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ABSTRACT: Graphene nanoribbons (GNRs) from chemical
unzipping of carbon nanotubes (CNTs) have been reported to
be a suitable candidate for lithium ion battery materials, but
very few of them focused on controlling GNRs with different
unzipping levels. Here we present a study of GNRs with
controlled unzipping level and the prevailing factors that affect
the lithium storage performance at early and final unzipping
level; besides, the effect of thermal reduction has been
investigated. On the basis of Raman and BET surface area
tests, we found that the unzipping of CNTs starts with surface etching and then proceeds to partial and full unzipping and finally
fragmentation and aggregation. Galvanostatic charge−discharge reveals that defect increase is mainly responsible for the capacity
enhancement at the early unzipping level; surface area drop is associated with the capacity fade at the final unzipping level.
Surface functional groups can result in low electrical conductivity and therefore cause capacity drop within several cycles. The
GNRs with controlled unzipping level display different electrochemical behaviors and thus can provide rational choices for
researchers who are searching for desired functions using GNRs as additives in lithium ion batteries.

1. INTRODUCTION
Graphene is a two-dimensional monolayer of sp2-hybridized
carbon atoms with a honeycomb lattice structure. It has attracted
extensive investigations due to its unusual mechanical strength as
well as excellent electrical and thermal stability.1 Carbon
nanotubes (CNTs) are layers of graphene rolled up into
seamless tubes;2 as a result, by unzipping carbon nanotubes, it is
possible to obtain graphene nanoribbons (GNRs).3−6 Pioneered
work was reported by Tour et al.7,8 By exposing the multiwalled
CNTs in highly oxidizing solutions, they successfully achieved
longitudinal cutting and unraveling of MWCNTs. Since then,
many other strategies such as plasma etching,9,10 insertion and
exfoliation,11 metal nanoparticle-catalyzed cutting,12,13 and
mechanical sonication14 have been reported. The success of
unzipping CNTs to GNRs has thereafter inspired the unzipping
of other species of nanotubes such as boron nitride.15,16

In the past few decades, lithium ion batteries have become an
emerging technology for high performance energy storage
systems.17−19 Graphite is the currently commercialized anode
material, but its inherent capacity is relatively low.20 CNTs and
graphene have been recognized as promising anodematerials due
to their unique high electrical conductivity and mechanical
strength.21 The performance of CNTs and graphene strongly
relies on their structural configuration such as surface area22,23

and defects.24−27 Therefore, much effort has been made to
modify their pristine structures. Peralta et al.28 have calculated
the lithium storage capability of graphene nanosheet (GNS),
fullerenes, and GNRs based on density functional theory and
revealed that the interaction between lithium and zigzag GNRs is

50% stronger than that of GNS. This advantage contributes to
the performance of lithium ion batteries as both anode materials
and additives for electrode material composites. Besides the
enhanced lithium storage property, the lithium diffusion
coefficient has also been calculated in GNRs and was found to
be elevated for up to 2 orders of magnitude compared with
GNS.29 In addition, the robust mechanical property and
enormous surface area of GNRs during lithiation have shown
that GNRs can be an outstanding anode ofMWCNTs in terms of
durability and capacity.30 Despite this, the lithium storage
capability of GNRs based on the unzipping level has not yet been
studied, and the key factors that affect the performance are not
clear.
In this study, we used modified Hummer’s method31 to

synthesize GNRs. By controlling the treatment time, we obtained
GNRs with controlled unzipping level with changed surface
areas, defect amounts, and functionalized surfaces. Moreover, we
present a comprehensive study of the prevailing factor that
influences the lithium storage capability of GNRs at different
unzipping level. To the best of our knowledge, it is the first time
systematically studying the morphology evolution of GNRs
derived from CNTs and the lithium ion battery performance
based on the GNRs series. It has been demonstrated that the
number of defects increases right after exposure to oxidants;
surface area changes gradually with the aggregation of GNRs

