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Abstract We tuned the electronic properties of single wall
carbon nanotube (SWCNT) with intercalation of naphtha-
lene derivatives (NDs) having different electron donor or
acceptor property in the SWCNT bundles. Characterization
of the adsorbed SWCNT with Raman spectroscopy and
electrical conductivity measurement clearly indicate the
charge transfer interaction of ND molecules with SWCNT.
Also X-ray diffraction supports the intercalation of ND
molecules in the interstitial spaces and groove sites of
SWCNT bundle. Intercalation of ND molecules enhances
remarkably the CO, adsorptivity, which can be ascribed to
the key importance of the interaction of the quadrupole
moment of CO, with the local electrical field on the SWCNT
induced by the charge transfer interaction.

Keywords CO, adsorptivity - Naphthalene
derivatives - SWCNT - Charge transfer - Intercalation
1 Introduction

The global warming issue should be studied from a variety of
scientific fields to preserve the peaceful earth. Then,
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predominant efforts for concentration, separation, and utili-
zation of CO,, being a key green house gas, have been made.
As the concentration and separation of CO, need an efficient
adsorbent for CO,, there are active adsorption studies of CO,
on representative nanoporous materials such as activated
carbons, zeolites, and metal organic frameworks (MOFs) in
addition to calcium oxides, hydrotalcites, and supported
amines (Choi et al. 2009; Lastoskie 2010). Yaghi et al. showed
that MOF-210 can adsorb CO, of 2,870 mg g~ ' at 5.5 MPa,
being much larger adsorption amount than those of zeolites
and activated carbons (Millward and Yaghi 2005; Furukawa
et al. 2010). Kaneko et al. found new gate adsorption of CO,
on Cu-based MOF which can be applicable to efficient CO,
separation (Li and Kaneko 2001; Kondo et al. 2006). On the
other hand, (Silvestre-Albero et al. 2011) developed a new
activated carbon which gives the excellent adsorption char-
acteristic for CO, in the low pressure range below 5 MPa in
comparison with the MOF-210. Still many researchers have
attempted to search the better CO, adsorbents (Kuwahara
et al. 2012; Liu et al. 2013; Llewellyn et al. 2008a, b).

CO; is a subcritical gas at ambient temperature, because
the critical temperature is 304.25 K. Generally speaking, it
is quite difficult to physically adsorb the supercritical gas
or subcritical gas sufficiently even on nanoporous materi-
als, since physical adsorption is a predominant process only
for vapors even on the nanoporous materials. Introduction
of a weak chemisorption-type interaction between the
supercritical gas and nanoporous material is indispensable.
Therefore, we must elucidate key factors for enhancement
of physical adsorption of CO, with nanoporous materials.
One of authors succeeded to develop an excellent carbon
adsorbent for supercritical NO through promotion of the
NO dimerization with the aid of the pore-entrance modi-
fication with nanoscale iron oxides (Kaneko 1987a;
Kaneko et al. 1987b). In this case, the interaction of an
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electron spin of the NO molecule with the local magnetic
field of the iron oxide enhances the NO dimerization. CO,
has a large quadrupole moment, although the CO, mole-
cule has no unpaired electron. The quadrupole moment of
CO, is —14.9 x 107*° C m?, whereas those of N, and O,
are —4.90 x 107 and —1.33 x 107*° C m?, respectively
(Rigby et al. 1986). Consequently, we can expect that a
local electric field on the nanopore wall is efficient for
enhancement of CO, adsorption.

It is well-known that polyaromatic hydrocarbons
(PAHs) interact strongly with single wall carbon nanotube
(SWCNT) (Hattori et al. 2013; Debnath et al. 2010; Sun-
dramoorthy et al. 2013; Zilberman et al. 2011). Gotovac
et al. studied systematically adsorption of PAHs on
SWCNT, showing the presence of charge transfer interac-
tion between PAH and SWCNT (Gotovac et al. 2006,
2007). In particular, they found that intercalation of
naphthalene molecules in the SWCNT bundle brought
about metallicity with the aid of ultraviolet photoelectron
spectroscopy, indicating a marked charge transfer interac-
tion (Gotovac-Atlagi¢ et al. 2010). Consequently, we can
tune the induced charge of the SWCNT walls with doping
of naphthalene derivatives (NDs) having different electron
donor and acceptor properties. Additionally, Zhang et al.
reported that the electronic interaction of anthracene
derivatives adsorbed with sidewalls of SWCNT was evi-
denced by the red shifts of photoemission peak of
absorptive adducts, being consistent with charge-transfer
interaction (Zhang et al. 2003). This topic also promoted
the modification study on electronic properties of SWCNT
with PAHs adsorption (Shin et al. 2008; Hasobe 2012;
Tasis et al. 2009).

