PHYSICAL REVIEW B 71, 195419(2005

EXAFS study of rubidium-doped single-wall carbon nanotube bundles
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The local structure around the rubidium ions inserted in single-wall carbon nanotube b(Rbdsped
SWCNT) is studied by RiK-edge extended x-ray-absorption fine structigsAFS). The dependence of the
local order around the rubidium ions is investigated as a function of the time of d@pngas a function of
the stoichiometry of the sampleThe first coordination shell of the rubidium ions, related to the distance
between rubidium and the first nearest-neighboring carbon atoms, has a clear time doping dependence. Com-
parison between aibitio simulations of the EXAFS spectra and experimental data questions the interstitial site
(between three tubgsas the preferential insertion site in SWCNT bundles. The results indicate that the
rubidium ions are mainly located inside the tubes and around the bundles. The results are in good agreement
with combined x-ray and neutron diffraction experiments performed on the same samples.
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I. INTRODUCTION alkali metals are inserted between the tubes, and that at high

It has been demonstrated that the physical properties ¢ioPing level the alkali ions penetrate the inner cabitgi-
single-walled carbon nanotulWCNT) bundles, such as nally, the sites of the alkali metals around the bur(diethe
their conductivity! can be widely controlled by intercalation grooves and at the surface of the tubesay be also taken
by guest species. When the intercalation process is assodito account. Such a site possibility of guest molecules has
ated with an electronic charge tranfer between the guest spéecently been stated for methai@H,) adsorbed on SWCNT
cies (the dopants and the nanotube, one says that thebundles'®
SWCNT bundles are doped. Optical absorption The detailed knowledge about the structure of alkali-
investigationd® and Raman studié=® performed on alkali- doped SWCNT, especially the local geometry around the al-
metal doped SWCNT have revealed the electron transfefali ions, the number of nearest neighbors of alkali ions, and
from the alkali metal to carbon nanotuligenerally, the the distances between alkali ions and carbon atoms, are open
transferred electrons have been considered to fillkthmnd  questions. In the aim to light these points, an extended x-ray-
of the nanotube absorption fine structuréEXAFS) investigation has been

Single-wall carbon nanotubes are organized in a 2D triandone. In this paper, we report the EXAFS results obtained on
gular lattice of finite sizé;? the so-called SWCNT bundle. Rb-doped SWCNT(Rb-SWCNT samples and Rb-doped
The 2D triangular lattice is featured by(40) Bragg peak, graphite compound®bCs and RbG,). The localization and
centered around 0.47Ain the x-ray and neutron diffraction the ordering of the rubidium ions inside the SWCNT bundle
diagrams of usual SWCNT samplé%. are studied as a function of the doping level. The contribu-

Different models of the arrangement of the alkali atoms intion of the first carbon atom shell surrounding a rubidium ion
doped SWCNT bundles have been proposed. In close-eri@ used to determine the preferential intercalation sites of Rb
SWCNTs, the dopants are expected to be inserted into th@ns within SWCNT bundles.
interstitial channel between the adjacent SWCNTSs. In this

model, an expansion of the 2D lattice is expected. In agree- Il. EXPERIMENT

ment with that, some x-ray diffractiofKRD) investigations A S |

have show a Q downshift of thé10) Bragg peak of the 2D - Sampies

lattice in alkali-doped SWCNT bundI&s!! However, recent Raw SWCNT samples are prepared by the electric-arc

combined x-ray and neutron diffraction investigations per-discharge methotf. X-ray diffraction experiments are per-
formed on the same sample question the relation between ttiermed to select the flakes of the raw carbon deposit which
expansion of the lattice and the position of #i®) Bragg contain higher amount of tubes assembled into crystalline
peak in alkali doped SWCN¥#:13 bundles. In these selected parts, the tube diameters are esti-
Open-end SWCNTs, obtained after an oxydativemated to be about 1.4 nm+0.2 nm. After outgassing and an-
treatment*~16or by ion irradiation” may well accept alkali nealing the selected samples at 250 °C for 24 h under dy-
metals to fill their inner cylindrical cavity. Molecular dynam- namical vacuum, doping of SWCNT bundles in the vapor
ics calculations have predicted that, at low doping level, thephase is achieved in a pyrex reactor by heating rubidium
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metal at 170 °C. A difference of temperature of about 20 °C 0.06
is imposed between the alkali-metal reservoir and the
SWCNT sample in order to prevent alkali-metal condensa-

