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The structure of multi-wall carbon nanotubes has been attributed previously to disordered stacking

of the graphene planes. Evidence is presented that the nanotubes analyzed in this paper occur with

stacked graphene layers in the sequence of AA0, where alternate graphene planes are translated by

half the hexagon width. We further present proof that the crystalline materials comprise graphene

helices (�5 nm in width), rather than in the form of a perfect tube. We also show that the structural

model proposed here may be a common structure for multi-wall carbon nanotubes. VC 2013 AIP
Publishing LLC [http://dx.doi.org/10.1063/1.4802881]

With their unique features and resulting diverse proper-

ties, multi-wall carbon nanotubes (MWNTs) are of worldwide

interest, and numerous studies have been performed since the

first report of their synthesis in 1991.1 Nevertheless, to date,

the specific structure of MWNTs is still uncertain, and no sin-

gle model is capable of addressing the various kinds of mor-

phologies reported. There are two main types of structural

models, concentrically nested tubes and a scroll of graphene

sheets (or the coexistence of the two forms).2–6 Although the

premise of the two models is the disordered stacking of gra-

phene sheets, a few groups7–9 have suggested the existence of

an intermediate state between crystalline AB graphite and the

turbostratic stacking based on signals assigned to the hexago-

nal (100) and (110) planes together with the (002) plane in

X-ray,7,10–15 electron,1,3,8,15–26 and neutron9,27 diffraction

analysis. This feasible suggestion has not gained ground

because a relevant structure could not be analytically proven

whilst others attributed the appearance of the signals to regular

chirality of the disordered graphene sheets or the structural

diversity of graphitic materials.

Previously, we have shown that the AA0 stacking of gra-

phene layers, in which alternate graphene planes are trans-

lated by a half width of the hexagon, appears together with

AA stacked graphite on diamond (111) surfaces due to the

symmetry of the unreconstructed diamond (111) plane.28

The theoretical spacing of the AA0 stacking was approxi-

mately 3.43 Å,28 which is very close to that normally meas-

ured from MWNTs, i.e., about 3.44 Å.1,7,10–13 The total

energy per atom for the AA0 stacking, �40.44 eV/atom, lies

between that of AB (lowest) and AA (highest) stacking,

although the difference is small at �10 meV per atom.28

This calculation suggests that AA0 graphite may be observed

under conditions where the rate of formation is kinetically

controlled. Nevertheless, the structure and the characteristic

AA0 stacking have not been previously observed.

In this paper, we analyze the crystallographic structure

of the AA0 stacking of graphene layers and show that the

conventional MWNT samples characterized here29 are com-

posed of AA0 stacked graphene helices. We also discuss that

our structure model can explain the experimental data of

MWNTs in the literature.

Figure 1 shows the crystal structure of AA0 graphite,

assigned to an orthorhombic Fmmm (#69) space group, unlike

AB29 or AA graphite which are assigned to a hexagonal

group.30 The simulated X-ray diffraction (XRD) pattern of AA0

graphite is very similar to that of AB graphite (Fig. 2(a)), in

which the allowed reflections, 002, 020, 111, 022, 004, 113,

024, 200, 131, 202, 133, 040, and 222 peaks are predicted. The

key differences lie in the appearance of 131 and 133 peaks.

XRD patterns of vapor phase catalytic chemical vapor

deposition (VCCVD)- and arc-MWNTs show the unique

feature7,10–15 that two strong peaks at 2h� 42� (d-

value¼ 2.13 Å) and 2h� 77� (d-value¼ 1.23 Å) appear, to-

gether with the dominant 002 (2h� 25.9�, d-value¼ 3.44 Å)

and 004 peaks, as shown in Fig. 2(b). The 020 and 200 peaks

of arc-MWNTs are very sharp, corresponding to those of

crystalline graphite.10 Indeed, the XRD patterns well fit with

the predicted pattern31 for h001i oriented AA0 graphite (the

tubular material can be regarded as a thin graphite film (Fig.

3)) where 002 and 020 peaks become relatively stronger.

