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Sub-10-nm graphene nanoribbons with atomically
smooth edges from squashed carbon nanotubes

Changxin Chen®"22 Yy Lin®3'4, Wu Zhou®4>", Ming Gong?, Zhuoyang He', Fangyuan Shi’,
Xinyue Li', Justin Zachary Wu?, Kai Tak Lam®, Jian Nong Wang’, Fan Yang?, Qiaoshi Zeng ®°1°,
Jing Guo®, Wenpei Gao", Jian-Min Zuo®™", Jie Liu®", Guosong Hong®?, Alexander L. Antaris?,
Meng-Chang Lin®™, Wendy L. Mao ©®3#™ and Hongjie Dai®?X

Graphene nanoribbons are of potential use in the development of electronic and optoelectronic devices. However, the prepara-
tion of narrow and long nanoribbons with smooth edges, sizeable bandgaps and high mobilities is challenging. Here we show
that sub-10-nm-wide semiconducting graphene nanoribbons with atomically smooth closed edges can be produced by squash-
ing carbon nanotubes using a high-pressure and thermal treatment. With this approach, nanoribbons as narrow as 1.4 nm can
be created, and up to 54% of single- and double-walled nanotubes in a sample can be converted into edge-closed nanoribbons.
We also fabricate edge-opened nanoribbons using nitric acid as the oxidant to selectively etch the edges of the squashed nano-
tubes under high pressure. A field-effect transistor fabricated using a 2.8-nm-wide edge-closed nanoribbon exhibits an on/off
current ratio of more than 104, from which a bandgap of around 494 meV is estimated. The device also exhibits a field-effect

mobility of 2,443 cm?V-'s~" and an on-state channel conductivity of 7.42mS.

he use of two-dimensional graphene in electronics and
optoelectronics is limited because the material has a zero
bandgap'. One solution is to use one-dimensional graphene
nanoribbons (GNRs)?. Theoretical** and experimental®” studies
have shown that GNRs with widths less than 10nm become semi-
conducting due to quantum confinement and edge effects. They
exhibit a bandgap that scales inversely with their widths, which
depend on edge chiralities as well as the family types of armchair
GNRs***, In particular, GNRs with widths under 5nm can have
sizeable bandgaps™*'’. Narrow GNRs also have an advantage over
single-walled carbon nanotubes (SWCNTs) in the development of
all-semiconducting devices (for example, use in integrated circuits),
because it is challenging to obtain 100% semiconducting SWCNTs
using present separation or growth technology. The mobility
and conductivity of GNRs are highly dependent on the degree of
edge roughness due to edge-scattering effects''"". To fabricate
high-performance electronic and optoelectronic devices, narrow
and long GNRs with smooth edges throughout the whole ribbon
are required.

Methods of preparing GNRs wider than 10nm include
electron-beam lithography', unzipping multi-walled carbon nano-
tubes (MWCNTs)”'*"", chemical vapour deposition (CVD)' and
epitaxial synthesis on semiconductor substrates'>. GNRs narrower
than 10 nm have been prepared by the sonochemical exfoliation of

expandable graphite®, gas-phase etching of wide GNRs”, pattern-
ing of two-dimensional graphene using a nanowire mask”, cata-
lytic unzipping of SWCNTs*? and scanning tunnelling microscopy
lithography*. However, these approaches produce GNRs with large
defect densities or roughness at their edges, as well as non-uniform
edge structures, which substantially decrease mobility. Edge varia-
tion between GNRs also causes large differences in electronic struc-
ture and properties.

Approaches using bottom-up solution synthesis can provide
soluble and narrow GNRs (1 nm to several nanometres in width)***
but with relatively short lengths, varying from several nanome-
tres to 200nm, which leads to contact lengths that are shorter
than the transfer length (0.2-0.5pm) and insufficient for making
low-impedance contacts**. In addition, long and dense functional
groups attached to the GNR’s cove-type periphery can increase the
scattering effects and decrease mobility. It is possible to produce
GNRs that are only a few atoms wide with chemically smooth edges
using a surface-assisted assembly method*~"', but these nanorib-
bons are also typically short (of the order of dozens of nanome-
tres) and have low mobility. This assembly is usually performed on
a specific crystal plane of a conductive single-crystal metal, so an
additional substrate transfer step is needed for device implementa-
tion, which could result in structural damages to GNRs. Recently,
seven-atom-wide GNRs were formed on a semiconducting metal
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oxide (TiO,) surface using an on-surface synthesis approach™.
However, the length of the prepared GNRs was only about 10nm
and the synthesis required ultrahigh-vacuum conditions.

In this Article, we show that sub-10-nm-wide and long GNRs
with atomically smooth closed edges can be produced by irrevers-
ibly squashing carbon nanotubes (CNTs) using a high-pressure and
thermal treatment. With this approach, we create sub-5-nm GNRs,
with the narrowest width of 1.4nm. The quality of the resulting
GNRs is assessed with scanning transmission electron microscopy
(STEM) and Raman spectroscopy mapping. For CNTs with a diam-
eter ranging from 1.9 to 6.4nm, the yield for squashing SWCNTs
and double-walled carbon nanotubes (DWCNTs) into edge-closed
GNRs is estimated to be 54%. We also prepare edge-opened GNRs
by selectively etching the edges of squashed CNTs at a high pres-
sure using an oxidant (nitric acid; HNO,). A field-effect transistor
(FET) fabricated using an edge-closed 2.8-nm-wide GNR from a
squashed DWCNT exhibits an on/off current ratio (I,,/I) of more
than 10%, estimated bandgap of 494 meV, on-state channel conduc-
tivity of 7.42mS and field-effect mobility of 2,443cm*V~'s™". An
FET with a 9.9-nm-wide GNR channel exhibits a device mobility
of 3,776 cm?V~'s7!,

Squashing CNTs into GNRs via pressure and thermal
treatment

We studied two types of CNT sample. Sample 1 was purified
large-diameter CNTs with the main diameter ranging from 1.9
to 6.4nm centred at around 3.7nm and was synthesized via a
floating-catalyst CVD method”, where 70+5% of the CNTs
were SWCNTs and DWCNTs and the remaining were few-walled
CNTs. Sample 2 was purified CNTs with the main diameter rang-
ing from 0.8 to 3.0 nm and was prepared via the catalyst-supported
CVD method*, which was mostly composed of DWCNTs and
small quantities of single- and tri-walled CNTs (Methods provides
more details).

