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Carbon nanotubes with a double coaxial structure of nitrogen-doped and undoped multiwalls were
successfully prepared by the template technique using porous anodic aluminum oxide film as a template.
The inner carbon layer (or the outer carbon layer) of the double coaxial carbon nanotubes is free from
N, while the outer carbon layer (or the inner carbon layer) is uniformly doped with N. Transmission
electron microscopy cannot differentiate between the outer and inner layers, but all the results by Raman,
X-ray diffraction, and X-ray photoelectron spectroscopy provide evidence that the N-doped layer is less
crystallized than the undoped one. Furthermore, the N-doped layer has apparently higher chemical reactivity
toward oxygen than the undoped one due to more edge-active sites resulting from the introduction of
nitrogen species. Electrical conductance measurement indicates that despite poorer crystallinity the N-doped
layer has higher conductivity than undoped one. The resulting multiwalled carbon nanotubes thus have
not only double-stack coaxial structure but also dual physicochemical properties.

1. Introduction of C;H, and N,** and magnetron sputtering of a graphite

15 B
Carbon nanotubes (CNTs) have excellent electrical, me- target under Ar/ld® In some of these works, N distribution

chanical, and physicochemical properties, especially, electri-"" the N-doped CNTs was investigated. However, effective

cal characteristics being sensitively dependent on the diam-.ContrOI of N location and distribution in the doped nanotubes

eter and helix of nanotubéddowever, regrettably, no one is still a big problem. The present group successfully

: fabricated the CNTs with a double coaxial structure of
has been able to precisely control these structural parameter?\l_do ed and undoped multiwalls using the template tech-
up to date Doping of heteroatoms into rolled graphene P P g P

layers constituting CNTs is believed to be another way to nique for the first time. The synthesis of such nanotubes was

effectively adjust the electronic conductance characteristicsb”e‘cIy reported in a short communication where it has been
and other propertiesMany kinds of doped CNTs have been proved that the prepared nanotubes are chgracterlzed by the
prepared so fatNitrogen-doped CNTs are predicted to be inner_(or outer) N-doped and outer (or inner) undoped

. ; - layers?®
potentialn-type semiconductors and have been synthesized . .
in many ways such as thermal chemical vapor deposition The present study reports the details of the double coaxial
(CVD) of N-containing organic compounds in the presence structure of the novel CNTs and discusses the difference in

of metal catalyst§;'! hot filament CVD of N—CH;— strzgcturg de Pr?f]etrr?esf b”e tvv\\//i(:len the C?a}X'EI Zli_(:ﬁgeg ind
NH,,'>13 electron cyclotron resonance CVD of the mixture unhdoped iayers € fotowing aspects. smbution,
microscopic features, crystallinity, chemical reactivity, and
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Figure 1. Schematic illustration of the synthesis of the double coaxial CNTs
with inner N-doped and outer undoped multiwalls (PA-CNF).

2. Experimental Section

2.1. Materials. By the anodic oxidation of an aluminum plate,
an anodic aluminum oxide film (AAO) with a channel diameter of
30 nm and a thickness of about 7én was prepared, and details
are given elsewher€:18 The resulting AAO film was placed on a
quartz boat in a horizontal quartz reactor (inside diameter, 55 mm)
and subjected to two-step CVD to prepare double-stack CNTs with
controlled N distribution. As shown in the schematic diagram
(Figure 1) for preparing CNTs with double coaxial structure, the
first propylene CVD (propylene 1.2% in Nt a flow rate of 1000
cm® (STP)/min) was conducted at 80C for 2 h, leading to a
uniform coating of a pure carbon layer on the inner wall of the
AAO nanochannels. A second CVD was then carried out on the
carbon-coated AAO film under an acetonitrile (4.2% in & a
flow rate of 500 cr (STP)/min) vapor flow at 806C for 5 h. The

