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Extremely small diffusion constant of Cs in multiwalled carbon nanotubes
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The Cs intercalation process in multiwalled carbon nanotufd8VNTs) was studied by
cross-sectional scanning photoemission microscopy. Cs atoms initially deposited on the tips of
aligned nanotubes diffused toward their roots. The Cs diffusion constant for the MWNTs at room
temperature was evaluated from the Cs distribution measured along the axes of the tubes. The value
of 2x 10 *? cn/s obtained is seven orders of magnitude smaller than that in graphite, although the
local atomic structure of an intercalated MWNT is very similar to that of intercalated graphite.
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I. INTRODUCTION selected core or valence levéfst® In the present study, the

Cs distribution a certain time after Cs deposition was directly

Syntheses of nanotube intercalation compounds and the\'fisualized by Cs d photoelectron microscopy images and

electronic properties have been extensively investigated, b?/\'/as used to elucidate the Cs diffusion constant in MWNTS.

cause the physical and chemical properties of carbon NanNGe diffusion constant obtained in MWNTs was found to be
tubes can be widely controlled by intercalation predomi-much smaller than that in graphite

nantly due to charge transfer between the nanotube and the
guest speciek.* Intercalation into nanotubes has also been
s_tu_dled in terms of the dev_elopment of_ high energy densmﬁ_ EXPERIMENT AND METHODOLOGY
lithium rechargeable batteri@$.For multiwalled nanotubes
(MWNTSs), guest species are inserted between adjacent MWNTSs aligned perpendicularly on a Si substrate were
graphene sheets, as well as in graphite intercalatiogrown using microwave plasma-enhanced chemical vapor
compounds. For single walled nanotubéSWNT) bundles,  deposition (MPE-CVD) with Co as a catalyst. A typical
intercalants are inserted between the SWRIQI'ﬂ'.hey can cross-sectional scanning electron microsc6pEM) image
also be inserted into the interior space of individual openof a cleaved sample is shown in Ref. 12. The diameter and
ended SWNTS:10 Up to now, various elements and mol- length of the nanotubes were about 30 nm anduh®, re-
ecules, such as alkali metdls} halogens;*' and  spectively. The catalytic Co particles are encapsulated at the
fullerenes'® have been found to form intercalation com- bottom of the nanotubéS.The synthesis and structural prop-
pounds with nanotubes. However, very little is known abouterties of these MWNT samples are described in detail
diffusion dynamics in nanotubes, mainly because of experie|sewherd>16
mental difficulties that arise due to their size. Photoelectron spectromicroscopy experiments were per-
We used photoelectron spectromicroscopy to investigatéormed with the SPEM station attached to the ESCA micros-
directly the diffusion of Cs in MWNTSs by probing the lateral copy beamline at the ELETTRA synchrotron radiation light
distribution of Cs along the axes of the nanotubes followingsource in Trieste, Italy. The microscope consists of a photon
Cs deposition on the tips of aligned MWNTs. These studiesocusing systenta combination of a Fresnel zone plate lens
follow our previous spectromicroscopy analysis of a highlyand an order sorting apertyrea specimen positioning and
aligned MWNT sample, and have revealed a strong positiogcanning system, and a hemispherical capacitor electron ana-
dependence of the density of states near the Fermi 1vel.lyzer with a 16-channel detector. The angle between the in-
The scanning photoemission microscd®PEM utilized al-  cident light (normal to the samp)eand the electron energy
lows mapping of the elemental lateral distribution and de-analyzer is 70°. The instrument works in imaging and spec-
tailed spectroscopic analysis of the composition in the mitroscopy modes. Detailed descriptions of the beamline and
crospot using as fingerprints the photoelectrons emitted frormeasurement station are given elsewHéré. All cross-
sectional spectromicroscopy measurements reported here
3Electronic mail: ssuzuki@will.brl.ntt.co.jp were carried out with lateral resolution of 90 nm and energy
PPresent address: Inplane Photonics, South Plainfield, NJ 07080. resolution of about 0.3 e\photon energy: 497.0 eVUnder
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(a) Sisubstrate

FIG. 2. Cross-sectional CsISPEM images of aligned MWNT&) before
and (b) after data processing. The dimension of the images is 25.6
X 25.6 um?.

