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Many studies have shown that both carbon nanotubes (CNTs) and graphene are important broadband nonlinear optical

(NLO) and optical limiting (OL) materials. As hybrid of CNTs and graphene, partially unzipped carbon nanotubes (PUCNTs)
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can be expected to exhibit superior NLO and OL effects. In this work, PUCNTs were obtained through lengthwise cutting

and unraveling of multi-walled carbon nanotubes. The structure and component of PUCNTs were confirmed by

transmission electron microscope, scanning electron microscopy, powder X-ray diffraction, Fourier-transform infrared and

Raman spectra. NLO and OL properties were investigated by Z-scan technique at both 532 and 1064 nm in the nanosecond

regime, in comparison with CNTs and graphene. Remarkable enhancement was observed, which can be attributed to the

synergistic effect of nonlinear scattering and nonlinear absorption.

Introduction

Nonlinear optical (NLO) materials have received considerable
attention in the past few decades because of their photonic
and optoelectronic applic.:ations.l'12 NLO materials can be
optical limiting (OL) materials and saturable absorbers. OL
materials exhibit decreased transmittance at high laser
intensity, which can protect human eyes and delicate optical
instruments from laser damage.l'9 In  contrast, the
transmittance of saturable absorbers increases with the input
laser intensity, which can be used for mode locking and Q-
switching.m'12

Carbon nanotubes (CNTs) have been extensively studied for
over two decades because of their remarkable electrical,
thermal, optical and mechanical properties. Recently, it has
been found that CNTs can be cut, or unzipped, lengthwise to
form graphene nanoribbons.”"’ By using oxidative opening
technique, partially unzipped carbon nanotubes (PUCNTSs) can
be generated by adjusting the amount of oxidizing agent,
oxidation time or temperature.lg'14 PUCNTSs can be regarded as
CNT—graphene hybrids with graphene like structure strongly
attached to the intact inner walls of the nanotubes. They
possess unique electronic and magnetic properties that are
dependent on the degree of unzipping.18 PUCNTs have shown
promising applications in energy storage,19 elet:trocatalysis20
and electrochemical sensing.zl’22 However, despite the number
of studies on the synthesis, electronic and electrochemical
properties of PUCNTs, their optical and optoelectronic
properties, especially NLO properties, remain largely
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unexplored.

Many studies have shown that both CNTs and graphene
3562733 5re important NLO and OL materials. While nonlinear
scattering (NLS) is generally accepted as the principal
mechanism for CNTs, NLS and nonlinear absorption (NLA) have
been found both contribute to the NLO of graphene. As a
hybrid between nanotubes and graphene,33 we expect PUCNTs
to form a new class of carbon-based nanostructures with
superior NLO properties than either nanotubes or graphene.

In this paper, we prepared PUCNTs by longitudinal cutting
and unravelling of multi-walled carbon nanotube (MWCNT)
side walls. The NLO effects of PUCNTSs are studied at both 532
and 1064 nm. As a control, the NLO effects of graphene oxide
nanosheets (GNSs) and CNTs are also examined. The leading
mechanisms for the NLO properties in PUCNTSs are discussed.

23-26

Experimental section
Materials

MWCNTs (>97%, 20—-40 nm in diameter and 5-15 pum in
length) were purchased from Shenzhen Nanotech Port Co, Ltd,
China. The other reagents were obtained from the Chinese
Reagent Corporation and were of analysis grade. All the
reagents were used as received without further purification.
Sample preparation

PUCNTs were obtained through lengthwise cutting and
unraveling of the MWCNTs based on an optimized method
presented by Tour et al.B? KMnO, and concentrated H,SO,
were used as oxidizing agents. Briefly, MWCNTSs (150 mg) were
suspended in concentrated H,SO, (36 mL), followed by
ultrasonic treatment for 1 h. A second acid, H3PO, (4 mL), was
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added and the solution was treated by ultrasound for another
15 min. KMnO, (450 mg) was then added. The reaction
mixture was heated to 45 °C and stirred for 2 h. The mixture
was removed from the heat source and allowed to cool to
room temperature. After the reaction was finished, the
mixture was poured into 100 mL of ice water containing 5 mL
of 30% H,0,. The resultant mixture was filtered on a 200 nm
pore size polytetrafluoroethylene membrane, and then
successively washed with HCI and deionized water until there
was no 5042'in the rinse water and the pH was neutral.