tion on the sample. Five Rb-doped SWCNT samples are pre-
pared by this way. They differ by the time of doping, and are < |
labelled in the following as: NT2H sampl@ h of doping, < e " RDCY
NT4H sample(4 h of doping, NT6H sample(6 h of dop- 0.024 NTGO

ing), NT60H sample(60 h of doping and saturation-doped NIiH

phase(1 week of dopingg The RbG stoichiometry of the ooo-/\A/\/\_/w NT2H
saturation-doped phase is obtained by weight uptake mea- ‘

surements. Two Rb-graphite intercalation model compounds:
RbG; and RbG,, are prepared using the same procedure. For

the EXAFS experiments, the samples are transferred in
quartz capillaries under argon atmosphere.

AbCe

Absorpiion a. u)

0.04 4

RbCY.

0.05 1 RbC24

B. Experimental set up > 0.00

Low-temperature(10 K) EXAFS experiments are per-
formed at the beamline D42 of the DCI storage ring in the -0.05 1
LURE facility. Measurements are performed in transmission
mode with a channel cut @i11) monochromator. lonization-
chambers were used to detect the signals.

RbC8 (Cluster 5 A)

RbC8 (Cluster 4.7 A)
-0.104

4 6 8 10 12 14
C. Data analysis k(A'1)

The EXAFS oscillationsy(k), are extracted from x-ray-
absorption spectroscopy data using a standard procétitfre.

After the baCkgrOL_md SUbStraCtlon_ and edge step normalIz;?ﬁtercala’[ion graphite compoundbottom). Comparison between
t'on_ of the absorpt'on_data’ thgk) signals _are Obt_amed' The experimental results and FEFF8 calculations is done. The first simu-
radlgl structure functionp(R)=FT(k’x(K)) is obtaln'ed by'a lation is performed with a cluster of 4 shells up to 5 A including the
Fourier transform of thek®x(k). The EXAFS signal in  Rp_Rb contributions. The second simulation is performed by con-
doped-graphite model compounds is strong up to T4 By sidering the three carbon shells up to 4.7 A from the adsorbing
contrast, in doped-SWCNT samples the signal to noise ratiatom. Inset: RbK-edge absorption spectra of Rp@nd RbG.
is only significant below 10 AL In consequence, to compare Spectra are vertically shifted for clarity.
easily the two sets of data, the Fourier transforms of the . i
k3y(k) are performed in thé range from 2.5 to 10 Al for 1t’ bc()jttpn”)t. The d|fffg_r§nces of t_hgilr(]) pr:)ﬁlets calm be undet_r—

) ; stood in terms of differences in the structural organizations
all Rb-doped graphite and SWCNT samples. of the rubidium and graphite lattices. In RpC at T
<156 K, the alkali metal lattice can be viewed as an incom-
Ill. RESULTS mensurate modulated structure with respect to the graphite

_ _ matrix 2425 By contrast, in Rbg, the rubidium and graphite
In the inset of Fig. 1 are compared the Riedge absorp- |5tices are commensurat®?’ In consequence, a distribution

tion spectrumu(E), of the saturation phase of Rb-graphite 4t the Rb—C distances is expected in BRC
intercalation compoundRbGg), and that of the saturation ~ EXAFS oscillations in Rb—graphite intercalation model
phase of Rb-doped SWCNIRbCy). The EXAFS oscilla-  compounds have been calculated as a function of the diam-
tions are significantly weaker in the Rb-doped SWCNT thareter of the cluster by usingb initio FEFF8 simulationg®
that in the Rb-doped graphite. The EXAFS oscillations of the A general good agreement between experimental and
Rb-doped graphite are strong and well-defined in agreemerimulation data was obtained in the framework of a single
with the high degree of crystallinity of this intercalated scattering process, and any improvement was obtained by
graphite compouné® By contrast, the weak EXAFS oscilla- taking into account multiple scattering processes. First, one
tions in the Rb-doped SWCNT sign the presence of a strongan qualitatively reproduce the main EXAFS features of
local disorder around the rubidium ions. Figure 1 displaysRbG, by considering a cluster diameter of 10(Rig. 1, bot-
the EXAFS oscillationsy(k), measured on the different Rb- tom). A good agreement between simulated and experimental
doped SWCNT samplefiop), and on the two Rb-graphite spectra is found by taking into account the three first carbon
intercalation compounds, Rhgand RbG (bottom). coordination shells around a rubidium ion, centered at
First, we are interested in the EXAFS results carried ou3.16 A (with 12 carbon atoms 4.00 A (with 12 carbon at-
on the Rb-graphite intercalation model compounds. Thems, and 4.70 A(with 24 carbon atoms respectively. Fur-
RbG; EXAFS signal is stronger than the REXAFS sig-  thermore, the first Rb—Rb coordination shell formed by six
nal. An important result is that the EXAFS oscillatiogpk) rubidium ions centered at 4.92 A has to be included in the
measured on Rbg and RbG are significantly differentFig.  cluster to simulate accurately the EXAFS signal in RbC

