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Abstract

Electronic properties of nitrogen-doped single-walled carbon nanotubes
(N-doped SWCNTSs) depend on carbon and nitrogen configuration. Depend-
ing on the intrinsic nitrogen structure, it can be either intrinsic p- or n- dop-
ing. Here, we have investigated the influence of soft gamma (v)-irradiation
on the nitrogen configuration in vertically aligned N-doped SWCN'T arrays.
As the irradiation dose increased, pyridinic and graphitic nitrogens become
more predominant. In general, the presence of holes refer to p-doping. How-

ever, }@Spectra show n-doping features, whereas the slight downshift in
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the G line position is from compensating the ambient p-doping. The local
transition of 7* nitrogen was also revealed by X-ray absorption spectroscopy.
Keywords:

Single-walled carbon nanotube, Nitrogen-doped SWCN'TSs, Nitrogen

configuration, Reforming, Gamma irradiation

1. Introduction

The modification of the properties of single-walled carbon nanotubes
(SWCNTSs) after growth can be performed with many different approaches.
Direct post-treatment by chemical doping [1-3] has been used to modify the
charge transfer state in which chemical reactions would lead to the func-
tionalization of the nanotubes. The reaction requires a wet process that
makes surface modifications more complicated. Plasma treatment is another
choice that employs incident particle striking on nanotube surfaces and re-
placing carbon atoms to alter the nanotube electronic properties [4-7]. The
mechanical properties of SWCNTs have, however, not been improved for spe-
cific applications. Conceptu@akin approaches have been reported earlier
in CNTs [8-13], few-layered graphene [14] and and graphite [12, 13]. The
gamma (7)-irradiation has been used to improve the nanotube surface [9-
11, 13] or mechanical strength [8]. V. Skdkalovd et al. [8] have reported
on ~-irradiation-dependent mechanical improvement of CNT paper. They
identified the presence of air molecules as a prerequisite for structural im-
provement. At an irradiation doses of 170kGy, the Young’s modulus and
electrical conductivity could reach the maximum values due to covalent cross

linking between the nanotubes. On the other hand, increasing defect con-
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centration has been observed with high irradiation dose [9, 10, 13]. The
~-irradiation is, therefore, one of the key parameters to alter the nanotube
properties and promote the formation of bonding environment.

Due to great promising properties of nitrogen (N)-doped SWCNTSs, there
have been many attempts to modify their electronic transition. Reorganiza-
tion of nitrogen configuration is one crucial method that enables the property
modifications of the nanotubes. By introducing N as heteroatom in the sp?
carbon framework, the N dopant can serve as p- or n- type dopants depend-
ing on the bonding environment [15]. Incorporation of N into sp? carbon
wall can turn the nanotube into many different configurations during syn-
thesis, resulting in different intrinsic properties. They may occur as pyridinic,
graphitic (substitution, sp? N) and pyrrolic nitrogen structures. While sp? N
introduces electrons to the conduction band, other N configurations provide
holes in the valence band.

To our knowledge, there are no reports on the influence of v-irradiation
on structure changes of N configurations in N-doped SWCNTs. In this work,
~-irradiation was used to alter the nitrogen configuration in vertically aligned
N-doped SWCNT arrays synthesized from no-flow chemical vapor deposition
(CVD) process. The influence of various irradiation doses of y-ray on nitro-
gen bonding environment was investigated. The N1s transition spectra as
measured by X-ray photoemission and X-ray absorption reveal a clear effect
of gamma irradiation on specific nitrogen configurations. As the irradiation
dose increased, pyridinic and graphitic nitrogens became more predominant.

These transformations were accompanied by increasing n-doping.



2. Experimental

N-doped SWCNTs were synthesized by no-flow CVD [16, 17]. The cata-
lyst solution was prepared from 0.1 wt.% each of cobalt (Co) and molybde-
num (Mo) acetate dissolved in ethanol. The Co/Mo catalyst particles were
deposited on silicon substrate by a liquid dip-coating method. [18] To syn-
thesize N-doped SWCNTSs, a 10% acetonitrile mixture in ethanol was used
as mixed C/N feedstock. Prior to the CVD reaction, the Co/Mo catalyst
was reduced under 3% H, in Ar atmosphere. When the growth temperature
reached 800°C, the reducing gas was evacuated before injecting the C/N feed-
stock mixture into the CVD chamber. The reaction was kept for 10 min at
a pressure of about 1.3-2.5 kPa. The atmosphere was finally replaced by Ar
and the CVD setup was cooled down to room temperature.