The interplanar spacing, 3.44 Å, measured from each 002

peak of arc- and VCCVD-MWNTs, is close to the theoretical

value of the AA0 stacking, 3.43 Å.28 The results indicate that

the materials are crystalline comprising h100i oriented AA0

graphene layers.

The electron diffraction (ED) pattern measured from an

arc-tubule, which was not tilted (i.e., the inclination

a)Author to whom correspondence should be addressed. Electronic mail:

jklee@kist.re.kr
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angle,15,16 b¼ 0) on the horizontal line of the TEM grid, is

identical to the expected pattern for the AA0 crystal in a zig-

zag structure, as shown in Fig. 4(b). The pattern is inter-

preted in terms of the orthorhombic AA0 unit cell although

much weaker h100 and h110 spots, which are related with

the hexagonal AB structure and 113 spots, appear. A clearer

ED pattern obtained from different sample (Fig. 4(c)) shows

evidence that the tubule was tilted by 3�. The spots of (020)

and (200) planes, which are not parallel to the tubule axis,

are split into two and appear as a pair of spots. From a tubule

tilted by 10�, another pair of 020 and 200 spots appear on

Ewald’s spheres (Fig. 4(d)). Also, the spots of the unique

131 plane of the AA0 crystal, which is oriented by 11� to the

beam direction (Fig. 3(c)), h001i, are evident. The data pro-

vide evidence that the arc-MWNTs adopt an AA0 zigzag

configuration.

Many ED patterns that are similar to those shown in Figs.

4(b)–4(d) have been reported for MWNTs,1,3,15–26 including

double-wall CNTs,17,18 mainly prepared by the arc discharge

or the ACCVD (i.e., aligned catalytic CVD growth on a sub-

strate) technique. Previous researchers have interpreted the

ED patterns as the disordered stacking of graphene layers with

uniform chirality. However, such ED patterns, where 020 and

200 spots coexist with 002 and 004 spots, cannot appear in the

turbostratic stacking with any regularity.29 Particularly, the

split ED signals, originating from the inclination tilts of the

samples on the TEM grid which cannot be controlled,15 were

interpreted as evidence of chirality.1,3,15–26 The ED pattern for

the armchair structure29 has neither been reported in the litera-

ture nor observed in this study. The relatively larger angle to

the tubule axis, leading to a steeper curvature of the graphene

ribbons, makes the armchair structure energetically unfavora-

ble; the calculated strain energy32 of graphene ribbons in the

zigzag configuration is about one-third that of those of the

FIG. 1. Crystal structure of AA0 graphite. (a) The plan view of AA0 graphite

(orthorhombic, a¼ 2.46 Å, b¼ 4.26 Å, c¼ 6.88 Å, angles¼ all 90�). (b) The

primitive cell of AA0 graphite.

FIG. 2. (a) Simulated XRD patterns (k¼ 1.541 Å) of AB graphite, AA0

graphite (c¼ 6.88 Å), and h001i oriented AA0 graphite. The simulation for

the oriented AA0 graphite was performed using the modified March-Dollas

function in the RIETAN-FP program (see Ref. 31). (b) XRD patterns of

purified arc- and VCCVD-MWNTs.

FIG. 3. (a) and (b) A model of MWNTs.

MWNTs are of tubular construction of the AA0

armchair graphene helices, forming a zigzag

configuration (b) (semitube). The blue line in

(a) indicates the track of graphene helix 1. (c)

Schematic diagrams simplifying the structure of

MWNTs as a h001i oriented AA0 zigzag gra-

phene thin film and showing the reflection

planes of the AA0 crystal.

161911-2 Lee et al. Appl. Phys. Lett. 102, 161911 (2013)
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armchair configuration. The results of ED analysis indicate

that the AA0 stacked zigzag configuration is a common struc-

ture of MWNTs.