latter CVD process gave rise to an N-doped carbon layer on the
already-deposited pure carbon layer, leading to the formation of
the double structure of N-doped and undoped carbon layers on the

inner wall of the nanochannels. Such doubly carbon-coated AAO

is denoted as PA/AAO (hereafter, P and A represent propylene and

acetonitrile, respectively). After the CVD processes, the carbon-
coated AAO film was treated with 10 N NaOH solution at 18D

for 6 h to remove the AAO template, thereby liberating the
nanotubes from the template AAO film. Since the acetonitrile CVD

follows the propylene one, the CNTs thus prepared have a double
structure of outer undoped and inner N-doped multiwalls (hereafter

referred to as PA-CNT).
With a reverse in the CVD sequence, the double coaxial CNTs

of outer N-doped and inner undoped multiwalls were prepared. The

carbon-coated AAO and resulting CNT are denoted as AP/AAO
and AP-CNT, respectively. The one-step propylene CVD over AAO
produced single-stack undoped CNTSs, and the carbon-coated AAOs
and resulting CNTSs are referred to as P/AAO and P-CNT. Likewise,

the one-step acetonitrile CVD led to N-doped CNTSs, and the carbon-

coated AAOs and resulting CNTs are denoted as A/AAO and
A-CNT, respectively. For any CVD processes, propylene and

acetonitrile were introduced into the CVD furnace under the same

conditions (concentration and flow rate) as in the PA-CNT case.
2.2. Characterizations.The carbon-coated AAO films and the

corresponding CNTs were characterized by several means. Micro-
scopic observation of the samples was performed by field-emission

scanning electron microscopy (FESEM, JEOL SM71010) and
transmission electron microscopy (TEM, JEOL JEM-2010). Raman

(17) Kyotani, T.; Tsai, L.; Tomita, AChem. Mater1995 7, 1427.
(18) Kyotani, T.; Tsai, L.; Tomita, AChem. Mater1996 8, 2109.
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Figure 2. Schematic diagram of electrical conductance measurement of
template-synthesized CNTSs.

spectra were measured using a micro-Raman apparatus (Seishin)
with Ar ion laser excitation at 514.5 nm. X-ray diffraction (XRD)
measurements were conducted using an X-ray diffractometer (XD-
D1, Shimadzu) with Cu i radiation. X-ray photoelectron spec-
troscopy (XPS) measurements were conducted using an ESCA
spectrometer (PHI 5600 ESCA, Perkin-Elmer), where a binding
energy correction was made to account for sample charging based
on the Ag 3d peak at 367.9 eV. Element concentration depth profiles
were obtained by XPS with argon sputter etching technique (argon
ion beam irradiation under an electric voltage of 1 kV).

2.3. Oxygen Chemisorption.Oxygen chemisorption measure-
ment was conducted by the following procedure. Each CNT sample
was heat-treated under a He flow at 800 for 1 h in order to
clean the sample surface and then subjected toifto®@ at 200
°C (20 cn¥/min of O, and 80 crdmin of He), followed by a
temperature programmed desorption (TPD) measurement (raising
temperature from 200 to 100TC at a linear heating rate of 10
°C/min under a He flow and then keeping constant at 1WD@or
30 min). CQ and CO gases liberated from the CNTs were
quantitatively monitored by a high-speed gas chromatograph.

2.4. Electrical Conductance Measurement.The electrical
conductance of the carbon-coated AAO films (CNT-AAO com-
posites) was measured by a two-terminal method as shown in Figure
2. All the nanotubes prepared by the template technique were