The morphology of resulting N-doped SWCNT arrays was imaged by
scanning electron spectroscopy (SEM, 1kV acceleration voltage, S-4800, Hi-
tachi Co., Ltd.). To investigate the influence of the -irradiation on C/N for-
mation, five identical nanotube samples were prepared from the same batch.
Each sample was inserted into one closed-end glass tube. The glass tube
was then evacuated to vacuum level before the other end was sealed. The
nanotube samples stored inside the glass tube under vacuum were exposed to
soft y-irradiation at irradiation doses of 0-50 Gy. All nanotube samples were
characterized by resonance Raman spectroscopy (Renishaw, inVia Qontor
Raman microscope) at an excitation wavelength of 633 nm with 1800 mm ™!
grating. The incident laser with less than 2.5 mW power was focused by a
x50 objective lens. The local chemical shifts of carbon and nitrogen were an-

alyzed by X-ray photoelectron spectroscopy (XPS) measured with a PHI 5000



VersaProbe II, ULVAC-PHI set up. The monochromatic Al K, radiation with
the energy of 1486.6 eV was used as an excitation source. The X-ray absorp-
tion spectroscopy (XAS) was also measured to identify localized substructure
of nitrogen. The X-ray electric field vector is parallel to the nanotube axis
with an incident angle of 70° from normal surface for all measurements. The
XPS and XAS measurements were, respectively, conducted at BL5.3 and

BL3.2 at the Synchrotron Light Research Institute, Thailand.

3. Results and Discussion

The morphology of as-grown N-doped SWCNTs synthesized from 10 %
acetonitrile mixture in ethanol is shown in Fig. 1. The vertically aligned
growth of the nanotube array could be observed with the thickness of about
10 um. Note that this homogeneous nanotube film on silicon was cut into

five identical samples for further study of the ~-irradiation effect.

Fig. 1: SEM micrograph of as-grown N-doped SWCNTSs film synthesized fom 10% ace-

tonitrile mixture in ethanol.

Fig. 2 shows resonance Raman spectra of N-doped SWCNTs exposed to

different ~-irradiation levels. All spectra were obtained with 633 nm excita-
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tion wavelength. The high D-band intensity is a common feature for N-doped
SWCNTs [17] due to the presence of stress in carbon walls, whereas weak
Breit-Wigner-Fano (BWF) lineshape is observed in semiconducting window.
The radial breathing mode (RBM) was used to characterize the nanotube
diameters that are in resonance with the excitation wavelength of 633 nm.
The empirical relation [19] was used to evaluate the nanotube diameter. The
resonance of the observed small-diameter RBM peaks stem from the sec-
ond semiconducting transition (E3,) as seen in weak BWF lineshape. The
smaller-diameter RBM peaks (more than 250 cm™!) could be observed for
all nanotubes samples. The reduction of these peaks with increasing irra-
diation dose implies that specifically the high curvature of carbon network
of small-diameter SWCNTs was decomposed during irradiation. Similarly,
the prominent irradiation-induced lattic distortion can be clearly seen with
higher irradiation doses. Note that there is a slight shift toward lower fre-
quency observed in the tangential G-band feature. This could be caused by
a doping effect [20].

Resonance Raman spectra of the2D=band (G) were obtained using 633 nm
excitation wavelength (Fig. 3). The G’ peak was decomposed and fitted with
Voigtian peaks with a constant full-width at half maximum (FWHM) of
13.6cm ™t All spectra were fitted with five constant Voigtian peaks at 2421.6,
2500.1, 2641.3, 2826.4 and 2891.7cm ™! with one additional main peaks at
2603.1, 2590.8, 2590.5, 2589.8 and 2597.8 cm™! for 0, 5, 10, 25 and 50kGy of
irradiation dose, respectively. Fig. 3 shows the identical G’ linesshapes of N-
doped SWCNTs exposed to different irradiation doses. With v exposure, the
G’ shows a slight downshift, which is consistent with a slight shift observed
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Fig. 2: Resonance Raman spectra of N-doped SWCNTs excited with 633 nm excitation
wavelength show a selective decrease in small-diameter RBM peaks and higher defect

concentration with increasing y-irradiation doses.

in the G-band position.