GNSs were synthesized by exfoliating oxidizing graphite
powder using a modified Hummers method.> The graphite
powder (5 g) was suspended in concentrated H,SO, (110 mL)
and H3PO, (12 mL) by stirring for 1 h. KMnO, (15 g) was then
slowly added, and the suspension was allowed to stir for
another 2 h. The solution was heated to 38 °C for 0.5 h and
then to 95 °C for 0.5 h. The mixture was poured into deionized
water (220 mL) to terminate the reaction. A solution of 30%
H,0, (50 mL) was added dropwise and the mixture was then
treated with gentle magnetic stirring for 15 min. The resultant
mixture was filtered on a 200 nm pore
polytetrafluoroethylene membrane, and then successively
washed with HCI and deionized water until there was no 5042'
in the rinse water and the pH was neutral. The yellow filter
cake was re-suspended in deionized water. The mixture was
treated with ultrasound and low speed centrifugation. The
homogeneous and stable supernatant was dried using a freeze
drier.

size

Characterizations

The microstructure characteristics of the CNTs and PUCNTSs
investigated using a FEl G2 F20 S-TWIN
transmission electron microscope (TEM). The samples were
dispersed in deionized water followed by mild ultrasonic
treatment. A drop of the homogeneous solution was placed on
a copper grid (3 mm diameter) and dried before being
transferred to the TEM sample chamber. Surface morphologies
and structures of the samples were observed by scanning
electron microscopy (SEM) (Supra-55, Zeiss, Inc). Raman
spectra were recorded using an Almega Raman spectrometer
(inVia-reflex) at ambient temperature and using a 514.5 nm
laser. Liquid samples suspended in deionized water were
wiped clean directly before testing or being ground into
powder. Powder X-ray diffraction (XRD) patterns were
obtained with an XPert-PMD diffractometer, using Cu Ka
radiation (A=0.15405 nm, 40 kV, 100 mA). Fourier-transform
infrared (FTIR) spectra were obtained using a Nicolet 5700
spectrometer. Spectrum was recorded from 4000 to 400 em™
using 12 scans at a resolution of 4 em™. UV-Vis absorption
spectra were detected using a Cary 50 spectrophotometer
(UV-2450) and plotted in the wavelength range from 200 to
800 nm. Samples of suspensions were contained in 10 mm
thick quartz cells.

were Tecnai
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NLO and OL measurements

The NLO and OL properties of the samples were investigated
using an open-aperture Z-scan technique at wavelengths of
532 nm and 1064nm. The pulse of the Gaussian laser (250 uJ, 8
ns, 1 Hz) was from a Q-switched Nd:YAG laser. Through a 120
mm focal length lens, the laser beam radius was reduced to
approximately 6 um. During the sample propagation along the
Z-axis, the transmitting and scattering energy were obtained
simultaneously, and were recorded by the detector behind the
sample and the detector at an angular position of 45°rrelative
to the laser direction. The obtained data were further
processed with a computer. All of the measurements were
conducted at room temperature. CNTs, PUCNTs and GNSs
suspensions were contained in 5 mm thick quartz cells. The
linear transmittance (Ty) of all samples was adjusted to ~70%
using a UV-Vis spectrometer.

