
JABER-ANSARI ET AL . VOL. 8 ’ NO. 3 ’ 2399–2409 ’ 2014

www.acsnano.org

2399

February 08, 2014

C 2014 American Chemical Society

Influence of Electronic Type Purity on
the Lithiation of Single-Walled Carbon
Nanotubes
Laila Jaber-Ansari,† Hakim Iddir,‡ Larry A. Curtiss,‡ and Mark C. Hersam†,§,*

†Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208, United States, ‡Materials Science Division,
Argonne National Laboratory, Argonne, Illinois 60439, United States, and §Department of Chemistry, Northwestern University, Evanston, Illinois 60208,
United States

C
arbon nanotubes (CNTs) have been
studied extensively for their applica-
tion in lithium ion batteries due to

their favorable physical and chemical pro-
perties.1�16 For example, their nanometer-
scale size allows for short lithium diffusion
times, making them promising candidates
for high-power lithium ion batteries.13

Furthermore, their high aspect ratio and
electrical conductivity, combined with
high mechanical strength and resilience,
enable the formation of robust CNT net-
works that can support other materials such
as silicon,1,17,18 metal oxides,2,6,10,19�21 and
lithium metal oxides4,7,22 in nanocomposite
anodes and cathodes. In bulk form, these
materials experience large volume changes
during lithiation and delithiation that result
in mechanical fracture, thus losing electrical
contact with the current collector and
ultimately leading to capacity loss of the

battery.23,24 In contrast, the presence of a
CNT network in a nanocomposite electrode
increases battery life and safety bymechani-
cally reinforcing the electrode and preser-
ving electrical contact with the current
collector. CNTs have proven to be so ad-
vantageous that these networks have re-
placed metallic current collectors in recent
studies, leading to improvements in adhe-
sion of the active electrode material, en-
hanced mechanical durability, and lower
contact resistance in comparisonwithmetal
current collectors.25,26

Despite the increasing application of
CNTs in lithium ion battery electrodes and
the well-known structural and electronic
polydispersity of as-grown single-walled
carbon nanotubes (SWCNTs),27,28 the effects
of SWCNT structure and electronic proper-
ties on lithiation have not been reported.
Furthermore, experimental studies and
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ABSTRACT Single-walled carbon nanotubes (SWCNTs) have emerged as one

of the leading additives for high-capacity nanocomposite lithium ion battery

electrodes due to their ability to improve electrode conductivity, current

collection efficiency, and charge/discharge rate for high power applications.

However, since as-grown SWCNTs possess a distribution of physical and electronic

structures, it is of high interest to determine which subpopulations of SWCNTs

possess the highest lithiation capacity and to develop processing methods that

can enhance the lithiation capacity of underperforming SWCNT species. Toward this end, SWCNT electronic type purity is controlled via density

gradient ultracentrifugation, enabling a systematic study of the lithiation of SWCNTs as a function of metal versus semiconducting content.

Experimentally, vacuum-filtered freestanding films of metallic SWCNTs are found to accommodate lithium with an order of magnitude higher capacity

than their semiconducting counterparts, which is consistent with ab initio molecular dynamics and density functional theory calculations in the limit

of isolated SWCNTs. In contrast, SWCNT film densification leads to the enhancement of the lithiation capacity of semiconducting SWCNTs to levels

comparable to metallic SWCNTs, which is corroborated by theoretical calculations that show increased lithiation of semiconducting SWCNTs in the

limit of small SWCNT�SWCNT spacing. Overall, these results will inform ongoing efforts to utilize SWCNTs as conductive additives in nanocomposite

lithium ion battery electrodes.

KEYWORDS: density gradient ultracentrifugation . semiconducting . metallic . lithium ion battery . density functional theory .
ab initio molecular dynamics
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theoretical calculations performed on the interaction
of lithium with SWCNTs have primarily considered
either individual SWCNTs29,30 or bundles of small-
diameter (<1.2 nm) SWCNTs,31,32 despite the improved
SWCNT�SWCNT contact and thus higher electrical
conductivity of large-diameter (>1.2 nm) SWCNTs
and bundles.33 In this paper, we address these
issues by performing an experimental and theoretical
analysis of the lithiation of large-diameter SWCNTs
that have been sorted by electronic type (i.e., metallic
versus semiconducting) with density gradient ultra-
centrifugation (DGU). Furthermore, we control the
SWCNT�SWCNT spacing (i.e., degree of bundling)
by varying the densification of SWCNT thin films. This
study reveals that as-produced vacuum-filtered metallic
SWCNT thin films possess an order of magnitude higher
lithiation capacity than semiconducting SWCNTs, as pre-
dicted by theoretical calculations in the limit of noninter-
acting (i.e., unbundled) SWCNTs. On the other hand,
densification of the SWCNT thin films (i.e., bundled
SWCNTs) increases the lithiation capacity of the pre-
viously underperforming semiconducting SWCNTs to
a level that is comparable to metallic SWCNTs, again in
agreement with theoretical calculations. In this manner,
this work provides fundamental understanding and gui-
dance to researchers interested in optimizing the per-
formanceof SWCNT-based lithium ionbattery electrodes.