1s emission peakbinding energy: about 284.5 @VThe
contrast in this image is dominated by the surface topogra-
phy, which is enhanced by the grazing acceptance angle of
the analyzer. That is why the MWNT bundles facing the
analyzer appear very bright, whereas other parts are very
dark due to a shadowing effect by neighboring nanotubes.
The topographic effects, which obscure the Cs concentration
distribution, can be significantly reduced using well estab-
lished image processing procedut®s’ The procedure we
used can be described by the relationship{ 1)/,
where, |;; is the image of the total photoelectron signal
Fwithin the energy window collected by the 16-channel detec-
tor, which is the sum of the Cslcore-level emission and the
background secondary electron signal, dpglis the image

these conditions, the probing depth of our experiments is §Ptained by collecting the secondary electron emission in the

few nanometer¢of the order of 10 graphene laygrs vicinity of the C 1s I!ne. The rgsultlng image with a sFr(')neg
The MWNT sample was annealed at about 200 °C for lZ_reduced top_ographlc artifact is shown in FigbR By divid- _

h in the preparation chamberbase pressure~5 ing the two images, we also remove the effect of changes in

%1010 Torr) in order to remove physisorbed moleculés. the photon flux intensity, so that the processed maps can be

As we have already demonstrated using conventional photd!Sed for quantitative evaluations.
emission spectroscopy, Cs intercalation into MPE-CVD
grown aligned MWNTSs can be achieved by Cs deposition on”l' DATA ANALYSIS
the sample in vacuum using a Cs disperédirect obser- We evaluated the Cs diffusion constant in the MWNTs
vation of Cs intercalation was also reported in our previougrom the Cs distribution along the tube axes a certain time
transmission electron microscogpyEM) study of MWNTs  after Cs deposition. Here, we explicitly consider Cs diffusion
synthesized by the arc-discharge metfiod. the present only in the direction along the tube axes. In the one-
study, we used the following procedure in order to observelimensional approximation, the Cs concentratigr,t) in a
the Cs intercalation process. Cs was deposited at a grazingnotube (6=x<I) is given by the following diffusion equa-
angle about 80° to the surface of the aligned MWNT sampldion:
in the preparation chamber at about 293 and 373K. As illus- 9c
trated in Fig. 1a), this procedure results in Cs depositon  —=D(T)—, (1)
only on the tips(the surface of the sampland on the side- at X
walls of MWNTs at the side of the sample facing the evapoiwhereD(T) is the diffusion constant at temperatufex is
rator. In order to remove MWNTSs on this side, the samplethe coordinate along the tube axis, anid the time after Cs
was cleavedsee Fig. 1b)]. After cleavage, only the tips of deposition. For simplicity, we assume thattatO Cs atoms
the MWNTSs remain covered with Cs, so we can monitor howwhose total number isy are located at the tip of the nano-
these Cs atoms diffuse from the tips toward the roots bytube (x=0) in &functional form. That is, the initial condi-
intercalation. The measurements of Cs distribution along théon is given by
tube axes were carried out in the SPEM analysis chamber _
(base pressurer1x 10 Torr), to which the sample was C(x,0)=Cod(+0). @
transferred after cleavage. We also assume that the Cs atoms diffuse only within the
Since SPEM images of the sample were rather strongljength of the nanotube and cannot desorb or penetrate into
affected by the topography, we needed to apply some prahe Si substrate. Thus, the boundary conditions can be writ-
cessing procedure in order to better visualize the Cs distriten as
bution. Figure 2a) shows a cross-sectional G BPEM im- Je
age of the aligned MWNT sample obtained by collecting  —
photoelectrons within a 4.4 eV energy range including the C

FIG. 1. Schematics of our sample preparation for observing the Cs interc
lation process.
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FIG. 4. Results of Cs diffusion at 373 K. The data are obtained 108 min
after Cs deposition(a) Cross -sectional Csdt SPEM image before data
processing(b) Cross-sectional Cs#timage after data processing. The di-
vacuum (C |substrate mension of both the images) and (b) is 1.92<15.36 um?. (c) Cs distri-
bution along the tube axes obtained frgb).