A diamond anvil cell (DAC) was used for the high-pressure treat-
ment of CN'Ts. The CNT samples were loaded (to fill) and sealed in a
sample chamber in the centre of a pre-indented tungsten gasket that
was then compressed between two diamond anvils (Supplementary
Fig. 1 and Methods). The sample chamber has a height of about
70 pm and a diameter of 410 pm. Figure 1a illustrates the structural
change in CNTs before and after the high-pressure and thermal
treatment, where the pristine CNTs (left) are squashed into GNRs
(right) after treatment.

The structural evolution of Sample 1 from ambient pressure to
22.8 GPa was monitored by in situ Raman spectroscopy through the
diamond window (Methods). Under atmospheric pressure, a reso-
nant radial breathing mode (RBM) peak at 116 cm™" was observed,
corresponding to CNTs with a diameter of ~2.1nm. With increas-
ing pressure, the RBM blueshifts and the peak intensity decreases
(Fig. 1b, left). The RBM was nearly invisible when the pressure
reached 5.5GPa. The shift and disappearance of the RBM was
attributed to the radial structural transition occurring in CNTs
under high pressure, which modifies their sub-band energy gaps.
Eventually, this change prevents the excitation laser from resonat-
ing with the sub-bands. Previous theoretical studies on ideal and
defect-free CNTs under increased hydrostatic pressure showed that
the radial cross-section of a CNT would transform from a circle into
an ellipse and then into a peanut shape before it finally collapsed,
and the collapse pressure was dependent on the CNT diameter®".
The calculation showed that a CNT with a diameter of 0.8 nm col-
lapsed under a hydrostatic pressure of about 6.8 GPa (ref. *°). In our
experiment, a relatively higher pressure of 22.8 GPa was applied
and no pressure-transmitting medium was used, which resulted
in the introduction of deviatoric stress. This would allow CNTs to
be squashed more readily. Moreover, CVD-synthesized CNTs used
in our experiment had structural defects on the tube walls, which
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made our CNTs more susceptible to deformation than the ideal and
defect-free ones studied in the theoretical calculations.

Similarly, the G-band was also observed to blueshift and the
intensity decreased with increasing pressure (Fig. 1c, left). The
blueshift was 60cm™ when the pressure was increased from the
ambient value to 20.9 GPa. The blueshift of the G-band could be
attributed to the shortening of the C-C bonds under pressure,
which strengthened the bonds and increased the vibrational fre-
quency'’. We also observed a change in the rate of G-band shift
near 4.0GPa (Fig. 1d). Together with the disappearance of the
RBM, a notable radial structural transition can be deduced to
occur in Sample 1 near 4.0 GPa (ref. *°).

To stabilize the squashed sample structure, we conducted an
annealing process on the sample at the highest pressure of 22.8 GPa.
The sample was first heated up to 220 °C and kept for 40 min. Then,
the sample was cooled down to room temperature under a rapid
airflow. After unloading the DAC back to ambient pressure, there
was no obvious recovery of the RBM peak (Fig. 1b, right), indicat-
ing that a majority of CNTs underwent irreversible radial deforma-
tion. The Raman G-band of the sample gradually shifted back to
the lower wavenumber as the pressure decreased (Fig. lc, right),
which suggested that the C-C-bond length was restored after
releasing the pressure. Different from the compression process,
a much smaller change in the rate of G-band shift was observed
near 2.8 GPa along decompression (Fig. 1d), which indicated that
only a small number of CNTs regained their original shape from
radial deformation after the pressure was released. Compared with
pristine CNTs, the sample after the high-pressure and thermal
treatment had a weaker (that is, more obtuse) G-band (Fig. 1c).
This might be because the prepared GNRs from squashed CNTs
have a lower degree of graphitization compared with their parent
CNTs due to the formed edges. STEM characterization, which will
be discussed later, showed that the edge regions of the prepared
GNRs have a larger layer spacing between the two innermost layers
than the middle plane, whose interlayer spacing approximates that
of ideal graphite. This results in a lower degree of graphitization
in the edge regions and reduces the total degree of graphitization
for the prepared GNRs. In our approach, the application of a high
non-hydrostatic pressure and suitable thermal treatment along
with the stabilizing effect of innate defects in CNTs contribute to
the realization of irreversible radial deformation.

We also observed that the D-to-G intensity ratio increased after
the high-pressure treatment by comparing the Raman spectra
of Sample 1 before and after the pressure and thermal treatment
(Fig. le). The increase in D-to-G intensity ratio can be mainly
attributed to the presence of edges’*, which indicates that CNTs
are squashed to form GNRs. It is also likely that some lattice
deformation occurs at the edges in the squashed CNTs after the
high-pressure treatment. Both of them can break the vibrational
symmetry of the lattice to significantly increase the D-mode inten-
sity’® and therefore enhance the D-to-G intensity ratio.

