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ABSTRACT: Vertically aligned carbon nanotube (VA-CNT)
arrays have been synthesized with lithium (Li) intercalation
through an alcohol-catalyzed chemical vapor deposition technique
by using a Li-containing catalyst. Scanning electron microscopy
images display that synthesized carbon nanotubes (CNTs) are
dense and vertically aligned. The effect of the Li-containing
catalyst on VA-CNTs has been studied by using Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
electron energy loss spectroscopy (EELS). XPS results show the
change in binding energy of Li 1s and C 1s peaks, which indicates
that Li is inserted in VA-CNTs during growth. Analysis of Raman
spectra reveals that the G-band profile of CNTs synthesized with the Li-containing catalyst is shifted, suggesting an electronic
interaction between Li and neighboring C atoms of the CNTs. The EELS spectra of the C K edge and Li K edge from CNTs also
confirmed that Li is inserted into CNTs during synthesis. We have performed ab inito calculations based on density functional
theory for a further understanding of the structural and electronic properties of Li intercalated CNTs, especially addressing the
controversial charge-transfer state between Li and C.

■ INTRODUCTION
Carbon-based materials are prime candidates for electrode
applications in lithium (Li)-ion batteries due to their structural
stability and high capacity.1−9 Improvements in the Li
adsorption capacity of the carbon nanotube (CNT)-based
anodes have been reported with the help of doping,
functionalizing, defect engineering, and hybridizing CNTs
with fullerenes.10 Further enhancements are also reported by
ex situ doping of CNTs with Li6 and using vertically aligned
carbon nanotube (VA-CNT) arrays as electrodes.11

Despite the volume of experimental and theoretical works on
electronic and structural changes induced by the intercalation
of Li in graphite12−16 and in CNTs,5,17,18 charge transfer
between Li and the hexagonal carbon network remains a
subject of controversy. Results of some computational studies
on intercalation of alkali metals in graphite indicate complete
charge transfer,14 contrary to others suggesting a partial charge
transfer.19−21 X-ray photoelectron spectroscopy (XPS)22,23 and
electron energy loss spectroscopy (EELS)24 have been mainly
used to probe the nature of the charge transfer experimentally
and have given inconsistent results.
Recently, there were few reports of CNTs and carbon

nanostructures grown on Li-containing compounds;9,25,26

however, incorporation of Li to the carbon network has not
been examined in detail. In this study, we have demonstrated in
situ Li intercalation of CNTs during their synthesis. Scanning/
transmission electron microscopy (S/TEM), EELS, XPS, and
Raman spectroscopy were used to confirm the insertion of Li in
the CNT network. Following these results, we have also
performed ab initio density functional theory (DFT)
calculations on various geometries to understand the energeti-
cally stable configurations for Li insertion and the resulting
charge distribution. To address the existing controversy over
charge transfer, we have employed orders of magnitude denser
meshes than usual to achieve reliable convergence. To the best
of our knowledge, this is the first attempt where in situ Li
intercalation of VA-CNTs is successfully demonstrated, and in
addition, both experimental and ab initio analysis have been
used for correlating the charge transfer.
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■ EXPERIMENTAL METHODS

Two types of catalyst solutions were prepared. The first was a
Li-containing catalyst solution prepared by dissolving Al-
(NO3)3·9H2O, Co(NO3)2·6H2O, and LiNO3 (molar ratio of
Al/Co/Li is 1/1/1.4) in 10 mL of ethanol, and the second was
with Al(NO3)3·9H2O and Co(NO3)2·6H2O (molar ratio of Al/
Co is 1/1). These solutions were coated onto the oxidized
Si(100) substrates. Next, the substrates were treated in a
furnace by alcohol-catalyzed chemical vapor deposition
(ACCVD), which has two steps: (a) reduction and (b)
reaction where ethanol was introduced to facilitate CNT
growth.27 A summary of the experiments is given in Table 1.

■ RESULTS AND DISCUSSION
Scanning electron microscopy (SEM) images of VA-CNTs
from Set 3 and Set 1 are shown in Figure 1a,b. These cross-
sectional views show that CNTs are aligned perpendicular to
the surface of the substrates. The morphology of individual
CNTs grown with Li (Set 1) was further investigated by S/
TEM (Figure 1c). The length of the CNTs was measured to be
∼5 μm, and the diameters were between 10 and 20 nm.
The EEL spectra of Li K and C K edges are shown in Figure