embedded in the nanochannels of AAO templates and parallel to
each other as a result. We coated both sides of a CNT-AAO
composite film with silver paste (Dotite 550, Fujikura Kasei), to
which two silver wires are attached. A potentiall(.0 to 1.0 V) is
applied to both surfaces of the film through the two conducting
wires, and the+V characteristics were measured at a temperature
of 25 °C. According to the +V curves, the resistances were
obtained and then the specific resistivity of the prepared CNTs was
induced. For each case, five samples were measured to obtain the
average resistanc®f, after the error correction by subtracting the
contact resistance of conducting wires and silver paste). The area
(denoted ag\) of each side of CNT-AAOQ film employed is about
0.5 cn?, and the numbemj of nanotubes in an AAO template per
unit area is estimated as % 10'%cn¥? according to the SEM
observation. Apparently, the resistang® ¢f an individual nanotube
is determined froniRy, n, andA by the equationR = nAR,. Then
Sthe specific resistivity §) of CNT is calculated according to the
equation: p = RSL (SandL are the cross-sectional area and length
of an individual CNT, respectively).

3. Results

3.1. N Distribution Depth Profile. In the previous studif
elemental analyses (bulk N/C ratios) and XPS measurement
(surface N/C ratios) provided evidence that the two-step CVD
leads to the formation of CNTs with a double coaxial
structure with N-doped and undoped multiwalls. The first
two columns of Table 1 present a concise summary of
elemental analysis and XPS results of carbon-coated AAO
and CNTs. In the cases of XPS, the previous communica-
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Table 1. Microstructural Parameters and Properties of the Carbon-Coated AAO and Resultant CNTs

Raman XRD XPS TPD

sample  bulk N/C ratio  surface N/C ratioAvc? (cm™) LP (nm) doof (nm) fwhnt (eV) CO, (umol/g) CO umol/g) o€ (Q-cm)
P-CNT 100 4.0 0.34 1.86 88 36 (1460.3) x 10°
PA/AAO 0.056 2.10

PA-CNT 0.030 0.009 170 2.8 0.35 1.80 262 57 (#&8.2) x 177
A-CNT 0.080 0.074 250 2.0 0.36 2.06 600 192 ZD.3)x 10
AP/AAO 0.012 1.80

AP-CNT 0.033 0.043 160 3.0 0.35 2.02 325 60 @0.3) x 1%

afwhm of G band in Raman spectfaThe crystalline size determined from the (002) peak width using the Scherrer eq@atiwmlayer distance between
graphene plane&.fwhm of the sg carbon peaks in XPS.The specific electrical resistivity.

' ' ' ' ' ' The depth profiles of N distribution for the carbon-coated

0097 AP/AAO 1 AAO films (PA/AAO and AP/AAO) were analyzed by XPS
with the argon sputtering technique. In Figure 3, the N/C
0.06} . atomic ratios of PA/AAO and AP/AAO are plotted as a

function of argon sputtering time, which is roughly propor-
tional to the etching depth. For PA/AAO, the N/C atomic
0.03r 1 ratio decreases with the etching of the upper layer, and after
PA/AAO . . .

about 3 min sputtering, the N concentration decreases to zero.
| The N/C atomic ratio profile of AP/AAQO is the complete
0 1 > 3 2 5 opposite to that of PA/AAO, and the N/C atomic ratio
increases during the first 2 min of etching.
) ) o ° ] 3.2. SEM Observation.Parts a and b of Figure 4 show
El'gt‘:;% 3;3 zr?lf'r']‘zﬁoorf (';'flgrg:)?]ms';l;ggﬁn%fttizfe.dwb'y coated AAQfilms o SEM images of PA-CNT. All the nanotubes exist in

