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raphene holds great promise for the
Gfabrication of microelectronic de-
vices. It is a zero-bandgap semi-
conductor demonstrating ballistic conduc-
tance over distances approaching several
micrometers.' > We have recently shown
that multiwalled carbon nanotubes (MWCNTSs)
and single-walled carbon nanotubes (SWCNTSs)
can be selectively unzipped lengthwise by
the action of acidic potassium permanga-
nate to form straight-edged graphene oxide
nanoribbons (GONRs).° Effectively using gra-
phene can be hampered because the ballis-
tic charge transport drops by several orders
of magnitude if the sp® carbon network
of ideal graphene is disrupted by even a
relatively small number of defects.”~"" The
requisite low-defect material has only been
available through treatments avoiding pre-
liminary oxidation of graphite, including
micromechanical cleavage,’ chemical vapor
deposition (CVD) on atomically flat surfaces
of metal single crystals,'®'> CVD on nickel™
or copper foil,” or partial sublimation of
silicon from the silicon face of SiC single
crystals in high vacuum.'® Splitting CNTs
can directly produce graphene nanoribbons
(GNRs) with high length-to-width ratios and
dimensions exactly predetermined by the
initial CNT length and diameter.® GNRs nar-
rower than 10 nm have nonzero bandgaps
inversely dependent upon their widths and
are suitable for fabrication of low-voltage
field effect transistors with up to 107 on/off
ratios,® while the wider ribbons exhibit high
electrical conductance characteristic of large
graphene flakes and could be useful for bulk
applications, such as flexible transparent
electrodes. The high aspect ratio of wide
GNRs might make them particularly attrac-
tive for carbon fiber spinning'” and formula-
tion of conductive polymer composites.'®
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ABSTRACT Here we demonstrate that graphene nanoribbons (GNRs) free of oxidized surfaces

can be prepared in large batches and 100% yield by splitting multiwalled carbon nanotubes

(MWCNTs) with potassium vapor. If desired, exfoliation is attainable in a subsequent step using

chlorosulfonic acid. The low-defect density of these GNRs is indicated by their electrical conductivity,

comparable to that of graphene derived from mechanically exfoliated graphite. The possible origins

of directionally selective splitting of MWCNTs have been explored using computer modeling, and

plausible explanations for the unique role of potassium were found.
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To date, MWCNTs and SWCNTs have been
unzipped to nanoribbons by treatment with
permanganate in concentrated sulfuric acid.®
Additionally, GNRs have been obtained by
the cutting action of catalytic metal nano-
particle to give low yields of GNRs consist-
ing of 50—100 layers,'® by treatment of
MWCNTs with a solution of lithium in liquid
ammonia®’ and by plasma etching of poly-
mer masked nanotubes.?’ The permanga-
nate treatment, being a scalable process,
produces heavily oxidized GONRs similar in
chemical structure to graphene oxide (GO).
While the majority of oxygen-containing
functional groups can be removed from
the basal plane of the GO ribbons by re-
duction, a small but significant fraction of
defects persists even after annealing in
hydrogen at 900 °C, resulting in lower
electrical conductance dominated by a
Mott variable range hopping mechanism
instead of the desirable ballistic trans-
port.? While oxidative defects are not in-
troduced by the lithium/liquid ammo-
nia intercalation-driven opening,?® the
process fails with pristine nanotubes;
a preliminary treatment of the MWCNTSs
with a strong oxidant is required to in-
duce defects that permit intercalation of
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Figure 1. Schematic of the splitting process and SEM images on a Si/SiO, surface of GNRs produced by potassium splitting.
(a) Schematic of potassium intercalation between the nanotube walls and sequential longitudinal splitting of the walls
followed by unraveling to a nanoribbon stack. The potassium atoms along the periphery of the ribbons are excluded for
clarity; see Figures S6—S9, Supporting Information for more details. (b) Chemical schematic of the splitting processes where
ethanol is used to quench the aryl potassium edges; only a single layer is shown for clarity, while the actual number of GNR
layers correlates with the number of concentric tubes in the MWCNT. (c) Overview of a large area showing complete
conversion of MWCNTSs to GNRs. (d, e), Images of isolated GNR stacks demonstrating characteristic high aspect ratios and

predominantly parallel edges.

the ammonia-solvated lithium rendering defective
ribbons that only partially unwrap from the tubular
state.