The critical question is how the AA0 stacking can be

retained in the tubular material where the structure is

commonly known as concentric graphene layers with differ-

ent diameters. The helical growth of narrow but long gra-

phene sheets provide a solution to the problem. The unique

AA0 stacking of armchair graphene ribbons can cause the

helical growth when the (200) plane, which is the closest-

packed plane, appears at an angle to tubule axis. Here, h200i
becomes the preferential growth direction which drives the

helical growth of the armchair graphene ribbons, resulting in

the zigzag tubule where the angle of h200i with respect to

the tubule axis is 30� (Fig. 3(b)).

Graphene helices, which appear as a stack, are detecta-

ble with high-resolution transmission electron microscopy

(HRTEM) tilt experiments, as shown in Fig. 5. The

VCCVD-tubule reveals the stacked graphene helices (the

yellow arrows in Fig. 5(a)) in the curved part (such morphol-

ogy prevails in the literature).25,33–38 With 40� tilt of the

sample stage, the straight part of the VCCVD-tubule reveals

the stacked graphene helices (the red arrows in Fig. 5(a0)),
and the angle of the helices to the tubule axis (the yellow

arrows in Fig. 5(a0)) becomes steep and is measured to be

about 30�. The analysis indicates that the stacked graphene

helices of the tubule lie at an angle of 30� to the tubule axis.

The profile of the graphene helices is evident in the

AFM image obtained from a VCCVD-tubule (Figs. 6(a) and

6(b)) where the tubule with the diameter of �20 nm (Ref.

29) appears to be broadened (�110 nm in width) due to the

AFM tip effects. The angles of the helices to the tubule axis

ranging 64�–72� in the distorted image span 21�–29� in the

corrected image. The line scan data indicate that the heights

between the graphene helices (plateaus in the line scan) are

one or two atomic thicknesses (0.4–0.8 nm). The atomic

height steps in AFM data are due to the incoherent scroll of

the blocked graphene helices (Fig. 6(b)), resulting in the typ-

ical herring-bone morphology of VCCVD-MWNTs.39 The

HRTEM and AFM analyses (Figs. 5 and 6) demonstrate that

the tubular materials are composed of stacked graphene heli-

ces (with a thickness of �5 nm, corresponding to the thick-

ness of the wall of the VCCVD tubule) subtending an angle

FIG. 5. HRTEM images of a VCCVD-MWNT

(a, a0) and an arc-MWNT (b, b0) with tilts. (c)

A cross-section of an arc-MWNT revealing

polygonized morphology. The yellow and red

arrows indicate the stacked graphene helices.

FIG. 4. ED pattern analysis of arc-MWNTs. (a) A HRTEM image of an arc-

MWNT. (b)-(d) ED patterns measured from individual MWNT. The inset is

a schematic diagram explaining the inclination angle (b) of the sample on

the TEM stage.

161911-3 Lee et al. Appl. Phys. Lett. 102, 161911 (2013)
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of 30� to the tubule axis. On the other hand, probing the gra-

phene helices from arc-MWNTs has not been achieved. We

attribute this to the typical feature of arc-MWNTs, i.e., com-

prising coherently scrolled graphene helices (Fig. 4(a)) and

the relatively poor spatial resolution of AFM.

The bamboo and closed ends structures2,4–6,33–43 shown

in Fig. 5(b), which prevail in arc- as well as CVD-MWNTs,

are evidence of our graphene helices model. Due to the

imaging mechanism of TEM, the tubules with locally

released graphene helices inside and at the ends of tubules

can be seen as the bamboo or capped structures, respectively.

The polygonized (graphite-like) morphology is evident in

the cross-sectional image of an arc-MWNT (Fig. 5(c)). The

helical and polygonized structure of MWNTs explains the

appearance of the unexpected h100 and h110 signals of the

AB structure (Figs. 4(b)–4(d)). The stacked graphene nano-

ribbons easily slide, and this can break the symmetry of the

AA0 crystal resulting in revelation of the latent h100 and

h110 signals.29 The polygonized (or distorted) AA0 stacked

graphene nanoribbons can reveal the unexpected 113 spots

(Figs. 4(b)–4(d)). The current model also explains the peri-

odically blurred lattice fringes (the red arrows) and the

disconnected lattices on the surfaces of the tubules (the blue

arrows) in Figs. 4(a) and 6(b), which are common in

HRTEM1–6,8,11,12,14,15,20,23–26,33–43 and scanning tunneling

microscopy35 images in the literature.