FIG. 1. The EXAFS oscillationsy(k) of Rb-doped SWCNT
samples(top). The EXAFS oscillationsy(k) of RbC,, and RbG
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1.6 TABLE |. Structural parameters deduced from the least squares
fit of the first shell of the Rb-doped graphite samplbkis the
124 RbCO coordination numberR the fited Rb—C distancer® the Debye-
Waller factor,AE the energy shift.
. NTBOH
® 0-8'—’%% RbC8 RbC24
) NTéH
s N 12(1) 12(1)
041 NT4H P 0.006 0.009
NT2H AE -1.45 -2.89
0.04 R 3.15) 3.151)
0 ' 2 ' 4 ' 6
R(A) two shorter Rb—C distances and 0.008 and 0.01@0A the

largest Rb—C, and Rb—Rb distances. For Rbhe fit of

5. the data by considering the contributions from the three first
carbon coordination shells leads to unphysical values of the

44 RbG24 differer_1t parameters. In RQQ the significant EXAFS signal .
only originates in the contribution of the first carbon coordi-

nation shell. In consequence, in the following, only the po-
sition, width and intensity of the first peak of BkPy(k)) will
be discussed. For the first coordination shell, a comparison of
RbCS the results of the fit for Rb&g and RbG, is reported in Table
I. A large Debye-Waller factor is obtained in RhC This
value reflects the distribution of the Rb—C distances in the
modulated structure of the alkali ions in RhGompound.
R(A) This distribution prevents the analysis of the structural order
at longer distances. Both the first Rb—C distance in RbC
FIG. 2. The pseudoradial functions, &Fx(k)) of the different  graphite intercalation compoungsimilar to the one in
Rb-doped SWCNTtop) and Rb-doped graphite compounds: BhC  RbG;), and the number of carbon neighbors indicate that the
and RbG (bottom. The fits are performed using backscattering Rb atoms lie preferentially in the center of hexagons. This
amplitude and total phase shift extracted from FEFF8 calculationgegylt is in agreement with the model of Clar&eal. (com-
(squarg. Note that the difference between the peak positi A) mensurate domains separated by discommensuration
and the real Rb—C distan¢8.15 A) is due to a phase term. walls) 3 or the Dicenzo’s one(relaxed incommensurate

. . . 31 i i
The simulation considering only the three first carbon shell$tructuré.” In the following, on the basis of these latter
is close to the experimental spectrum of BaCThis indi- results and with regards to the intrinsic disorder of the Rb-