Results and discussion
Material characterizations

Fig. 1 shows typical SEM and TEM images of PUCNTs and
CNTs. From the SEM (Fig. 1(a) and (b)), it can be obviously seen
that PUCNTs became wider after longitudinal unzipping; they
stacked and entangled with each other due to the strong
interaction,
structure on the substrate. CNTs (Fig. 1(c)) present a smooth,
tubular structure with sharp edges. The diameters are
between approximately 20-40 nm. They can be partially
unzipped to give PUCNTs that are 100-120 nm wide and
hundreds of nanometers long (Fig. 1(d)). The outer walls of the
PUCNTs have developed a graphene—like structure, while the

molecular and formed a three-dimensional

inner walls retain the hollow tubular structure of nanotubes.
Figure 1

Fig. 2(a) shows the XRD spectra of the samples. The CNTs’
XRD spectrum shows a very strong characteristic peak at 26°,
corresponding to a d spacing. The peak can be attributed to
the (002) planes of graphite and indicates a well-defined sp2
structure with large domains.® The spectrum of PUCNTs
shows that, as the reaction proceeds, the intensity of the
peak at 26° decreases and the peak gradually broadens. The
decrease in the peak indicates increasing spacing, which result
from the formation of oxygen moieties during the oxidation
process.

Fig. 2(b) illustrates the FTIR spectra of the samples. Fig. 2(b)
reveals the appearance of a C=0 stretch at 1,700 em™? in
PUCNTs. These C=0 bonds from hydroxyl, carboxyl, carbonyl,
and epoxy groups indicate that a large number of oxygen-
containing groups exist on the PUCNTs.”** The COO-H/O-H
stretch (~3400 cm'l) indicates the presence of carboxyl and
hydroxyl functionalities as well as the possible presence of
trapped water.

Fig. 2(c) shows the Raman spectra of the samples. There are
two obvious main peaks for the CNTs. The Raman peak near
1342 cm™ (D band) primarily originates from lattice defects,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 10



Page 3 of 10

Journal of Materials Chemistry C

such as vacancies, edge crimping, and sp3-hybridized carbon
atoms linked to the oxygen-containing groups. The peak near
1572 cm™ (G band) is associated with spz-hybridized carbon
atoms.”®* For the PUCNTSs, the D band and G band appear at
1350 cm™ and 1582 cm™, respectively. The ratios of I, to Ig are
0.781 and 1.056 for CNTs and PUCNTSs, respectively. The larger
Ip to I ratio for the PUCNTSs indicates a decrease in the spz/sp3
ratio and an increasing level of disorder with increasing
oxidation.

Figure 2

Fig. 3 gives the UV-Vis absorption spectra of the samples.
GNSs have a maximum absorption at 230 nm, typical of the m-
m* transitions of the aromatic C=C bonds. At around 300 nm,
there is a shoulder which can be attributed to the n-mt*
transition of the C=0 bonds.**?® The A max (254 nm) of CNTs,
arises from m-nt* transitions of sp2 structure.’” The absorption
peak of PUCNTs exhibited a hypsochromic shift to 249 nm
comparing to CNTs. With the Ilongitudinal cutting and
unravelling of CNTs, there is a decrease in t-it* transitions of
sp2 structure; the m-conjugated structure of PUCNTs is
gradually destroyed. With the increase of SP? carbon atoms,
the energy for the electron transfer process is increased,
resulting in lower A max.B‘M

Figure 3

NLO and OL properties analysis

Fig. 4 shows the typical open-aperture Z-scan results of the
PUCNTs, GNSs, and CNTs. CNTs and GNSs were studied as a
contrast to test the OL properties of PUCNTs. The measured
open-aperture Z-scan curve can be fitted numerically to the
transmission equation for a third-order nonlinear process,
given by 38

T =1-plLy [(N8(L+2/2,)") (1)

Where T is the normalized transmittance, Z is the sample
position, and [y is the on-axis irradiance at the focus. The

effective thickness of the sample Leff is given by
L, =[1-expa )]/ a, (where / denotes
thickness), «,=(-InT,)/l , ap is the linear absorption
coefficient at a given wavelength, T, is the linear

transmittance. z, =kw02/2, and Zg is the Rayleigh diffraction
length. W, is the beam waist at z=0, which is the focal point.
K=2mr/A, where k is the wave vector and A is the laser
wavelength. The calculated values of the nonlinear absorption
coefficient (#,) for GNSs, CNTs, and PUCNTSs are shown in Table
1.

