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Resolution of the binding configuration in nitrogen-doped carbon nanotubes
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Nitrogen-doped carbon nanotub@s-doped CNT$ were synthesized by exposing CNTs under high input
power nitrogen plasmé3.1 kW), using a microwave plasma enhanced chemical vapor deposition system. In
the analysis of high resolution transmission electron microscopy, it was found that graphene layers of the
N-doped CNTs became seriously curved, waved, or buckled, and even contained fullerene-like structures, in
contrast to the parallel concentric graphene layers in the normal CNTs. X-ray photoelectron spectroscopy
(XPS) and electron energy loss spectrosc¢R{ELS) were combined to resolve the binding configurations of
nitrogen and carbon in the N-doped CNTSs. In the XPS study, it may be concluded that the N-doped CNTs have
three binding configuration type@oly 4-vinylpyridine, poly 9-vinylcarbazole, and poly aniline oligomer
using the method proposed fy. L. Normand, J. Hommet, T. Szorényi, C. Fuchs, and E. Fogarassy, Phys. Rev.
B. 64, 235416(2001)] EELS results showed that the incorporation of nitrogen into the CNTs would irgjpdce
binding for carbon atoms, similar to the results in amorphous carbon nitride [film$u, P. Yang, and C. M.
Leiber, Phys. Rev. B57, 3185(1998; C. Ronning, H. Feldermann, R. Merk, and H. Hofséas, Phys. Re»8B
2207(19998]. N 1s core-level downshift of~1 eV in the XPS analyses was mainly caused by the screening
effects of core holes in the bond around nitrogen atoms.
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I. INTRODUCTION configurations of nitrogen in N-doped CNTSs is still lacking

Since carbon nanotubéENTS) were first discovered in detailed and converged conclu'sions,.especially in the x-ray
19914 extensive research on carbon nanotubes and other r@hotoelectron spectroscop¥PS) investigation. To study the
lated nanoscale materials have been carried out througholithding configurations of the N-doped CNTSs, we invoked the
the Scientific World' There are many processes to Synthesizfé.]bhshed XPS analySIS results and theoretical calculation of
CNTs, including electric arc discharge, laser ablation, catathe amorphous carbon nitride films and N-doped carbon re-
lytic chemical vapor deposition, and plasma assisted chemlated nanomaterials as references, and made some reasonable
cal vapor deposition, as well as othért has been well modifications by combining the electron energy loss spec-
known that the electronic structures of CNTs are closely detroscopy (EELS) measurements, Fourier transform infrared
pendent on the size and chirality, which are not easily conspectroscopyFTIR), and the characteristic nanostructures of
trolled in the synthesis process. An extrinsic atomic dopingCNTSs.
method provides a splendid way to tune and optimize the Liu and Cohei*° theoretically predicted the existence
electronic properties of CNTs. For example, boron-dopedf the covalent3-C3N, with the mechanical properties
CNTs are metallic intrinsically predicted by the theoretical similar to the diamond, which triggered many experimental
calculation§ and experimentally proved by conductivity efforts on the synthesis of the carbon nitride filths'8 XPS,
measurementsnevertheless the conductivity of CNTs could EELS, and FTIR are generally used as the analytical
be metallic or semiconducting depending on their chirality.tools in order to investigate the binding structures of carbon
In the academic research on doped CNTs, boron and nitraiitride films. Due to the lack of suitable standard samples
gen atoms are the two most widely used atomic species afier reference, XPS results of carbon nitride films were
plied to investigate the evolution of the nanostructurespublished with diverse conclusions from group to group,
chemical binding configurations, physical, and electroniceven leading to contradictory arguments. Marton and
properties resulting from the dopifigt! Due to a small dif- co-workerd® used three and four lines to fit the N$ And
ference in atomic radii, it is quite easy for B or N atoms toC 1s core-level spectra, respectively. They applied two
substitute C atoms in the hexagonal graphene structures phases, urotropine and pyridine, to identify the binding
CNTs. In addition, different from other carbon-based mate-configurations of the sample. The adventitious surface
rials such as graphite, diamond, and carbon films, the surfaagarbon, CO type, N-N type, and N-O type from the air were
to volume ratio of CNTs is so high that large specific surfacealso considered in their analysis. Several gré¥Bsadopted
areas can serve as the reaction sites to assist the foreigins method to explain their results on the CN films prepared
atoms in substituting the carbon atofs3 Similar to the by different techniques; while some variations in positions
semiconducting materials, B- or N-doped carbon can be useand intensities of the respective lines were found. Fujimoto
to manufacturg-type orn-type CNTs(or nanowirey, andto  and Ogat& found only one single line located at 398.4 eV
fabricate nanoscaled electronic devices by proper junction afi the N 1s spectra. Other group®®® proposed that N4
these two types. core-level spectra at 400 and 398 eV were attributed to