The electronic configuration of nitrogen was directly detected by XPS
measurement. Fig. 4 shows a comparison of XPS spectra of N-doped SWCNT
arrays exposed to different levels of y-irradiation. After annealing the SWCNT
films, only neglibile oxygen content was observed for all samples. A narrow
asymmetric Doniach-Sunji¢ lineshape in the binding energy range of 279 eV
to 298 eV was assigned to the sp? Cls of N-doped SWCNTSs, whereas the
binding energy and lineshape of the N1s were shown in the range of 391 eV
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Fig. 3: Resonance Raman spectra of the 2D band of N-doped SWCNTSs exposed with

different ~y-irradiation doses at 633 nm excitation wavelength.

to 411 eV. The well-defined Cls peaks was found to be at 284.4eV as seen in
previous reports, the m — 7* electron shake up is also resolved [21-23]. The
binding energy at about 404 eV indentifies the N, molecules encapsulated
inside the nanotube hosts [24], while signals from both substitutional and

pyridinic N configurations are well expected in the range of 398-400eV [25].
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Fig. 4: XPS spectra of N-doped SWCNTs reveal a refomation of nitrogen configuration

from trapped N, molecules to incorporated N with increasing v-irradiation doses.

After high dose exposure, there is a predominance of substitutional and pyri-
dinic N incorporation (peak B), whereas there is a seizable contribution of
trapped N, molecules even after lower dose exposures (peak A). The change
in nitrogen configuration by the radiated energy implies that the v-irradation,
when adequate energy is present, could induce the local transformation of
N configurations. (The fconcomitant decrease in N, and increase in incorpo-
rated nitrogen does suggest that the SWCNT walls can also react with the
encapsulated N, molecules. Interestingly, there is also a slight shift toward
higher binding energy observed in the Cls binding energy, which is consistent

with the shifts observed in resonance Raman spectra (Fig. 2 and 3). This
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slight shift can be attributed to n-doping by covalently incorporated nitrogen
atoms as reported earlier [22, 26].

The XPS spectra also reveal the formation of nitrogen configuration into
pyridinic and graphitic nitrogens, whereas the interconnection between tube-
to-tube would then result in different chemical shifts, unlike the peaks ob-
served at 399.2eV in XAS spectra (see Fig. 5). The appearance of the ab-
sorption peak at 403 eV also suggests that there may be two contributions
from either N doping from activated N, molecules or reformation of N config-
urations occurring in sp? carbon networks as observed in the higher D-band
intensity (Fig.2).

The local structure of nitrogen configuration was characterized by XAS
measurement. All samples were baked at 400°C in vacuum before the mea-
surement, to remove any atmospheric absorbants. The spectra were recorded
in drain current mode at room temperature as seen in Fig. 5. The Cls spec-
tra are not distiguishable for all samples. The identical feature of Cls— 7*
of sp? carbon occurs at 285.2 eV with the Cls— o* transition at 289.9¢eV as
shown in Fig. 5(left panel). All spectra were normalized to the Cls— 7*.
The two features emerging at the photon energy of about 287eV and 288 eV
are essentially attributed to bonding environment of sp? carbon in the direct
neigborhood of nitrogen sites. While the transition at 287eV is generally
attributed to isolated nitrogen atoms involved in C=N and C=N bonds, the
transition at 288 eV corresponds to single bond configuration, i.e. N—C—N
and N=C—N bonds [27].

