. Mater.
2016, 15, 634–639.
[12] Shi, L.; Senga, R.; Suenaga, K.; Kataura, H.; Saito, T.; Paz, A. P.;
Rubio, A.; Ayala, P.; Pichler, T. Toward confined carbyne with
tailored properties. Nano Lett. 2021, 21, 1096–1101.
[13] Shi, L.; Sheng, L. M.; Yu, L. M.; An, K.; Ando, Y.; Zhao, X. L.
Ultra-thin double-walled carbon nanotubes: A novel nanocontainer
for preparing atomic wires. Nano Res. 2011, 4, 759–766.
[14] Fujimori, T.; Morelos-Gómez, A.; Zhu, Z.; Muramatsu, H.;
Futamura, R.; Urita, K.; Terrones, M.; Hayashi, T.; Endo, M.; Hong,
S. Y. et al. Conducting linear chains of sulphur inside carbon
nanotubes. Nat. Commun. 2013, 4, 2162.
[15] Li, Y. L.; Bai, H. C.; Li, L. W.; Huang, Y. H. Stabilities and
electronic properties of nanowires made of single atomic sulfur
chains encapsulated in zigzag carbon nanotubes. Nanotechnology
2018, 29, 415703.
[16] Guan, L. H.; Suenaga, K.; Okubo, S.; Okazaki, T.; Iijima, S. Metallic
wires of lanthanum atoms inside carbon nanotubes. J. Am. Chem.
Soc. 2008, 130, 2162–2163.
[17] Senga, R.; Komsa, H.; Liu, Z.; Hirose-Takai, K.; Krasheninnikov, A.
V.; Suenaga, K. Atomic structure and dynamic behaviour of truly
one-dimensional ionic chains inside carbon nanotubes. Nat. Mater.
2014, 13, 1050–1054.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research

1714

Nano Res. 2022, 15(3): 1709–1714

[18] Meyer, R. R.; Sloan, J.; Dunin-Borkowski, R. E.; Kirkland, A. I.;
Novotny, M. C.; Bailey, S. R.; Hutchison, J. L.; Green, M. L. H.
Discrete atom imaging of one-dimensional crystals formed within
single-walled carbon nanotubes. Science 2000, 289, 1324–1326.
[19] Sloan, J.; Kirkland, A. I.; Hutchison, J. L.; Green, M. L. H. Integral
atomic layer architectures of 1D crystals inserted into single walled
carbon nanotubes. Chem. Commun. 2002, 13, 1319–1332.
[20] Anoshkin, I. V.; Talyzin, A. V.; Nasibulin, A. G.; Krasheninnikov,
A. V.; Jiang, H.; Nieminen, R. M.; Kauppinen, E. I. Coronene
encapsulation in single-walled carbon nanotubes: Stacked columns,
peapods, and nanoribbons. ChemPhysChem 2014, 15, 1660–1665.
[21] Chamberlain, T. W.; Biskupek, J.; Rance, G. A.; Chuvilin, A.;
Alexander, T. J.; Bichoutskaia, E.; Kaiser, U.; Khlobystov, A. N.
Size, structure, and helical twist of graphene nanoribbons controlled
by confinement in carbon nanotubes. ACS Nano 2012, 6,
3943–3953.
[22] Talyzin, A. V.; Anoshkin, I. V.; Krasheninnikov, A. V.; Nieminen,
R. M.; Nasibulin, A. G.; Jiang, H.; Kauppinen, E. I. Synthesis of
graphene nanoribbons encapsulated in single-walled carbon
nanotubes. Nano Lett. 2011, 11, 4352–4356.
[23] Kuzmany, H.; Shi, L.; Kürti, J.; Koltai, J.; Chuvilin, A.; Saito, T.;
Pichler, T. The growth of new extended carbon nanophases from
ferrocene inside single-walled carbon nanotubes. Phys. Status Solidi
RRL 2017, 11, 1700158.
[24] Chernov, A. I.; Fedotov, P. V.; Talyzin, A. V.; Lopez, I. S.;
Anoshkin, I. V.; Nasibulin, A. G.; Kauppinen, E. I.; Obraztsova, E.
D. Optical properties of graphene nanoribbons encapsulated in singlewalled carbon nanotubes. ACS Nano 2013, 7, 6346–6353.
[25] Kuzmany, H.; Shi, L.; Martinati, M.; Cambré, S.; Wenseleers, W.;
Kürti, J.; Koltai, J.; Kukucska, G.; Cao, K. C.; Kaiser, U. et al. Welldefined sub-nanometer graphene ribbons synthesized inside carbon
nanotubes. Carbon 2021, 171, 221–229.

[26] Liu, Y.; Jones, R. O.; Zhao, X. L.; Ando, Y. Carbon species confined
inside carbon nanotubes: A density functional study. Phys. Rev. B
2003, 68, 125413.
[27] Saito, T.; Ohshima, S.; Okazaki, T.; Ohmori, S.; Yumura, M.; Iijima,
S. Selective diameter control of single-walled carbon nanotubes in
the gas-phase synthesis. J. Nanosci. Nanotechnol. 2008, 8,
6153–6157.
[28] Wang, G. W.; Wei, X. J.; Tanaka, T.; Kataura, H. Diameter-selective
separation of semiconducting single-walled carbon nanotubes in
large diameter range. Phys. Status Solidi B 2017, 254, 1700294.
[29] Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman
spectroscopy of carbon nanotubes. Phys. Rep. 2005, 409, 47–99.
[30] Filho, A. G. S.; Jorio, A.; Samsonidze, G. G.; Dresselhaus, G.;
Pimenta, M. A.; Dresselhaus, M. S.; Swan, A. K.; Ünlü, M. S.;
Goldberg, B. B.; Saito, R. Competing spring constant versus double
resonance effects on the properties of dispersive modes in isolated
single-wall carbon nanotubes. Phys. Rev. B 2003, 67, 035427.
[31] Vandescuren, M.; Hermet, P.; Meunier, V.; Henrard, L.; Lambin, P.
Theoretical study of the vibrational edge modes in graphene
nanoribbons. Phys. Rev. B 2008, 78, 195401.
[32] Gillen, R.; Mohr, M.; Thomsen, C.; Maultzsch, J. Vibrational
properties of graphene nanoribbons by first-principles calculations.
Phys. Rev. B 2009, 80, 155418.
[33] Saito, R.; Furukawa, M.; Dresselhaus, G.; Dresselhaus, M. S. Raman
spectra of graphene ribbons. J. Phys.: Condens. Matter 2010, 22,
334203.
[34] Cancado, L. G.; Pimenta, M. A.; Neves, B. R. A.; Dantas, M. S. S.;
Jorio, A. Influence of the atomic structure on the Raman spectra of
graphite edges. Phys. Rev. Lett. 2004, 93, 247401.
[35] Kempa, K. Gapless plasmons in carbon nanotubes and their
interactions with phonons. Phys. Rev. B 2002, 66, 195406.

| www.editorialmanager.com/nare/default.asp