Received: November 2, 2013
Revised: December 19, 2013
Published: December 19, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 881 dx.doi.org/10.1021/jp410812v | J. Phys. Chem. C 2014, 118, 881−890

pubs.acs.org/JPCC


under longer time due to the fragmentation of GNRs. The
lithium storage capability of unzipped CNTs relies on different
factors at different unzipping level. Defects are mainly
responsible for the enhanced capacity at the early stage whereas
surface area is associated with the capacity at high unzipping
levels. Surface functional groups are found to enhance the
discharge capacity; however, the increased impedance will lead to
fading performance.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. In a typical unzipping process, 100

mg ofMWCNTs (Shenzhen Nanotech., China) was dispersed in
3.4 mL of sulfuric acid (H2SO4) (98%, Aldrich) via strong
ultrasonic agitation for 30 min. The viscous solution was then
placed in an ice bath under vigorous stirring, and 75 mg of
sodium nitrate (NaNO3) (99.9%, Aldrich) was subsequently
added. After dissolving, 450 mg of potassium permanganate
(KMnO4) (99.9%, Aldrich) was slowly and carefully added into
the viscous mixture. After a desired reaction time (specifically 5

min, 30 min, 1 h, 2.5 h, 5 h, 10 h, and 20 h), 20 mL of 5% sulfuric
acid solution was poured into the liquid and left to cool. Next, 2
mL of hydrogen peroxide (H2O2) (30%, Aldrich) was added into
the solution in a dropwise manner until no more bubbles were
released. After half an hour, the dark solution was centrifuged and
thoroughly washed with 5% nitric acid three times and deionized
water five times, then filtered, and dried in an oven at 90 °C for 12
h under vacuum. The as-prepared GNRs contained high
amounts of oxygen-containing functional groups (denoted as
GONRs-oxidizing time) and are therefore annealed at 900 °C in
Ar for reduction (denoted as GNRs-oxidizing time). Tomake the
results more reliable, a reference was created with pristine CNTs
which were treated in 30% nitric acid solution for 6 h to remove
the catalysts.

2.2. Characterization Methods. The morphologies and
structures of CNTs and GNRs were characterized by a Hitachi S-
4800 field emission scanning electronic microscopy (FESEM)
equipped with an energy dispersive X-ray spectroscope (EDS), a
Hitachi H-7000 transmission electron microscope (TEM), and a

Figure 1. FE-SEM images of the pristine CNTs and GNRs series: (a) pristine CNTs; (b) GNRs-5min; (c) GNRs-30min; (d) GNRs-1h; (e) GNRs-
2.5h; (f) GNRs-5h; (g) GNRs-10h; (h) GNRs-20h.
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high-resolution transmission electron microscope (HRTEM,
JEOL 2010F). Raman scattering (RS) spectra was obtained by a
HORIBA Scientific LabRAM HR Raman spectrometer system
with a 532.4 nm laser and optical microscope at room
temperature; the intensity ratio of D and G band was calculated
by integrating the areas after subtracting the baseline and
applying Lorenzian fit. N2 adsorption/desorption isotherms
were obtained by a Folio Micromeritics Tristar II surface area
analyzer. Fourier transform infrared spectroscopy (FTIR) was
obtained by a Nicolet 6700 FTIR spectrometer. Thermogravi-
metric analysis (TGA) was carried out on a TA SDT Q600 in an
air atmosphere from room temperature to 700 °C at a rate of 10
°C/min.
2.3. Electrochemical Measurements. Pristine CNTs and

GNRs were dispersed homogeneously in slurry with 10%
poly(vinylidene fluoride) binder in N-methylpyrrolidione
(NMP) solvents. The slurry was subsequently casted onto a
Cu foil as current collector and dried at 100 °C under vacuum
overnight. The electrode was assembled in a glovebox with
moisture and oxygen concentrations below 1 ppm. A CR-2325-
type coin cell with lithium metal as the counter electrode and
Celgard 2400 as the separator was utilized. The electrolyte was
composed of 1 M LiPF6 salt dissolved in ethylene carbonate:-
diethyl carbonate:ethylmethyl carbonate in a 1:1:1 volume ratio.