Previous studies on seven-atom-wide and nine-atom-wide
armchair GNRs prepared via on-surface synthesis showed a
low-frequency radial-breathing-like mode (RBLM) in the Raman
spectra using 532 and 785nm excitation lasers, respectively***.
This is because the RBLM of GNRs is coherently excited by photon
energies near the lowest optical transition*. In contrast, no RBLM
was observed for treated Sample 1 or 2 under high pressure using
532, 633 or 785nm excitation lasers. This can be attributed to these
excitation energies being far away from the bandgaps of the result-
ing GNRs so that the RBLM cannot be resonantly excited. Although
we did not observe the RBLM, the shift and irreversible disap-
pearance of the RBM for CNTs, increase in the D-to-G intensity
ratio and change in the rate of G-band shift along compression and
decompression indicated that the radial cross-section of CNTs had
experienced a significant irreversible transformation.
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Fig. 1] In situ Raman measurements of the samples undergoing a high-pressure and thermal treatment in a DAC. a, Schematic of squashing an SWCNT
and DWCNT (left) into edge-closed double-layer and four-layer GNRs (right) via a high-pressure (P) and thermal treatment. One SWCNT and one DWCNT
(left) are shown to represent the CNT samples used in the experiments. The black arrows show the movement directions of the diamond anvils. b,c, Raman
spectra showing the evolution of the RBM (b) and G-band (¢) for Sample 1 with gradual pressure loading (left) and unloading (right). Arrows indicate the
pressure pathways. Pressure is in the unit of GPa and ‘O GPa’ denotes the atmospheric pressure. The left and right plots in b and ¢ have the same value
range in the y axis. d, Evolution of the G-band as a function of pressure for Sample 1 along the compression and decompression processes. On compression,
the G-band shows a blueshift at a rate of 5.4 cm~"'GPa~" below 4.0 GPa and a much-reduced rate of 2.8 cm~'GPa~" above 4.0 GPa, as indicated by the fitting
lines shown in red. Along decompression, the change in the rate of the G-band shift is much smaller. The fitting lines (shown in blue) of the decompression
points indicate a shift rate of 2.9 cm~'GPa~" above 2.8 GPa followed by a shift rate of 3.4cm~"GPa~" below 2.8 GPa. e, Raman spectra of Sample 1 before and
after the pressure and thermal treatment. f, Raman spectra of Sample 2 before and after the pressure and thermal treatment. The two spectra in e and f
were taken before loading pressure and after releasing pressure, respectively, with the DAC open, which were plotted with normalized G-band intensities.

Sample 2, which has a smaller diameter than Sample 1, was com-
pressed up to a pressure of 28.1 GPa and comparable Raman results
were obtained (Supplementary Fig. 2). After releasing the pres-
sure, the RBM peaks at 155 and 188 cm™ corresponding to CNTs
with a diameter of 1.6 and 1.3nm, respectively, had no obvious
recovery, while a minor RBM peak at 266 cm™ corresponding to
the smaller CNTs with a diameter of 0.9 nm was recovered (Fig. 1f
and Supplementary Fig. 2a,b). This indicates that a small portion of
smaller-diameter CNTs in Sample 2 can restore their original radial
shape after the pressure cycle. More in situ high-pressure Raman
measurements were also conducted on the CNT samples pre-
pared by an arc-discharge method (Supplementary Fig. 3). Similar
to Sample 1, we also observed the disappearance of RBM and the
increase in D-to-G intensity ratio after decompression.
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Electron microscopy characterization of GNRs

Transmission electron microscopy (TEM) and STEM charac-
terizations of the recovered samples from the DACs after the
high-pressure and thermal treatments showed the presence of
both GNRs and CNTs in the products (Methods). Figure 2 shows
the images of some GNRs from squashed CNTs in treated Samples
1 and 2. In contrast to CNTs (Fig. 2a, top, and Supplementary
Fig. 4a), GNRs exhibited a much lower image contrast between the
edge and middle planes (Fig. 2a, bottom, Fig. 2b and Supplementary
Fig. 4b,c), which is attributed to their flat configuration. Besides flat
GNRys, twisted (Fig. 2c-f and Supplementary Fig. 4d-f) and folded
(Fig. 2i) GNRs were also observed. The GNR width observed in
treated Sample 1 mainly ranges from 2.8 to 10 nm. In treated Sample
2, sub-5-nm GNRs ranging from 1.4 to 4.7 nm could be observed.
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Fig. 2 | TEM and STEM images of GNRs from squashed CNTs. a, TEM image showing a four-layer GNR (bottom) and a DWCNT (top). The GNR has less
contrast between the edge and middle planes than the CNT. b, Zoomed-in TEM image of the GNR in a. ¢, TEM image of a twisted four-layer GNR (top
arrow) and a flat four-layer GNR (bottom arrow). d, TEM image of a twisted double-layer GNR. e, STEM-ADF Z-contrast image of a twisted four-layer
GNR. f,g, Zoomed-in STEM-BF phase-contrast images of the twisted (f) and flat (g) regions in e, which were taken from the green and yellow squares in e,
respectively. In f, four graphene layers can be observed when the observation direction is parallel to the GNR plane (bottom arrow) and two walls can be
observed when the observation direction is perpendicular to the GNR plane (top arrow). h, STEM-BF phase-contrast image of a structure with part of the
DWCNT squashed into the four-layer GNR. i, STEM-ADF Z-contrast image of a folded double-layer GNR with a width of 2.6 + 0.3 nm. a-h were taken from

treated Sample 1; i was taken from treated Sample 2.

The length of the prepared GNRs is typically larger than 1pm
and can reach several micrometres according to the atomic force
microscopy (AFM) measurements on the straight GNRs. Figure
2e shows the STEM annular dark-field (ADF) Z-contrast image
of a twisted four-layer GNR showing that the CNT was squashed
after the high-pressure treatment. From the zoomed-in STEM
bright-field (BF) phase-contrast image of the twisted region of the
GNR (Fig. 2f), we can clearly observe four graphene layers in this
GNR (marked by the bottom arrow in Fig. 2f) and deduce that this
GNR is derived from a squashed DWCNT, which is consistent with
the observed number of walls of the GNR’s edge (marked by the
top arrow in Fig. 2f). In the zoomed-in STEM-BF image for the flat
region of this GNR, the moiré patterns in the central region of the
GNR and close to the edge of the GNR are uniform, and both cen-
tral and edge regions of the GNR are in focus (Fig. 2g), which indi-
cate that this sample has a flat configuration (Supplementary Note
1). A small number of CNTs are shown to be partially squashed
into GNRs (Fig. 2h and Supplementary Fig. 4h,g). Figure 2i shows
an atomic-resolution STEM image of a folded GNR with a narrow
width of 2.6 +0.3nm in treated Sample 2.
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Figure 3a and Supplementary Fig. 5 show a typical sub-10-nm
edge-closed GNR with a width of 9.2nm from treated Sample 1.
The atomic-resolution STEM-BF image (Fig. 3b) and STEM-ADF
image (Fig. 3¢c) demonstrate a uniform moiré pattern with the cen-
tral region and edge region concurrently in focus. In contrast, the
atomic-resolution STEM-BF (Fig. 3i) and STEM-ADF (Fig. 3j)
images of a CNT show different moiré patterns with changes in the
focal plane of the edge and central regions. STEM-ADF data offer
an intensity map. The intensity profile of the ADF image for the
GNRin Fig. 3¢ is nearly flat in the central region with slightly higher
values near the edge (Fig. 3d). The CNT in Fig. 3j has an obvious
‘U’-shaped intensity profile of the ADF image (Fig. 3k). These
results are confirmed by the simulation of the scattering potentials
and ADF image intensities of the edge-closed GNR and CNT via
QSTEM software (Supplementary Fig. 6 and Methods). The differ-
ence in the scattering potential and ADF image intensity between
a CNT and an edge-closed GNR is also qualitatively explained in
Supplementary Note 2.