bundles of a uniform length of 760m, exactly the same as

tion'® stated that the obtained spectra mainly reflect the the thickness of the AAO film used as a template. Figure 4b
information of the outer layer of the CNTs and are hard to shows the image of ends of the nanotube bundles, and it is
reflect the information of the inner layer, since the escape demonstrated that the bundled nanotubes are connected to
depth of photoelectrons in XPS is usually3 nm for carbon each other by a carbon film that is deposited on the outer
materials. In the case of the template-synthesized nanotubessurface of AAO in the CVD. The carbon film is retained
however, the characteristics of their inner surface (inner when the AAO template is removed. Three other kinds of
layer) can be estimated from the analysis of the external CNTs show an appearance similar to PA-CNT.
surface of the corresponding carbon-coated AAO film as 3.3. HRTEM Observation. Figure 5 shows high-resolu-
judged from Figure 1. We thus regard an XPS spectrum of tion TEM (HRTEM) images of the wall structure of PA-
each coated AAO film as that of the inner surface (inner CNT (a) and AP-CNT (b). The two images show that both
layer) of the corresponding nanotubes. By comparison of the samples contain many roughly parallel graphene sheets.
surface N/C ratios of carbon-coated AAO (inner surface of However, for each nanotube, these sheets hardly stretch
CNT) with those of the resultant CNTs (outer surface of through its entire tube, and the size of most sheets is in the
CNT) as shown in Table 1, it is easy to conclude that PA- range of 5-10 nm. As a result, significant lattice distortions
CNT is composed of the outer undoped and inner N-doped and defects are observed in the wall structure. All these
multiwalls while AP-CNT is, in the reverse case, of the outer microscopic features clearly indicate low crystallinity of the
N-doped and inner undoped multiwalls. present double coaxial CNTs. For both types of double

N/C atomic ratio

0.00F

Sputtering period (min)

50 um
Figure 4. SEM images of PA-CNT. Bundled CNTs (a) and ends of bundled CNTs (b).
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Figure 5. HRTEM images of the tube walls of the AP-CNT {aand PA-CNT (b).
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Fi . R f th I ial CNT: he single-stack . .
Clg#rse.ﬁ aman spectra of the double coaxial CNTs and the single-stac peak of graphite (0.3354 nm), coinciding with the low

crystalline nature revealed in the HRTEM images. However,
coaxial CNTs, we cannot find any clear interface between there are apparent differences between the four samples.
the outer and inner layers, and also it is difficult to identify Table 1 presents the interlayer distance values between
apparent microscopic differences between these two typesgraphene planesl{y,) together with the crystalline siz&d)
of double coaxial CNTSs. determined from the peak width using the Scherrer equation.
3.4. Raman Spectra.For the double coaxial CNTs and P-CNT has the highest crystallinity with the narrowdgt
single-stack CNTSs, their Raman spectra (Figure 6) show two (0.34 nm) and the largest. (4.0 nm), whereas A-CNT has
weak peaks assigned to the disorder-induced band, the Dthe broadestlyo, (0.36 nm) and the smallegt, (2.0 nm).
band, around 1350 cmy, and the tangential modes, the G = Similar to the Raman spectra, the double coaxial CNTs (PA-
band, around 1600 cr This suggests structural imperfec- and AP-CNT) have the intermediatiyo, and L. values
tion of the rolled graphene sheets. It should also be notedbetween P- and A-CNT.
that the G bands of all four samples are upshifted compared 3.6. Fwhm of the s Carbon Peak in XPS.Each Gs
with that of graphite (1580 cm). It is also demonstrated in ~ XPS of the carbon-coated AAO films and CNTs is charac-
Figure 6 that the four samples have apparent differences interized by a large peak around 285 eV together with a very
the shape of Raman bands and the; value (full width at weak shoulder on its high-energy side. The large peak can
the half maximum (fwhm) of the G band, shown in Table be attributed to the $arbon atoms of the carbon skeleton.
1). For P-CNT, the two bands are well separated And Table 1 also shows that the fwhm values of thé cgrbon
(100 cn1?) is the lowest in all four samples. Among the peaks have varied values among all the samples including
four samples, A-CNT has the weakest response for boththe carbon-coated AAO films and CNTs. The fwhm value
bands and the largeatvs of 250 cn1?, and moreover, the  of AP/AAQ is similar to those of PA- and P-CNT. The fwhm
two bands are greatly overlapped. PA- and AP-CNT have avalues of the other three samples (PA/AAO, AP-, and
similar Raman response, and theg values are 170 and A-CNT) are also similar to each other.
160 cnt?, respectively, between P- and A-CNT. 3.7. Oxygen Chemisorption.The double coaxial and
3.5. XRD Pattern. XRD measurements were conducted single-stacked CNTs were subjected to oxygen chemisorption
for the double coaxial and single-stack CNTs, and Figure 7 at 200°C just after the heat treatment under a He flow at
shows the XRD patterns around the (002) diffraction peak. 800 °C. The resultant chemisorbed oxygen was allowed to
All four samples are characterized by broad (002) diffraction desorb as C®and CO gases during the subsequent TPD
peaks, and their positions are much lower than the typical process. As revealed in Table 1, A-CNT desorbs much larger
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amounts of C@and CO than the other three samples do, tively, which are in accordance with those (0.030 and 0.033)
and P-CNT has the lowest desorption amounts of @@ determined by the elemental analysis. This finding indicates
CO. The amounts of COand CO evolved from PA- and that N atoms are uniformly distributed in the N-doped layers
AP-CNT are between P- and A-CNT. of all three N-doped CNTSs (A-, AP-, and PA-CNT) with an
3.8. Electrical Conductance.l—-V characteristics for all  approximate stoichiometry of ,eN. The previous com-
the carbon-coated AAO films are of ohmic nature, and the munication discussed hspectra of PA/AAO (inner surface
resistances of these coated AAO films were obtained from of PA-CNT) and AP-CNT (outer surfacéj.Both spectra
each slope of thé—V curves. Accordingly, the resistivity  were characterized by a large peak around 401.0 and a small
of the resultant CNTs was calculated. Table 1 shows that, one around 398.4 eV, suggesting the presence of quaternary
among the four samples, the undoped P-CNT has the highesiN and pyridine-type N species in the N-doped layer. This
while A-CNT has the lowest electrical resistivity. It is finding indicates that, no matter where N is doped (in the
apparent that the resistivity is related to the N fraction, and outer or inner layer), N exists in the similar chemical states.