Both cyclic voltammetry (CV)and electrochemical impedance
spectra (EIS) were performed on a versatile multichannel
potentiostat 3/Z (VMP3), with a scanning rate of 0.1 mV/s and a
potential range of 0.1−3.0 V (vs Li+/Li) at room temperature.
Galvanostatical charge−discharge was performed on Arbin
BT2000 at a current density of 100 mA/g between 0.01 and
3.0 V (vs Li+/Li).

3. RESULTS AND DISCUSSION
Figure 1a shows the SEM image of pristine CNTs. Pristine CNTs
have relatively uniform diameter distribution with an average
value of 40 nm. Figure 1b−h show time-dependent GNRs. It can
be clearly observed that upon oxidizing the pristine CNTs
present remarkable morphology evolution. CNTs have been
successfully unzipped into U-shaped curved GNRs longitudi-
nally. With increasing treatment time, the number of remaining
CNTs become fewer and fewer. This is because CNTswith lower
diameters are generally more stable in oxidizing conditions;7

therefore, the ratio of remaining CNTs is a direct indication of
the level of oxidizing. After a 1 h treatment, about 50% of the
CNTs were unzipped. In the case of a 5 h treatment, the CNTs
have been fully unzipped. Continuous treatments lead to
stacking of GNRs in the 10 and 20 h samples.
TEM and HRTEMwere carried out in order to investigate the

morphology evolution at higher magnifications as shown in

Figure 2. TEM images of CNTs during different unzipping stages: (a) etched CNTs; (b) partially unzipped CNTs; (c) fully unzipped CNTs; (d)
stacked GNRs.

Scheme 1. Schematic Diagrams of (a) Pristine CNTs, (b) Etched CNTs, (c) Partially Unzipped CNTs, (d) Fully Unzipped CNTs,
and (e) Stacked GNRs Fragments
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Figure 2a−d. It can be seen that the unzipping of CNTs can be
divided into four stages, namely surface etching, partially
unzipping, fully unzipping, and aggregation. To better illustrate
the process, we have proposed a schematic diagram of different
unzipping levels. Scheme 1a shows pristine CNTs. Scheme 1b is
mostly observed inGNRs-5min, where the CNT has been etched
with some cracks on the surface, however, the tubular structure
still remains. HRTEM image Figure 2(b inset) clearly displays
the etched layer of CNTs. It can be predicted that the cracks are
generated on defect sites and the unzipping starts from these
structures. Partially unzipped CNTs displayed in Scheme 1c
reveal that the CNT is unwrapped layer by layer. With increasing
time, the CNTs are fully unzipped longitudinally. However, extra
treatment would produce fragmentation. As shown in Figure 2d,
inset, and Scheme 1e, the GNRs have turned into flat structures,
but the length decreases a lot in comparison with Figure 2a−c. At
this stage, other fragments are also formed besides the ribbon-
like structure. Severe aggregations can be observed in Figure 2d.
The defects generated by initial unzipping are highly active sites
for further attack of potassium permanganate, thus forming
fragments. The fragments of GNRs aremainly responsible for the
stacking found in Figure 1g,h.
Figure 3a shows the Raman spectra of pristine CNTs and

GNRs. It can be observed that the pristine CNTs feature three
obvious peaks at 1340.4, 1572.1, and 2683.1 cm−1. The peaks
correspond to the D band induced by disordered defect, the G
band caused by sp2 carbon vibration, and the 2D band of second-
order Raman scattering process, respectively.32 The intensity
ratio of the D and G bands of pristine CNTs is 0.56, indicating
that the pristine CNTs are mostly sp2 hybridized. Besides the
small amount of defect, amorphous carbon which is sp3

hybridized is also responsible for the D band intensity. The
unzipping of CNTs creates new peaks both for D and G band at
1461.8 and 1610.4 cm−1, respectively; this can be ascribed to the