Here, we investigate a hypothesis that thermal mo-
tion of a carbon framework in MWCNT sidewalls at
elevated temperatures might create large enough
transient openings for the alkali metal atoms to pene-
trate. In this process, potassium and MWCNTs, with a
starting outside diameter of 40—80 nm and approxi-
mately 15—20 inner nanotube layers,® are sealed in a
glass tube, heated in a furnace at 250 °C for 14 h, and
followed by quenching with ethanol to effect the
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longitudinal splitting process in 100% yield, as de-
picted in Figure Ta and b. Intromission of potassium
atoms results in the formation of intercalation com-
pounds within the interstices of MWCNT sidewalls as
commonly observed with other forms of graphitic
carbon;?*?** however, in the case of the MWCNTs used
here, the splitting could be further assisted by the
generation of H, upon the ethanolic quench.?®> Under
sonication in chlorosulfonic acid, the split MWCNTSs are
further exfoliated to form GNRs. The use of high-quality
pristine carbon nanotubes as GNR precursors allows
production of material free from oxidative damage
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Figure 2. AFM image of a thin GNR with an average thick-
ness of ~1.8 nm. The left panel shows a GNR with a folded
end (lower-right portion), and the right panel shows the
height of the ribbon along the blue line in the left panel. The
GNR is likely a trilayer.
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Figure 3. Raman spectra (excitation at 514 nm) of starting
MWCNTs and splitting products. (a) Pristine MWCNTSs.

(b) MWCNTSs treated with potassium at 250 °C generating

split nanotroughs. (c) GNRs obtained after bath sonication
of the material in (b) with chlorosulfonic acid for 24 h.

and with conductivities paralleling the properties of
the best samples of mechanically exfoliated gra-
phene (measured on SiO, substrates). This simple,
scalable, and inexpensive technique provides multi-
gram quantities of stacked GNRs that can be fur-
ther exfoliated with the aid of acid and mild bath
sonication.

Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were used to image the ribbon
structures. SEM images in Figure 1 show the GNRs with
widths of 130—250 nm and a length of 1—5 um. AFM
imaging (Figure 2) shows a thin graphene ribbon
derived from the longitudinal splitting process. These
results clearly indicate that MWCNTSs were successfully
split and then exfoliated to form GNRs after potassium
intercalation followed by bath sonication in chlorosul-
fonic acid.

There was an increase in the ratio of intensities
of Raman bands located around 1350 (D band) and
1580 cm™ ' (G band) in comparison with the starting
material (Figure 3). The D/G ratio® is commonly used
as a measure of imperfection in the graphene lattice, as
it corresponds to the relative population of sp>-hybrid-
ized carbon atoms and it is also indicative of the
abundance of edge atoms in the otherwise pristine
flakes of mechanically exfoliated graphite." The disor-
dered structure introduced during the splitting and
exfoliation process leads to the broadening of the
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Figure 4. Appearance and electrical properties of a device
made from a thin (3.8 nm) GNR stack. (a) AFM image of a
GNR (~5-layered) with 0.5 um-spaced platinum electrodes
shown spanning horizontally at top and bottom. (b) Elec-
trical properties (conductivity 80 000 S/m) of the GNR
shown in (a).

G band?*?” and the 2D band?® as well as the combina-
tion mode?® D + G band at about 2906 cm ™.

To investigate the electrical properties of the GNRs
derived from split tubes, several electronic devices
were built on Si—SiO, and tested. The GNRs used for
the device fabrication were 3.5—5 nm thick. All devices
exhibited large conductivities ranging from ~70000
to ~95000 S/m, values that are comparable to other
reported nanoribbons devices prepared from exfo-
liated graphene,>?" as seen in Figure 4. However, they
showed only little gate effect, presumably due to the
large number of layers in these GNRs and their high
metal-like conductivity.