EXPERIMENTAL RESULTS

As-grown SWCNTs are approximately 67% semicon-
ducting and 33% metallic. Although a few growth
techniques exist that result in SWCNTs enriched in
specific chiralities or electronic type,34,35 the resulting
purities are typically insufficient for high-performance
applications, thus necessitating postgrowth sorting
techniques.36�38 Density gradient ultracentrifuga-
tion33,37,39�41 is an appropriate choice for sorting
SWCNTs for lithium ion battery studies because it can
be applied to SWCNTs with different diameters, yields

electronic type purities in excess of 99% for both
metallic and semiconducting SWCNTs, and can be
scaled up to sufficiently large quantities to enable the
fabrication of freestanding battery electrodes.
In DGU, SWCNTs are dispersed in deionized water

using ionic surfactants and then injected into an aqu-
eous density gradient. The buoyant density of the
surfactant-dispersed SWCNTs depends on the SWCNT
diameter in addition to the amount and type of surfac-
tant surrounding the SWCNT. Consequently, surfactant
selection allows the relationship between SWCNT
structure/properties and buoyant density to be tuned.
Upon ultracentrifugation, the surfactant-dispersed
SWCNTs sediment to their respective isopycnic points
(i.e., thepointwhere theSWCNTbuoyantdensitymatches
the density gradient medium), resulting in the formation
of distinct SWCNT bands with uniform diameter and/or
electronic type.33,41 These bands are then fractionated,
yielding a monodisperse SWCNT population that can be
used to fabricate freestanding films via vacuum filtration
or related film formation techniques.
DGU with the ionic surfactants sodium cholate

(SC) and sodium dodecyl sulfate (SDS) was employed
to sort the large-diameter (>1.2 nm) arc discharge
SWCNTs in this work. Following DGU, fractions of
metallic or semiconducting SWCNTs were isolated
and characterized by optical absorbance spectroscopy
(Figure 1a). The absorbance peaks for metallic (M11
and M22) and semiconducting (S22 and S33) SWCNTs
are indicated. The relative area under the absorbance
peaks for the metallic and semiconducting transitions
allows the electronic purity to be estimated.33 The
sorted aqueous SWCNT dispersion was then vacuum-
filtered to a freestanding SWCNT film as shown in
Figure 1b. The film was rinsed several times with
deionized water to remove the majority of the surfac-
tants. Nevertheless, surfactants cannot be rinsed off
completely, leading to residual surfactant at a level less
than ∼15 wt %.42

Figure 1. (a) Optical absorbance spectra of sorted SWCNT solutions, showing optical transitions for different metallic and
semiconductingpurities.Wavelengths associatedwith second- and third-order semiconducting transitions (shadedblue) and
first- and second-order metallic transitions (shaded red) are labeled S22, S33, M11, andM22, respectively. The electronic type
purity was estimated from the area under the metallic and semiconducting peaks. (b) Photograph of a freestanding SWCNT
film that was fabricated by vacuum filtration and then peeled off the filter paper.

A
RTIC

LE



JABER-ANSARI ET AL . VOL. 8 ’ NO. 3 ’ 2399–2409 ’ 2014

www.acsnano.org

2401

Lithium ion battery half-cells were fabricated with
99%, 90%, 60%, 40%, and 1% purity metallic SWCNT
films as the cathode and lithium foil as the anode
with 1 M lithium hexafluorophosphate in ethylene
carbonate�dimethyl carbonate (1:1) as the electrolyte.
The open-circuit voltages of these cells were 2�3 V.
The cells were galvanostatically charged/discharged
between 0.02 and 2 V. The voltage�capacity curves of
the first two cycles (Figure S1) possess two plateaus
between 0.8 and 1.8 V in the first discharge cycle,
indicating solid electrolyte interphase (SEI) formation.
Figure 2a shows the specific capacity of these
films, revealing that the 99% metallic SWCNT film has
10 times higher capacity than the 99% semiconducting
(i.e., 1% metallic) SWCNT film.
It is important to note the effect of residual ionic

surfactant here, which prevents full densification of
the SWCNT film in addition to presenting irreversible
reaction pathways for lithium (e.g., forming lithium
dodecyl sulfate). To remove the residual surfactant,
the SWCNT films were submerged in nitric acid (70%)
for 18 h, rinsed in deionized water, and dried at 110 �C.