Itis also observed that GNRs have different fast Fourier transform
(FFT) patterns from the central and edge regions of their STEM-BF
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Fig. 3 | High-resolution STEM characterization of GNRs in treated Samples 1and 2 and a DWCNT. a, STEM-ADF image of a 9.2-nm-wide GNR (Sample 1).
b,c, Atomic-resolution STEM-BF image (b) and STEM-ADF image (c) taken simultaneously from the highlighted region (dashed square box) in a.

d, STEM-ADF image intensity profile taken along the white dashed line in ¢, showing a nearly flat ADF image intensity profile (an almost constant
projected scattering potential) in the central region of the GNR and a higher ADF image intensity in the edge region. Inset: a structural model of a squashed
edge-closed GNR, showing a flat plane in the central region of the GNR and a bulb with the oval cross-section in the edge region. e, FFT patterns of the

BF image taken from the central region (left) and edge region (right) of the GNR in b. f, STEM-ADF image intensity quantification of the GNR, graphene
and CNTs, showing that the GNR in a has four layers. The green-shaded region accounts for the intensity variation caused by the change in electron probe
current density. g, STEM-ADF image of a GNR with a width of 1.4+ 0.1nm (Sample 2). h, STEM-ADF image intensity profile taken along the white dashed
line in g. i,j, Atomic-resolution STEM-BF (i) and STEM-ADF (j) image of a DWCNT with a diameter of 7.2 nm. The inset in j shows the FFT pattern from

the BF image (i) of the CNT, showing streaks at the diffraction spots. k, STEM-ADF image intensity profile taken along the white dashed line in j, showing a
gradual increase in the ADF image intensity from the centre to the edge. The white coating on the GNRs and the CNT in a, g and j is the residual PmPV.

images. The FFT pattern of a GNR from the central region shows
sharp diffraction spots (Fig. 3e, left), while the FFT pattern from
the edge region has streaks at the diffraction spots (Fig. 3e, right).
In contrast, the FFT patterns from both central and edge regions
of a CNT show streaks at the diffraction spots (Fig. 3j, inset). This
indicates that GNRs have a flat configuration in the central region
with slight curvature close to the edges.

The STEM images, image intensity profiles and FFT patterns con-
firm that the GNR in Fig. 3a is an edge-closed GNR with a flattened
central region and two bulbs in the two edge regions. To estimate
the height and width of the bulbs, we simulated the STEM-ADF

image and its intensity profile for an edge-closed GNR with a width
of 9.2nm by using different bulb heights and widths in the QSTEM
software. The simulation showed that with four graphene layers and
an interlayer spacing of 0.34nm in the central flat region, the cal-
culated image intensity profile of the GNR best matches the experi-
mental value when the height and width of the oval cross-sections
of the bulbs in the GNR were 1.2 and 1.8 nm, respectively (Fig. 3d,
inset, and Supplementary Fig. 6e-h).

We used the intensity quantification of the STEM-ADF image
to analyse the number of layers in the GNR. Using monolayer gra-
phene as a reference, the image intensity from the central region of
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Fig. 4 | Edge-opened GNRs with the edges selectively etched by HNO,

at high pressure. a, STEM-ADF image of a GNR in treated Sample 1,
showing the open edge after selective etching. b,c, Simultaneously acquired
zoomed-in STEM-ADF (b) and STEM-BF (¢) images of the GNR in a.

Inset in ¢: FFT pattern of the BF image taken from the GNR in € showing
sharp spots, indicating that the GNR is flat. The dashed linesinb and ¢
indicate the edge of one graphene layer in the double-layer edge-opened
GNR. d, STEM-BF image of a narrow, edge-opened GNR with a width of
3.3+0.3nmin treated Sample 2.

the GNR in Fig. 3a was quantified, which also indicated that the
GNR had four graphene layers (Fig. 3f). Because the edges of this
GNR had two walls, it was confirmed that the GNR was derived
from a squashed DWCNT, not an unzipped CNT.

An ultranarrow double-layer GNR with a width down to
1.4+0.1nm could be observed in treated Sample 2 (Fig. 3g),
which is the one of the narrowest GNRs among those prepared by
top-down approaches™***>*, Similarly, the image intensity profile of
this GNR was nearly flat in the central region with higher inten-
sity at the edges (Fig. 3h). Figure 3h has only one image intensity
peak at the edges rather than two peaks with a spacing of ~0.34nm,
as shown in Fig. 3d, from which we could deduce that this GNR
was derived from a squashed SWCNT. More GNRs from squashed
CNTs in treated Sample 1, including a flat GNR and a twisted GNR,
are shown in Supplementary Figs. 7 and 8, respectively.

Edge-opened GNRs prepared by etching edges of squashed
CNTs

The edge-opened GNRs were prepared by selectively etching
the edges of the squashed CNTs using HNO; as the oxidant (see
Methods for details). The treated samples were recovered from the
DACs and sonicated to disperse in solvents for further characteriza-
tion. A typical sub-10-nm edge-opened GNR in treated Sample 1
is shown in Fig. 4a. Figure 4b,c shows the simultaneously acquired
zoomed-in STEM-ADF and STEM-BF images of the GNR in
Fig. 4a, respectively, which demonstrate that the edges have been
selectively etched to become open in this GNR. The FFT pattern
of the obtained edge-opened GNR shows sharp spots (Fig. 4c,
inset), indicating that the resulting GNR is flat. In treated Sample
2, sub-5-nm edge-opened GNRs were prepared. A typical narrow,
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edge-opened GNR with a width of 3.3+ 0.3 nm is shown in Fig. 4d.
More STEM-ADF images with FFT patterns of edge-opened GNRs
are presented in Supplementary Fig. 9. In contrast, no edge-opened
GNRs were found when the sample was not treated with HNO; at
high pressure.