X-ray photoelectron spectroscopy (XPS) was also
performed to determine whether the increase in the
intensity of D band was caused by oxidation. No signals
corresponding to C—0 and C=0O groups were ob-
served in the high-resolution XPS Cls spectra (see
Figures S3 and S4, Supporting Information). Thus, we
conclude that the observed increase in the D/G ratio
was solely attributable to the emergent edge carbon
atoms and not an oxidative process. These MWCNT
reductively derived GNRs are unlike chemically con-
verted graphene (CCQ) that is prepared by the reduc-
tion of GO. That latter protocol produces domains of
graphene that are divided by defect boundaries, even
upon extensive removal of oxygenation, resulting in
their inferior electrical transport properties.”
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Figure 5. SEM images of MWCNTSs treated with sodium and potassium. (a) MWCNTSs recovered after treatment with sodium
at 250 °C for 14 h showing no splitting. (b and c¢) MWCNTSs treated with K at 250 °C for 14 h demonstrating a “split-log”
appearance. Arrows indicate areas of high flexibility not observed in pristine MWCNT samples. (d) Potassium-treated
MWCNTSs after bath ultrasonication in chlorosulfonic acid for 24 h. Nearly complete conversion to stacks of straight-edged

nanoribbons is evident.

Before we discuss the possible mechanism for split-
ting MWCNTs to form GNRs, let us briefly recall here
the earlier experimental results on intercalation of
alkali metals in graphite and carbon nanotubes. Gra-
phite has a well-known propensity to form layered,
stage | intercalation compounds when exposed to
all molten alkali metals, except sodium, at moderately
elevated temperatures. Intercalation of sodium pro-
ceeds anomalously as it requires using another metal,
such as potassium, as a cointercalant or an application
of high pressure (~2000 bar)** at which unusual
double layers of intercalated metal can develop.*®
While the interaction of both MWCNTs and SWCNTs
with alkali metals have been previously studied, no
phenomena other than penetration of metal atoms
into the spaces between individual nanotubes in nano-
tube bundles have been observed,>'?? except by
Cano-Marquez et al,*® where partial splitting of oxida-
tively cut MWCNTSs arose after treatment with lithium
dissolved in liquid ammonia, followed by quenching
and thermal shocking. Unfortunately, when they inter-
calate alone, without a solvating shell of ammonia
molecules, lithium atoms expand the interplanar dis-
tance in graphite from 0.335 nm to only 0.373 nm in
CeLi, the saturated stage | intercalation compound.?®
Such a small increase in the interstitial distance
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between the two outermost shells of a MWCNT would
not likely provide enough strain in the carbon—carbon
bonds to induce breakage at moderately elevated
temperatures, and experimentally no splitting with
lithium was observed.

Thus, we investigated the next larger metal, sodium.
Although it is known that sodium does not well-inter-
calate into graphite,”® we had to prove experimentally
that MWCNTSs were also poor targets for sodium inter-
calation. When MWCNTs were exposed to molten
sodium and its vapor at 150—400 °C, no changes in
sample appearance, nanotube morphology, or spec-
troscopic properties were observed. A representative
SEM image of MWCNTSs treated with sodium at 250 °Cis
shown in Figure 5a. Bond incommensurability is not
thought to be an issue here because the MWCNTs
interact not with solid sodium but with either molten
or vaporized metal where those bonds are already
broken.

Contrary to the results with lithium and sodium, the
change in the nanotube behavior was dramatic when
potassium was used (Figure 5b—d). The silvery luster
of potassium rapidly changed at 150 °C to a uniform
appearance of shiny golden-bronze color, as is seen for
CgK.2 To obtain efficient intercalation, the reaction
tube was heated for 14 h at temperatures varying from
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Figure 6. TEM images of GNRs obtained after sonication in chlorosulfonic acid for 24 h. (a—c) Few-layer GNRs. (d) Monolayer
graphene nanoribbon. All scale bars are 200 nm, except for that in (d) (100 nm). The lacey carbon grid in the images is
highlighted in yellow to make the GNRs more distinguishable. Complete exfoliation of MWCNTs to form GNRs is evident.