Although there are abundant results for B-doped oMN=C and N=C, respectively. But a comparison to infrared
N-doped CNTs to date, the analysis for chemical bindingspectra, where K C bonds were observable a2200 cn?,
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showed that there was a minor amount o£IC bonds in the tively. The high-resolution images a&) and (d) are also

CN films26-28Ronning and his co-worketsissigned the line  shown in Figs. {b) and Xe). The evolution of the structures

at ~398 eV to electrons originating from nitrogen atoms can be found that the bamboo-like structures are constructed
having two neighbors, while the line at400 eV resulting under 15 min nitrogen doping. Bamboo-like structures
from the electrons in the nitrogen atoms with three neigh-are mainly composed of the hexagons, pentagons, heptagons,
bors. Normandet al! proposed that the method used by turbostratic graphenes, and a portion of amorphous carbon.
Marton'® was oversimplified to study the real complicated These unique structures have been studied for quite some
binding configurations of the amorphous CN films, and pro-time and familiar to the most scientists toddyhen more
posed another way of using the difference betweensN land more nitrogen atoms incorporate into the CNd@ping
core-level energy and Cskore-level energy to study several for 30 min), all the graphene layers are affected and appear
kinds of chemical bonds for each lines. In spite of theseriously distorted resulting in a structure similar to human
method of Normancet al, the binding configuration of N fingerprints. Waved graphenes, turbostratic structures
and C in the N-doped CNTs will be further resolved in thisand fullerene-like structures are all contained inside the
study. N-doped CNTSs. In the total energy calculations using semi-
empirical Hartree-Fock-based AM1 meth&dthe incorpo-
ration of nitrogen atoms into the graphite-like structures
would introduce pentagon defects, which distort and bend

CNTs were synthesized by the assistance of electroplateéie graphene layers, leading to graphenes with high curva-
Pd catalys®® on the tungsten substrate in an microwavetures and interlinked structures. According to the calculation
plasma enhanced chemical vapor deposition apparatus wifffoposed by Santos and Alvar€zhe planarity of the graph-

a mixture of methane and hydrogen as precur&bihe ite sheet cluster is expected to be buckled when the nitrogen
flow rates were maintained at 1 and 100 sccm for methangoncentration(N/C ratio) exceeds 20%. In our XPS mea-
and hydrogen, respectively. The maximum input powersurements, the N/C ratio of the sample for 15 min nitrogen
that can be generated in the system is 5 and 2.1 kW was us€@ping is 10%, while the N/C ratio for 30 min nitrogen dop-
in this research, and the substrate temperature was at . IAg is 22%. In our results, the nitrogen doping effects on
order to dope nitrogen atoms, CNTs were further exposeg@hanging the nanostructures of CNTs converge to the con-
under nitrogen plasma of 3.1 kW microwave input with clusion of the reference$:3°

the nitrogen flow rate at 50 sccm. The high resolution images C 1s core-level and N 4 core-level spectra are all shown
were studied by transmission electron microscg®gM)  in Fig. 2 along with the individual fitted subpeaks, respec-
(Philips TECNA1 20, 200 kV with the Lagfilameny and tively. In each figures, the originally raw data, fitted subpeaks
the equipped EEL$Gatan GIF 200 with the resolution and the sum of the fitted subpeaks are all illustrated. During
of 0.5eV) provided the information of carbon binding the spectra analysis, we accept the fitted results with
configurations for CNTs and N-doped CNTs, respectivelythe lowest value of chi-squarg?),3! on the premise that
The specimens for TEM analysis were prepared by extractthe fit makes chemical and spectroscopic sense in the mean-
ing the deposit in ethanol. After ultrasonic treatment fortime. Four lines were assigned to fit the € tore, and