Thus, in summary, MWNTs are of tubular construction

formed by the helical growth of the AA0 stacked armchair

graphene ribbons whose widths are on the order of several

nm. The crystalline growth resulted in the preferred and non-

chiral zigzag configuration as the minimum energy configu-

ration: the calculated strain energy32 of the graphene helix is

one-fourth of that of seamless graphene tubes. We expect

that the graphene helices, particularly, comprising the coher-

ently scrolled arc-MWNTs can be locally “zipped up” where

atomic matching is ideal, and such samples can be seen as

concentrically nested tubes. Our model implies that the prop-

erties of MWNTs are dependent on the internal structure of

individual MWNT which varies from one tubule to another.

This explains the inconsistent physical properties reported

for MWNTs43,44 despite the numerous investigations that

have been carried out since 1991.1 The dramatic conversion

of VCCVD-MWNTs with the typical bamboo morphology

into graphitic nanoribbons (Fig. 1 of Ref. 45) by mechanical

milling supports the proposed model.

The oriented nanocrystalline structure of MWNTs

explains the unique XRD patterns which are different from

the expected pattern of the orthorhombic crystal (Fig. 2(a)).

The tubules, comprising the AA0 stacked armchair graphene

nanoribbons, broaden the XRD signals except for the (020)

plane which are parallel to the graphene nanoribbons (Fig. 3).

This explains the XRD pattern of the VCCVD-MWNTs

(mostly incoherently scrolled), where the 020 peak is very

strong whilst other peaks, apart from the 002 and 004 peaks,

are weak, 200 peak, or absent (Fig. 2(b)). Coherently scrolled

arc-MWNTs exhibit strong 200 signal because the 200 planes

cross the diagonal dislocations (Fig. 3). This explains the rela-

tively sharp and strong 200 signal of arc-MWNTs, compared

with that of VCCVD-MWNTs (Fig. 2(b)), to be associated

with different structures depending on the growth conditions.

The traces (backgrounds) of the broadened signals, including

the unique 131 and 133 peaks of the AA0 crystal, are evident

in the arc-MWNT pattern (the red arrows in Fig. 2(b)). The

extent of the broadening of the signals may depend on the

angles of the reflection planes with respect to h001i and h200i
directions of the AA0 crystal as well as the dimension (or cur-

vature) of the graphene nanoribbons (Fig. 3).

Due to the absence of 111, 022, 113, 024, and 202 sig-

nals in the typical XRD patterns for MWNTs the material

has been interpreted as turbostratic stacking.10–14 The XRD

patterns of carbon black revealing three broad signals

reported by Biscoe et al. (Fig. 4(a) of Ref. 46) are representa-

tive of imperfect turbostratic graphite. The material crystalli-

zes with heat-treatment at �3000 �C, resulting in the

dramatic change of the morphology from nanoparticles to

polygonal graphitic helices.47 Indeed, the XRD pattern of the

polygonal graphitic nanohelices is identical to those of

MWNTs with the spacing of 3.44 Å (Fig. 4(c) of Ref. 46)

associated with crystalline AA0 graphite. We expect that the

ideal spacing of disordered graphite may be �3.48 Å, meas-

ured from the randomly oriented graphene nanoribbons

which were decomposed from VCCVD-MWNTs by

FIG. 6. AFM and HRTEM images of VCCD-MWNTs. A non-contact-mode

AFM image of a VCCVD-MWNT (a) and its corrected image (a0). A

HRTEM image of a VCCVD-MWNT. The superimposed dotted arrows on

the tubule (b, b0) indicate the imaginary tracks of the graphene helices sub-

tending an angle of 30� to the tubule axis.
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mechanical milling.45 The conventional interpretation of the

structure as turbostratic since 1942 (Ref. 46) is challenged in

the present paper.
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