The mechanism for preparing edge-opened GNRs using a suit-
able oxidant can be explained as follows. When a high pressure is
applied, CNTs are squashed into GNRs with closed edges. The edges
of the squashed CNTs are under high strain due to the existence of
the edge curvature. This results in the carbon atoms at the edges
of the flattened CNTs to have much higher reaction activity with
HNO, than those at the centre. At an optimized temperature, the
carbon atoms at the edge of the squashed CNTs are energetically
favoured to react with HNO,. This causes the selective etching of
squashed CNTs to form open edges.

AFM and micro-area Raman analysis of GNRs

The prepared edge-closed GNRs have different AFM height profiles
from the CNTs. According to the AFM measurements (see Methods
for details), the edges of the obtained GNRs are slightly higher than
their centres. For two typical edge-closed GNRs (shown in Fig. 5a
and Supplementary Fig. 10e), both their edges are 0.18 nm higher
than the centres (Fig. 5b,c and Supplementary Figs. 11 and 12),
which is consistent with the simulation result based on the STEM
measurement (Fig. 3d). Different from GNRs, the centre of a CNT is
the highest in the height profile due to the curvature of the CNT. In
the AFM phase images, the GNRs show two bright lines at the edges
(Supplementary Fig. 11a), which are not observed in the CNTs.

We investigated the effect of pressure and annealing process on
the products recovered from different high-pressure and thermal
treatments. Before applying high pressure, the apparent heights
of the starting CNTs in Sample 1 were mainly in the range of
2.5-7.0nm based on the AFM measurements (Supplementary
Figs. 13a and 14a). Considering that there was a van der Waals sepa-
ration of ~0.6 nm between the CNT and substrate, the main diam-
eter range of CNTs was 1.9-6.4nm. When Sample 1 was treated by
the pressure cycle, some CNTs were squashed into GNRs. To bet-
ter identify GNRs, we only distinguished and counted the GNRs
whose apparent heights were lower than 2.1 nm (fewer than or equal
to four layers for a GNR) in the AFM measurements for analysis.
We observed that the yield of GNRs progressively increased as the
maximum applied pressure was increased from 8.0 to 22.8 GPa
(Supplementary Fig. 13b-d). As the applied pressure was further
increased to 30.6 GPa, the products fractured into shorter segments
with an average length of ~300nm, as shown in Supplementary
Fig. 13e. It was also found that the annealing process played an
important role in the fabrication of GNRs. Control experiments
without annealing showed that the yield of GNRs would significantly
decrease. This might be because this annealing process partially
relieved the stress accumulated in the squashed CNTs or improved
the coupling between the opposing interior layers of the squashed
CNTs, which aided in stabilizing and fixating the squashed CNTs.

Supplementary Fig. 10a—e shows the sub-10-nm GNRs with
widths ranging from 2.8 to 9.4 nm from recovered Sample 1 treated
by a peak pressure of 22.8 GPa without adding HNO,. In the AFM
characterization, we also observed structures where only part of the
CNT was squashed into the GNR (Supplementary Fig. 10f), which
is consistent with the STEM and TEM data. Supplementary Fig. 10f
shows that the GNR segments have a much smaller height than
the CNT segment. The GNR was observed to be wider and lower
compared with the CNT (Supplementary Fig. 10g). Sub-10-nm
double-layer GNRs prepared by treating Sample 1 at the same pres-
sure with added HNO, are also shown in Supplementary Fig. 15.
Both edge-closed and edge-opened GNRs obtained without and
with HNO,, respectively, have a uniform width along the whole
nanoribbon based on the AFM characterization.
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Fig. 5 | AFM images and Raman measurements of edge-closed GNRs from squashed CNTs. a, AFM image of a GNR (7.9 nm in width and 1.3nm in
apparent height; double layers). b, Zoomed-in AFM image of the highlighted region (dashed square box) in a. ¢, Height profile measured along the
direction perpendicular to the length direction of the GNR (dashed line) in b. Two red arrowheads indicate that the edges of the GNR are 0.18 nm higher
than the centre. d, Overlay of Raman and AFM images for individual GNR (yellow) and CNTs (green). The Raman image is generated based on the total
intensity integrals of the D-band (red) and G-band (green). A GNR that has a relatively high D-to-G intensity ratio is shown as yellow, while CNTs with low
D-to-G intensity ratios are shown as green. e, Raman spectra taken from the GNR (right) and CNT (left) in d. The scale bars in a, b and d are 100, 20 and

200 nm, respectively.

Statistical analysis on the product of Sample 1 treated by a
peak pressure of 22.8 GPa without adding HNO, showed that the
heights of the prepared GNRs were mainly around 1.3 and 1.9nm
(Supplementary Fig. 14b) when only considering GNRs lower
than 2.1 nm, which corresponds to double-layer and four-layer
GNRs derived from squashed SWCNTs and DWCNTs, respec-
tively. The resulting GNRs in treated Sample 1 have a width
mainly ranging from 2.8 to 12.1nm centred at around 7.8 nm
(Supplementary Fig. 14c).

Based on the AFM measurements, the yield of GNRs with a
layer number fewer than or equal to four layers was estimated to
be 38.0+0.6% for Sample 1 treated by a peak pressure of 22.8 GPa
without HNO,. Considering that 70 + 5% of Sample 1 was SWCNTs
and DWCNTs, the yield for squashing SWCNTs and DWCNTs into
GNRs was estimated to be 54%. This yield is significantly higher
than that from previous methods capable of preparing high-quality,
relatively narrow and long edge-opened GNRs. For example,
sonication-assisted unzipping of MWCNTs"” and sonochemical
exfoliation of expandable graphite® reported a yield of ~2% and
<0.5%, respectively. Unzipping of MWCNTs by plasma etching
had a yield of ~20%, but only a very small quantity of MWCNTs
spin-coated on the silicon (Si) substrate can be used as the starting
material for preparing GNRs in every single batch’.

Micro-area Raman mapping was also performed to character-
ize individual GNRs and CNTs in treated Sample 1 without adding
HNO, (Methods). An overlay of the Raman image with the AFM
image showed excellent consistency (Fig. 5d). This colour-coded
Raman image that included an individual GNR and a few CNTs
was plotted using the total intensity integrals of the D-band and
G-band, which were denoted using red and green, respectively.