with the increase of N content, the resistivity decreases. The HRTEM images (Figure 5) reveal that both PA- and
AP-CNT have a less-crystallized structure and show no
4. Discussion visible interface between the layers grown in the different

CVD steps. Raman (Figure 6), XRD (Figure 7), and XPS
(Table 1) measurements, however, confirm that there is an
apparent difference in the crystallinity between the inner and
the outer layers. We compared Raman spectra and XRD
patterns of single-stack A-CNT with those of P-CNT to
distinguish the crystallinity of carbon layers deposited by
the acetonitrile CVD and propylene one. A-CNT has much
larger Raman spectrumvs and a broader (002) peak in
the XRD pattern compared with P-CNT. Lespade ef®al.
proved that the Ramanvg is closely related to structure
regularity, and the larger th&vg, the lower the graphitization
egree. Meanwhile, XRD patterns of carbon materials have
een well understood and the boarder (002) peaks represent
a less-crystallized structure. It is thus concluded that the
acetonitrile CVD leads to a less-crystallized N-doped layer
compared with the undoped one prepared by the propylene
CVD. PA- and AP-CNT have the crystallinity parameters

for the formation of double coaxial CNTSs. In the profile of . )
. . . between P- and A-CNT as expected since the coaxial CNTs
PA-AAOQ, the N/C atomic ratio gradually decreases with the have both N-doped and undoped layers. By identification

increase in the sputtering period, and the ratio reaches zero .
when the N-doped layer is fully removed and only the lower of the fwhm valqes of the XPS Cpeak, more dlregt 'proqfs
undoped layer is left. Thus, the profile gives a clear have been obtained to make sure of the crystallinity differ-

illustration of the depth-dependent N-distribution of the PA- encbes betwteedn:'l\eolnfr_}er Iaye(; 6(1;1Nd_lf)uter og_e._(;n(;rabtle tl the
AAO film, that is, the axial N distribution of the resultant carbon-coate ims an S are divided into two

