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ABSTRACT: An effective, large-scale synthesis strategy for
producing graphene nanoribbons (GNRs) with a nearly 100%
yield has been proposed using a stepwise, solution-based, lengthwise
unzipping carbon nanotube (CNT) method. Detailed Raman and X-
ray photoelectron spectroscopy (XPS) analysis suggest that GNRs
with tunable density of oxygen-containing functional groups on the
GNR surfaces can be synthesized by adjusting the oxidant
concentration during the CNT unzipping. The electrochemical
characterization reveals that the as-produced GNRs with 42.91
atomic percent (atom %) oxygen-containing functional groups
deliver a capacity of 437 mAh g−1 after 100 cycles at 0.33C, while the
as-produced GNRs with higher oxygen-containing functional groups
only present a capacity of 225 mAh g−1. On the basis of the
electrochemical assessment and XPS analysis, the funtionals groups
(epoxy-, carbonyl-, and carboxyl groups) in GNRs could be the effective contributor for the high-performance Li-ion batteries
with appropriate adjustment.
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1. INTRODUCTION

Energy storage devices such as batteries and capacitors have
been demonstrated as useful and important solutions for
powering portable electronics (e.g., cellular phones, laptop
computers, and cameras).1,2Among those energy storage
devices, lithium ion batteries (LIBs) have attracted considerable
attention due to their high energy density; flexible, lightweight
design; and long lifespan compared with the conventional
battery technologies.3 Additionally, rechargeable LIBs also
extend to large-scale applications in hybrid electric vehicles
(HEVs), plug-in hybrid electric vehicles (PHEVs), and load-
leveling installations on power grids.4,5 Basically, the perform-
ance of LIBs strongly depends on the electrode materials.
Graphite is the current commercial anode material due to its
natural abundance, relative safety, and stable native properties
compared with Si,6 Sn,7 and metal oxides.8,9 The lithium ion
(Li+) is inserted into the layers of graphite instead of the
happened redox reaction during the Li+ uptake and release
processes, which experiences large volume changes. However,
commercialized graphite has a low theoretical capacity (372
mAh g−1), which dramatically limits its further applications.10

Consequently, the development of new nanostructured carbon
materials has been highly desired to achieving high performance
LIBs.

Graphene nanoribbons (GNRs), a quasi-one-dimensional
form of graphene, has attracted considerable attention due to
its excellent electronic stability, thermal stability, high aspect
ratio, and low percolation threshold.11 Recent theoretical and
experimental works demonstrated that GNRs are promising
materials for energy storage applications.12−14 Peralta et al.15

calculated the lithium storage capacities of GNRs, fullerenes,
and graphene nanosheets (GNS) using the density functional
theory and found that the storage capacity of the zigzag GNRs
is 50% larger than that of GNS. It was also observed that the
shape of the edge and the width influences the conductivity of
the nanoribbon dramatically. Zigzag-shaped edges could be
metallic, and armchair-shaped edges are semimetallic or
semiconductive, which depends on the width.16 Rangel et al.
pointed out that the unzipped CNTs end up with Zigzag-
shaped edges no matter what the start is by using ab initio
density functional theory calculations of an unzipping
process.17 More detailed electronic behaviors of GNRs were
disclosed by Kou et al. by using a first-principles study.18,19

Furthermore, Uthaisar et al.20 found that the lithium diffusion
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coefficient of GNRs is 2 orders of magnitude higher that of
GNS. It was suggested that the robust mechanical property and
large surface area are two of the reasons to achieve outstanding
GNRs-based LIBs in terms of durability and capacity.21

Despiteits advantages for LIBs, the development of facile and
large-scale methods for controllable production of high-quality
nanoribbons is a hard task, as it tends to curve into tube
structures or stack because of polarization interactions due to
its intrinsic instability.22 Kosynkin and Shimizu et al.23,24

successfully produced GNRs in a bulk quantity using chemical
oxidation by longitudinal cutting and unraveling multiwalled
carbon nanotubes (MWCNTs) in concentrated sulfuric acid
(H2SO4) and potassium permanganate (KMnO4). Dai et al.