Moreover, we showed that the surface charge-donation
with encapsulated dye molecules increased CO, adsorptivity
of SWCNT (Khoerunnisa et al. 2012). Hence, we must clarify
the essential factors influencing CO, adsorption on carbon
nanotubes through exploring other PAH molecules that can
modulate the electronic structure of nanotube by changing the
n-electron density. In the present study, we selected follow-
ing NDs of different electron donor and acceptor character-
istics for coating SWCNT (Shin et al. 2008). The different
functional moieties of naphthalene such as hydroxyl (-OH),
amine (-NH,), methyl (-CHj3) and nitro (-NO,) were used to
investigate the contribution of surface charge donation on
enhancement of CO, adsorptivity of SWCNT.

2 Experimental
2.1 Materials

SWCNT prepared by Hanwha Nanotech Co. The SWCNT
was purified with 1 M HCI for 20 h at room temperature
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and dried at 373 K after washing. SWCNT sample was
annealed at 1,473 K under Ar for 30 min for removal of
amorphous carbon. The tube diameter of the purified-
SWCNT determined by Raman RBM analysis (laser
excitation of 532 nm) is in the range of 1.33-1.60 nm. ND
with the purity over 99.8 and 98 %, respectively, were
purchased from Tokyo Chemical Industry (TCI) Co. Ltd
and used without further purification. These The NDs of
1,5-dihydroxynaphthalene (C;oHgO,), 1,5-diaminonaph-
thalene (C;oH;oN,), 1,5-dimethylnaphthalene (C;,H;,),
1,5-dinitronaphthalene (C;oHgN,O,4) are denoted as DHN,
DAN DMN, and DNN, respectively, in this articles.

2.2 NDs-intercalated SWCNT

Intercalation of ND in SWCNT was carried out with liquid
phase adsorption at 298 K. ND solutions were prepared by
dissolving ND compounds into 50 mL of toluene. The
SWCNT of 5 mg was ultrasonically dispersed in 50 mL of
ND solution at 298 K for 48 h. The dispersed SWCNT
samples after adsorption were filtrated with a Millipore
porous filter (0.45 pm) and washed by 100 mL of toluene
at 298 K under vacuum for 1 h to remove any non-adsor-
bed naphthalene and ND molecules. The ND-adsorbed
SWCNT samples were dried before characterization under
vacuum (1 Pa) for 24 h. The ND adsorption amount was
determined from the concentration change of ND mole-
cules in the solution using the UV-Vis-NIR spectrometer
(JASCO; V-670). The surface coverage of SWCNT with
ND molecules was evaluated from adsorbed molecules of
ND divided by the surface area of SWCNT.

2.3 Characterization

The X-ray diffraction patterns of ND-adsorbed SWCNTs
were measured at room temperature using the X-ray dif-
fractometer (RINT-2300SF, Rigaku) with MoKa at 50 kV
and 300 mA. The SEM images were taken by means of
field emission scanning electron microscope (FE-SEM,;
JSM-6330F, JEOL). The nanoporosity and adsorption
activity change of SWCNT with ND adsorption were
examined with N, adsorption at 77 K (Autosorb iQ;
Quantachrome) and CO, adsorption at 293 K (Belsorp-
max, Bel Japan Inc.), respectively, after preheating at
423 K and 10~ Pa for 2 h. Infrared spectra were measured
over the range of 1,000-4,000 cm™" by placing the sample
on KBr plate with the aid of an FTIR spectrometer (Nicolet
6700, Thermo Scientific) under atmospheric conditions.
Each spectrum was 40 scans collected at a resolution of
2 cm™~'. The Raman spectra were measured under ambient
conditions using a Raman spectrometer (InVia Raman
microscope, Renishaw) equipped with diode laser (power
0.3 mW, wavelength 785 nm). The compression pressure
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Fig. 1 TG and differential thermal analysis (DTA) curves of
SWCNT samples indicated by solid and dash lines, respectively:
As-received (black), acid treated (red), and acid annealing treated
(blue) SWCNT samples (Color figure online)