150 to 350 °C, and the 250 °C temperature was chosen
for preparative purposes as the MWCNT splitting was
complete at this temperature, while the Pyrex glass
tube was not substantially corroded. The recovered
product had much higher apparent density than the
starting material, likely due to greater flexibility of the
GNRs in comparison with the high-persistence length
pristine MWCNTs. The enhanced suppleness of the
nanotubes, resulting in bending and looping, was evi-
dent in the SEM images along with a “split-log” nano-
trough appearance of individual MWCNTs (Figure 5 b
and c). Formation of such curled nanotrough structures
might be attributed to the incomplete splitting of
MWCNTs. However, more likely, flattening of the re-
sulting nanotrough is slow under the conditions em-
ployed due to the robust C—C bonds at the curled
areas and the interlayer van der Waals interactions that
would need to be overcome as the layers slide past
each other upon flattening. Furthermore, fast deinter-
calation of the metal, as previously observed in the
corresponding compounds of graphite,?> could limit
the entry of ethanol into the interstitial space. And
since the initial study was performed in order to
eliminate the exposure of the MWCNTSs or subsequent
GNRs to any oxidizing media, other means of exfolia-
tion were sought.

After trying many organic solvents such as 1,2-
dichlorobenzene and dimethylformamide, which did

KOSYNKIN ET AL.

not induce the flattening and exfoliation, we chose
chlorosulfonic acid as it has been shown to promote
efficient exfoliation of bulk graphite to few-layer gra-
phene; a superacid, such as chlorosulfonic acid, could
protonate the split sidewalls of MWCNTs and thus
induce electrostatic repulsive forces, which would
facilitate exfoliation of split MWCNTs under sonica-
tion.>® Therefore, we used a bath sonicator for 24 h
to induce exfoliation in chlorosulfonic acid. Figure 5d
shows the nanoribbons formed from exfoliation of split
MWQCNTs in chlorosulfonic acid under bath sonication.
The advantage of bath sonication in the presence of a
superacid was that electrostatic repulsive forces on the
edges of split MWCNTSs could overcome the van der
Waals forces between the graphene layers, resulting in
exfoliated GNRs. In order to distinguish the number of
layers of GNRs, we carefully characterized the obtained
sample using transmission electron microscopy (TEM).
The TEM images in Figure 6 reveal that few-layered
GNRs were obtained in the present case (see Support-
ing Information for high-resolution TEM images).

To further interpret the splitting of MWCNTs by
potassium vapor, we used molecular dynamics to
model the intercalation reaction. The simulation gen-
erates a MWCNT with a 30-atom cluster of potassium
atoms, one atom thick, inserted into the interstitial void
immediately beneath its outermost sidewall (see Sup-
porting Information). The propagation of a cleft in the
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sidewall should begin in a carbon “blister” formed
around the intercalated potassium and would be
driven by the concentration of strain at the tips of
the fissure, aided by Coulomb repulsion of negative
charges congregated at its edges and additionally
enhanced by the buttressing interaction of carbon—
potassium bonds decorating the newly formed edges.
As the cleft expands, the surface of the nanotube
wall one level closer to the core becomes exposed to
potassium and, therefore, amenable to the intercalation-
induced splitting.

Further simulation using rubidium and cesium with
their larger ionic radii and lower ionization potentials
shows that these metals should be even more effec-
tive at inducing MWCNT splitting than potassium.
But the practical use of these metals is rather difficult
owing to their pyrophoric nature and high costs.
Interestingly, according to the simulation, SWCNTs
should be immune to splitting by alkali metals, as
their inner diameters, typically exceeding 0.7 nm, are

EXPERIMENTAL SECTION

SEM imaging was performed on a JEOL-6500 field-emission
microscope. AFM images were obtained with a Digital Instru-
ments nanoscope llla, operating in tapping mode, using Si tips
n-doped with 1-10 Qcm phosphorus (Veeco, MPP-11100—
140) at a scan rate of 0.5 Hz and a resolution of 512 x 512. XPS
was performed on a PHI Quantera SXM scanning X-ray micro-
probe. Raman spectroscopy was performed on a Renishaw
Raman microscope using a 633 nm HeNe laser. Fabrication of
graphene devices was performed by tracking individual GNRs
on the surface of highly doped Si substrates, covered with 500
nm-thick thermal SiO, layer, by SEM (JEOL-6500 microscope),
and followed by patterning of 20 nm-thick Pt contacts by
standard electron beam lithography, as described previously
in detail.2% The electrical transport properties were tested using
a probe station (Desert Cryogenics TT-probe 6 system) under
vacuum with chamber base pressure below 10~° Torr. The IV
data were collected by an Agilent 4155C semiconductor param-
eter analyzer.