vibration of graphite layers exfoliated from the CNTs.32 The 2D
peak becomes much weaker as the unzipping proceeds as its peak
intensity strongly relies on the D band intensity because of the
defect-induced renormalization of electron and phonon
energies.33,34 Therefore, the increase of the D band intensity
inevitably induces the drop of the 2D band intensity.
Figure 3b displays a plot of the ID/IG ratio calculated by the

intensity of D and G bands. It can be seen that the defect amount
increases significantly after the CNTs are exposed to oxidants.
Further, longer treatment time does not cause severe change to
the defect amount, and the values oscillate around 2.15 within the
next 10 h of treatment. This implies that the defects are mostly
created by the initial attack of the oxidants. Unzipping of CNTs
does not exert strong impact on the formation of defects.
Figure 3b also shows the plot of the Brunauer−Emmett−

Teller specific surface area of GNRs as a function of treated time.
It can be seen that the surface area of pristine CNTs is 47.3 m2/g.
Within 5min of treatment, the surface area is slightly increased to
49.1 m2/g, which is in contrast with the sudden increase of defect.
This reveals that the CNTs are likely to be etched on the surface
at the early steps without damage of the tubular structures. The
surface area is highest when the treatment time is 5 h with a value
of 321.6 m2/g; however, when the treatment time increased up to
10 h, the surface area slightly decreased to 321.1 m2/g. The
balance of surface area at GNRs-5h and GNRs-10h implies that
within this period of time unzipping and fragmentation-induced
stacking happen simultaneously. When further reaction occurs at
20 h, the surface area dramatically drops to 126.6 m2/g, which
indicates that unzipping has beenmostly finished. But during this
stage, the formation of GNRs fragments exceeds that of
unzipping. The surface area change further shows that the
fragmentation at 10 and 20 h is the reason for the surface area
drop.

Figure 3. (a) Raman spectra of the pristine CNTs and GNRs. (b) Plot of the ID/IG ratio and surface area. (c) TGA curves of pristine CNTs and GONRs.
(d) FTIR of GNRs-oxide-5h and GNRs-5h.
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The thermal stability of the pristine CNTs and GONRs was
confirmed by TGA shown in Figure 3c. The initial weight loss
below 100 °C is due to adsorbed moisture. Then, most of the
GONRs display a weight loss from 150 to 450 °C, which

corresponds to the surface functional groups. The oxygen-
containing groups are generally released as CO2. With higher
oxidation level, the GONRs become less thermally stable,
implying that the surface functional group magnitude increases

Figure 4. Cyclic voltammogram profiles of (a) pristine CNTs, (b) GNRs-5min, (c) GNRs-5h, (d) GNRs-20h, and (e) GONRs-5h as anodes at a scan
rate of 0.1 mV/s in a voltage range of 0.1−3.00 V. (f) Electrochemical impedance spectra of GNRs-5h and GONRs-5h.
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with longer treatment. The final weight loss from 450 to 600 °C
is because of the release of CO2 due to the burning of carbon.
The functional groups of GNRs-5h and GONRs-5h were

confirmed via Fourier transform infrared spectroscopy (FTIR) as
displayed in Figure 3d. The strong peaks at 3343 and 1630 cm−1

correspond to the hydroxyl stretching related to the −OH group

and adsorbed water. It can be observed that before reduction
GONRs-5h contains a large amount of adsorbed water due to the
hydrophilic nature.35,36 After reduction, the vibration of hydroxyl
has been decreased a lot. The broad peak at 3343 cm−1 can be
ascribed to the KBr humidity.37 The doublet peaks at 2927 and
2872 cm−1 are due to the symmetric and antisymmetric