dependence of dc electrical conductivity of ND-adsorbed
SWCNT was measured at 298 K with the aid of four
probes apparatus in vacuum. The impurity amount of
SWCNT was evaluated by the thermal gravimetry (TG)
over the temperature range of 303-1,200 K in a flow of
0,-N, mixed gas at 300 mL min~! with the heating rate of
3 K min~' (Thermo Plus, TG 8120, Rigaku).

3 Results and discussion

3.1 Charge transfer interaction between ND molecules
and SWCNT

The thermal gravimetric profile shows the efficient removal
of impurities and amorphous carbon of SWCNT with the
acid and high temperature-annealing treatments, as shown
on Fig. 1. The SWCNT samples are highly purified through
two-step treatment of acid and highly temperature
annealing treatments. The metallic impurity is 3 wt%. The
surface coverage (0) of the ND adsorbed SWCNT samples
was controlled to be the constant value of 0.30 &+ 0.01 for
all samples.

Figure 2 shows SEM images of SWCNT and ND-
adsorbed SWCNT. The SEM images of SWCNT exhibits
highly bundled structures that are randomly entangled with
each other. The ND adsorption-treatment induces a partial
unraveling of the bundle structure, suggesting the specific
interaction between ND molecules and SWCNT. Figure 3
show the X-ray diffraction pattern of SWCNT, which has a

well-ordered two-dimensional hexagonal lattice of the
bundle structure. The predominant peak at 2.72° is
assigned to the 10 peak of the hexagonal lattice. The other
diffraction peaks at 4.40°, 7.06°, and 9.56° correspond to
the reflections from the 11, 20, and 21 lattice planes,
respectively; the peak at around 11.90° is attributed to the
well-defined reflection from the graphite 002 lattice planes,
being as an impurity. As almost all SWCNT samples have
cap structures even after the purification treatment
according to the N, adsorption at 77 K described later, ND
molecules can be mainly adsorbed on the external surface
of the bundles, the groove sites and the interstitial pore
spaces of the bundle. Also ND molecules can interact
strongly with the conjugated nt-electron surface and thereby
ND molecules should be intercalated in the interstitial
spaces. This is suggested from the fact that the intercalation
unravels the bundle structure as shown by SEM observa-
tion. The intercalation of ND molecules in the interstitial
spaces and/or the groove sites of SWCNT was evidenced
by a lower angle shift, depression and broadening of the 10
peak of the X-ray diffraction, indicating the expansion of
the interstitial spaces and partial disordering of the bundles
of the hexagonal symmetry. The 10 peak shift corresponds
to the increase of the interlayer spacing of the 10 planes by
0.063-0.113 nm. Then, the half of interlayer spacing of the
10 planes is in the range of 0.78-0.81 nm which is larger
than the short molecular axis-width of the ND molecules
(0.55-0.67 nm). Consequently the ND molecule can be
accepted in the expanded 10 layer-spaces, as illustrated in
Fig. 4. Figure 4 shows a model local arrangement of
SWCNT bundle of which hexagonal symmetry is partially
broken to embrace the ND molecule. The scattering
parameters of ND-adsorbed SWCNT are summarized in
Table 1.

The FTIR spectrum of SWCNT in Fig. 5 shows the
typical vibration modes of carbon nanotubes around
3,450, 2,920 and 2,850, and 1,640 cm™! being assigned
to the stretching vibration modes of O-H, C-H of
methylene group, and C=C of benzene ring, respectively.
The ND adsorption on SWCNT induces the remarkable
frequency shifts, especially for O-H and C=C vibration.
In addition, the new peaks appear at 1,385 and
1,468 cm ™! due to the stretching vibration modes of C-H
from phenyl group. These results suggest the strong
interaction of ND molecules with SWCNT walls. Fur-
thermore, the change in the radial breathing mode (RBM)
of Raman spectra on the ND-adsorption as shown in
Fig. 6 indicates interaction between SWCNT and ND
molecules. In particular, the donating moieties such as
—CH3;, —-NH,, and —OH induce a notably higher frequency
shift of RBM, while DNN of an acceptor one does not
show any shift in RBM peak. The shifts should stem
from the charge transfer interaction between ND
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Fig. 2 SEM images of SWCNT and ND-adsorbed SWCNT: SWCNT (a), DHN-SWCNT (b), DAN-SWCNT (c¢), DMN-SWCNT (d),

