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Abstract: Herein, we report the electrochemical Li intake capacity
of carbonaceous one-dimensional graphene nanoribbons (GNRs)
obtained by unzipping pristine multiwalled carbon nanotubes
(MWCNTSs). We have found that nanotubes with diameters of ~50
nm present a smaller reversible capacity than conventional
mesocarbon microbead (MCMB) powder. Reduced GNRs im-
prove the capacity only marginally over the MCMB reference but
present a lower Coulombic efficiency as well as a higher capacity
loss per cycle. Oxidized GNRs (ox-GNRs) outperform all of the
other materials studied here in terms of energy density. They
present a first charge capacity of ~1400 mA h g~ with a low
Coulombic efficiency for the first cycle (~53%). The reversible
capacity of ox-GNRs is in the range of 800 mA h g%, with a
capacity loss per cycle of ~3% for early cycles and a decreasing
loss rate for subsequent cycles.

The development of efficient lithium ion batteries relies on the
complex optimization of novel materials for the anode, the cathode,
and the electrolyte. The material of choice for the anode in current
commercial batteriesis graphite, which presents amaximum lithium
storage capacity of ~370 mA h g~*. In the pursuit of improvement
in this capacity, other carbonaceous materials have been investi-
gated, including carbon nanotubes, graphene oxide sheets, and
amorphous carbon.*~*

Recently, a single layer of graphite, known as graphene, was
synthesized for the first time viamechanical exfoliation of graphite
by Novoselov et a.® This discovery has ushered in a “graphene
frontier”, with worldwide interest in exploiting its unique electronic
properties for possible applicationsin energy storage and microel ec-
tronics.®” Electrochemical lithium intercalation in graphene nanoshests
has been investigated by Yoo et a.® and Lian et a.° Yoo et a.
obtained high reversible capacities that increased to 800 mA hg*
when the graphene layer-to-layer distance was increased by
introducing nanotubes and fullerenes between layers.? The capacity
improvement over graphite discussed above motivates further
investigation of other carbon morphologies.

Graphene can also be manipulated to form quasi-one-dimensional
strips called graphene nanoribbons (GNRs).'® The electronic
properties of these materials present some similarities to those of
single-walled carbon nanotubes (SWCNTS), which have metallic
or semiconducting properties that depend on morphology. However,
GNRs are further characterized by the presence of edges that govern
their electronic behavior through their edge morphology.**~*2

Although GNRs have received alot of attention because of their
peculiar properties,®®*® they have never been studied as an
electrode material for Li ion batteries. Our recent computational
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Figure 1. TEM images of partially and fully unzipped MWCNTS.

studies predicted that the presence of edgesin GNRs would enhance
their reactivity toward Li adsorption.*” Even though experiments
are governed by complicated reactions taking place among Li ions,
the electrolyte, and the electrode materidl, it is important to study
the effect of edges in the mechanisms of Li intercalation and
deintercalation in the carbonaceous electrodes. Herein, we present
the first galvanostatic experimental results on electrochemical Li
intercalation and deintercalation in GNRs and discuss their revers-
ible and irreversible capacities and cyclability.

GNRs were synthesized by unzipping multiwalled carbon nano-
tubes (MWCNTSs) with outer diameters varying from 50 to 80 nm,
as reported by Tour and co-workers.*®*° Figure 1 displays TEM
images of unzipped nanoribbons showing that the GNRs retained
some curvature due to incomplete unzipping of the MWCNTS.
X-ray diffraction data (Figure S1 in the Supporting Information)
indicate that this partially unzipped structure is present, on average,
in the bulk of the sample. This observation isin line with the local
structure revealed by the TEM images and other recent experi-
ments.?° The present data suggest that GNRs obtained by this
method present a nonuniform structure.