10 min, a drop of the solution was then dispersed on dwo lines for N Is core. Increasing or decreasing the amount
carbon-coated Cu grid. The XP®Perkin-Elmer model of subpeaks for each core level spectrum cannot improve
PHI 1600 measurements were carried out on the isolatedhe analysis results furthermore. In the € dore spectra,
spectrum using the Mgdx-ray source operating at 250 W. line C; is identified as adventitious carbon and surface
The x-ray source was kept at an incident angle of Sdith carbon, and lineC, is identified as CO type bonds, both of
respect to the analyzer. Energy calibration was done by usinghich are similar to the Marton*8 although some variation
the Au 4, peak at 83.8 eV. Based on the high-resolutionin positions and intensities of the respective lines are noted
hemispherical analyzer, the energy resolution was 1.6 eV¥h our case. In order to identify the nitrogen binding configu-
for survey scan spectrum and 0.2 eV for the core-level spedations forN; and N,, we calculate the energy difference
trum, respectively. In order to avoid ion bombardment dam-between N & core and C & core level energies, e.g., values
age, which would alter the original binding structures andof (N;-C,) and (N,-C,), according to the work of Normand
atomic environment in the sample, no ion sputtering waset al! By referring to the core level energy differences
used to do the surface cleaning treatment prior to the XP$or several chemical bond typés®3” we can distinguish
measurement. For analysis, appropriate smoothing for therhat kind of the binding configurations &, and N, lines

raw data and background removal using the Shirley méthod belong to. Figure 3 shows the identification results for
was applied. C 4 core-level and N & core-level spectra the 30 min nitrogen doped CNTs, in which dashed lines are
were both curve-fitted by the subpeaks with Gaussian anthe original analysis while the solid lines are associated with
Lorentzian mixed function for the asymmetric core level appropriate modifications. At the first stage, we found that
peak shape. the value of(N;-C,) equals to 112.3 eV, which lies below
the energy difference of nitrile bond$12.84 eV, while the
value of (N,-C,) equals to 113.3 eV, which lies near the
energy difference of poly 4-vinylpyridingP4VP type

Figures 1a), 1(c), and Xd) illustrate the overall structures (113.35 eV. According to this, thé\; line is suspected to be
of CNTs, N doped CNTs doping for 15 and 30 min, respecthe N=C bond and theN, line could be the pyridine-like

Il. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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FIG. 1. The overall structures @) CNTs (no doping, (c) N-doped CNTgdoping for 15 min, and(d) N-doped CNTdoping for
30 min), while the respective high-resolution images(af and(d) are illustrated inb) and(e).

binding type. Unfortunately, it is skeptical that whether N=C binding configurations of nitrogen in the N-doped
the method of Normanet al! could absolutely meet our CNTs and, however, some modifications should be taken
requirements and exactly have the correct interpretatiointo consideration. The analyzed results of 15 min nitrogen
in our N-doped CNTs case, compared with the FTIR meadoped CNTs are also similar. The value(df-C,) and (N,
surements as shown in Fig(c4, in which two bands appear -C,) is equal to 112.7 and 113.4 eV, respectively. FTIR spec-
at ~1235 and 1590 ci, but no band at~2200 cm?! de-  trum in Fig. 4b) also excludes the existence oENC bind-
tected. The band at1200 cmi? is attributed to N-C or C ing configurations.

-O stretching modes, at-1500 cm? belongs to N=C The maximum nitrogen peak positions for the nitrogen-
stretching mode and at2200 cn? corresponds to BC  doped carbon related materials and carbon nitride films in
stretching mode. Results of FTIR exclude the existence ofmost published results lay in the range of
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FIG. 2. XPS measurements of G &nd N Is core-level spectra for various CNT&) and(b) for CNTs without dopingjc) and(d) for
15 min N-doped CNTs(e) and (f) for 30 min N-doped CNTs. Four subpeaks were applied to curve-fis Cote and two subpeaks to
curve-fit N 1s core, and the values @¢N;-C,) and(N,-C,) are applied to identify the binding configurations of nitrogen.