N-SWCNT (e), and DNN-SWCNT (f)

molecules and SWCNT-wall, leading to the perturbation
of radial flexibility of aromatic rings in the tube structure
known as the mode hardening effect (Gotovac et al.
2007). Figure 7 shows Raman G-bands of SWCNT and
ND-adsorbed SWCNT. All G-bands have G~ and G*
components around 1,570 and 1,590 cm™', respectively.
Here the G~ feature is sensitive to metallic or semicon-
ducting state of SWCNT. If SWCNT is metallic, the G~
band should be very broad. In this case, all samples are
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mixture of metallic and semiconducting SWCNTs and
thereby the difference in the G~ feature due to the ND-
adsorption is not explicit.

Moreover, Fig. 8 shows the compression pressure
dependence of dc electrical conductivity of ND-adsorbed
SWCNT at room temperature. The ND-adsorption mark-
edly increases electrical conductivity of SWCNT, indicat-
ing an evident charge transfer interaction between ND
molecules and SWCNT.
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Fig. 3 The X-ray diffraction patterns of SWCNT and ND-adsorbed
SWCNT: SWCNT (black), DHN-SWCNT (red), DAN-SWCNT
(blue), DMN-SWCNT (green), N-SWCNT (purple), and DNN-
SWCNT (yellow). Inset magnified XRD patterns in the low scattering
angle region (Color figure online)

3.2 Nanoporosity of NDs-intercalated SWCNT

The porosity change of SWCNT on ND adsorption was
evaluated by nitrogen adsorption at 77 K. The adsorption
isotherms of nitrogen on SWCNT samples are of IUPAC
type IL, as shown in Fig. 9. The initial adsorption uptake
stems from micropore filling of N, mainly in the interstitial
tube spaces. We observed a marked adsorption hysteresis
which can be ascribed to limited diffusion of N, molecules
in the interstitial tube spaces. The adsorption of nitrogen in
a higher P/Po region derives from multilayer adsorption on
the pore walls of larger mesopores and macropores due to
interbundle gaps and on the external surface of the bundles.
The intercalation of ND molecules decreases the initial
adsorption uptake markedly and the adsorption isotherm of
ND-adsorbed SWCNT just shifts downward, indicating
that ND molecules are preferentially adsorbed in the
interstitial spaces accompanying with the slight expansion
of the interstitial spaces, because those are the strongest

Fig. 4 Model of local
destruction of the symmetrical (a)
bundle structure on intercalation
of a ND molecule: a SWCNT
bundle and b ND-adsorbed
SWCNT

Table 1 The interlayer spacing (d) and crystallite sizes (L) of
SWCNT and ND-adsorbed SWCNT

Sample 20 d (nm) L (nm)
SWCNT 2.72 1.497 8
DHN-SWCNT 2.61 1.560 6
DAN-SWCNT 2.55 1.597 5
DMN-SWCNT 2.55 1.597 7
N-SWCNT 2.55 1.597 5
DNN-SWCNT 2.53 1.610 6

adsorption sites in the SWCNT bundles. The nitrogen
adsorption data also support the interaction of ND mole-
cules in the SWCNT bundle. The pore structure parameters
were evaluated with the subtracting pore effect (SPE)
method using high resolution o plots of nitrogen adsorp-
tion at 77 K (Kaneko et al. 1992a; Kaneko and Ishii
1992b). The pore structure parameters of SWCNT and ND-
intercalated SWCNT are summarized in the Table 2. The
ND-adsorption treatment decreases markedly the surface
area and micropore volume. This support the interaction in
the interstitial pore spaces, because the ND molecules
block the interstitial pores.