The unzipping technique utilizes a solution-based oxidative
process to cut the walls of the MWCNTSs along their axes. This
procedure leaves rows of oxygen-containing groups aong the
unzipped ribbon edges as well as chemisorbed on the GNR surfaces;
the oxidized GNRs will be denoted herein as ox-GNRs. The heavy
oxidation in ox-GNRs disrupts the sp? hybridization of the carbon
lattice, which in turn affects their electronic properties. A simple
one-step annealing process was used in order to reduce the ox-
GNRs. The as-formed ox-GNRs were placed in a quartz tube and
saturated with a5% Hy/Ar mixture for 15 min. A Thermolyne 79300
tube furnace was used to heat the GNRs to 900 °C in the same 1:1
mixture of argon and hydrogen used in the pregassing step, after
which the furnace was shut off and the GNRs were alowed to
cool to room temperature under the gas mixture to prevent
reoxidation. It should be noted that we did not observe any
morphological differences between oxidized and reduced GNRS,
analogous to other reports.*®1°

MWCNTs were evaluated by elemental analysis as-received from
the vendor as well as after unzipping both before and after the
reduction process in order to determine hydrogen, carbon, and
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Scheme 1. lllustration of the Surface Composition of GNRs before
and after Reduction (Passivating H Atoms Have Been Omitted for
Clarity)

oxygen atomic percentages. Prior to treatment, MWCNTSs consisted
of 97% carbon. After the MWCNTSs were unzipped, the resulting
ox-GNRs consisted of 46% carbon, 25% hydrogen, and 25%
oxygen. After reduction, the reduced GNRs consisted of 97%
carbon, with the amounts of H and O below the detection limits of
the elemental analyzer. This may be compared to the work of
Kosynkin et al.,*® who reported the use of a more complicated
solution-based hydrazine reduction procedure to yield oxygen
atomic concentrations of 41.8 and 16.1% for oxidized and reduced
GNRs, respectively.

The Raman spectra of the nanoribbons (reduced and oxidized)
are mostly characterized by the relative increase of the D band over
the G band and the disappearance of the peak at ~2600 cm™!
(Figure S2, in the Supporting Information), in agreement with
previous results. In accord with other reports for graphite oxide,?*
the IR spectrum of ox-GNRs shows peaks at 3359 cm™* (—OH),
1714 cm™! (—C=0), 1392 cm™* (C—0O, carboxy), 1219 cm™
(C—0, epoxy), and 1030 cm™* (C—O, akoxy), whereas the
spectrum for reduced GNRs is featureless (Figure S3, in the
Supporting Information). After reduction, the only —H/—0O moieties
present should be bound to the edge sites (Scheme 1).%? Since our
nanoribbons were relatively wide (200—400 nm), the edge-C/
surface-C ratio was extremely small, resulting in a proportion of
—H groups that was undetectable by IR spectroscopy and below
the detection limits for elemental analysis.

A slurry was prepared by mixing 85% active electrode material,
10% poly(vinylidine difluoride) (PVDF) binder (Sigma-Aldrich),
and 5% carbon black in 1-methyl-2-pyrrolidinone (NMP) solvent
supplied by Sigma-Aldrich. Electrodes were fabricated by coating
asdlurry of carbon materials on Cu foil; typically, 1—3 mg of slurry
was coated on Cu foil (1 cm? x 0.001 in. thickness) and dried
overnight at 110 °C under an Ar atmosphere.

All of the electrochemical experiments were performed inside
an Ar atmosphere MBRAUN Labstar glovebox with moisture and
oxygen levelsbelow 0.1 ppm. A VersaStat3 potentiostat/gal vanostat
(Princeton Applied Research) was used to perform all of the
experiments, which were controlled by VersaStudio software. A
STC 20-split flat cell (MTI Corp., Richmond, CA) was used for
the present studies. Lithium foil with a thickness of 0.05 mm
(GoodFellow Corp.) was used for the counter and reference
electrodes. A 25 um polyethylene separator (MTI Corp.) was used
between the two electrodes. The electrolyte used in the experiments
was 1 M LiPFs in 1:1:1 EC/DMC/DEC supplied by MTI Corp.
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Figure 2. First cycle reversible and irreversible capacities of MCMB
graphite, multiwalled carbon nanotubes, reduced GNRs, and oxidized GNRs.
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Figure 3. Charge/discharge profiles for (&) MCMB graphite and (b) ox-
GNRs.

For benchmark experiments, graphite in the form of mesocarbon
microbead (MCMB) grade (Pred Materials, New York, NY) was
used.