cates that the Rb—Rb contributions are not detected ifoPed SWCNT compounds, we restrict our analysis of the
RbC,,. This latter result is assigned to the signature of theEXAFS data obtained on Rb-doped SWCNT to the first car-
disorder of the rubidium ions in Rbg All these results are bon coordination shell of the rubidium ion.
further corroborated by the analysis of the pseudoradial dis- First, it must be pointed out that the EXAFS oscillations,
tributions, FTk3y(k)), derived from the Fourier transform of x(k), measured on the five Rb-doped SWCNT samples are
the EXAFS spectrdFig. 2, bottom. The main peak at the close to each other. As expected, one only observes an in-
lowestR value corresponds to the shortest Rb—C distance. Igrease of the signal to noise ratio with the doping level. All
RbG;, the second peak is assigned to the shell of the secoritie x(k) profiles mainly exhibit a single oscillation assigned
nearest-neighbor carbon atoms, and the third peak combings a single coordination shell. To determine the structural
contributions from the third-nearest neighbor carbon atomsparameters of the Rb-doped SWCNT compounds, we use the
and Rb—Rb distances. same procedure that the one previously reported to fit the
Standard theoretical amplitudes and phase functions afeXAFS data on Rb-doped graphite compounds. The results
extracted from FEFF8 simulations. For each slhigbhe fit  are reported in Table Il for the first coordination shell. In all
gives information on the coordination numbbk, the bond  the samples, the average Rb—C distafcalled R in the
distances};, the Debye-Waller factomf, and the energy shift tables is found around 3.15 A, in good agreement with the
AE}. The strong correlation betweeX; and o? is a well  one derived from x-ray diffraction data obtained on the same
known problem of the analysis of EXAFS déf’aThe reli-  samples? More striking, the number of first nearest neigh-
ability of the averagedN; values was checked by fitting the bors, N, is clearly dependent of the doping level. This num-
low temperature data for differektspaces. Sinc; ando-j2 ber increases with the doping leveklated to the time of
depend onk differently, it is expected that the fit with a doping.
properly fixed value of; leads to a same value osz for In saturation phase, the fit shows that rubidium ions are
different k-spaces. For Rb{ the fit procedure yields to surrounded by six carbon atoms, with an average Rb—C dis-
structural parameters in agreement with the crystallographitance of about 3.16 A. The value of this distance, and the
parameters. The Debye-WaIIef values are 0.006 Aforthe  coordination number, suggest that a rubidium ion is facing a

FT(K®%(K) )
© T M W

o
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[
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TABLE Il. Structural parameters deduced from the least squares fit of the first shell of the Rb-doped
SWCNT samples.

NTH2 NTH4 NTH6 NTH60 RbC9
N 2.8(5) 2.4(5) 2.8(5) 4.05) 5.505)
o2 0.008 0.007 0.011 0.013 0.015
AE -5.40 -5.33 -3.55 -4.57 -5.02
R 3.151) 3.151) 3.142) 3.161) 3.161)

carbon hexagon. Then, in this sample, the local order of rudisplacement amplitudes of the atoms at low-temperature,
bidium ions is close to the one in the saturation phase of ththe Debye-Waller factowr?, is expected to be weak at 10 K.
Rb-doped graphite compounds. For low, and intermediatén consequence, the large value of the Debye-Waller factor is
doping levels, the preferential site is not clearly identified.assigned to the contribution of the static disorder of the car-
However, the number of coordination is significantly lower bon atoms around a rubidium ion. The origin of the distribu-
than 6 (Table Il). Consequently, one assumes that the rution of the Rb—C distances could be the distorsion of the
bidium ions are located off center of the carbon hexagons. carbon hexagon due to the insertion of rubidium. Such a
In all the samples, the Debye-Waller factos, is large, deformation was reported under the insertion of endohedral
and it increases with the doping level. It goes from 0.038 A ions located in front of hexagon inside fullerene catfes.
in NT2H to 0.015 &R in RbC,. With regard to the small To guide our understanding of the experimental data, we
have performedhb initio FEFF8 simulations of the EXAFS
oscillations, x(k) for different possible insertion sites of the
ogh ° rubidium ions in Rb-doped graphite and SWCNT com-
& o e o pounds(Fig_. 3). Because the EXAFS signal is noF s_ensitive
& QQ to Rb—C distances greater than 4.70 A in the majority of the
o r present compounds, the EXAFS oscillations are simulated by
considering a diameter of clusters of 4.70 A. In all the cal-
Site 4 Site 2 culations, we impose the first Rob—C distance to be close to
Y the one derived from the previous EXAFS analysis of the
8o ° . first coordination shell.
@ ¢ First, we test the curvature effect gitk) by calculating
% the EXAFS oscillations for Rb ion in front of a flat graphite
layer (Fig. 3, Site 3, and in front of a curved graphite layer
Site 1 (Fig. 3, Sites 2 and)3 As displayed in Fig. 4, simulations
clearly bring out the dependence gfk) with the curvature
° of the graphite layer. We have also simulated the EXAFS
\ spectra for a rubidium ion located in a groove site around the
bundle(Fig. 3, Site 4, and in the interstitial spacd@etween
3 tubes inside the bundléFig. 3, Site 3. The sensitivity of
the EXAFS oscillations to the different insertion sites of a
FIG. 3. The different local structures used in the FEFF calcula-
tions for clusters of 4.7 A around Rb. The curvature corresponds to
the one of 10,10 nanotube. For site (Rb on graphene shegthe 0.054
first coordination shell is related to a Rb—C distances of 3.16 A,
and the number of carbons on this shell is six. The second coordi-