The N1s spectra of N-doped SWCNTSs exposed to different irradiation

doses as shown in Fig. 5(right panel) indicate the possibe chemical shifts
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Fig. 5: XAS spectra of Cls (left panel) and Nls (right panel) of N-doped SWCNTSs
exposed to different ~-irradiation doses. All spectra are normalized to the maximum in

the 7* resonance.

of nitrogen in the nanotube samples. The predominance chemical shift at
400.5¢eV found in all samples comes from the N1s— 7* of encapsulated N,
molecules, which is well expected as shown in our previous report [24]. The
7* feature of N, entirely covers that of graphitic nitrogen, which is supposed
to occur at a binding energy of 401eV [28, 29]. The noticeable N1s— 7*
resonance peak at 399.2eV is unambigously assigned to the 7* transition of
pyridinic nitrogen.

As the irradiation level increased up to 20 Gy, the unexpected additional

N1s— 7* chemical shifts at 404.6 eV with the very weak peak at 403 eV are

11



clearly observed. These unexpected additional peaks strongly suggest that
a seizable fraction of all nitrogens are bonded to another atomic species.
Note that the contribution of oxygen molecules can be ruled out due to
the lack of an oxygen atmosphere. V. Skdkalova et al. [8] have previously
reported bonding formation between the nanotubes at low irradiation doses,
which could be able to lock their mutual positions. This interconnection
resulted in higher Young’s modulus and electrical conductivity as the bulk
was much better interconnected, while the indivudual SWCNT still retained
their structure. Thus, these two additional chemical environments can only
be comprised of carbon and other nitrogen atoms. It stands to reason that
nitrogen sites on SWCN'T walls would be very reactive and that they would
be prefered cross linking sites [30]. If nitrogen would then very often be
simultaneously bonded to sp? and sp® carbon, this might result in a fovel

chemical shift nitrogen.

4. Conclusion

We have demonstrated the influence of soft y-irradiation on nitrogen con-
figuration in vertically aligned N-doped SWCNT arrays. Upon increasing the
irradiation doses, the RBM of small-diameter SWCN'Ts is dampened, which
is linked to the higher reactivity and the higher ability to cross link to other
SWCNTs. The pyridinic and graphitic nitrogens are predominant species
at higher irradiation level. (Their occurence is [EOHEOMIEANT to an increasing
n-doping, evidenced by X-ray photoemission spectroscopy. At the highest
irradiation levels X-ray absorption reveals local N1s— 7* transitions with a

new chemical shift. We suppose the new chemical sites belong to nitrogen at

12
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cross-linked SWCNT walls. We hope to inspire further research on the new
chemical shift in nitrogen, likely to be focused on nitrogenated SWCNT to
SWCNT cross links.

Acknowledgements

Part of this work was financially supported by the Thailand Research
Fund (MRG6180085) and Maejo University; JSPS KAKENHI Grant Num-
bers JP25107002, JP15H05760, and IRENA Project by JST-EC DG RTD,
Strategic International Collaborative Research Program, SICORP. Part of
this work is based on results obtained from a project commissioned by the
New Energy and Industrial Technology Development Organization (NEDO).
We also acknowledge supports from Advanced Characterization Nanotech-
nology Platform of the University of Tokyo, supported by ”Nanotechnology
Platform” of the Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT), Japan.

References

[1] A. M. Rao, P. C. Eklund, S. Bandow, A. Thess, R. E. Smalley, Evidence
for charge transfer in doped carbon nanotube bundles from raman scat-

tering, Nature 388 (1997) 257-259.

[2] C. Zhou, J. Kong, E. Yenilmez, H. Dai, Modulated chemical doping of
individual carbon nanotubes, Science 290 (2000) 1552-1555.

[3] M. Bockrath, J. Hone, A. Zettl, P. L. McEuen, A. G. Rinzler, R. E. Smal-
ley, Chemical doping of individual semiconducting carbon-nanotube

ropes, Phys. Rev. B 61 (2000) R10606-R10608.

13


maruyama
ハイライト表示
JSPS KAKENHI Grant Numbers JP15H05760, JP18H05329.

---all others are finished already.--

maruyama
ハイライト表示


[4]

[10]

Y.-C. Lin, C.-Y. Lin, P.-W. Chiu, Controllable graphene n-doping with
ammonia plasma, Appl. Phys. Lett. 96 (2010) 133110.

Y. Wang, Y. Shao, D. W. Matson, J. Li, Y. Lin, Nitrogen-doped
graphene and its application in electrochemical biosensing, ACS Nano

4 (2010) 1790-1798.