Due to a higher D-to-G intensity ratio in a GNR than a CNT, the
GNR in Fig. 5d showed as yellow, while the CNTs were green. The
higher D-to-G intensity ratio of an edge-closed GNR in comparison
to that of a CNT (Fig. 5d,e) is mainly attributed to the presence of
edges in the GNR. We also conducted micro-area Raman mapping
of an individual GNR and CNT for treated Sample 1 with HNO,
added to selectively etch the edges of the GNRs (Supplementary
Fig. 16). The D-to-G intensity ratio of the GNR in the HNO;-added
sample is much higher than that in the sample without HNO,. This
is because the defects were produced at the open edges with HNO,
treatment, as confirmed by the STEM characterization.

Electrical measurements and analysis of the as-prepared
GNRs

GNR field-effect transistors (GNRFETs) were fabricated with the
prepared GNRs on Si wafers with 330-nm-thick thermally oxidized
silicon dioxide (SiO,) (Methods provides the details). Figure 6a
shows an overlaid picture of the Raman and AFM image for a typi-
cal GNRFET fabricated using an edge-closed GNR from a squashed
DWCNT that was 2.8+0.5nm in width and 2.0nm in apparent
height (four layers). Raman mapping of the device was conducted
after the electrical measurement. A larger D-to-G intensity ratio
of the GNR channel (Fig. 6a) relative to that of the pristine CNT
sample was observed in the Raman spectrum (Fig. 6b), which
is typical for a GNR obtained from a squashed CNT. The output
(Fig. 6¢) and transfer (Fig. 6d) characteristics of the GNRFET show
that the device is a p-type GNRFET. The on-state channel conduc-
tance (G) normalized by the width of the GNR (w) for the device is
10.3Smm™". Further, the on-state conductivity of the GNR channel
is calculated to be 6 = GL/w=7.42 mS, where L is the channel length.
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Fig. 6 | Room-temperature electrical measurements of an edge-closed
GNR from a squashed DWCNT. a, Overlay of Raman and AFM images for
a GNRFET. The Raman image is generated from the intensity integral of the
GNR’s G-band in green. The GNR is 2.8 nm in width and 2.0 nm in apparent
height (four layers). The length of the GNR channel in the GNRFET is

720 nm. Scale bar, 100 nm. b, Raman spectrum of the GNR channel in

the GNRFET in a. ¢,d, Output (¢) and transfer (d) characteristics of the
GNRFET in a at room temperature.

The GNRFET was switched off when the gate-source voltage (Vi)
was larger than —10V and had a high I /I ; ratio of 1.5X 10* as the
drain-source voltage (V},s) was equal to —1 mV (Fig. 6d).

If we assume that the fabricated GNR is an intrinsic semicon-
ductor and has a mid-gap line-up with the source/drain metal, then
the minimum current (off current) for a GNRFET will occur when
both conduction and valence band are flat. The I /I ratio at the
high-temperature stage (at the stage of thermal carrier emission) will
have an exponential dependence on the temperature: I,,,/I o exp|[E,/
(2k;T)], where E,, ky and T are the bandgap, Boltzmann constant
and temperature, respectively'®*. Thus, a bandgap of ~494meV is
estimated for this GNR. This bandgap is substantially larger than
that of the GNR derived from unzipped CNT in our earlier work,
which was only 10-15meV (ref. *), because narrower GNRs were
prepared with the present method. In addition, we also find the
I./Lg ratio of GNRFETs and bandgap of GNRs decrease as the
width of the prepared GNRs increases. For a GNRFET fabricated
with a 7.1-nm-wide 1.9-nm-high (four layers) GNR (Supplementary
Fig. 17), an I,/ ratio of ~110 is obtained (Supplementary Fig. 17e)
and abandgap of 161 meV is extracted for the GNR channel from the
temperature-dependent electrical measurements (Supplementary
Fig. 17f,g) based on the dependence of minimum conductance on
temperature at the high-temperature stage: G oxexp[-E,/(2k;T)].
For a GNRFET fabricated with a 11.5-nm-wide 1.9-nm-high GNR
(Supplementary Fig. 18), the I /I ratio is ~10 (Supplementary
Fig. 18d) and a bandgap of 63 meV is extracted for the GNR channel
(Supplementary Fig. 18e, f). Possible errors in our E, versus w analy-
sis include uncertainties in w based on the AFM measurements and
in the assumption of the same Schottky barrier height for electrons
and holes in GNRFETs. It is found that the bandgap values extracted
from edge-closed GNRs of different widths approximately conform
to a formula of E, (meV)=2891/[w (nm) — 1.0].

To better understand the properties of the GNR from squashed
CNTs, we also calculated the theoretical bandgap and band struc-
ture of a circular (10, 10) SWCNT and a double-layer GNR from

660

squashed (10, 10) SWCNT via ab initio density functional theory
calculations (Supplementary Fig. 19a—e). The calculations showed
that the edge-closed GNR consists of a central flat region where two
opposing walls are flattened and stabilized due to the van der Waals
interaction and two strained bulbs with elliptical cross-sections at
the two edges. The simulated height of the bulbs and interlayer spac-
ing in the central region for the GNR were about 0.56 and 0.34nm,
respectively. It is predicted that the shape and size of the edge
bulbs have an effect on the bandgap of the prepared edge-closed
GNR because they would affect the width of the GNR. Our calcula-
tions showed that a bandgap of ~0.2eV can open when the sam-
ple structure varied from the circular (10, 10) SWCNT with zero
bandgap to the edge-closed GNR, which was also confirmed by the
tight-binding calculation (Supplementary Fig. 19f). The result con-
firmed that metallic armchair CNTs can be transformed into semi-
conductors by squashing CNTs into GNRs, which was consistent
with previous theoretical results**°. An earlier theoretical investiga-
tion showed the opening of bandgaps for both armchair and zig-
zag collapsed nanotubes due to quantum confinement and charge
transfer between the flat central region and strained edge bulbs*.
Both armchair and zigzag collapsed nanotubes show an inverse
relation between the calculated bandgap and collapsed nanotube
width. Different from armchair collapsed CNTs, zigzag collapsed
nanotubes can be classified into three semiconductor families that
have distinct scaling rules for the bandgap versus collapsed nano-
tube width.