25

fabricated narrow width GNRs with 10−20 nm using argon
(Ar) plasma etching of CNTs partly embedded in a polymer
film, while Kato et al.26 found GNRs can be directly converted
from nickel nanobars by a rapid-heating plasma chemical vapor
deposition. Moreover, other methods including metal catalyst
assisted cutting,27,28 lithium insertion and exfoliation,29

mechanical sonication in organic solvents,30 e-beam lithog-
raphy,31,32 and nanowire lithography33,34have also been
proposed for production of GNRs. Among those methods,
longitudinal unzipping of CNTs by chemical oxidation with
suitable oxidant(s) should be one of the most effective ways in
achieving low-cost and scalable synthesis of GNRs.35 In
addition, it is also possible to generate oxygen-containing
groups around the GNRs using this method, making the GNRs
process the solution processability for industrial-oriented
electrode preparation.36

Herein, we describe a stepwise, solution-based oxidative
process for producing a nearly 100% yield of GNRs by
lengthwise unzipping the MWCNT side walls. While oxidative
unzipping of MWCNTs has previously been achieved,23,37 our
unique method processes the ability to synthesis GNRs with
nearly 100% yield using a very low amount of H2SO4 (1 mg/
mL of CNT concentration in H2SO4). The first step, which is
key, is to reduce the van der Waals forces between the coaxial
graphene cylinders of MWCNTs by introducing a pretreatment
of raw MWCNTs with potassium nitrate (KNO3) and H2SO4,
while the second step is to use KMnO4 as the oxidant to unzip
MWCNTs. The nitrate ions (NO3

−) can assist sulfate ions
(SO4

2−) to debundle the bundled MWCNTs structure and
intercalate into the coaxial graphene cylinder of CNTs, making
it possible to produce GNRs with a low amount of H2SO4
during the CNT unzipping. The extensive scanning electron
microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD) character-
izations shows a nearly 100% yield of GNRs produced in our
method. Systematic high-resolution X-ray photoelectron spec-
troscopy (HRXPS) characterization suggests that the types and
concentrations of functional groups attached on the surface of
as-produced GNRs are controllable by adjusting the amount of
KMnO4 during oxidation, giving a way to control the defect
densities of the as-produced GNRs. The electrochemical
performance reveals that defects allow Li+ to migrate through
the vacancies into the interlayers, providing more non-
equivalent sites for Li+ storage.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Potassium permanganate (KMnO4, 98%), hydro-

gen peroxide (H2O2, 35%) and ether [(C2H5)2O, 99+%] were
purchased from ACROS. Potassium nitrate (KNO3, 95%) was
obtained from JT-Baker. Sulfuric acid (H2SO4, > 95%) and

hydrochloric acid (HCl, 37%) were purchased from Scharlau. All
chemicals were used without any further purification.

2.2. CNT Synthesis. The CNTs used in the present study were
synthesized using catalytic chemical vapor deposition (CVD). Details
of the CNT growth process were similar to that previously described.38

In brief, Fe films (3.0 nm thickness) and an alumina (Al2O3) support
layer (40 nm thickness) sputtered onto 2 × 2 cm polished silicon (Si)
substrates with a silicon dioxide (SiO2) layer of 600 nm were used as
the catalyst films for CNT growth. The CNTs were synthesized at 1
atm pressure in a 3 in. quartz tube furnace with two process steps,
including catalyst particle formation and CNT growth. For a typical
catalyst particle formation experiment, we first flowed 200 sccm
(standard cubic centimeter per minute at 1 atm) helium (He) and
1800 sccm hydrogen (H2) for 15 min while ramping the temperature
from room temperature to 810 °C, then we kept the same gas flow
rates for 15 min to anneal the catalyst particles. Then, CNT growth
began for 10 min using a water-assisted CVD process at 810 °C with
the gas mixture of 100 sccm ethylene (C2H4) and 900 sccm H2, and
100 ppm water vapor as the carbon precursor and the catalyst
preserver and enhancer, respectively. Water vapor of 100 ppm was
supplied by passing 1000 sccm He carrier gas through a water bubbler
with deionized (DI) water at STP (STP denotes standard condition
for temperature and pressure, NIST version) condition. Water vapor
concentration was monitored by a single-channel moisture meter
(General Electric, MMS 35-211-1-100) coupled with a moisture probe
(General Electric, M2LR) installed before the CVD reactor. All gas
flows were controlled by mass flow controllers that were carefully
calibrated before experiments to precisely control the gas concen-
trations in the CVD reactor.