M. Rybin, A. Pereyaslavtsev, T. Vasilieva, V. Myasnikov, 1. Sokolov,
A. Pavlova, E. Obraztsova, A. Khomich, V. Ralchenko, E. Obraztsova,
Efficient nitrogen doping of graphene by plasma treatment, Carbon 96
(2016) 196-202.

H. Muramatsu, M. Takahashi, C.-S. Kang, J. H. Kim, Y. A. Kim,
T. Hayashi, Synthesis of outer tube-selectively nitrogen-doped double-

walled carbon nanotubes by nitrogen plasma treatment, Nanoscale 10

(2018) 15938-15942.

V. Skakalova, M. Hulman, P. Fedorko, P. Luka¢, S. Roth, Effect of
gamma-irradiation on single-walled carbon nanotube paper, AIP Con-

ference Proceedings 685 (2003) 143-147.

J. Guo, Y. Li, S. Wu, W. Li, The effects of y-irradiation dose on chem-
ical modification of multi-walled carbon nanotubes, Nanotechnology 16

(2005) 2385-2388.

G. Lubkowski, J. Kuhnhenn, M. Suhrke, U. Weinand, I. Endler,
F. Meiner, S. Richter, Gamma radiation effects in vertically aligned

carbon nanotubes 59 (2011) 99-102.

14



[11]

[12]

[15]

[16]

[17]

Z. Xu, L. Chen, L. Liu, X. Wu, L. Chen, Structural changes in multi-
walled carbon nanotubes caused by v-ray irradiation, Carbon 49 (2011)

350-351.

C. D. Cress, J. J. McMorrow, J. T. Robinson, B. J. Landi, S. M. Hub-
bard, S. R. Messenger, Radiation effects in carbon nanoelectronics, Elec-

tronics 1 (2012) 23-31.

B. Li, Y. Feng, K. Ding, G. Qian, X. Zhang, J. Zhang, The effect of
gamma ray irradiation on the structure of graphite and multi-walled

carbon nanotubes, Carbon 60 (2013) 186-192.

A. Ansén-Casaos, J. Puértolas, F. Pascual, J. Herndndez-Ferrer,
P. Castell, A. Benito, W. Maser, M. Martinez, The effect of gamma-
irradiation on few-layered graphene materials, Appl. Surf. Sci. 301

(2014) 264-272.

R. Czerw, M. Terrones, J.-C. Charlier, X. Blase, B. Foley, R. Ka-
malakaran, N. Grobert, H. Terrones, D. Tekleab, P. M. Ajayan, W. Blau,
M. Ruhle, D. L. Carroll, Identification of electron donor states in n-

doped carbon nanotubes, Nano Lett. 1 (2001) 457-460.

R. Xiang, Z. Zhang, K. Ogura, J. Okawa, E. Einarsson, Y. Miyauchi,
J. Shiomi, S. Maruyama, Vertically aligned '3c single-walled carbon nan-
otubes synthesized by no-flow alcohol chemical vapor deposition and

their root growth mechanism, Jpn. J. Appl. Phys. 47 (2008) 1971-1974.

T. Thurakitseree, C. Kramberger, P. Zhao, S. Aikawa, S. Harish, S. Chi-

15



[18]

[20]

[21]

[22]

ashi, et al., Diameter-controlled and nitrogen-doped vertically aligned

single-walled carbon nanotubes, Carbon 50 (2012) 2635-2640.

Y. Murakami, Y. Miyauchi, S. Chiashi, S. Maruyama, Direct synthesis
of high-quality single-walled carbon nanotubes on silicon and quartz

substrates, Chem. Phys. Lett. 377 (2003) 49-54.

P. T. Araujo, S. K. Doorn, S. Kilina, S. Tretiak, E. Einarsson,
S. Maruyama, et al., Third and fourth optical transitions in semicon-

ducting carbon nanotubes, Phys. Rev. Lett. 98 (2007) 067401.