& @ Site 5 Site 3

e "’

Site 3

nation shell is related to a Rb—C distance at 4 A, with six carbon . :
atoms on this shell. The third Rb—C distance coordination shell is ¥ 0004 Site 2
related to a Rb—C distance of 4.70 A, with twelve carbon atoms on

Site 4|
this shell. For site 2Rb on inner SWCNT surfage six Rb—C /\/\/\/\/\M
distances are found in the 3.016—3.16 A range, six Rb—C distances Site 1
between 3.5—-4 A, and twelve Rb—C distances between 4 and -0.051
4.7 A. For site 3Rb on outer SWCNT surfagsix Rb—C distances

are found in the 3.12—3.23 A range, eight Rb—C distances between 4 6 8 10 12 14

4 and 4.7 A. For site 4Rb on groovg four Rb—C distances are k(A"

found between 3.11-3.28 A, six Rb-C distances from

3.5t0 4.7 A, and eighteen from 3.9 to 4.7 A. For sité¢Rb in in- FIG. 4. Comparison between the experimental Rkbdge EX-

terstitial site, ten Rb—C distances are found between 2.77—3.31 AAFS oscillations, y(k), measured in the saturation-phase of Rb-
sixteen Rb—C distances from 3.6t0 3.98 A, and fifteen fromdoped SWCNTRbGC,), and FEFF8 calculations for the different Rb
4.15t0 4.7 A. sites.
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rubidium ion is displayed in Fig. 4. The comparison of simu-neutron diffraction experimeni, prevents a position of ru-
lations with experimental data carried out on the saturationbidium ions in between two tubes. In this latter assumption,
phase of Rb-doped SWCNRbGC,) allows to conclude that the expected number of coordination would be greater than
the interstitial voids are not the preferential sites of the ru6, in opposition with the EXAFS results. The comparison
bidium ions in RbG (compare the top curve to the experi- between simulation and experiment suggests that the ru-
mental one in Fig. # By contrast, taking into account the bidium ions can be located around the bundg®oves and
position of the rubidium ions at the inner surface of thesurface. However, with regard to the overall composition at
tubes, and around the bundle, significantly improves thesaturation determined experimentally, it is unlikely that ru-
simulation-experience agreement. bidium ions are only located in this kind of sites. It is gen-

erally assumed that the alkali ions cannot be located in the

inner cavity of close-end tubes. However, the simulation of

IV. CONCLUSION EXAFS data do not exclude this sit&ig. 4, site 2. Al-

The interstitial site, which is usually reported as the pref-though we do not have other experimental evidences about
erential site of insertion of alkali atoms in alkali-doped th€ filling of the tube in the sample under consideration, we
SWCNT bundlé! seems to be ruled out from the EXAFS Suggest that rubidium ions are _also inserted inside the_ inner
results. The first argument to rule out this site is that thet@Vity of the tubes. It can be pointed out that the question of
number of carbon at a Rb—C distance below 4 A is found tdh€ Stoichiometry of the sample is solved if one considers
be six. This number is significantly smaller than the one'ubidium ions located around the bundles and inside the
expectedaround 26 for 410,10 bundleg for rubidium jon  tuPes.
localized in the interstitial space. Another significant argu-
ment is the complete disagreement between the simulation
result (Fig. 4, Site 3 and the experimental EXAFS oscilla-  This work was achieved under the proposals of LURE
tions, x(k) (Fig. 4, thick solid ling. On the other hand, the (Orsay, France The authors thank S. Rols and T. Michel for
non expansion of the 2D triangular lattice under the intercahis help in the building of the clusters used in the simula-
lation of rubidium in SWCNT bundles, recently stated from tions.
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