2.3. Preparation of GNRs. In a typical preparation, 0.1 g of
MWCNTs was suspended in 10 mL of concentrated sulfuric acid and
1g KNO3 and then stirred at 300 rpm for 2 h using a magnetic stirrer
until a visually homogeneous black solution formed. Then, KMnO4
with different amounts was slowly added to the solution and further
stirred for 2 h at room temperature. After that, the temperature was
gradually raised to 70 °C and maintained at that temperature for 2 h in
a water bath (IKA-HS7 digital). Detailed reaction conductions are
summarized in Table 1. When the reaction was complete, the product

was purified and dried with a series steps reported elsewhere. Briefly,
each mixture was removed from the heat source, cooled to room
temperature, and poured into 350 g of ice containing 5 mL of 35%
H2O2 (to prevent precipitation of insoluble MnO2). The mixtures
were then centrifuged (24 500 rpm, 30 min) to give crude GNRs solid.
The solid was removed and then bath-sonicated in DI water 60 mL for
30 min. The material was then bath sonicated again by adding 30 mL
HCl, the product was centrifuged (24 500 rpm, 30 min). In the end,
the collected solid was then dispersed in ether (60 mL) for 30 min and
then centrifuged (24 500 rpm, 30 min). The purified GNRs were
collected. The detailed preparation process is schematically depicted in
Figure 1.

2.4. Characterization. The scanning electron microscopy (SEM)
images of as-produced samples were recorded on JEOL JSM-6500F
(accelerating voltage = 15 kV). Samples were prepared by pressing
powders on the copper tape. The transmission electron microscopy
(TEM) images of MWCNTs and as-produced GNRs were collected
on HITACHI H-9500. Samples were prepared by dispersion in
ethanol and then dropped onto 300 mesh holey lacy carbon grids on
cupper support (Ted Pella, Inc.). X-ray photoemission spectroscopy
(XPS) was carried out on VG ESCA Scientific Theta Probe with a pass
energy of 50 eV, 53° take off angle, and a 400 μm beam size. Samples

Table 1. Summarized Reaction Conditions of Chemical
Oxidation of MWCNT Unzipping

sample KMnO4 (g)

0.375 0.375
0.5 0.500
0.75 0.750
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were dispersed in ethanol and formed thin film on silicon substrates.
The powder X-ray diffraction (XRD) were obtain by BRUKER D2
PHASER X-ray Powder Diffraction (Cu Kα, λ= 1.54 Å). The Raman
spectra of pristine CNTs and as-pretreated samples were performed
on JASCO NRS-5100 at 532 nm excitation. The FTIR spectra of
pristine CNTs and as-prepared samples were collected on Biorad FTS
3500.
2.5. Electrochemical Measurements. Electrochemical measure-

ments of the GNRs were carried out with LIR2032 Coin-type half-cells
assembled in an argon-filled glovebox (MB200MOD). Then, 1.0 mol/
L of LiPF6 solution, a mixture of ethylene carbonate (EC)/
dimethylcarbonate (DMC)/diethylcarbonate (DEC) (1:1:1, vol/vol/
vol) was applied as the electrolyte. A Celgard 2400 microporous
polypropylene membrane was usedas the separator and Li foil was
utilized as the counter electrode. The CV measurement was collected
on an Electrochemical Workstation (Model 600D series) at a scan rate
of 0.1 mV/s vs Li/Li+ at room temperature. Cycling performances
under 0.33 C were tested with the first cycle at 0.1 C and then two
cycles at 0.2 C at the beginning.

3. RESULTS AND DISCUSSION
Figure 2a shows a typical SEM image of MWCNTs, which are
used as the raw materials for synthesis of GNRs. It can be seen
that the MWCNT is 40−50 nm in diameter and at least several
hundred nanometers in length. Figure 2b− d demonstrates the
SEM images of samples 0.375, 0.5, and 0.75. An unzipped

