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Electron energy-loss spectroscopy of electron states in isolated carbon nanostructures
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Electronic states of an isolated nano-object made of single graphene layer have been successfully explored
by means of electron energy-loss spectroscopy with high sensitivity and high spatial resolution. In further
systematic study of various carbon nanostructures, the curvature and/or the interlayer coupling between adja-
cent graphene layers have been proved to govern the electronic states of carbon nanostructures. Using density
functional theory, experimentally observed variations of the cak¢hs) near-edge fine structure have been
ascribed mostly to the increasing curvature of the graphene layers.
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The knowledge of the distribution of electron states insmall diametef~0.7 nm, were obtained by coalescence of
isolated quantum object is of prime importance as they govC,, molecules under the 200 kV electron b&awithin the
ern their electronic properties. The family of carbon nano-1.5-nm-diameter outer tubes selectively produced in a Nd-
structures has grown steadily over the past decade, with théAG (yttrium aluminum garnetlaser ablation method by
discovery of variable morphologies and diversified physicalcontrolling the furnace temperature and the catalyst.
properties- Graphene layergtwo-dimensional hexagonal The spatially resolved EELS measurements have been
networks ofsp? carbon have so far been reported with dif- performed with a dedicated scanning TE(8TEM, VG-
ferent shapes and interactions: multiwalled or single-walledHB501). The incident electron beafil00 kV) was focused
carbon layers in tubular, horn-shaped, or spherical geometrynto a probe of about 0.5 nm diameter. For each probe posi-
so-called nanotube$MWNT or SWNT), nanohorns and tion, successively addressed with 0.3-nm step, the EELS
nano-onions, respectively. And several types of aggregatespectrum was recorded with a parallel detect@atan
made of these elementary componefits., nanotubuliteés PEELS 666.1° Such a collection of carboK-edge spectra,
have very recently been identified, using high-resolutionrecorded across a hanohorne8 nm dimension is shown in
transmission electron microscofHRTEM) technique$:®  Fig. 1. For each spectrum the acquisition time was reduced
The electron statedoth occupied and vacant stgtesthese  to 0.5 sec in order to prevent electron irradiation damage.
carbon nano-objects have been predicted to vary with th&nder such conditions, the jump ratio for the spectrum goes
coupling and/or curvature of the graphene layer$n this  up to several hundred counts at th&K@dge onset285 eVj
context, it is important to experimentally investigate the elec-and allows the fine structure analysis with sufficiently good
tronic states in well-characterized carbon nano-objects.  statistics.

Electron energy-loss spectroscofyELS), performable The carbon profildi.e., the integrated & signal over a
within a TEM, probes the unoccupied electron states over given energy window, after background subtractiaaross
wide energy range above the Fermi le¥&h the small-angle  the nanohorn is shown in Fig(d), together with an annular
experimental conditions, the information obtained is similardark field (ADF) profile that was simultaneously recorded.
to the one provided by x-ray absorption technique. HoweverBoth profiles exhibit two peaks with a hollow center, which
as the TEM is able to visualize and select single nano-objectis characteristic of an empty cylindrical object. The present
with well-defined dimension, shape, and stacking of layersresults clearly demonstrate that chemical profiling and fine
the spectral and morphological information can be exactlystructure analysis based on spatially resolved EELS are pos-
connected at the subnanometer IeVigl.this paper, we com- sible on asingle graphene layeof carbon, in which only a
pare experimental EELS spectra acquired from well-definedew tens of carbon atoms contribute to each spectrum.
carbon nano-objects with results al initio electronic struc- Figure 2 gathers high-resolution micrographs and accom-
ture calculations that have been performed for model strucpanying schematic representations for various morphologies
tures containing the correct number of carbon atoms to reef interacting graphene layers. FigurdaR shows well-
produce the relevant changes in stacking and curvature. stacked graphene laye{%0 layers in a cylindrical configu-

A collection of carbon nano-objects made of singleration with a 10-16 nm diametéin a cross-sectional view
graphene layers with a variety of morphologies has been préFhe layers are coupled in such a graphitized MWNT. Figure
pared using various techniques. Tubular or horn-shape#(b) shows an aggregate of nanohorns of 3 nm dianteter.
closed graphene structures with different inner diametersThe coupled double-layer configuration is dominant in this
inter-layer couplings, and/or different curvatures were pre-aggregate. Such coupling of adjacent layers does not exist in
pared by a CQ laser ablation methotl.Double-layered bundles of SWNT’s with smaller diametér1.5 nm, be-
nanotubes, in which the inner nanotube has an extremelgause the elastic force acting on each graphene layer to keep
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FIG. 1. (a) The CK-edge and ADF counts extracted from the
line spectrum recorded when the incident probe is scanned across a
similar nanohorn to that shown in the bright-field image (from
point A to B). (c) A perspective view of the acquired 64 EELS
spectra on the &K-edge recorded with steps of 0.3 nm. Thé&
peak(unlike that of amorphous or damaged carbisnclearly seen
and theo™* fine structure is more rounded compared to that of
graphite.