3.3 CO, adsorptivity change of SWCNT with ND-
intercalation

The CO, adsorption is an effective technique to evaluate
narrow micropores. In particular, characterization with
CO, adsorption is fit for microporous carbons which give
the N, adsorption isotherm of the low pressure marked
adsorption hysteresis as observed in Fig. 9a. Also CO; has
a large quadrupole moment compared with N, and O,, as
described in Introduction. CO, adsorptivity should be
sensitive to surface charged state due to the interaction of
the quadrupole moment of CO, with the local surface
electric field. It is well-known that metal oxide surfaces
having surface charges gives a great difference in isosteric
heat of adsorption for N, and Ar by 3—5 kJ mol ™", which
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Fig. 5 FTIR spectra of SWCNT and ND-adsorbed SWCNT:
SWCNT (a), DNN-SWCNT (b), N-SWCNT (c), DMN-SWCNT
(d), DAN-SWCNT (e), and DHN-SWCNT (f)

corresponds to more than 40 % of the isosteric heat of Ar
adsorption (Gregg and Sing 1982). As Ar has no quadru-
pole moment, even the smaller quadrupole moment of the
N, molecule than CO, leads to such a large contribution to
adsorption. Consequently we can expect an explicit influ-
ence of the surface charge on CO, adsorption for ND-
adsorbed SWCNT. In this work, we prepared the interca-
lated SWCNT with ND having different electron donor and
acceptor properties; DHN, DAN, and DMN should donate

Raman shifts/ cm-1

Fig. 7 Raman G-bands with laser 785 nm of SWCNT and ND-
adsorbed SWCNT: SWCNT (a), DNN-SWCNT (b), N-SWCNT (c),
and DHN-SWCNT (d)

negative charge on SWCNT, while SWCNT should have
positive charges on DNN adsorption treatment. The elec-
trical conductivity results indicate that the DNN-interca-
lation is the most effective for charge transfer interaction
with SWCNT. Then, the pore walls of DNN-SWCNT
should have highly and positively charged. Therefore, we
expect the most remarkable enhancement of CO, adsorp-
tion. Briefly speaking, the intercalation of naphthalene and
NDs gives rise to predominant enhancement of CO,
adsorption, as shown in Fig. 10. Here CO, adsorbed
amount of Fig. 10 is normalized by the pore volume
obtained from N, adsorption. Particularly, intercalation

Fig. 6 Raman RBM with laser
785 nm of SWCNT and ND-
adsorbed SWCNT: SWCNT (a),
DNN-SWCNT (b), N-SWCNT
(¢), DMN-SWCNT (d), DAN-
SWCNT (e), and DHN-SWCNT
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Fig. 8 Pressure dependence of electrical conductivity of SWCNT
and ND-adsorbed SWCNT at room temperature: SWCNT (a),
N-SWCNT (b), DMN-SWCNT (¢), DHN-SWCNT (d), DAN-
SWCNT (e), and DNN-SWCNT (f)

with ND of electron donor moieties such as hydroxyl and
amine significantly enhances CO, adsorptivity, being dif-
ferent from the above expectation.

We must take into account the dispersion interaction,
orientation of the CO, molecules, and localized charges on
the surface moiety for better understanding the observed
results. The major attractive interaction of the CO, mole-
cules and SWCNT comes from dispersion interaction and
then the parallel orientation (in-plane) of the CO, mole-
cules to the pore wall is more favored than the perpen-
dicular orientation (out-of-plane) against the pore wall in
the dispersion interaction. Then adsorbed CO, molecules
must be lying on the pore walls. The interaction of the
quadrupole moment of CO, with the local surface electric
field can contribute to more stabilize CO, on SWCNT in
addition to the dispersion interaction. The interaction of the
CO, quadrupole moment with the surface electric field is
influenced by the molecular orientation against the pore
wall as well as the dispersion interaction; the in-plane CO,
molecule is also preferable in this interaction. This is
because the doubly charged positive pole and mono
charged negative poles of the quadruple of CO, are situated

Fig. 9 The N, adsorption a — b
isotherms at 77 K of SWCNT @) 300 (b) 300 =
and ND-adsorbed SWCNT:
a linear plot and b logarithmic = a0
plot. SWCNT (black), DHN- o "on
SWCNT (red), DAN-SWCNT & 2
(blue), DMN-SWCNT (green), i ~ 200
N-SWCNT (purple), and DNN- = § (:
SWCNT (yellow). Adsorption g S |
and desorption branches are = 5 150 !
indicated by the filled and open 3 ] ;
circles, respectively in (a). The "g £ |
desorption branches are not e/ g 100
shown for clarity in (b) (Color =, b=
figure online) Z z <0