I. O. Maciel, N. Anderson, M. A. Pimenta, A. Hartschuh, H. Qian,
M. Terrones, H. Terrones, J. Campos-Delgado, A. M. Rao, L. Novotny,
A. Jorio, Electron and phonon renormalization near charged defects in

carbon nanotubes, Nat. Mater. 7 (2008) 878-883.

P. Ayala, A. Grineis, T. Gemming, D. Grimm, C. Kramberger, M. H.
Riimmeli, et al., Tailoring N-doped single and double wall carbon nan-
otubes from a nondiluted carbon/nitrogen feedstock, J. Phys. Chem. C
111 (2007) 2879-2884.

E. Ibrahim, V. O. Khavrus, A. Leonhardt, S. Hampel, S. Oswald, M. H.
Riimmeli, et al., Synthesis, characterization, and electrical properties of

nitrogen-doped single-walled carbon nanotubes with different nitrogen

content, Diam. Relat. Mater. 19 (2010) 1199-1206.

S. H. Lim, H. I. Elim, X. Y. Gao, A. T. S. Wee, W. Ji, J. Y. Lee, et al.,
Electronic and optical properties of nitrogen-doped multiwalled carbon

nanotubes, Phys. Rev. B 73 (2006) 045402.

16



[24]

[25]

28]

[29]

C. Kramberger, T. Thurakitseree, H. Koh, Y. Izumi, T. Kinoshita,
T. Muro, et al., One-dimensional N, gas inside single-walled carbon

nanotubes, Carbon 55 (2013) 196-201.

D. Yu, Q. Zhang, L. Dai, Highly efficient metal-free growth of nitrogen-
doped single-walled carbon nanotubes on plasma-etched substrates for

oxygen reduction, J. Am. Chem. Soc. 132 (2010) 15127-15129.

P. Ayala, A. Grineis, T. Gemming, B. Biichner, M. H. Riimmeli,
D. Grimm, J. Schumann, R. Kaltofen, F. L. Freire Jr., H. D. F. Filho,
T. Pichler, Influence of the catalyst hydrogen pretreatment on the

growth of vertically aligned nitrogen-doped carbon nanotubes, Chem.

Mater. 19 (2007) 6131-6137.

B. Bouchet-Fabre, E. Marino, G. Lazar, K. Zellama, M. Clin, D. Ballu-
taud, F. Abel, C. Godet, Spectroscopic study using ftir, raman, xps and

nexafs of carbon nitride thin films deposited by rf magnetron sputtering,

Thin Solid Films 482 (2005) 167-171.

H. C. Choi, J. Park, B. Kim, Distribution and structure of n atoms in
multiwalled carbon nanotubes using variable-energy x-ray photoelectron

spectroscopy, J. Phys. Chem. B 109 (2005) 4333-4340.

D. Usachov, O. Vilkov, A. Griineis, D. Haberer, A. Fedorov, V. K.
Adamchuk, A. B. Preobrajenski, P. Dudin, A. Barinov, M. Oehzelt,
C. Laubschat, D. V. Vyalikh, Nitrogen-doped graphene: efficient
growth, structure, and electronic properties, Nano Lett. 11 (2011) 5401—
5407.

17



[30] S. C. Ray, W. Pong, P. Papakonstantinou, Electronic structure and field
emission properties of nitrogen doped graphene nano-flakes (gnfs:n) and

carbon nanotubes (cnts:n), Appl. Surf. Sci. 380 (2016) 301-304.

18



Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

SEM micrograph of as-grown N-doped SWCNTSs film synthesized

fom 10% acetonitrile mixture in ethanol.

Resonance Raman spectra of N-doped SWCNTs excited with
633 nm excitation wavelength show a selective decrease in small-
diameter RBM peaks and higher defect concentration with increas-
ing ~y-irradiation doses.

Resonance Raman spectra of the 2D band of N-doped SWCNTs ex-
posed with different vy-irradiation doses at 633 nm excitation wave-
length.

XPS spectra of N-doped SWCNTs reveal a refomation of nitrogen
configuration from trapped N, molecules to incorporated N with
increasing 7-irradiation doses.

XAS spectra of Cls (left panel) and N1s (right panel) of N-doped
SWCNTs exposed to different y-irradiation doses. All spectra are

normalized to the maximum in the 7* resonance.
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