398-401 e\A21838.3%hile our results are all 1 eV down- pressed by the general framework of the charge potential
shift, as shown in both Figs.(@ and 2f). Such an 1 eV model404!
downshift could be attributed to several reasons summarized
as follows. Ex’(K) = Ep5(K) + k(K)q; + > i#i(0/rij) — EreiadK),

(1) Chemical shift: The chemical shift is due to the dif-
ferent chemical environments for nitrogen atoms in variougvhere Eg5(K) is the binding energy referenced to the
compounds. vacuum level of a reference statk(K)q; is a term of

(2) Relaxation effect: The binding energy of the core polarization of the bondX;.;(q;/r;;) is the electrostatic
level K photoelectron escaping the solid surface can be expotential of Madelung'’s type; anH,.,{(K) is contributed
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FIG. 3. Schematic representation for the identification of &
(Ny-C,) and (N,-C,) in N doped CNTs(doping for 30 min with g
respect to the core level energy difference of various binding types —g No signal detected at
(dashed lines are the original analysis without any modification and ‘?8’ ~2200
solid lines with appropriate modifications of 1 eV adding to com- g
pensate the relaxation effegts E {| 16095
=]
from the relaxation effects due to the core hole in the final < i pi .
state. ﬂ"ffgw Lw‘\J V"WM
When one nitrogen atorsp’ hybridizes the carbon atom . . ) ) . .
in N-doped CNTSs, in principle, the delocalized electrons 500 1000 1500 2000 2500 3000 3500 4000

in the Pi bond would screen the electron holes produced
in carbon and nitrogen atoms. Because of the larger elec-
tronegativity of nitrogen than that of carbon, the electron
cloud of the CN covalent bonds has the tendency to move (¢) N-doped CNT (30 minutes doping)
toward the nitrogen atom. At first, this charge transfer behav-
ior itself will decrease the nitrogen binding energy and raise
the carbon binding energy. Second, the electron cloud
moving toward the nitrogen atom makes the screening effect
more obvious in the nitrogen atom than in the carbon atom.
By combining the charge transfer and the screening effect,
the binding energy of the carbon atom could either be in-
creased or decreased depending on the compensation
results of these two effects, while the binding energy of the
nitrogen atom can be largely decreased due to these two
effects. Thus, additional mechanisms which can enhance the L
screening effect are also helpful to reduce the nitrogen bind- 50010001500 2000 2500 3000 3500 4000
ing energy. Wave number (cm™)

(3) Increasingsp? binding: Delocalized electrons in the
bond of sp? hybridization can move easier than the highly  FIG. 4. FTIR spectrum fota) CNTs (no doping, (b) N-doped
localized electrons in ther bond; thus electrons isp? ~ CNTS (doping for 15 min, and (c) N-doped CNTs(doping for
hybridization can more actively participate in the screening?® Min; no signal detected at-2200 cm™* implying that N=C
of the core holes. In EELS measurements as shown in Fig. 5rétching mode can be neglected in our case.

the pre-edge of the carbon peak corresponding to #1e lin N-doped CNTSs is increased, the relaxation effect due to

to 7* transition is apparently enhanced with the increasedhe screening of the core holes by electrons is therefore re-
nitrogen amount doped in CNTs. Because the @ stretch-  inforced.

ing mode is excluded in our cagéor the absence of the (4) Highly distorted graphenes: CNTs are rolled up
band at~2200 cmi* in FTIR resulty, the signal resulting mainly by graphene layers that are composed of pusefy
from the I to #* transition comes mainly from thep?  binding carbon atoms. When the graphene layers are seri-
binding. Figure 5 also indicates that the nitrogen incorporaeusly distorted and waved such as seen in Hig), the ten-

tion into CNTs would increase the degree sj¥ binding,  dency or probability of tangling and folding for the graphene
which also fits with the published works.Sincesp? binding  layers in the three-dimentional spaces would increase. This

‘Wave number (cm'l)

