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Metallic properties of Li-intercalated carbon nanotubes investigated by NMR
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Electronic properties of single-walled carbon nanotubes intercalated with lithium are investigated by NMR.
BC NMR experiments reveal a metallic ground state for all of the following stoichiometries LiC, with x
=10, 7, and 6. A continuous increase of the density of states at the Fermi level according to the Li concentra-
tion is observed up to x=~6. From "Li NMR, evidence of inequivalent Li sites is reported, corresponding to
preferential sites of intercalation and binding between Li and C.
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Since the invention of lithium-ions batteries, carbon-
based materials such as natural graphite, carbon fibers, and
pyrolitic carbon were proposed as possible candidates for the
use as battery anode materials.! Recently, new progress has
been reported in the use of single-walled carbon nanotubes
(SWNTs) for this purpose.> At the same time, it has been
shown that a new class of synthetic metals based on alkali
intercalated nanotubes can be synthesized.> Because of
their one-dimensional electronic structure and high tensile
strength,® these one-dimensional metals are promising mate-
rials. A large variety of solid-state properties has been re-
ported ranging from insulator to metal and superconductor.
However, all potential applications these materials offer de-
pend strongly on the structures, compositions, and stoichi-
ometries. We report on chemically Li-intercalated SWNT at
different concentrations using high-resolution NMR tech-
niques. We show how the alkali content controls the elec-
tronic properties of the metallic ground state and clarify the
structural and dynamical properties of Li.

SWNT samples used in this study were synthesized by the
electric arc method under the conditions described in Refs. 7
and 8. In order to improve the BC NMR signal-to-noise
ratio, 10% '3C isotope enriched graphitic rods were vapor-
ized in the presence of a catalyst mixture in the molar pro-
portions 96.8% C, 2.1% Rh, and 1.1% Pt. The SWNT
bundles were collected directly from the collerette and used
as produced without any purification. We estimated a content
of over 80% carbon nanotubes showing an average diameter
of 1.4 nm and a bundle length of several micrometers (see
Refs. 8 and 9 for more details about the samples). Lithium
was chemically intercalated in SWNT ropes by using solu-
tions of aromatic hydrocarbons and tetrahydrofuran (THF).
By redox reactions between the radical anions of fluorenone,
benzophenone, naphthalene, and SWNT with Li* as a
counter ion, intercalated SWNTs were synthesized with sto-
ichiometries of LiC,,, LiC;, and LiCs, respectively.'® All
samples were sealed under high vacuum. The experimental
sample preparation conditions as well as a detailed Raman
characterization are described elsewhere.!®'? It has been
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shown that an electronic charge transfer occurs from the aro-
matic hydrocarbons to the SWNT bundles. Similarly to the
intercalation process in other carbon materials, the alkali are
expected to be intercalated together with THF molecules
used as a solvent, forming a ternary compound
Li(THF)ny.B’15

3C NMR experiments were carried out on a Bruker
ASX200 spectrometer at a magnetic field of 4.7 T and a
Larmor frequency of 50.3 MHz. High-resolution '*C NMR
at magic angle spinning (MAS) was performed at room tem-
perature with spinning frequencies from 4 up to 9 kHz. °C
NMR static spectra were obtained in the temperature range
of 50—300 K. 'Li NMR measurements were performed on a
homebuilt pulsed NMR spectrometer equipped with a sweep
magnet working at 4.2 and 6 T corresponding to Larmor
frequencies of 70.2 and 100 MHz, respectively. °C NMR
line shifts were referred to TMS and 'Li NMR line shifts
to 1 M LiCl as an external standard. Spin lattice relaxation
rates 1/T, were obtained using a saturation recovery pulse
technique and a Hahn echo as a detection sequence.

Static and high-resolution MAS '>C NMR spectra of the
pristine and Li-intercalated SWNT are presented in Fig. 1.
The static spectra on the left side show the evolution of the
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FIG. 1. '3C NMR spectra (wy=50.3 MHz) at room temperature
of pristine SWNT (Ref. 9) (a) and LiC, intercalated compounds
with x=10, 7, and 6 [(b), (c), and (d), respectively]. On the left side,
the static °C NMR spectra are presented and on the right side the
high-resolution 13C MAS NMR spectra. The symbols * are for the
spinning sidebands. Spinning rates are about 9 kHz in (ar) and
4 kHz in (br), (cr), and (dr).
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sp? powder pattern line shape of SWNTs under Li intercala-
tion. A clear anisotropy reduction of about 200 ppm is ob-
served with increasing content of intercalated Li from LiC
to LiCq. The sideband distributions of the corresponding
MAS spectra on the right side of Fig. 1 confirm this fact. In
addition, the isotropic line positions J, are paramagnetically
shifted from 126 ppm for pristine SWNT (Refs. 8 and 9) up
to 136 ppm in LiCq. According to the literature on carbon
intercalation compounds,'®!” these observations indicate im-
portant modifications of the electronic properties and suggest
that all samples exhibit a metallic state tunable by the
amount of intercalated Li.