FIG. 3. Results of Cs diffusion in aligned MWNTs at 293 K. The data are |\y RESULTS AND DISCUSSION
obtained 72 min after Cs depositidia) Cross-sectional Csé#SPEM image
before data processingh) Cross-sectional Csdtimage after data process- Figure 3 shows original and topography corrected @s 4
ing. The dimension of both the imagés and (b) is 2.56<10.24um’. ()  SPEM images of the sample 72 min after Cs deposition at
Cs distribution along the tube axes obtained frém 293 K. Unfortunately, we could not obtain this image sooner,
because, after Cs deposition, the cleavage, sample transfer
into the SPEM system, and fine focusing usually require
There should be a saturation Cs/C ratio for Cs-intercalatedore than 1 h. The Cs concentration profile shown in Fig.
MWNTs (CsG for graphitd. However, in this calculation, 3(C) was obtained by integrating the normalized G iA-
we ignore it because, as shown below, the observed Cs difensity in Fig. 8b) along the vertical direction. This proce-
tribution after Cs diffusion did not saturate even near thedure further reduces the topographic effects and improves the
tips. statistics. The lateral Cs distribution clearly shows that Cs
From Symmetry’ this prob'em is mathematica”y equiva_atoms, |n|t|a”y deposited on the '[ipS, have diffused about 3.5
lent to that of diffusion within a length ofI2(—I<x=<I), if = xm from the tips. There are two possible routes for Cs dif-
the initial Cs distribution is replaced bg(x,0) (—I<x  fusion. One is through the adjacent graphene sheets by inter-
<), which satisfiexc(—x)=c(x). Thus, the initial condi- calation, and the other is on the surface of nanotube walls. As

tion can be replaced by discussed below, however, the Cs distribution occurs via an
intercalation process in this case. A curve fitting result ob-
¢(x,0)=2c(5(0). (4)  tained by a solution of the one-dimensional diffusion equa-

tion, Eq. (6), is also shown in Fig. @). The diffusion con-
The boundary conditions, Eq3), can also be replaced by stantD ,q; Was evaluated to be>210 2 cné/s.

As one would expect, a large temperature dependence

=0. (5 ~Wwas observed in the Cs diffusion. Figure 4 shows results

- obtained 108 min after Cs deposition at 373 K. In this case,
Cs atoms had diffused more quickly and reached the sub-
Now, we can avoid the mathematical difficulty caused by thestrate. The measured concentration profile shows that the Cs
dfunction at the system boundary. Diffusion equatidcan  atoms have segregated at the tips and the roots of the nano-
be solved under initial and boundary conditions, Edsand  tubes, whereas along the tube axes they are almost uniformly

Jc
X

Jc
)4

x=—I

(5), and we obtain distributed, indicating that the system has almost reached
" equilibrium. From the curve fitting results shown in Fig.
1 2 (rm)®D r X 4(c), the Cs diffusion constariD;;5 is evaluated to be at
cx=q+ T& &R T tjeog ©®  least larger than 8 10~ '* cn?/s. By combining the results

at 293 and at 373 K and assuming activation type tempera-
Thus, the Cs diffusion constait was evaluated by fitting ture dependence dd[ =D, exp(—E,/kT)], we evaluate the
the experimentally obtained Cs concentration profile. activation energye, to be less than 0.45 eV.
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893 tively attributed to two different locations of the Cs atoms,
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o Cs depo. at 293K & #
o Csdepo. at 373K

Cits one inside the MWNT4between adjacent graphene shgets

. and the other on the tube surfaces. Another possible expla-
s nation for the broadening is surface contamination that origi-
. nates in Cs for the topmost surface of the nanotubes, because
. it is very likely that Cs on the topmost surface is easily
degraded even in ultrahigh vacuum. At any rate, in the case
PR of Cs deposition at 373 K, we cannot exclude the possibility
2;8'2;7'2;6'2;5'2;428 that at least part of the Cs is not located inside the MWNTs,
Binding Energy (V) _but on the tu_be sm_Jrfaces. This suggests that some Cs depos-
ited on the tips diffused onto the surface of the nanotubes.
' o On the other hand, in the case of 293 K, the Cs atoms seem
e Csdepo. atZQSK@ @'y to be located inside the MWNTs due to the intercalation