Figure 5.Charge/discharge profiles of (a) pristine CNTs, (b) GNRs-5min, (c) GNRs-5h, (d) GNRs-20h, and (e) GONRs-5h with a current density of
100 mA/g. (f) Discharge capacity and Coulombic efficiency versus cycle numbers of pristine CNTs and GNRs/GONRs at a current density of 100 mA/
g.
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stretching vibrations of −CH2.
38 The existence of −CH2

indicates that that the carbon basal planes are well maintained.
Two intense peaks at 1714 and 1380 cm−1 are found at GONRs-
5h, corresponding to the CO and C−O stretching vibrations
of COOH groups.39 Another strong band at 1380 cm−1 can be
assigned to the O−H deformations of the C−OH groups.40

FTIR has clearly revealed that the majority of the functional
groups in the GONRs-5h sample are oxygen-containing groups
such as hydroxyl and carboxyl. Upon thermal reduction, the
functional groups have been removed and released in the form of
CO2.
As has been shown in Figure 3a,b, the defect of GNRs at 5 min

is much higher than that of pristine CNTs while there is no
surface area change. Therefore, it is good reference material to
compare the performance of GNRs-5min with pristine CNTs to
study the effect of defects. On the other hand, as both the defect
and surface area keep increasing at GNRs-5min to GNRs-5h, it is
difficult to ascribe the performance change to any of these two
single factors. Therefore, the samples of the GNRs-5h and
GNRs-20h provide us to study the surface area effect while there
is a drop in surface area whereas an increase in defect amount.
Moreover, the comparison of the GONRs-5h and GNRs-5h
could help investigate the impact of surface functional groups.
The electrochemical behaviors of pristine CNTs, GNRs-5min,

-5h, and -20h, and GONRs-5h were characterized by cyclic
voltammetry (CV) and galvanostatic charge and discharge
process. Figures 4a,b and 5a,b present the CV and charge/
discharge curves of pristine CNTs and GNRs-5min at the first
three cycles. It can be observed that both CV curves display two
typical peaks at the first cathodic scan. The peak at about 0.75 V
corresponds to the irreversible formation of SEI due to the
decomposition of electrolyte,41 which is mainly responsible for
the initial irreversible capacity.42 This peak disappears in the
second and third cycle, indicating that the SEI is very stable.
Another peak at 0.1 V reveals the insertion of Li+ into the
graphite layers. During anodic scan, the sharp peaks at 0.24 V for
pristine CNTs and 0.30 V for GNRs-5min are related to the
deintercalation if Li+ from the graphene layers.43 A weak peak is
observed in GNRs-5min at 1.85 V, which is consistent with the
previous results of ball-milled CNTs, chemically etched CNTs,
and nanodrilled CNTs as anodes44−46 where small holes are
created on the tube walls or the tube caps have been removed.
This allows more Li+ extraction from the interior space of
nanotubes. This shows a strong evidence that surface defects on
CNTs provides more sites for lithium storage. The peak at 2.34 V
is due to the absorption of the Li+ on remaining functional
groups.45 In the case of GNRs-5min, this peak only exists at the
first cycle, implying that there is no consequent capacity
contribution. The reversible discharge capacity has been
increased from 232.5 to 375.8 mAh/g; this significant increase
is due to the sudden increase of defect, which allows to
accommodate more lithium.47

Figures 4c,d and 5c,d depict the CV and charge/discharge
curves of GNRs-5h and GNRs-20h. Similar with that of GNRs-
5min, a reversible peak at 1.85 V has been observed in GNRs-5h
whereas there is no such peak in GNRs-20h. This change reveals
that the tubular structure has been totally destroyed in GNRs-
20h, which is consistent with the SEM and TEM images that the
GNRs have been turned into fragments. The oxidation peaks
related to the extraction of Li+ from graphite layers are located at
0.35 and 0.52 V for GNRs-5h and GNRs-20h, respectively. The
charge/discharge curves show that GNRs-5h delivers much
higher capacity than GNRs-20h. In the case of pristine CNTs and