PA-CNT. Itis a little complicated in the AP-AAO case; even gé%giogriip I (Azlﬁ\AgN?A" and z.'CNtT) ‘?r? d g:c\?vuhp .
before the sputtering, an amount of N can be detected( ! - and A- ), according to their m

because the escape depth of one photoelectron is larger thaX?luetS' Thft% spegtra |°f gI‘OL(ij : riﬂZCtb tht?] chemlclal
the thickness of the upper layer (1.6 nm) and a little portion structure ot the carbon layers deposiled by Ihe propylene
of the lower layer can be detected: after complete removal CVD, while those of group Il reflect the chemical structure

of the upper undoped layer, the N/C atomic ratio of AP- of carbon Iaygrs depo§ited by the acetonitrile CVD. In
AAO reaches the highest level. This provides very solid proof general, the wider the width of the“sparbon peak becomes,

that the resultant nanotube, AP-CNT, has a coaxial structuretr:ff[rlless the dltlagree of the grtlap|h|t|zat?t6r;r‘11.Tr;E fwhmf\:ﬁlues
of outer N-doped and inner undoped multiwalls. ? ¢ rtehgr%l:ﬁ]f.”?:.ﬁ alcohpazirtiz KI g;gird Iaar(la 'Ofneo(r)e 'rrigﬂl);rp
The elemental analysis (Table 1) provides evidence for urther rming ~dop YEris Irregu

the uniform distribution of N in the N-doped layer. For anld less cry_stalln}eNthan the gndoped one. . . d
single-stack A-CNTs, their N/C surface atomic ratio (0.074), ncorporation of N species imparts new active sites an

obtained from XPS, is close to that from the bulk elemental structural irregularity to carbon_hexagonql rings, and as a
analysis (0.080). This agreement implies that N atoms are result the N-doped layer has a high reactivity compared with

uniformly distributed in the carbon walls of A-CNT. By the uhngpphed one. As pLesented e_lbove (Ta*?'e t) A'CET hijs
assumption that such a uniform distribution with an N/C ratio much higher oxygen chemisorption capacity than undope

of 0.080 is the case also for the N-doped layers in the double P-CNT. PA-and AP-CNT havertlhe} cherr:ﬂsohrption C?pacitigsl
coaxial CNTs, we can estimate their bulk N/C ratios only between P- and A-CNT due to the fact that the double coaxia

from the thicknesses of N-doped layers and undoped ones

P : _ (19) Lespade, P.; Al-jishi, R.; Dresselhaus, M.Caarbon1982 20, 427.
of the double coaxial CNTs. Such average ratios of PA- and (20) Takahagi, T.; Ishitani, ACarbon1984 22, 43,

AP-CNT are thus calculated to be 0.030 and 0.039, respec-(21) Takahagi, T.; Ishitani, ACarbon1988 26, 389.

The previous study proved that both the first- and the
second-step CVD processes lead to the uniform deposition
of carbon layers in the narrow channels of AAO template
and PA-CNT is composed of outer undoped and inner
N-doped multiwalls while AP-CNT is, in the reverse case,
of the outer N-doped and inner undoped multiwél¥he
wall thicknesses of P- and PA- and A- and AP-CNT are 2.5
and 4.4 nm and 1.7 and 3.3 nm, respectively. The SEM
images (Figure 4) show that the CNTSs exist in bundles even
after removing AAO templates, and the carbon coated on
the outer surface of AAO in CVD is not destroyed and
behaves as the binding agents to connect nanotubes with eacﬁ
other into bundle form. The N-distribution depth profiles
(from upper to lower, shown in Figure 3) of PA- and AP-
AAO films reveal the axial N distribution of the resultant
CNTs (from inner to outer) and provide further solid proof
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Table 2. Resistivity of Different Carbon Materials Reported in the and those of PA- and AP-CNTs have 1 order of magnitude
Literatures as Compared to the Measurements in This Paper lower than the undoped P-CNT (Table 1). The crystallinity
_ resistivity at room is likely to be less important than N doping for the
materials temperatureqd, 2-cm) ref