In order to interpret our data, we developed the following
analysis. The observed shift & can be separated into two
parts, the chemical shift o and the Knight shift K, according
to

o=0+K, (1)

where o and K are second-rank tensors consisting of an
isotropic and an anisotropic part. The chemical shift o arises
from local orbital magnetic fields caused by local currents in
the sample. The Knight shift K arises from the hyperfine
coupling of conduction electron spins to nuclear spins'® and
tends to narrow the '*C NMR line shape in carbon interca-
lation compounds.'® The isotropic part of the Knight shift is
paramagnetic and proportional to the probability density of
the conduction electrons at the nucleus |¥(0)|* and the den-
sity of states at the Fermi level n(Ey),

8
Kio= {lwo)l%nwﬂ. 2)

K, has been estimated in pristine metallic SWNTs to be less
than 10 ppm.>!'? Since the isotropic Knight shift is propor-
tional to n(Er), our measurements suggest an increase of
n(Er) from LiC,, to LiCy. However, it is not trivial to esti-
mate n(Ey) directly from the isotropic line position because
of the unknown isotropic chemical shift in charged SWNTs.

In order to obtain a better estimate of n(Er), we per-
formed '*C NMR spin-lattice relaxation measurements as a
function of temperature. The inset of Fig. 2 presents the mag-
netization recovery at room temperature for pristine and LiCg
SWNT. For all Li intercalated samples, 96% of the 13C NMR
signal exhibits a single 7; component that can be fitted by a
monoexponential recovery curve after saturation.’®?! The
corresponding 1/7; relaxation rates are plotted in Fig. 2.
Below 50 K, the relaxation rate increases with decreasing
temperature, which can be attributed to relaxation by mag-
netic catalyst impurities present in the sample.® Above 50 K,
we observed a linear regime with a slope depending on the
lithium intercalation level. The linear increase of the relax-
ation rate above 50 K is typical for a metallic Fermi liquid
system. In metals, the major relaxation mechanism originates
from the hyperfine coupling of conduction electron spins to
the observed nuclear spins. This leads to the Korringa rela-
tion given by
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FIG. 2. Temperature-dependent 3¢ NMR spin lattice relaxation
rates (wy=50.3 MHz) for LiCy: *, LiCy: O, and LiCq: M. Inset:
BC NMR magnetization recovery at room temperature for LiCq:O
and pristine SWNT: B (Ref. 9).
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where A, is the isotropic hyperfine coupling constant.'® As
previously reported in pristine SWNT,%*2?? we assume a hy-
perfine coupling of A;,=8.2X 1077 eV and fit the linear re-
gime part of the '>*C NMR spin lattice relaxation. Hence, we
were able to estimate the evolution of the n(Ey) with the Li
concentration, as reported in Table I. In agreement with line
shape modifications, the maximum in n(Eg) corresponds to
the highest amount of intercalated Li.

We turn now to the 'Li NMR spectra and spin lattice
relaxation measurements in the temperature range from 50 to
465 K. In all the samples for all temperatures, the recovery
of the magnetization follows a biexponential curve. This
corresponds to two relaxation rates suggesting two inequiva-
lent Li sites that we label @ and 3 with 7> T%. From the fits
of the magnetization recovery, the following ratios between
a and B sites can be estimated: LiC,, [a:70%, B:30%],
LiC; [a@:55%, B:45%], and LiCs [@:50% ,8:50% ]. Obvi-
ously, the first intercalated Li are of type a. With increasing
Li concentration, a second type 8 is adsorbed by the SWNT
host. The origin for these two inequivalent Li is unknown,
but it is certainly related to the complex structure of the
carbon nanotube bundles which present different adsorption
sites with inequivalent environments.?*?* In order to estimate
the corresponding 'Li NMR resonances, we investigated the
line shift and linewidth during the 7, relaxation measure-

TABLE 1. Density of states at the Fermi level n(Ey) for LiC,
with x=6, 7, and 10 and pristine metallic SWNT.

SWNT sample n(Ep) states/eV spin atom

LiCq 0.032
LiC, 0.020
LiCyo 0.021

Pristine metallic SWNT 0.015%22
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FIG. 3. Temperature-dependent "Li NMR spin lattice relaxation
rate 1/7 (A) and 1/TP (o) of LiC,, at a Larmor frequency of w,
=100 MHz. The dotted line is a fit according to Eq. (4). The dashed
line is a fit assuming a Korringa relaxation process. Inset: "Li NMR
spectra in LiC;, at 50 K extracted from magnetization recovery
experiments: (a) partially recovered spectrum at a short delay, 0.8 s
and (b) fully relaxed spectrum at a long delay, 22 s. The ratios in (a)
[@:37%, B:63%] and in (b) [a:70%, B:30%] are obtained from a
deconvolution with one sharp-a (dotted line) and one broad-B
(dashed line) quadrupolar shaped line as described in the text.