GNRs-5min, defects are mainly responsible for the capacity
increase; however, in the case of GNRs-5h and GNRs-20h, the
discharge capacity decreases from 515.5 to 391.5 mAh/g even if
there is an increase of defect amount. Realizing that the defect
amount increase can possibly induce lower electrical conductivity
for carbon materials, we conducted studies of electrochemical
impedance spectroscopy (EIS) on GNRs-5h and GNRs-20h. As
shown in Figure 4f, GNRs-5h and GNRs-20h at open circuit
voltage (inset) display one semicircle and one straight line. The
impedance of GNRs-5h is similar to GNRs-20h at open circuit
voltage. In contrast to the EIS at open circuit voltage, the EIS at
0.01 V displays two semicircles at high and medium frequency
region. To better illustrate the impedance behavior, we proposed
a modified equivalent circuit in the inset of Figure 4f. Re stands
for the electrolyte Ohmic resistance. The high-frequency
semicircle can be ascribed to the resistance of SEI with the
migration of Li+ and interfacial capacitance (Csl) related to Rsl.
The semicircle in medium-frequency region can be assigned to
the charge-transfer resistance (Rct) and the double-layer
capacitance (Cdl). W denotes the finite length Warburg
impedance corresponding to the solid-state diffusion. Through
the simulated equivalent circuit, we found that the charge transfer
resistances of GNRs-5h and GNRs-20h are 21.9 and 22.2 Ω,
respectively, indicating that the electrical conductivity of GNRs-
20h was not seriously affected by the presence of defects. Given
the similar electrical conductivities of GNRs-5h and GNRs-20h,
we therefore ascribe the capacity fade to the drop of surface area.
High surface area allows for a high contact area between
electrode and electrolyte to form SEI film by consuming a
considerable amount of Li+. This leads to a high capacity at the
first discharge.48 Despite the consumption of Li+, the high surface
area provides much more free sites for the storage of Li+;49

therefore, the reversible capacity of GNRs-5h is much higher
than that of GNRs-20h.
Figures 4e and 5e display the CV and charge/discharge curves

of GONRs-5h. By comparing with Figures 4c and 5c (GNRs-5h),
one can find two obvious redox peaks. The cathodic peaks
located at the potential of Li+ extraction from interior space (1.88
V) and functional groups (2.37 V) are reversible during cycling.
The redox peaks at 1.88 and 1.60 V correspond to the extraction
of Li+ from interior space of nanotubes. This peak is reversible
and much more intense than GNRs-5h, but this observation
remains unclear which possibly results from the self-repair effect
during annealing.50 Another redox peaks at 2.37 and 2.13 V are
assigned to the adsorption and extraction of Li+ onto surface
functional groups. It can be clearly seen that the oxidizing peak is
very intense at the first cycle and becomes gradually weaker at the
second and third cycles. It indicates that the adsorption of Li+ on
functional groups have a big contribution to the irreversible
capacity. However, quite similar to the SEI film, the Li+ are
consumed rather than stored. The charge/discharge curves
display two extra voltage plateaus, corresponding to the redox
peaks of the functional groups. The curves also confirm the high
irreversible discharge capacity of GONRs at 1088.0 mAh/g
compared with GNR-5h (910.4 mAh/g).
Figure 5f shows the cyclability of the performance and the

Coulombic efficiencies of each sample. It is worthwhile to
mention that the Coulombic efficiencies of GNRs-5h and
GONRs-5h exceed 100%. We believe this is caused by the
double-layer capacitance enhanced by the side effect of high
surface area.51,52 It can be seen that the GONRs-5h displays a
higher reversible capacity in the first five cycles than other
samples, but the stability is very poor, even lower than pristine
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CNTs. Fahlman et al.53 also observed the similar performance of
GONR. The high capacity of GONRs is ascribed to the stable Li-
rich SEI which prevents the electrolyte from further degradation.
However, the poor cyclability of GONRs-5h may result from the
decrease of electrical conductivity. To confirm this, electro-
chemical impedance spectroscopy (EIS) of GNRs-5h and
GONRs-5h was conducted as shown in Figure 4f, through the
simulated equivalent circuit, we found that the charge transfer
resistances of GNRs-5h and GONRs-5h are 21.9 and 82.0 Ω,
respectively, revealing that the electrical conductivity of GONRs-
5 h is much lower than that of GNRs-5h. Therefore, we can
conclude that the poor cyclability of GONRs-5h is because of the
increased impedance due to the presence of surface functional
groups.
To sum up, we have proposed the mechanisms of the