Reaction of MWCNTs with Potassium. MWCNTSs were provided by
Mitsui & Co. (lot no. 05072001K28) and were used without any
further treatment. The synthesis of potassium split MWCNTs
was performed by melting potassium over MWCNTs under
vacuum (0.05 Torr) as follows: MWCNTs (1.00 g) and potas-
sium pieces (3.00 g) were placed in a 50 mL Pyrex ampule that
was evacuated and sealed with a torch. (Caution: Potassium and
sealing of the potassium-loaded ampule should be handled
with utmost care due to the highly reactive nature of potassium
metal. Users should wear safety glasses and a face shield, and all
operations should be done in a sash-equipped fume hood when
handling this reagent. Likewise, final quenching of potassium
and its derivatives should be done with the utmost of care
under an inert atmosphere.) The reaction mixture was keptin a
furnace at 250 °C for 14 h. (Pyrex glass turns dark-brown when
exposed to potassium vapor at 350 °C. This color disappears
upon quenching with ethanol, but the glass surface shows
visible signs of corrosion. Higher temperatures were not ex-
plored for safety reasons). The heated ampule containing a
golden-bronze colored potassium intercalation compound and
silvery droplets of unreacted metal was cooled to room tem-
perature, opened in a drybox or in a nitrogen-filled glovebag,
and then mixed with ethyl ether (20 mL). Ethanol (20 mL) was
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large enough to accommodate any alkali metals with-
out inducing additional strain in the sidewall of the
tube. SWCNT splitting was not experimentally ob-
served.

In conclusion, we have demonstrated a chemical
route to produce bulk quantities of low-defect, highly
conductive graphene nanoribbons and longitudinally
split MWCNTSs by exposing pristine nanotubes to hot
potassium vapor followed by protonation. This was
followed by bath sonication in chlorosulfonic acid to
effect exfoliation of the highly stacked GNRs. Since the
process does not require any oxidation, the less defec-
tive GNRs could result in intriguing electronic or spin
properties. The GNRs could also be an attractive ma-
terial for reinforcing polymers,'® as the potassium-
carrying reactive edges could facilitate the attachment
of electrophiles or polymer chains to improve inter-
facial interaction for load transfer. Consequently, the
present procedure opens up new directions for prep-
aration of GNRs and subsequent applications.

slowly added into the mixture of ethyl ether and potassium-
intercalated MWCNTSs at room temperature with some bubbling
observed; much of the heat release was dissipated by the
released gas (hydrogen). The quenched product was removed
from the nitrogen enclosure and collected on a polytetrafluoro-
ethylene (PTFE) membrane (0.45 um), washed with ethanol
(20 mL), water (20 mL), ethanol (10 mL), ether (30 mL), and dried
in vacuum to give longitudinally split MWCNTs as a black,
fibrillar powder (1.00 g).

Exfoliation of Potassium Split MWCNTs with Chlorosulfonic Acid. The
potassium split MWCNTs tubes (10 mg) were dispersed in
chlorosulfonic acid (15 mL, Sigma-Aldrich) under bath sonica-
tion using an ultrasonic jewelry cleaner (Cole-Parmer, EW-
08849—00) for 24 h. (Caution: Chlorosulfonic acid must be
handled with care since it is a corrosive liquid and reacts
violently with water to form HCl and H,SO,. Users should wear
protective gloves, a rubber smock, safety goggles, and a full-
face shield, and all experiments should be performed in a sash-
equipped and acid-approved fume hood.) The mixture was
quenched by pouring onto ice (50 mL), and the suspension was
filtered through a PTFE membrane (0.45 um). The filter cake was
dried under vacuum. The resulting black powder was dispersed
in dimethylformamide (DMF) and bath sonicated for 15 min to
prepare a stock solution for microscopy analysis.

Supporting Information Available: Additional XPS and UV—
vis analytical spectra and TEM and SEM images of GNRs. Details
of simulations of splitting and exfoliation of MWNTs. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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