MWCNT of sample 0.5 and 0.375 was captured, as
demonstrated in Figure 2b, verifying our oxidation method of
MWCNT unzipping is successful. Different from the observed
curved edge of GNR in local part in Figure 2b, samples 0.5 and
0.75 were aggregated together, as displayed in Figure 2c,d, from
which the ribbon structures cannot be very easily distinguished.
The reason could be assigned to the drying process for SEM
observation. To see the morphology of the GNRs of the
different samples more clearly, we recorded TEM images, as
depicted in Figure 2(f−h). For comparison, the TEM image of
MWCNTS were also recorded as displayed in Figure 2e, from
which the hollow characteristic of a tube can be well observed.
Consistent with the observation in Figure 2b, the graphene
ribbon of sample 0.375 in the TEM image was also curved. In
sample 0.5 (Figure 2g), a regular thin layer of GNR with some
folds on the surface was revealed due to the well dispersion.
Unfortunately, we still have no ability to directly identify the
edge structure to be zigzag- or armchair-shape by TEM
observation, due, in part, to the edge curling and the extensive
edge oxidation, which could be removed only by heating over
2000 °C, which will lead to reconstruction and modified
electronic properties.23 The TEM results indicate that the
synthesized GNRs have high aspect ratios as well as edge effect.
Figure2h shows the strip-type graphene ribbon of sample 0.75,

Figure 1. Schematic illustration of the stepwise, solution-based oxidative process for producing GNRs by longitudinal unzipping the MWCNT side
walls.

Figure 2. SEM images of (a) pristine MWCNTs, (b) sample 0.375, (c) sample 0.5, and (d) sample 0.75; TEM image of (e) pristine MWCNTs, (f)
sample 0.375, (g) sample 0.5, and (h) sample 0.75. All scale bars = 50 nm.
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which is quite similar to the one of sample 0.5. The difference
can be easily distinguished. The morphology of sample 0.75
tends to be irregular with many wrinkles in the surface and the
edge, which may be due to the over oxidation during the
synthesis process.
Figure3a shows the typical X-ray diffraction (XRD) patterns

of the as-prepared GNRs (i.e., samples 0.375, 0.5, and 0.75).
For comparison, the XRD pattern of MWCNT was also
collected, and a strong peak at 26.3° was observed, which
should be assigned to (002) diffraction of the graphitic layer-by-
layer structure with interlayer spacing of 0.34 nm.13,39 After
treating with the strong oxidant (sample 0.375), the intensity of
the peak in 26.3° decreased, while a strong as well as broad
peak located at ∼11° appeared, suggesting that the CNT has
been well oxidized. In other words, the CNTs were successfully

unzipped. With a further increase in the amount of KMnO4

during the oxidation treatment process of samples 0.5 and 0.75,
the peak at 26.3° disappeared. The reason can be attributed to
the further oxidization of GNRs, which means that oxygen-
containing functional groups were attached on the graphene
ribbon sheets, which results in a lattice space increase in the
(002) phase.9,40 Nonetheless, no obvious difference of the XRD
patterns of samples 0.5 and 0.75 can be seen, which may need
to refer to other characterization technologies. The production
yield of GNRs can be quantitative estimated from the ratio of
the peak intensity of oxidized GNR (I001) to the summation of
peak intensities of CNT (I002) and GNR (I001) in the XRD
patterns,41 as shown in Figure 3b. The quantitative yield of
samples 0.5 and 0.75 is 100%, and the yield of sample 0.375 is
0.71, suggesting that sample 0.375 is completely oxidized in the

Figure 3. (a) XRD patterns of (black) pristine MWCNTs, (blue) sample 0.375, (red) sample 0.5, and (magenta) sample 0.75. (b) Relative peak
intensity ratios (I001/(I002 + I001)) of MWCNTs and the tree samples. (c) Raman spectra of MWCNTs and the three samples.

Figure 4. HRXPS C 1s spectra of (a) pristine MWCNTs, (b) sample 0.375, (c) sample 0.5, and (d) sample 0.75.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04864
ACS Appl. Mater. Interfaces 2015, 7, 17441−17449

17444

http://dx.doi.org/10.1021/acsami.5b04864


unzipping process. We should point out that, compared with
other reported chemical oxidation approaches,23,24 our
unzipping approach used a low dose of H2SO4 (10 mg/mL
of CNT concentration in H2SO4), which is only 10% of that
used by Kosynkin et al.23 The key factor for the success of our
method the pretreatment of raw CNTs with KNO3 under the
reported condition, which allows K+ and NO3