1234.7 1590.0

No signal detected at
~2200

Absorbance (arb. units)
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N to be the nitrogen atonsp? hybridizing the other atoms,
Carbon K-edge ls=—=c while the N, line (the higher binding energy in the Ns1
,ﬁs"‘%"-.’-"’{""w,_ core) is the nitrogen atomsp® hybridizing the other atoms.
¢ Seo, o) . . .
B ceedy The results of XPS analysis are similar to the published
g ;’ works342 Distinct from other nitrogen contained carbon-
o Is ==a* /] based materials, interpretation of the binding structures for
& . ;" both theN; andN, line in N-doped CNTs should start from
g‘ z':-:' §° considering the original characteristic nanostructures of the
B / CNTs, which are constructed by rolling up the plural hex-
S i agonal graphene layers to form the concentric cylinders.
g —Oo—CNT . ) When nitrogen atoms incorporate into the CNTSs, it is easy
F o Ndoeed OO (15 minutes coping) for them to substitute carbon atoms in the hexagon network
; -~ Tl i) without raising too much strain energy because of the
275 280 285 290 295 300 305 310 smaller difference in atomic radii for these two atoms. The

N; line means that one nitrogen substitute one carbon atom
in the hexagon graphene without changing the hexagon

FIG. 5. EELS results of carbork edge for CNT and Shape but allowing the neighboring hexagon to have dan-
for N_doped CNTs(doping for 15 and 30 mip indicating that gllng bonds due to the four hybrld orbitals for carbon while
the intensity of & to «* transition is raised with the increased three hybrid orbitals for nitrogen. The, line contains two
amount of nitrogen doping in CNTs, implying that the nitrogen types of the binding configurations: PAO and P9VC types. It
incorporating into the CNTs would increase the amourg@fbind-  is interpreted that in the PAO type, a nitrogen atom can in-
ing type. tercalate between the two graphene layers and crosslink the

graphene layers, while in the P9VC type, a nitrogen can in-
implies that the wrapping of graphene layers will increasetroduce the pentagon defect inside the hexagon network.
the probability of foldedsp? bindings in the space, thereby Theoretical predictions and experimetit®also support our
enhancing the mobility of electrons in thebonds, which in  analysis results. The earlier discussion is summarized in
turn increases the relaxation effects. Table 1.

In order to identify the binding structures in our system, In the C I core level spectrum, it is suggested that
an adjustment by adding 1 eV to botN;-C,) and(N,-C,)  C, and C; should be contributed from thep? and sp®
values is done to compensate for the downshift effect in orhybridized carbons, respectively, in comparison with the
der to trace the nitrogen binding types. The newly adjustedeELS results and other published results of the carbon
value of (N;-C,) at 113.3 eV lies near the P4VP type, while films.*® The integrated area ratio &,/C; increases from
the newly adjusted value @N,-C,) at 114.3 eV locates be- 2.49 to 2.86 for CNTs and for N-doped CNTdoping for
tween the poly aniline oligomer(PAO) and poly 30 min), respectively. The result of EELS shows the same
9-vinylcarbazole(P9VC) types, as indicated by the solid tendency, i.e., the intensity o§1o #* transition is raised in
lines in Fig. 3. From the earlier analysis, tNg line is asso- N-doped CNTs.
ciated with the nitrogen atoms having two neighbdike
P4VP) and theN, line comes from the nitrogen atom having
three neighborédlike PAO and P9VG@. In other words, thé&; In conclusion, we are able to analyze the 8icbre level
line (the lower binding energy in the Nslcore) is assigned spectrum for N-doped CNTs by using the modified approach

Electron energy loss (keV)

IV. CONCLUSIONS

TABLE |. Summarized table for the binding configuration of nitrogen atoms in the N-doped CNTSs.

Peaks Binding types N atoms in the N-doped CNTs
N; n One nitrogen atom substitutes one carbon atom in
N the hexagon graphene
>
N
poly 4-vinylpyridine (P4VP)
H ‘E\ﬁ (1) Nitrogen can intercalate between two graphene
N n layers and crosslink the graphene layers

(2)Nitrogen can introduce the pentagon inside the
network

poly aniline oligomer (PAO)
poly 9-vinylcarbazole (P9VC)
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