1d,e, obtained from the CNTs grown in Set 1, respectively. The
Li K edge is observed at 55.6 eV, which is shifted by 0.6−0.8 eV
with respect to the metallic Li K edge, reported at 5528 and 54.8
eV.12 This shift in the Li K edge is expected due to charge
transfer from the Li to the C atoms. Hightower et al.24 also
reported a 0.2 eV shift for bulk LiC6.
The C K edge has a sharp edge just below the main

absorption threshold (Figure 1e). This is characteristic of the
excitation of electrons from the C 1s orbital to states above the
Fermi level, suggesting that graphite-like sheets are present in
the sample. In our study, we observed that this edge is centered
about 285.5 eV (π*), which corresponds to the unoccupied
antibonding π* states of sp2-hybridized C. This edge is reported
to be at 285 eV for pure CNTs29 and at 285.5 eV for CNTs
intercalated by alkali metals.30,31 Hence, our measurements are
in agreement with the earlier reports and confirm the presence
of Li in CNTs.
High-resolution Raman spectra were also analyzed for Set 1

and Set 3 (Figure 1f). The G band (E2g mode) corresponding
to in-plane vibration of C atoms32,33 was observed at 1594 and
1582 cm−1 for CNTs grown in Set 1 and Set 3, respectively.
However, the D band for both samples, which is attributed to
disorder and defects in the CNTs,33 was observed at the same
wavenumber of 1344 cm−1 and did not get affected by the
presence of Li. Several studies also reported a shift toward
higher wavenumbers for the G band (11 cm−1 in this study);
this is due to the insertion of the Li atom between the layers
and charge transfer from Li to the C matrix.34,35

TEM and Raman spectra provide strong support for the
presence of Li in the CNTs; nevertheless, an XPS analysis was
conducted. XPS spectra for Li 1s and C 1s peaks are shown in

Figure 2, and the binding energies (EB) of the peaks are
tabulated in Table 2. To understand the chemical state of Li,
Set 2 and Set 4 samples were synthesized. An XPS spectrum
from Set 4 is shown in Figure 2a and has a broad asymmetric
peak centered on 59.5 eV corresponding to Co 3d.36 In the
XPS spectrum from Set 2, a second peak appears at 54.9 eV
corresponding to metallic Li37 (Figure 2b). This shows that the
Li and Co on the substrates after the reduction step were
metallic.
XPS analysis has been also carried on VA-CNTs synthesized

in Set 1 and Set 3 to confirm the chemical state of Li. Figure 2c
shows the Co 3d peak centered at 59.5 eV for Set 3. For Set 1
(Figure 2d), three peaks were found around 55 eV (metallic
Li), 55.8 eV (intercalated Li), and 59.5 eV (Co 3d). The Li 1s
peak for the intercalated Li in the LiC6 compound was reported
at 56 eV with a shift toward higher EB compared to metallic
Li.38 This shift is due to charge transfer from Li to the C
matrix.38 In our study, when we compare the EB of Li 1s for Set
1 (55.8 eV) with Set 2 (54.9 eV), there is a shift toward higher
EB, which can be suggested as another evidence for Li
intercalation during CNT growth (Set 1).
A detailed analysis of the C 1s peak was also conducted to

confirm Li intercalation. The shape of the C 1s peak from Set 1
(Figure 2e) is different than that for the CNTs in Set 3 (Figure
2f). After deconvolution of the C 1s peak from Set 3, the main
peak (graphitic C) appears at 284.3 eV (fwhm 0.7 eV) with a
broad component at 285.5 eV due to C−H bonding39,40

(Figure 2e). The deconvolution of C 1s peak from Set 1 results
in multiple peaks; a main component at 284.3 eV and a broader
one at 285 eV (Figure 2f). The peak at 285 eV corresponds to
the Li intercalated CNTs and shifted toward the higher EB side
compared with the component at 284.3 eV, which is the BE of
the C 1s of CNTs without Li. Generally, C 1s peaks between
285 and 285.2 eV are attributed to Li intercalated C, such as
LiC6 and LiC2.

41 Besides, the broader appearance of this peak
with respect to that for graphitic C (284.3 eV) was considered
to be due to charge redistribution on C induced by Li.39,42,43

XPS analyses results for the ex situ intercalation attempt are
provided in the Supporting Information.
We have also performed first-principles plane-wave calcu-

lations44−46 within DFT by the projector-augmented wave
(PAW) potentials.47,48 Both the local density approximation
(LDA)49 and the generalized gradient approximation (GGA)50

were employed for the description of the exchange-correlation
potential. We used various configurations based on a bilayer
graphene system with AA (8 initial configurations) and AB (12
initial configurations) stacking to understand the Li interaction.
The large supercell is set as a 6 × 6 bilayer graphene in plane
with around 15 Å of vacuum in the perpendicular direction.
Accordingly, we have used a 7 × 7 × 1 Monkhorst−Pack51 k-
point mesh for sampling the Brillouin zone. All edge C atoms
furthest away from the Li atom are frozen in order to keep the
3.34 Å distance between the graphene layers, but allowing the
relaxation of atoms in the vicinity of Li. All Li/bilayer graphene
configurations were optimized, and the corresponding binding
energies of the Li were calculated to understand how Li binds
with CNTs. Even though the resulting binding energies were
different, their order and corresponding physical picture were
similar regardless of the stacking and functionals used. Hence,
we only discussed the results from AA stacking with the LDA
potential throughout. Furthermore, for resolving the con-
troversial discussion for charge transfer, we have investigated
the charge densities of the systems from the converged

Table 1. Summary of Experiments

experiment catalyst ACCVD run after ACCVD

Set 1 Li-containing Co reduction + reaction CNT
Set 2 Li-containing Co reduction
Set 3 Co reduction + reaction CNT
Set 4 Co reduction
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