− to assist SO4
2−

in exfoliating the bundled CNTs and intercalate into the coaxial
graphene cylinders of CNTs. In the second step, it tuned the
surface functionalities of the as-produced GNRs by controlling
the concentrations of KMnO4 as the oxidant to unzip
MWCNTs under suitable conditions (oxidant concentration,
temperature, and time). With such a stepwise treatment, it is
possible to significantly reduce the van der Waals attractions
between individual tubes and the coaxial graphene cylinders of
CNTs with a very low amount of H2SO4. Because it reduces the
usage of strong acid, we proposed that our environmentally
friendly approach is suitable for an industrial-scale production.
The Raman spectra of pristine MWCNTs and GNRs were

revealed in Figure 3c. It can be seen that the pristine MWCNTs
feature three peaks at 1337.1, 1564.8, and 2673.2 cm−1, which
are assigned to the D band, G band, and 2D band of carbon,
respectively. The D band at 1337.1 cm−1 originates from a
second-order Raman scattering process, involving one iTO
phonon and one defect near the K point.42 The G band at
1564.8 cm−1 is the so-called characteristic peak of graphite,
which corresponds to the doubly degenerate E2g symmetry
phonon mode (iTO and LO) of graphite at the Brillouin zone
center and results from the emission of zone-center optical
phonons.42−44 The 2D band centered at 2673.2 cm−1 is
generated by two iTO phonons with opposite momentum in
the highest optical branch near the K and can be well fitted by a
single Lorentzian function.45,46 After the strong oxidant treated
(sample 0.375), the intensity of D band increased obviously,
which informs us that defects or edge effects was introduced
into the GNRs. The defects could be holes with different
shapes and sizes on the basal plane of the ribbon, which was
caused by the initial manganate ester formation and the further
cleavage of C−C bonding introduced by the vicinal diols.47

Meanwhile, the attached oxygen functional groups (i.e., epoxy
groups, carbonyl, and carboxyl groups) at the edges and surface
were also regarded as the defects.47 This observation is
consistent with the XRD results, which are given in Figure
3a. When KMnO4 was increased to 0.5 g in the oxidation
reaction (sample 0.5), the intensity of D band was further
increased, while the intensity of 2D band decreased, verifying
that more functional groups were attached to the GNRs.
However, when the amount of KMnO4 was further increased to
0.75 (sample 0.75), 2D band disappeared accompanied by
more strong D band showing, suggesting that too many defects
were introduced into graphene nanoribbon lattice in this case,
and the GNRs tend to be amorphous.
To further study the chemical bonding state of GNRs with

different oxidation, we carried out HRXPS characterization on
the three different samples and MWCNTs. Figure 4a exhibits C
1s spectra of the pristine MWCNT, of which two peaks
centered at 284.6 and 285.9 eV were seen, which are attributed
to graphite-like sp2-C and epoxy groups. When the oxidization
treatment was carried out (sample 0.375) as shown in Figure
4b, an obvious peak appeared in the left of the main peak. After
carefully deconvolution and fitting, it can be split into four
peaks, namely graphite-like sp2-C (C−C) at 284.8 eV, epoxy
groups (C−O) at 287.0 eV, carbonyl groups (CO) at 288.4

eV, and carboxyl groups (COOH) at 288.9 eV.47The XPS
quantification result is summarized in Table 2. This observation

is consistent with the result of FTIR shown in Figure S1
(Supporting Information). Compared with the pristine CNTs,
strong peaks at 1647 cm−1(purple region) and 3445 cm−1 (light
green region) in sample 0.375 appeared, which assigns to a C
O and COO−H/O−H stretch, of which it further verifies that
numerous carboxyl and hydroxyl functionalities were attached
on the graphene nanoribbons. Bhardwaj et al.48 proposed that
the oxygen atoms attached to the tube walls would distort
neighboring alkenes, which makes them more easily to be
oxidized and opened. Thus, we can conclude that the unzipping
of carbon nanotubes is due to the attached epoxy, carbonyl, and
carboxyl groups on the defective sites and edges of GNRS.
When more KMnO4 was added into the reaction (sample 0.5),
as shown in Figure 4c, the peak intensities of attached
functional groups (i.e., epoxy, carbonyl, and carboxyl groups)
were all increased. Note that in sample 0.375 and sample 0.5,
the intensity of graphite-like sp2-C is still the strongest (taken
over 69.06 atom % and 57.09 atom %), though the epoxy group
is even quite close to it in sample 0.5, suggesting that it still
maintain the sp2 C−C structure in sample 0.375 and sample
0.5. When KMnO4 was further increased (sample 0.75), the
intensities of epoxy groups, carboxyl groups, and carbonyl
groups all increased. Nonetheless, it is well noticed that the
peak intensity of carbonyl groups is even larger than that of sp2-
C in this case, which indicates that a large number of defects
were introduced into GNRs. In this case, the sum of oxygen-
containing functional groups accounted for 50.41 atom % in the
GNRs’ lattice. We propose that the GNRs tend to be
amorphous, which is consistent with the observation in
Raman spectra as well as XRD. On the basis of the above
material characterizations, it is suggested that controllable
synthesis of GNRs with tunable surface functionalities can be
achieved using our method.
To reveal the role of the attached oxygen-functional groups