conductivity of less-crystallized CNTs such as P-CNT. It is

girzm?g N5i0210crf3 i commonly accepted that the electrical conduction in less-
metallic SWNT (5-7) x 10 22 crystallized carbon materials (including the present undoped
MWNT 5.1-5.8 lel(r6 , 23 and N-doped CNTs) occurs by a discontinuous hopping
’é"_\évo'\gd MWNT 57-34§ igS :8 ;;i ig‘* gj between localized states distributed in the mobility gap near
N-doped carbon filh 2 x 10-1 ' 25 a conduction band edge or the Femi energy |é¥dlhe
N-dé)peglcarbon filth 10366107 26 doping of N (as donors) will change the electronic structure
carbon filnf ~1 27 ; ; i

B-doped carbon filrh 10— 10° 57 of th_e carbon layer, possibly s_hlft the Femi energy level,
P-CNT (undoped) 1.6 108 this paper and increase the electron density near the conduction band
A-CNT (N-doped) 2.2<10 this paper to promote the hopping conductance in N-doped layer. In

a Amorphous carbon (8 at. % N) prepared by filter are deposition. Other words, the hopping behavior is in a different intensity

b Carbon nitride film prepared by magnetron sputterfifjUndoped and for undoped or N-doped layers to result in different
B-doped (0.5 at. % B) carbon film by filter arc deposition. Conductivity

CNTs contain not only relatively inert undoped carbon layer
but also a reactive N-doped one. In other words, the double
coaxial CNT possess a nanotubular structure with entirely  This study reports the details of the aligned CNTSs, with
different surface chemical activity for outer and inner layers. the double coaxial structure of N-doped and undoped carbon
As shown in Table 1, both undoped and N-doped CNTs multiwalls, prepared by the template technique. The N-doped
have the electrical resistivity in the range of 2210 to and undoped layers of each double coaxial CNT have
~1.6 x10° Q-cm, suggesting that all four samples are different crystallinity and physicochemical properties, and
semiconductors. The electrical resistivity of P- and A-CNT the N-doped layer possesses less crystal nature, higher
and some other kinds of carbon materials are summarizedreactivity, and electrical conductivity. In other words, the
in Table 2. In the common case, the less the crystallinity of structure of the present CNTs is doubly coaxial in terms of
the graphene sheets, the higher the resistivity. In this study,both heteroatom distribution and crystallinity, and the double
the undoped P-CNT is less crystallized than single walled coaxial CNTs can thus provide different chemical surround-
carbon nanotubes (SWNT) and multiwalled carbon nanotubesings and impart different electrical conductivity to their outer
(MWNTSs) (listed in Table 2) employed for resistivity and inner layers. This study demonstrates that the template
measurements, and hence the resistivity of P-CNT is highertechnique allows one not only to control the size of CNTSs,
than most of these CNTSs. Likewise, compared with the much but also to selectively dope heteroatoms into carbon multi-
less crystallized carbon films, P-CNT has lower resistivity. walls to adjust the physicochemical properties. This technique
Also on the basis of Table 2, B or N doping lowers the Wwill, therefore, make it possible to realize several types of
resistivity of the carbon structure not only for CNTs but also coaxial electronic heterojunctionpr( npn, or pnp) inside
for carbon films. Despite less crystallinity due to the N CNTs by controllable stacking-type layers (doped with
introduction, the resistivity of A-CNT has about two orders, €lectron-excess elements such as N) gngpe layers
(undoped or doped with electron-deficient elements such as
(22) Zhu, H. W.; Xu, C. L.; Wu, D. H.; Wei, B. Q.; Vajtai, R.; Ajayan, P. B)-
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