The field-effect mobility of GNRFETSs was also calculated based
on the formula p =g, I*/(C,V,), where g, is the transconductance
of the device and C, is the gate capacitance. A three-dimensional
electrostatic simulation was used to calculate the C, of the
GNREFET, as described in Supplementary Note 3 (ref. °). For the
2.8-nm-wide GNR (Fig. 6a), C,, was calculated to be 6.6aF. Thus,
the hole field-effect mobility (u) of the device was calculated to be
2,443 cm?V~'s7!, which is the highest among GNRFETs with similar
widths of GNR channels reported so far’~*>*=*_ This device shows
more than one order of magnitude higher mobility and nearly two
orders of magnitude higher on-state channel conductivity compared
with FETs based on the sub-10-nm edge-opened GNRs prepared
by sonicating exfoliated expandable graphite®, while I /I > 10*
can be obtained for both GNRFETs (Supplementary Table 1).
Therefore, large I,,/I; ratio and device mobility can be simulta-
neously achieved in the FET fabricated with narrow edge-closed
GNR. In contrast, the GNRFETs in earlier reports either did not
present good mobilities*>*” or I /I ratios'>'*’, or a combination
of these characteristics***’. Similarly, for the four-layer edge-closed
GNR with a 7.1 nm width (Supplementary Fig. 17), C,, and u were
calculated to be 2.6aF and 1,609 cm®V~'s™, respectively. For the
four-layer edge-closed GNR with a width of 9.9 nm (Supplementary
Fig. 20), C,, and y were calculated to be 1.7aF and 3,776 cm* Vs,
respectively. This device mobility is one of the highest values among
GNRFET: fabricated by GNRs with a width narrower than 20nm
(refs. 71216424750y " Qur GNRFET fabricated by the 2.8-nm-wide
GNR exhibits a higher on-state channel conductivity and better
comprehensive device performance (I, /I ratio, on-state channel
conductivity and mobility) than previously reported FETs fabri-
cated by GNRs with open edges and by semiconducting SWCNTs
with different diameters (Supplementary Table 1)°7!>164247-%0 'We
also measured two other FETs fabricated by edge-closed GNRs with
a width of ~2.9nm and similar I /I ratios and mobilities were
observed. The device mobility and on-state channel conductivity
confirm the high quality of the prepared GNRs with atomically
smooth closed edges.

Conclusions
We have shown that sub-10-nm-wide, long semiconducting GNRs
with closed edges can be produced by irreversibly squashing CNTs
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using a high-pressure and thermal treatment. The GNRs obtained
from squashed CNTs have atomically smooth, closed edges and few
defects. Sub-5-nm GNRs could be created, with a minimum width
of 1.4nm. For CNTs with diameters in the range of 1.9-6.4nm,
54% of the SWCNTs/DWCNTs present in the sample became
two- or four-layer-thick GNRs using this method. Edge-opened
GNRs could also be prepared by using a suitable oxidant (HNO,)
to selectively etch the edges of the squashed CNTs under high pres-
sure. An FET with a 2.8-nm-wide edge-closed GNR exhibits a high
I./1¢ ratio of >10* field-effect mobility of 2,443 cm?V~'s™! and
on-state channel conductivity of 7.42mS. A bandgap of around
494 meV is estimated for this GNR. Our approach provides a route
to fabricate narrow and long GNRs with smooth edges, sizeable
bandgaps and high mobilities, and also provides guidance for con-
trolling the edge types for exploring their fundamental properties
and practical application in electronics and optoelectronics. The
method could be extended to other fullerenes and materials that
form nanotubes.

Methods
Sample purification. Sample 1 was purified as follows. The pristine sample was
heated to 400 °C in air for 45 min to oxidize the catalytic iron nanoparticles.
After air oxidation, the sample was further heat-treated at 800 °C for 60 min
under an argon atmosphere to remove the graphitic shells on the catalysts by its
reaction with the encapsulated iron oxide at high temperature. Then, the sample
was refluxed in 12M HCl at 100 °C for 4h. The sample, after acid treatment, was
filtered and rinsed with distilled water, followed by drying under a vacuum. In the
resulting sample, 70 + 5% of the CN'Ts were composed of SWCNTs and DWCNTs,
while the remaining were few-walled CNTs with number of walls higher than two.
Sample 2 was purified by air oxidation and HCl reaction. First, 1 g CNT sample
was calcined at 500 °C in air for 1 h to remove the amorphous carbon impurity.
The resulting sample was added into the mixture of 20 ml HCI (37% w/w) and
20ml deionized water, and the obtained solution was sonicated for 1h to remove
the metal catalysts in the sample. Then, the sample was filtered and rinsed with
deionized water. The wet, as-filtered CN'Ts were then fully dispersed in deionized
water by sonicating the solution for 45 min. Finally, the resulting solution was
lyophilized under a vacuum to avoid the agglomeration of CNTs.

Preparation of edge-closed and edge-opened GNRs. The high-pressure
experiments were conducted using symmetric DACs with 600-pm-diameter
diamond culets. Sample chambers (410 pm in diameter and 70 pm in height)
were drilled at the centre of tungsten gaskets pre-indented to about 13 GPa.
These chambers were used for loading the CNT samples along with a ruby
sphere as a pressure calibrant®'. The enclosed CNT samples filling the sample
chambers were gradually compressed between two diamond anvils up to the
target pressures. To stabilize the squashed sample structure for preventing
reversible structural transition on decompression or selectively etch the edges
of the squashed CNTs, thermal treatment was conducted on the samples at the
highest applied pressure. We performed a set of control experiments to find
the optimal pressures and thermal treatment processes to produce high-quality
GNRs with high yield.