As shown in Fig. 4, all Z-scans exhibited a reduction in
transmission around the focus of the lens, which indicates a
broadband NLO response at both 532 and 1064 nm. PUCNTs
exhibited excellent optical nonlinearity compared with CNTs
and GNSs. At the focal point, the input fluence reached the
maximum and the transmittance at 532 nm of GNSs, CNTs, and

This journal is © The Royal Society of Chemistry 20xx

PUCNTs was reduced to a minimum (T,,,) of 56.5, 31.8 and
25.7%, respectively (Fig. 4(a)). Therefore, PUCNTs demonstrate
a superior NLO effect compared with GNSs and CNTs. Similarly,
at 1064 nm, the T, of GNSs, CNTs, and PUCNTs are 77.5, 61.2
and 58.0%, respectively (Fig. 4(b)), indicating that PUCNTs
show the most prominent broadband NLO response. Obviously,
the T, at 532 nm are smaller than that at 1064 nm, which
indicates that the NLO effect is much stronger at 532 nm
compared with that at 1064 nm.

Figure 4

Fig. 5 shows the OL curves for GNSs, CNTs and PUCNTs at
both 532 and 1064 nm. All of the samples exhibit a similar
trend where in the transmittance remains constant at a low
input fluence and then gradually decreases with an increasing
input fluence at both 532 and 1064 nm, indicating a
broadband OL effect. The OL threshold (F;), defined as the
input fluence at which the transmittance falls to half of the
normalized linear transmittance, is summarized in Table 1. It
can be seen that PUCNTs show a much lower Fy, than GNSs
and CNTs at both 532 and 1064 nm. Besides, the F;, value of
the PUCNTs is much lower than recently reported other
oxygenated carbon nanomaterials,”’ 40 suggesting the superior
OL property of PUCNTs.

Figure 5

The broadband NLO effect observed from PUCNTs can be
principally attributed to NLS. The NLS curves are shown in Fig.
6. The normalized transmittance T is related to the sample
position Z by equation (1). The calculated values of the
nonlinear scattering coefficient (f,) for GNSs, CNTs, and
PUCNTs are shown in Table1.’® For the PUCNTSs, there is a
significant scattering peak that is symmetric with respect to
the focus, indicating a strong NLS effect. The scattering
intensity in PUCNTSs is stronger than that in GNSs and CNTs at
both 532 and 1064 nm. This occurs for the following two
reasons. First, according to the Mie scattering theory,3’27'41'43
effective scattering arises from the formation of scattering
centers whose sizes are comparable to the wavelength of the
incident laser beam.>***>* Nonlinear scattering centers arising
from the formation of solvent bubbles and microplasmas is the
dominating mechanism for optical Iimiting.z‘i'“’46 We deduce
that the differently sized GNSs, CNTs, and PUCNTs may lead to
different-sized scattering centers. The size of PUCNTs is
between GNSs and CNTs, and the size of the scattering centers
formed in PUCNTs may be closest to the wavelength of the
incident laser, which will generate the strongest scattering
intensity. Second, many of the previously reported NLO studies
of graphene-based nanocarbon suspensions have revealed
that induced thermal scattering is the principle mechanism
contributing to the observed oL* Nanoparticles are heated
up and transfer the heat energy to the surrounding solvent
during intense laser pulses. This localized heating generates
the formation of solvent bubbles, which expand quickly
because of the large pressure difference at the vapor—solution
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interface.’ The PUCNTSs exhibit a larger thermal conductivity in
water than CNTs and GNSs. Meanwhile, the scattering
intensities of all of the samples are weaker at 1064 than at 532
nm, consistent with the trend of the NLO behavior of the
samples.