Galvanostatic charge and discharge experiments were conducted
at aC/10rate (i.e., 10 h for a half-cycle charge/discharge) over the
potential range 0.0—3.5 V versus Li*/Li. The current density was
set at 0.1 mA/cm?. In Figure 2, we present the first charge and
discharge specific capacities for the different materials studied here.
MWCNTSs present a higher first charge capacity than MCMB
graphite. However, this capacity is mostly irreversible, and its
reversible capacity, which is of interest for battery applications, is
only ~200 mA h g2, in agreement with previous experiments.?32*
Reduced GNRs improve both the first charge and discharge
capacities with respect to MWNTS, but their reversible capacity is
just slightly higher than in the conventional graphite electrode.
Notably, ox-GNRs present much higher specific capacities. The
first charge capacity is 1400 mA h g%, although at discharge only
820 mA h g is recovered (Figure 3). The increase in both
reversible and irreversible capacities in ox-GNRs suggests that the
presence of oxygen in GNRs induces the formation of a much more
stable, chemically bonded solid electrolyte interface (SEI1).25~27 This
Li-rich robust SEI likely prevents electrode degradation and
enhances the Li exchange and storage capacity of the electrode.

While the Coulombic efficiency (CE) of MCMB graphite is
~75% in the first cycle and ~90% in the following cycles, the
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Figure 4. Cyclability of three different carbonaceous electrode materials.
Symbols represent experimental measurements, while bold lines represent
values extrapolated at the indicated |0ss rates.

CEs of the studied nanomaterials are as follows: MWCNTS present
a CE of 44% for thefirst cycle and ~85% for the remaining cycles;
GNRs exhibit a CE that is very similar to MWNTSs (45% in the
first cycle and ~88% in the remaining cycles). In contrast, ox-
GNRs perform better in terms of CE, presenting a 53% efficiency
during the first cycle and ~95% for subsequent cycles.

Another useful parameter for battery cyclability is the capacity
loss per cycle, which relates the reversible capacity of agiven cycle
with the reversible capacity in the immediate previous cycle. The
average capacity lossis ~1.4% for MWNTS, 2.6% for GNRs, and
3.0% for ox-GNRs. Therefore, MWNTSs perform better than GNRs
and ox-GNRs in terms of cyclability. If we assume a constant
capacity loss for each material, it is possible to extrapolate the
capacity as afunction of cycle number using the following relation:

C,=Cyl—x" e

where C, and C, are the capacities in the first and n™ cycles,
respectively, and x is the capacity loss of the specific material. In
Figure 4, we present the cycling results for MWCNTSs, GNRs, and
ox-GNRs. Symbols represent the experimental data, while bold lines
represent the extrapolated results obtained using eq 1. With this
extrapolation, it is expected that under the same ambient conditions,
the capacity of MWNTSs after 50 cycles should be ~45% of that of
first cycle, while for the ox-GNRs, the capacity after 50 cycles
should be just 19% of the first-cycle capacity. However, from the
curves in Figure 4, it seems that ox-GNRs stabilize their capacity
loss rate more slowly than MWNTS, so the 3.0% loss rate is reduced
in subsequent cycles. For instance, if one considers the specific
capacities over cycles 3—14 (after the initial SEl-induced drop),
the average loss rate is only 2.3%.

In summary, we have studied the electrochemical Li intake
capacity of carbonaceous one-dimensional materials including
multiwalled carbon nanotubes and GNRs obtained by unzipping
the MWCNTs. We have found that nanotubes with diameters of
~50 nm present a smaller reversible capacity than conventional
MCMB graphite. Reduced GNRs improve the capacity only
marginaly over MCMB graphite but present a lower Coulombic
efficiency as well as a higher capacity loss per cycle. Oxidized
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GNRs outperform all of the other materials studied here in terms
of energy density. They present a first charge capacity of ~1400
mA h g with a low Coulombic efficiency for the first cycle
(~53%). The reversible capacity of ox-GNRs is in the range of
800 mA h g%, with a capacity loss per cycle of ~3% for early
cycles and a decreasing loss rate for subsequent cycles.
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