in GNRs, the electrochemical behavior of fresh sample 0.375,
sample 0.5, and sample 0.75 at the first three cycles were
evaluated with cyclic voltammograms (CVs) as shown in Figure
5. All curves displayed the typical CV curves of carbonaceous
anode materials at the first cathodic scan. In sample 0.375, the
observed peak at ∼0.58 V in the first cycle should be attributed
to the irreversible formation of solid electrolyte interface (SEI)
films due to the decomposition of electrolytes49 and the
reaction of lithium ions with residual acid,50 which is the reason
for the initial irreversible capacity. This peak disappeared in the
second and third cycles, suggesting that the surface of the
passivated GNRs have been stable. When more oxygen-
functional groups were introduced into the GNRs (sample
0.5), another peak at ∼1.24 V appeared accompanied by the
peak at ∼0.58 V in the first cycle (shown in Figure 5b),

Table 2. Atomic Percentages of Different Carbon Bonds
Identified by XPS in Pristine CNTs and Different As-
Produced GNR Samples

sample
C−C

(atom %)
C−O

(atom %)
CO

(atom %)
COOH
(atom %)

pristine CNTs 89.97 13.03 0 0
sample 0.375 69.06 26.31 2.94 1.69
sample 0.5 57.09 35.84 6.26 1.61
sample 0.75 49.59 42.17 5.87 2.37
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indicating some defects have been created on the nanoribbons.
This allows more Li+ extraction from the two sides of
nanoribbon in comparison with one side extraction from
CNT. This observation is consistent with the reported results
of balled milled CNTs51 and chemically etched CNTs.52 Thus,
it presents evidence that surface defects, here is the attached
functional group, providing more sites for lithium storage. With
further increasing the attached oxygen-functional groups, the
peak at 0.58 V has been totally disappeared in the first cycle.
Instead, a new peak at 2.37 V is seen, which is due to the
adsorption of the Li+ on the remaining functional groups, of
which it consistent with the XPS results that too much defects
were introduced into the graphene nanoribbon sheets. It means
that over oxidation results in the totally destroy of the graphene
lattice structure, of which the conductivity as well as the lithium
storage capacity will be dramatically influenced.
Figure 6a−c shows the charge−discharge profiles of GNRs in

the first three cycles at a current density of 0.33C (1C = 372

mAh g−1) ranging from 0 to 3 V. The initial discharge capacities
of sample 0.375, 0.5, and 0.75 were 1188, 1338, and 1335 mAh
g−1, respectively, while the charge capacities of them were 577,
628, and 495 mAh g−1, respectively, corresponding to initial
Coulombic efficiencies of 48.6, 46.9, and 37%. The irreversible
capacity loss in the first cycle should be attributed to the
formation of the SEI layer, mentioned previously. It is worth
noting that Coulombic efficiency decreases dramatically with
the amount of attached functional group increase, indicating
that the adsorption of Li+ on functional groups have a big
contribution to the irreversible capacity. Another reason for the
low Coulombic efficiency is that the high surface areas of GNRs
provide a large contact area between electrode and electrolyte
to form SEI layer by consuming large amount of Li+. It is worth
noting that the initial discharge capacity is much higher than
that of commercial carbon,53 suggesting that the lithium storage
mechanism of GNRs is different from the conventional graphite
interaction approach. The difference is also reflected in the
charge−discharge profile. Different from the long plateau after
0.5 V versus Li+/Li in graphite,54 the slope starts at about 2.5 V
in GNRs. All our GNRs deliver high specific capacities below
0.5 V without obvious plateau, providing evidence that at least
two different Li+ storage mechanisms exist. It is well-known
that in the sp2 hybrid graphite, it refers to lithium ion
intercalation and deintercalation during the charging and
discharging process, of which it forms LiC6 compounds.
Herein, the gradual decline tendency in discharging process is
similar the Li+ storage behavior observed in graphene55 and
hard carbon.54 We propose that the obtained capacity comes
from the following two parts: (1) The capacity in the lower
voltage (<0.5 V), which contributes from the lithium
intercalation in the GNRs. Due to the absence of a potential
plateau, especially in samples 0.5 and 0.75, it suggests that the
disordered stacked graphene nanosheet structures result in
electrochemically and geometrically nonequivalent Li+ sites. (2)
The capacity above 0.5 V is assigned to a faradic capacitance
either on the GNRs surface or on the edge plane.55