ments. The inset of Fig. 3 shows the spectra for LiC,, at
50 K for a short and a long recovery time. The best fits of the
partially recovered spectrum [Fig. 3(a)] and the fully relaxed
one [Fig. 3(b)] were obtained with one sharp-a and one
broad- quadrupolar shaped line-shifted to §,~ 10 ppm and
6=~T70 ppm, respectively. The ratio of the lines was fixed
according to their relaxation behavior at 50 K (77=~3.8 s
and Tf ~(.54 s). The corresponding quadrupolar couplings
were Aw(~2mXx45kHz and Awj~27x 140 kHz with
Gaussian broadenings of the central transitions dw®=2w
X 8 kHz and dwP~2m X 19 kHz. These line broadenings in-
dicate a large distribution of quadrupole frequencies. The
significant difference in quadrupolar interaction of the « and
B line suggests a profound difference in their environment.
The paramagnetic shift of the B line with respect to the «
line can be interpreted as a Knight shift since the typical
range of 'Li chemical shifts is in the order of (+5,
—10 ppm).? These results confirm the presence of two dif-
ferent sites, occupied by Li** cations with an ionicity close
to +1 and Li*# cations with +1~ > . Such Knight shifts
are typical for a limited charge transfer of the 2s electron of
Li stored in a dense form in nanoporosities.?® According to
recent calculations,?* the outside-Li adsorption is energeti-
cally more favorable than the Li inside the SWNT. In par-
ticular, the curvature of the graphene layer in SWNT and the
presence of high reactive dangling bonds localized on de-
fects tend to enhance the adsorption capabilities.>!® Solid-
state electrochemistry revealed that electrochemical Li inter-
calation in SWNT is only partially reversible. The authors
claim that upon dedoping some Li remains trapped in the
SWNT host.?” Therefore, the quadrupolar broadened ’Li
NMR g line we report in the inset of Fig. 3 suggests the
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binding of C and Li*”, uniquely observed in GIC (graphitic
intercalation compounds).?

In order to obtain further details on the structural and
electronic properties of the system, we investigated the tem-
perature dependence of the spin lattice relaxation rate. Figure
3 presents the 1/T¥ and 1/T% relaxation rates of the 'Li
NMR « and B component for LiCy,. 1/T7 follows a linear
increase with increasing temperature below =400 K and a
rapid exponential increase above. According to the Korringa
relation,'® the linear relaxation regime at low temperature
can be interpreted as a hyperfine coupling of the Li nuclear
spins  to  conduction  electron  spins. 1/THT

~0.00081 s™' K~! is obtained which is below the 1/T%T
=0.0016 s~' K~! for a first stage Li-graphite intercalation
compound LiC4.?° The exponential increase and deviation
from Korringa’s law of 1/7{ above a temperature of
~400 K is typical for a thermally activated BPP-type diffu-
sion or motion modulated quadrupolar interaction. A ther-
mally activated diffusion path of Li** is expected along the
channels of the carbon nanotube bundles. Therefore, the re-
laxation of the "Li nuclei promoted by conduction electrons
and fluctuation of local electric field gradients can be readily
expressed according to Ref. 30 as

111 12,
Lz M @

TIQ—ZSAwQ[J (wo) + I (wp)],

(4)

where Awy is the quadrupolar coupling constant and J12)
X (w,) are the spectral densities corresponding to a thermally
activated process with

=+ —
T, Ty Tix Ty

() e —Te Oy = T

M=z =T
(AE) s
T.= Ty €Xp o) (5)
wy is the Larmor frequency, 7,=~107'? s is the infinite tem-
perature correlation time, and AE is the activation energy.
The fit of the 1/7} relaxation shown in Fig. 3 results in an
activation energy of AE“~400 meV and a relaxation back-
ground of 1/T{,~0.12 s~!. The quadrupolar coupling con-
stant was estimated to Awg% 21 X 40 kHz, which is consis-
tent with Awj, =27 X 45 kHz obtained from the spectra. The
observed activation energy is about two times higher than
reported for a first-stage Li-GIC compound LiCq with AEC
=221 meV.3! Our activation energy is higher since bindings
between Li and C and diffusion along nearly one-

dimensional channels have to be overcome.

In the investigated temperature range, the 1/ Tf relaxation
rate in Fig. 3 follows a linear Korringa relaxation process.
By applying a linear fit, a slope of 1/7°T~0.0135 s™' K~ is
obtained. This value is in between 1/7¢.T=0.0016 s~' K~
for a first-stage Li-graphite intercalation compound LiCg
(Ref. 29) and 1/T}'T=0.023 s~ K~' for pure Li’ metal.
These results are consistent with the strong paramagnetic
Knight shift of the 8 component. The strong Li-C hyperfine
coupling we observed suggests hybridized states between the
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Li(2s) electrons and the SWNT 7 electron system. This also
explains well the charge-transfer limitations observed in our
3C NMR measurements, which is in agreement with recent
theoretical calculations.??

In summary, we have performed >C and "Li solid-state
NMR measurements on Li intercalated SWNTs. We investi-
gated their metallic ground state, which is tunable by the Li
content, and we calculated the density of states at the Fermi
level. We found the existence of two inequivalent « and S

PHYSICAL REVIEW B 74, 073416 (2006)

sites for Li cations and suggest binding and hybridized states
between Li and C, which limits the electronic charge trans-
fer. We also point out that Li cations show thermally acti-
vated dynamics and diffusion along the channels of the car-
bon nanotube bundles.
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