the nanotubes in cylindrical shape largely overcomes the van
der Waals force between the adjacent graphene layers when
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the diameter of the nanotube is small enotigRigure Zc) NG R
displays another type of clustering of elongated fullerenes . \ f;y}
with various sizes and shapésThe diameters of these Q\ »\‘1
fullerenes cover a wide range of distances between 1 and 3 %Q

nm. Figure 2d) is a cross-sectional view of double-layered

nanotubes with well-controlled diameters, 0.7 nm for the in- £ 2. High-resolution images displaying various morphologies

ner tubes and 1.5 nm for the outer ones. The smallest diamyt graphene layers in carbon nano-objects Bamm). (a) a

eter for the stable SWNT's is 0.7 nm. Consequently thes@iwNT consisting of well-stacked graphitized layefs cross

present the highest curvature that can be expected for accagew) of 10-16 nm diameter(b) Coupled double-layers in an ag-

sible nanotubes. As the nanohorn consists of a singlgregate of nanohorns of3 nm diameter(c) An aggregate of vari-

graphene layer that is free of adjacent layers, it offers amus sized fullerene€l—3 nmj, in which the adjacent fullerenes are

appropriate spectrum for d@nearly free-standing single decoupled with weaker interlayer interactiof) Double-walled

atomic layer of carbon; see Fig(e2. carbon nanotubes with well-controlled diametés/ nm for inner
Curves 1-V in Fig. 3 gather the EELS carbdh(1s) tube and 1.5 nm for outer tupde) An isolated nanohorn consisting

near-edge structures, which have been recorded for the mopf a curved free-standing single graphene layer with no adjacent

phologies illustrated in Fig. 2. In all cases the electron beanfayer. Accompanying illustrations for each image are not drawn in

propagates para"e”y by or tangentia”y to the graphene |ayf.h€ same scale. The decreasing diameter accounts for the ianeaSing

ers plane. It gives rise to scattering events incorporating mg=urvature.

mentum transfer parallel as well as perpendicular to the local

c axis of the layered structure. Together with the values okV is due to the transition fromslto #*, while the four

the angles of illumination and collection uséa@spectively, peaks p—e) correspond to ther* region (290-310 eV.

7.5 and 22 mrad these experimental conditions tend to av- There is a systematic evolution in the edge structures of the

erage anisotropy effects. The sharp péalrkeda) at ~285  spectra(l-1V) as the curvature radiu®R) of the examined
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FIG. 3. (I-V) A series of CK-edge fine structures correspond- -0 (b)
ing to the various carbon nano-objects shown in Figs)-2(e), 8 S Ny
respectively. 0.00 10.00 E 20.00 L 30.%0V 40.00  50.00

nergy Loss (e

nano-objects decreasds) the intensity of pealk decreases,
(ii) the pealc shifts to higher energy, andi) the peaks, d, 2 P ] Dos of nano (5.0)
ande merge together and grow wider. The subtle changes in'g I
the o* region are emphasized in the inset figure for the spec- 5 i €
tra (I1) and (Il1). If the curvature effect dominates the near- -2 ¢ i
edge structure of the graphene sheet, the spediviifor the N
isolated nanohorn of about 3 nm diameter should be similar & ]
to spectrum(ll) with rather equivalent curvature. However, "8 a ib L o om om0 R 0w
the spectrum(V) indeed shows a distinct behavior with MI : ev
smoother shapes in both the® and ¢* regions from the o
spectrum(ll) or (Ill). This may result from the fact that the & ;
isolated single graphene layer in the protruding nanohorn iS"g (c)
less stable than the coupled ones and can be affectedund¢)y LA . . o0 v v v v 000 0 0 NG L
the incident electron beam with high current flux. 0.00 10.00 20.00 30.00 40.00 50.00

A series of EELS spectrum simulations basedbrinitio Energy Loss (eV)

plane-wave electronic structure calculatitnsas been per-

formed in order to understand more quantitatively the differ- FIG. 4. (8—(c) The calculated EELS spectra for grapheR (
ences in the EELS spectra recorded for the different struc=*), (10, O nanotubes R~0.4 nm) and(5, 0 nanotubes R
tures. The method we have used is extensively described if{0-2 "M). The dashed line in each figure represents one for the
Refs. 13 and 14 and has proved to be very efficient in l_:‘Stiplanner graphite. Inset is the calculated total density of states for
mating the position of the different peaks in EELS spectra of 2"