The cycle performances of GNRs at a current density of
0.33C are demonstrated in Figure 6d. The three samples exhibit
the same tendency, which keep decreasing in the first several
cycles and then being stable in the following cycles. Compared
with sample 0.375 and 0.75, sample 0.5 has the highest specific
capacity of 437 mAh g−1 among the three samples after 100
cycles, while samples 0.375 and 0.75 have capacities of 392 and
225 mAh g−1, respectively. Combined with XPS analysis, it can
be found that the capacity was increased with adding more
oxygen-functional groups on GNRs. However, when the GNRs
were over oxidized, the capacity decreases dramatically from
437 to 225 mAh g−1. Thus, we propose that the oxygen-
functional groups may contribute to the increased capacity as it
provides more nonequivalent sites for Li+ storage. We should
also emphasis that sample 0.75 tends to be disordered, as the
2D band totally disappeared in the Raman spectrum with
increasing the amount of the attached oxygen-functional
groups. This observation could be good evidence to indicate
that too many defects introduced into the graphene sheets will
degrade the crystallinity as well as the Li+ storage capability of
GNRs, of which the similar performance was also seen by Xiao
et al.14

To further examine the different rate capability of the three
samples, we carried out the galvanostatic charge−discharge
measurements at various current densities, which range from
0.1 to 2C (Figure 6e). Outstanding rate capability is revealed in

Figure 5. Cyclic voltammograms (CVs) of the first three cycles at a
scan rate of 0.1 mV s−1 for (a) sample 0.375, (b) sample 0.5, and (c)
sample 0.75.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04864
ACS Appl. Mater. Interfaces 2015, 7, 17441−17449

17446

http://dx.doi.org/10.1021/acsami.5b04864


sample 0.5. It exhibits 689, 590, 480, 396, and 312 mAh g−1 at
0.1, 0.2, 0.5, 1, and 2C. Note that the effect of the attached
functional group in improving the faradic capacitance on the
surface or edge sites of GNRs will be especially obvious at high
current densities.56 When the current density was restored to
0.1C after 50 cycles, the capacity of 629 mAh g−1 could still be
successfully achieved and kept stable. This performance is
comparable or even superior to other reported GNRs.13,12,14

Moreover, in Figure 6d, it can be seen that sample 0.75 presents
the lowest delivered capacity, while sample 0.375 depicts a little
bit lower capacity than that of sample 0.5. The difference
between the three samples is consistent with the cycling
performances described in Figure 6d.

4. CONCLUSIONS
In summary, we have developed a facile and large-scale
approach for controllable synthesis of GNRs with nearly100%
yield and tunable surface functionalities using a solution-based

lengthwise unzipping the MWCNT side walls. With the
analysis of XRD, Raman, XPS, it found that the defects
(attached functional groups) in the GNRs lattice can be tuned,
which results in different delivered specific capacities under the
same test condition. The middle oxidized one (sample 0.5)
delivers a capacity of 437 mAh g−1 at 0.33C, while low oxidized
one (sample 0.375) and high oxidized one (sample 0.75)
present capacities of 392 mAh g−1 and 225 mAh g−1,
respectively. Defects created during the oxidation treatment
process allow Li+ migrate through the vacancies into the
interlayers, providing more sites for the accommodation of Li+.
Additionally, we also proved that too much introduced oxygen-
functional groups will degrade the crystallinity of graphene
nanoribbon sheets, which will dramatically decrease the Li+

storage capacity. Thus, our study on the lithium ion battery
performance of GNRS provides a strong reference for future
application of carbon material and its composites by adjusting
the amount of functional groups.

Figure 6. Charge−discharge profiles of the first, second, and third cycles of (a) sample 0.375, (b) sample 0.5, and (c) sample 0.75. (d) Cycling
performance of samples 0.375, 0.5, and 0.75 between 0.0 and 3.0 V vs Li/Li+ at a current density of 0.33C. (e) Rate performance of samples 0.375,
0.5, and 0.75; (solid symbols) discharge and (open symbols) charge.
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