In the case of preparing edge-closed GNRs, purified Sample 1 or 2 was
loaded into the DAC chamber using a tungsten needle to transfer the flocculent
CNTs until the sample chamber of the DAC was fully packed. Pressures up
to 22.8 and 28.1 GPa were gradually applied to compress Samples 1 and 2,
respectively. At the highest pressure, the DAC enclosed with the samples was
heated up to 220°C in a furnace and held at that temperature for 40 min for
thermal treatment. In the case of preparing edge-opened GNRs, purified Sample
1 or Sample 2 (0.4 mg) was sonicated in 300 pl HNO, (69% w/w) for 15 min.
The resulting wet mixture of CNTs and HNO, were transferred and loaded
into the DAC chamber by using a tungsten needle or a micro-syringe to fill the
chamber. Pressures up to 22.4 and 27.9 GPa were applied to Samples 1 and 2,
respectively, with HNO, oxidant in the DAC. The DAC was then heated up to
220°C and kept for 40 min at the peak pressure to allow the edges of squashed
CNTs to selectively react with the HNO, oxidant. Afterwards, the DACs for
preparing edge-closed and edge-opened GNRs were cooled down to room
temperature under a rapid airflow, followed by gradual and slow decompression
to ambient pressure. The resulting samples were recovered from the DACs
and sonicated to disperse in solvents. Treated Sample 1 was sonicated in 200 pl
of 1,2-dichloroethane (DCE) solution with poly(m-phenylenevinylene-co-
2,5-dioctoxy-p-phenylenevinylene) (PmPV) (1.9 mgml~') as the surfactant for
30 min, and treated Sample 2 was sonicated in a mixture of 100 ul PmPV/DCE
(1.9mgml™") and 100 pl dimethylformamide for 30 min. The resulting solutions
were diluted in several millilitres of PmPV/DCE (1.9 mgml~") for further
characterization and device fabrication.

In situ high-pressure Raman measurement. Raman measurements used a
Horiba-Jobin-Yvon LabRAM HR confocal Raman system and a Renishaw inVia
confocal Raman system. A 532 nm helium-neon excitation laser was used in both
systems. In situ Raman measurements were conducted along the compression and
decompression processes. The diamond anvil acted as an optical window through
which the samples were excited and Raman scattering signals were collected. To
analyse the samples without the effect of the diamond window on the Raman
D-band and examine the D-to-G intensity ratio, we also collected the Raman
spectra of the samples in the chamber with the DAC opened before loading the
pressure and after releasing the pressure, respectively.

TEM and STEM characterizations of GNRs. The samples were prepared by
dropping diluted GNR solutions onto TEM grids, which were laid on a piece of
filter paper. The TEM grids were lacey carbon-coated 200 mesh gold grids (SPI
Supplies) or a QUANTIFOIL substrate with a carbon film mounted on a 300 mesh
gold grid, which has an orthogonal array of 1.2-pm-diameter circular holes with
1.3 pm separation (Ted Pella). The resulting TEM grids were dipped and rinsed in
DCE for 10 min. TEM observation and imaging of the samples were performed on
an FEI Tecnai G2 F20 X-TWIN instrument.

STEM-ADF imaging was performed on an aberration-corrected Nion
UltraSTEM 100 instrument operating at 60kV. The convergence semi-angle for
the incident probe was set to be 31 mrad. The ADF images were collected for a
half-angle range of 86-200 mrad, and the BF images were simultaneously collected
with ADF images for a half-angle range of 0-10 mrad. The STEM images were only
low-pass filtered to reduce random noise in the images.

Simulation of scattering potentials and ADF image intensities of GNRs

and CNTs. The scattering potentials of DWCNT and four-layer edge-closed
GNRs were calculated using the QSTEM 2.30 software (http://qstem.org/). The
STEM-ADF image simulation was performed using the same software with

the parameters (accelerating voltage, probe convergence angle, detector angle
and third-order aberration) comparable with the experimental conditions. The
simulated images were convolved with a Gaussian of 1 A to account for the effects
from other aberrations.

AFM characterization of GNRs. The products were spin-coated onto 1 X 1 cm?
SiO,/Si wafers at 1,500 r.p.m. for 1 min followed by heating at 80 °C for 2min in

a drying oven to fixate the GNRs. The substrates were then successively rinsed
with DCE and isopropanol to remove most of the PmPV and then blow-dried.
The resulting samples were calcined in air at 350 °C for 20 min to further

remove any remaining PmPV. The samples were observed using a Dimension
3100 scanning probe microscope in the tapping mode. Commercial AFM tips
(AppNano, model no. ACST; force constant, k=7Nm™', and resonance frequency,
fo=150kHz) were used. The width, height and surface morphology of the GNRs
were recorded. To obtain a more accurate GNR width, the same tips were used

to measure the apparent width of the HIPCO SWCNTSs with a specific diameter
(Carbon Nanotechnologies) to deduce the effect of the AFM tip size on the width
measurement®. According to our measurement, the actual width of a GNR was
about 7 nm less than the measured apparent width while the effect of the AFM tip
size was corrected.

Raman mapping of individual GNRs and CNTs. The positions of individual
GNRs and CNTs on the SiO,/Si wafers relative to pre-patterned markers were
measured via AFM. A Horiba-Jobin-Yvon LabRAM HR confocal Raman system
was used for Raman mapping. A 532-nm helium-neon laser was used as the
excitation light, and it had a spot size of 0.6 pm under X100 objective and a light
intensity of ~1 mW pm~2 The substrate with GNRs and CNTs was first observed
under a Raman microscope to assure the relative location of the GNR or CNT via
the markers. We made a Raman map over an area of 4 X4 pm?. Here a confocal hole
diameter of 150 pm, slit width of 100 pm and typical exposure integration time of
~40s per spot were used.

Fabrication of GNRFETs and electrical measurements. The products were
spin-coated onto Si wafers with 330-nm-thick thermally oxidized SiO, and then
treated to remove the PmPV, as described in the AFM characterization. GNRs
fewer than or equal to four layers were identified by the AFM measurement for
device fabrication. To construct the GNRFETSs, parallel palladium electrodes
(30nm thick) were fabricated onto the GNRs by electron-beam lithography and
lift-off technique to act as the source and drain of the device. The GNR between
the source and drain acted as the channel, and Si substrate was used as the back
gate. The devices were then annealed at 200°C for 20 min in a vacuum to improve
the contacts. An Agilent 4156C semiconductor parameter analyser was used

to measure the devices in a vacuum at 6 X 10~°torr. A Janis closed-cycle helium
cryostat was used to cool down the devices to conduct the temperature-dependent
electrical measurements from 295 to 5K.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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