enhanced capacity of GONRs and GNRs at each stage. Scheme
2a depicts the mechanism of Li+ insertion into interlayers of
MWCNTs at the early stage. Defects are created by oxidizing at
the surface, thus allowing Li+ migrate through the vacancies into
the interlayers. This effect results in more sites for the
accommodation of Li+, as the defect sites are generally highly
active and therefore can absorb Li+. The mechanism of enhanced
lithium storage capability at the later stage is shown in Scheme
2b. The noticeably increased surface area exposed to electrolyte
provides more free sites to accommodate Li+ while a thicker SEI
film is formed. In the case of GONRs shown in Scheme 2c, the
functional groups can absorb a remarkable amount of Li+, and
along with the increased surface area, GONRs display very high
irreversible capacity.54

4. CONCLUSION
In conclusion, the morphological evolution of GNRs derived
from chemically unzipped CNTs has been divided into four steps
according to the Raman spectra, TEM images, HRTEM images,
and surface area. Specifically, the unzipping begins with chemical
etching at the tube walls without severe damage to the tubular
structure. Following etching results in partially and fully
unzipped CNTs, however, continuous etching will lead to
fragmentation of GNRs which is reflected as a drop of surface
area due to aggregation.
We have studied the lithium storage performance of GNRs at

different unzipping levels. The enhanced capacity at the early
stage is mainly related to the obvious increase of defects. GNRs-
5h, which has the highest surface area, delivers a reversible
discharge capacity of over 500 mAh/g. However, when the
unzipping level comes to its final stage, the capacity drops
noticeably due to the drop of surface area. Also, we have studied
the functional groups effect on cycling performance of anodes,
demonstrating that the functional groups can absorb a
considerable amount of Li+ which is mostly irreversible. The
dropped cyclability of GONRs-5h is due to the decreased
electrical conductivity. The systematic study on the lithium ion

battery performance of GNRs with controlled unzipping levels
can provide a strong reference for future utilization of GNRs and
GNR composites.

■ ASSOCIATED CONTENT
*S Supporting Information
Table showing the diameter distribution of pristine CNTs;
elemental mapping of GNRs-5 h and GONRs-5 h. This material
is available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Tel +1 519 661 2111 × 87759; Fax + 1 519 661 3020; e-mail
xsun@eng.uwo.ca (X.S.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the Natural Science and
Engineering Research Council of Canada, the Canada Research
Chair Program, the Canada Foundation for Innovation, and the
University of Western Ontario.

■ REFERENCES
(1) Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nat. Mater.
2007, 6, 183−191.
(2) Iijima, S. Helical Microtubules of Graphiitic Carbon. Nature 1991,
354 (7), 56−58.
(3) Al-Aqtash, N.; Li, H.; Wang, L.; Mei, W.-N.; Sabirianov, R. F.
Electromechanical Switching in Graphene Nanoribbons. Carbon 2013,
51, 102−109.
(4) Wang, Z.; Hu, H.; Zeng, H. The Electronic Properties of Graphene
Nanoribbons with Boron/Nitrogen Codoping. Appl. Phys. Lett. 2010, 96
(24), 243110−243112.
(5) Bai, J.; Huang, Y. Fabrication and Electrical Properties of Graphene
Nanoribbons. Mater. Sci. Eng., R 2010, 70 (3−6), 341−353.
(6) Chen, L.; Hernandez, Y.; Feng, X.; Müllen, K. FromNanographene
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(13) Elías, A. L.; Botello-Meńdez, A. R.; Meneses-Rodríguez, D.;
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