o

o
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o Csdepo. at 373K reaction, not on the tube surfaces.
‘ﬂg} Let us now compare the present results for the mobility
o e of Cs with the in-plane Cs diffusion constant in graphite at
y oM. 2 room temperature, 210" ° cn?/s.?® This value is seven or-
ders of magnitude larger than that found for the Cs diffusion
o~ °q° constant of the MWNTSs. Such a large difference is surprising
because Cs atoms in MWNTs are located between adjacent
AT T T T . . graphene sheets, as well as in the Cs-intercalated graphite.
82 80 78 76 74 As discussed in Ref. 24, the occurrence of the intercalation
Binding Energy (eV) reaction in a MWNT indicates that a MWNT does not have
_ _ an ideal(close-packedstructure. According to our previous
FIG. 5. C Is and Cs 4 spectra from sidewalls of Cs-deposited MWNTSs. Cs . . .
was deposited on the MWNT tips at 293 and 373 K. The Lspectrum StUdleS; ZQAW'_\ITS’ in general, Contal_n a large number of
from the sidewalls of pristine MWNTs is also shown for comparison. defects. > This suggests that a possible reason for the ex-
tremely small diffusion constant is the hindrance of diffusion
by the defectsbreaks in the graphene sheetahich are
Figure 5 shows C 4 and Cs 41 spectra obtained from specific in MWNTs. On the other hgnd,.however, according
sidewalls of MWNTs after Cs deposition at 293 and 373 k.10 @ recent study by electrochemical impedance spectros-
The spectra were obtained about 2293 K) and 210(373  COPY; the Li diffusion ponstant in SWNT bundles at room
K) min after Cs deposition. Cs was also observed from théempﬁelrzature vas estimated to also be very small, 1.5
sidewalls due to diffusion. The CsdAC 1s photoelectron <10 szl?" whereas that in graphite even in the direc-
intensity ratios of the sidewalls of the MWNTs deposited att'°" Efgpendlcquar to the basal plane was reported to be 2.1
293 and 373 K were 0.13 and 0.08, respectively. The Cs/C<10 cn?/s*" If the Li diffusion constant in SWNTs is

atomic ratios were estimated to be of order of a few percenindeed that small, small diffusion constants might be specific
For the sake of comparison, the G Bpectrum from the to nanometer scale tubular structures regardless of the num-

sidewalls of pristine MWNTSs is shown as well in the @ 1 Per of graphene shest. Confirming this seems to require
panel. Before the Cs depositions, we did not observe an{Hrther investigation.
position dependence of the G $pectra within the sidewalls,
as reported in a previous stutfy.

As can be seen in Fig. 5, both the G &nd Cs 4  \; cONCLUSION
spectra of MWNTs with Cs deposited at 373 K are broad-
ened at the higher binding energy side. The peak positions The Cs diffusion process in MWNTs was directly visu-
are also shifted toward the higher binding energy sides bylized using Cs d photoelectron microscopy. Cs, initially
about 0.3 eV. A similar tail structure and binding energy shiftdeposited on the tips of aligned MWNTSs, diffused toward the
have been observed for many years by x-ray photoelectroroots by intercalation reaction at 293 K. The Cs diffusion
spectroscopy studies of alkali-metal-intercalated graphitegonstant in the MWNTs was evaluated to be 2
and ascribed to intrinsic broadening caused by thex10 '2cn?/s, which is seven orders smaller than that in
intercalatior?>?! However, on the other hand, the MWNTs graphite. At 373 K, Cs diffused more quickly, and the diffu-
with Cs deposited at 293 K show essentially the samesC 1sion constant, which was possibly affected by surface diffu-
spectrum as the pristine MWNTSs, although Cs was also desion, was evaluated to be larger thaw 80 ! cnv/s.
tected by photoemission spectroscopy. More recently, as re- The extremely small diffusion constant is quite surpris-
ported by Bennictet al,?? a similar tail structure and energy ing because Cs atoms are located between adjacent graphene
shift were clearly observed in Cslspectra of K deposited sheets in intercalated MWNTSs and graphite. Further investi-
graphite even for low K coveragg.1 monolayer(ML)]. gation should answer the question whether such a small dif-
Thus, the spectral broadening may originate in alkali-metafusion constant is a characteristic of defective MWNTSs or of
atoms on the nanotuligraphite surface. Therefore, the tem- nanometer scale tubular structures.

Intensity (arb. units)
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