0

3 E 1
10 10 10 10 10 10
P/Po P/Po

Table 2 Pore structure parameters determined by SPE method
Sample Sc(m? g™ Ve(mL g™ Spore (m* g7 Sext (m* g7 Viniero (mL g™") Vineso (mL g7")
SWCNT 330 0.34 250 80 0.14 0.19
DHN-SWCNT 230 0.31 140 90 0.11 0.18
DAN-SWCNT 200 0.29 120 80 0.10 0.17
DMN-SWCNT 190 0.22 140 50 0.08 0.15
N-SWCNT 180 0.23 130 50 0.08 0.15
DNN-SWCNT 150 0.24 80 70 0.06 0.18

Here Sy, Spore, and Sy, are the total surface area, pore surface area, and external surface area, respectively. Vi, Viicro, and Ve, are the total pore

volume, micropore volume, and mesopore volume, respectively
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Fig. 10 CO, adsorption isotherms at 293 K of SWCNT and ND-
adsorbed SWCNT: SWCNT (black), DHN-SWCNT (red), DAN-
SWCNT (blue), DMN-SWCNT (green), N-SWCNT (purple), and
DNN-SWCNT (yellow) (Color figure online)

at the carbon atom and oxygen atoms, respectively. Pos-
sibly the positive poles of the in-plane CO, can have
greater attractive interaction energy than the negative pole
of the out-of-plane CO,. Accordingly, the negatively
charged walls of electron donor-intercalated SWCNT can
have larger stabilization energy than the positively charged
wall of DNN-SWCNT. Also the in-plane CO, is allowed
by geometrical restriction of the interstitial pores and the
groove sites of the SWCNT bundles.

We need discuss on the effect of localized charges on
the surface moiety, which should bring about additional
CO, adsorption. In this case, DHN of hydroxyl groups is
more effective than DAN of amino groups, although sur-
face modification with amine groups is generally the most
efficient for improvement of CO, adsorptivity (Su et al.
2011; Plaza et al. 2007; Serna-Guerrero et al. 2008; Zhang
et al. 2010; Wang and Yang 2012). Surface amines can
interact strongly with CO, through the formation of car-
bamate under the dry conditions (Serna-Guerrero et al.
2008) and thereby the amine-mediated strong adsorption of
CO, needs enough room for formation of the carbamte.
Even reversible hydrogen bonding associated interaction of
amine with CO, should be perturbed by the pore space
restriction (Hicks et al. (2008). On the other hand, the
electrostatic interaction stemming from the quadrupole
moment of CO, and the local electric field at hydroxyl
group can choose flexible configuration between CO, and
the hydroxyl of the DHN. This is one of plausible reasons
why DHN-SWCNT has the higher CO, adsorptivity than
DMN-SWCNT. As DMN has no local charge on CHj;
moiety, the enhancement of CO, adsorption of DMN-
SWCNT is not so marked compared with DHN-SWCNT
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and DAN-SWCNT. Thus, we can understand the CO,
adsorption enhancement by the ND interaction, although
comparison of CO, adsorptivity of DNN-SWCNT with that
of DMN-SWCNT is still difficult. In future, we must
introduce molecular simulation to get information on the
most plausible intercalation structure and micropore
structural change due to the interaction of NDs.

4 Conclusion

We have shown the distinctive interfacial properties of
SWCNT tuned with NDs intercalation. The ND molecules
were intercalated in the expanded interstitial spaces of
SWCNT bundles which are proven by X-ray diffraction and
N, adsorption porosimetry. Raman scattering and electrical
conductivity measurements revealed the charge transfer
interaction between NDs and SWCNT. Intercalation treat-
ment with ND molecules suggests a new guideline for
designing better CO, adsorbents. The remarkably increased
CO, adsorptivity of SWCNT by the ND intercalation was
due to the additional electrostatic interaction between the
quadrupole moment of CO, molecules and the pore wall.
The hydroxyl moieties showed the most significant effect in
the enhancement of CO, adsorptivity, although we do not
understand exactly the contribution of the microporosity
difference in the ND-intercalated SWCNT samples yet.
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