different carbon structures. Our simulations are based oBlectron (%) and that the empty states correspond to those
several approximations: we have supposed the dipolar agf the unperturbed structutao core-hole effect is includéd
proximation to estimate the electronic transition strength be- Figures 4a)—4(c) show the simulated EELS carbdg
tween the & orbital of the carbon atoms and the empty statesedges considering three different structures, nanalypla-
above the Fermi level;, whatever the excitation energy, wenarsinglegraphene layerb) nanotube with a 0.8 nm diam-
have considered that the excited states had infinite lifetimegter (R~0.4 nm), andc) nanotube with a 0.4 nm diameter
which implies that we overestimate the intensities of high-(R~0.2nm). In Fig. 4a), we show the spectral differences
energy peaks; and finally we have considered that the eleavhen exciting the planasingle graphene layetplain line)
tronic structure is not perturbed by the excitation of one core&eompared to the well-stacked planar graptidashed ling
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Actually no drastic changes between the single graphene andlly observed evolution with curvature of these three peaks
perfect graphite are seen except for slight energy displacés also to coalesce into one single large peak. However, con-
ments of thec, d, ande peaks. This is not surprising because sidering spectrun(lV) in Fig. 3, this coalescence process
the involvedo™ states are not sensitive to interlayer interac-seems to happen more rapidly experimentally than predicted
tion as long as they remain of van-der-Waals-type couplingtheoretically. Indeed, the coalescence is observed only in the
It further confirms that Changes in the EELS spectrum for thq5, O) nanotube calculated spectrum together with the total
spectrum(V) in Fig. 3 should not be attributed to the nonin- disappearance of pedk This discrepancy between the ex-
teracting character of the single graphene layer but more réderimental and simulated spectra may be related to dynami-
Eonably to its sensitivityvibration, modificatiop under the 5| offects that can blur the substructures in the high-energy
eam. o* region of the experimental EELS spectrum. It is reason-
Figures 4b) and 4c) represent the calculated EELS spec- ably understood that the isolated layers or decoupled double

g?a:cot\r/vt:-(cajgrlr%n(s)i:r?gl(ﬁé% Cgfg?:g?tfcga&gr??;’ dtzlé”to;)m layers are more sensitive to the incident electron beam than
g ' ! the firmly coupled layers in terms of vibration or modifica-

nanotubes, respectively,as a model of graphene layer with tion under the beam.

a constant curvatureR=0.4 and 0.2 nm The latter corre- In conclusion, we have performed high-resolution EELS

2%22?\/5;(? ZQ Zxrtirrﬁ:n?g”Cu;\gegrftgglt:tr: dthgé.ggts rg;%eta?ﬁ]%]easurements on different samples of carbon nanostructures.
P y Ject. PaNNGi, e the interlayer interaction has little effect on the elec-

Lhnedseersiglncgifte?h:p:f?g; t(())f t:jﬂ?;&?g'tgno?ﬁeSg)?ué?irzglrﬁ onic structure of unoccupied states, comparing TEM im-
9 P ges, EELS spectra, amtb initio calculations, we have cor-

EELSt Epectra. Wuenloclon&de?r;géthe thftﬂy bcur;(édb(?) d related the systematic variations in the EELS spectra to the
nNanotubes, one Snould expec peak 1o be double urvature of the graphene layers. In practice, we find that for

blecau?ﬁ th_e bonfds alon% the tube _(;hred(_:#on atndO'Lhe_ boln Goulites with diameter greater than 0.8 nm, only moderate
along the circumterence become quite dirterent. Lbvious yt:hanges in ther* peak should be observed. In th€ re-

no such high curvatures corresponding to the typRahlue ion, the threshold pealt decreases with increasing curva-

of _the frder O.f O'.2 nm seem to b_e presgnt in our sample ure of the layers and can represent the degree of curvature.
This 7* doubling is not observed in the simulated spectrum

) X . Also the higher-energy peakb, c, andd) in the ¢* -region
for the (10, O nanotubes but there is a slight broadening of _, . : . . i
the 7 peak due to its smaller curvatur€ 0.4 nm). shift and merge together with the increasing curvature. How

S . ever, this, the experimentally observed coalescence of these
Now considering ther* edge(peakb), one should notice P Y

oo high-energy peaks would imply much greater curvature than
that it disappears as the curvature grows. In(t@® 0 nano- h ; -
o U X rv n rdin r calculation and therefor
tube, its intensity is divided by 1.5, and in tt& 0) nanotube the observed one according to our calculation and therefore

. . ) . X may not be attributed to static curvature effects only. To
it has completely disappeared. The intensity oftfmeak is aExplain this phenomenon and also the degradation ofrthe

thenhz_a{ p:obe of _m.e degr(?te of curvat_Ltjr:etr(])f the ot_)sen/te eak in isolated single sheets, dynamical effects, including
graphite layers. This result agrees wi e experimental, ..o damage, should be evoked.

comparison between the increasing curvatur®) bbserved
in Fig. 2 and the continuous decrease in the intensity obthe  This work was partially supported by an ICORP program
peak which is found in the EELS spectra in Fig. 3. Compar-‘Nanotubulites” established between the JST and the
ing the evolution of the, d, ande peaks in Fig. 4 shows that CNRS. H.K. acknowledges the Grant-in-Aid for Scientific

these three peaks have a tendency to gather arounddmesak Research on the Priority Area “Fullerenes and Nanotubes”
the curvature increases. As shown in Fig. 3, the experimerby the Ministry of Education, Science, and Culture of Japan.
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