Figure 6

In addition to NLS, it is notable that NLA may play an
important role in the NLO effect.”’*° NLA can be divided into
excited-state absorption (ESA), two-photon absorption (TPA),
and multi-photon absorption (MPA).30 For graphene oxide
materials, ESA dominates the NLA process during nanosecond
pulses, while TPA/MPA plays an important role in the case of
picosecond pulses.51 Therefore, as hybrid of nanotubes and
graphene, the graphene-like structure in PUCNTSs can generate
NLA. PUCNTSs have a structure of sp3-hybridized carbon atoms
linked to oxygen-containing groups and spz-hybridized carbon
atoms. The stronger NLA of PUCNTs results from the
combination of TPA from sp3-hybridized domains and reverse
saturable absorption (RSA) in sp2 domains.> Additionally,
investigations have shown that large sp2 domains tend to
induce SA, while small sp2 domains separated by sp3 hybridized
carbon atoms are prone to induce NLA in graphene
materials.”>®” Research regarding some reduced GO films, with
various degrees of reduction, has shown that the OL achieved
increases with increasing ratio of spz/sp3 domains.®** As a
result of oxidation reactions, PUCNTs have more sp3 clusters
than CNTs and GNSs. Compared with GNSs and CNTs, the
narrower graphene-like structure in PUCNTs generates more
small-sized localized sp2 domains, which decreases the rate of
non-radiative recombination and allows stronger NLA.

Table 1

Conclusions

PUCNTSs are formed by lengthwise cutting and unravelling of
CNTs. The outer walls of the CNTs have been cut to form
graphene-like structures with different sizes, while the inner
walls retain the hollow tubular structure of nanotubes. These
observations were confirmed by SEM and TEM analysis. XRD,
FTIR, and Raman spectra revealed that PUCNTs have a
structure of sp3—hybridized carbon atoms linked to oxygen-
containing groups and spz—hybridized carbon atoms. Larger
NLO and OL properties were discovered for the PUCNTs
compared with those of GNSs and CNTs. PUCNTs show a much
lower F;, than GNSs and CNTs at both 532 and 1064 nm,
indicating a remarkable broadband OL effect. This can be
attributed to their stronger NLS and NLA. The size of scattering
centers and larger thermal conductivity of PUCNTSs is deduced
to result in stronger NLS. Meanwhile, the stronger NLA of
PUCNTSs is due to an increase number of localized sp2 domains
and the combination of TPA and RSA. The NLO and OL effects
were enhanced at both 532 and 1064 nm, which indicates that
PUCNTs are promising candidates for practical broadband
optical limiters.
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Figure 1. (a) SEM and (c) TEM images of CNTs; (b) SEM and (d) TEM images of

PUCNTs.
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Figure 2. (a) XRD; (b) FTIR and (c) Raman spectra of CNTs and PUCNTs.
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Figure 3. UV-Vis absorption spectra of GNSs, CNTs and PUCNTs
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Figure 4. “Open-aperture” Z-scans results of GNSs, CNTs and PUCNTSs under (a)
532 and (b) 1064 nm laser excitation.
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Figure 5. Variation of the normalized transmittance versus input fluence (J cm™) for

GNSs, CNTs and PUCNTs at (a) 532 and (b) 1064 nm laser excitation.
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Figure 6. NLS results for GNSs, CNTs and PUCNTs at (a) 532 and (b) 1064 nm

laser excitation.

Table 1. The NLA coefficient 1, NLS coefficient £, (input energy of 250 wJ), and OL

threshold (F};) for samples at 532 and 1064 nm.

532 nm 1064 nm

Samples £;x10"°  p,x107 Fu pix101° %107 Fy

(emW"h (emW'") Jem™ (emW"h (emWh  (Jem™

GNSs 0.54 -0.11 23 0.29 -0.05 —

CNTs 0.82 -0.34 0.085 0.47 -0.08 >5

PUCNTs 0.91 -0.51 0.031 0.52 -0.09 0.52
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Partially unzipped carbon nanotubes can be regarded as CNT—graphene hybrids with
graphene like structure strongly attached to the intact inner walls of the nanotubes.
They present a much lower F, than graphene oxide nanosheets and carbon nanotubes

at both 532 and 1064 nm, indicating a superior broadband optical limiting effect.
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