Figure 2b shows the lithium ion capacity for the
resulting nitric acid treated films. The capacity of the
metallic SWCNTs is increased by approximately 40%,
while the lithium capacity for the semiconducting
SWCNT is increased by more than 1000%. Conse-
quently, the 99% metallic SWCNT film has only 20%
higher capacity than the 99% semiconducting SWCNT
film following surfactant removal and SWCNT film
densification with nitric acid. The capacity of the mixed
metallic and semiconducting films (i.e., 60%metallic and
60% semiconducting) is comparable to other SWCNT
anodes14,43 that have been tested with similar electro-
lytes, cell geometries, and applied rates, although pure
semiconducting and pure metallic SWCNT films show
improved capacity and cyclability. However, as men-
tioned before, the advantage of using carbon nanotubes
in comparison with other additives or conventional
graphite powders is not their capacity but rather their
superior physical and mechanical properties that enable
high-power applications and longer battery life.44

The nitric acid treated, 99% metallic SWCNT film
was lithiated and delithiated for 500 cycles, showing a

Figure 2. (a) Specific capacity of the vacuum-filtered SWCNT films without any post-treatment. In this case, the 99%metallic
SWCNT films have 10 times higher lithium capacity than the 99% semiconducting SWCNT films. (b) Specific capacity of the
nitric acid treated SWCNT films. Following acid treatment, the 99% metallic SWCNT films have 1.2 times higher lithium
capacity than the 99% semiconducting SWCNT films. The insets show the early cycle capacity degradation characteristics.
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Coulombic efficiency of more than 98% (Figure 3a).
The scanning electron microscopy (SEM) image of the
prelithiated film is shown in Figure 3b. Figure 3c shows
the SEM image of this film after 100 charge/discharge
cycles, indicating the SEI that forms on the SWCNT
bundles. This figure demonstrates that the freestand-
ing SWCNT film is robust and the SWCNT network
remains intact following significant charging and
discharging.
Structural defects in carbon nanomaterials are

known to increase the lithiation capacity.45,46 However,
in this case, the increase in capacity after acid treat-
ment is not associated with increasing nanotube
defect density. In particular, while more intensive acid
treatment processes such as sonication in acid, acid

reflux at higher temperatures (∼70 �C), and use of acid
mixtures have been known to cause defects such as
vacancies and holes in the nanotube structure,46,47 the
mild nitric acid treatment that was applied here is not
expected to damage the nanotube structure. To verify
this point, Raman spectroscopywas performed on 99%
metallic, 65% semiconducting, and 99% semiconduct-
ing SWCNT films before and after acid treatment
(Figure 4). The Raman peak at ∼1350 cm�1 is called
the disorder-induced D-mode and corresponds to
the SWCNT ends and sidewall defects.48 The D peak
intensity did not increase following the 18 h nitric acid
treatment, indicating that the acid treatment does not
lead to significant defect formation in the nanotube
network.
Another potential effect of acid treatment on

SWCNTs is doping. Nitric acid can cause formation of
carboxyl, carbonyl, and amine functional groups
on SWCNTs that are associated with a blue shift
of the G band in the Raman spectra. This shift can also
be observed by functionalization caused by ionic
surfactants.49 Figure 4b shows that the blue shift in
the G band exists for surfactant-containing SWCNT
films. However, when the surfactants are removed
following the acid treatment, the G band is red-
shifted to lower frequencies (Figure 4d). This result
also indicates that the acid treatment is not leaving
many functional groups on the SWCNTs that would
enhance the blue shift in the G band and/or the water
rinsing after acid treatment is removing most of the
functional groups from the SWCNT network. The G�

(∼1550 cm�1) and Gþ (∼1590 cm�1) peaks can also be
used to characterize metallic and semiconducting
SWCNTs.50 In the 99% metallic film, the G� shoulder
at ∼1550 cm�1 is broadened in comparison with the
99% semiconducting film. However, the difference is
subtle here, since the films are∼1 μm thick as opposed
to the thin films or colloidal suspensions where elec-
tronic type differences are more apparent with Raman
spectroscopy. Furthermore, it should be noted that at
the 514 nm excitation wavelength the Raman signal is
dominated by the semiconducting SWCNTs,51 which is
why the G bands for the 65% and 99% semiconducting
films look similar.
X-ray photoelectron spectroscopy (XPS) character-

ization of the SWCNT films did not indicate a nitrogen
peak, which also confirms that amine groups were
removed by the rinsing process after acid treatment
(Figure 5a). The high-resolution XPS scans of the
carbon 1s and oxygen 1s peaks are shown in
Figure S2. The oxygen 1s peak shows an intensity
decrease after acid treatment, which is due to the
removal of ionic surfactants that contain carboxyl
and carbonyl groups. TheGaussian�Lorentzian decon-
volution of the carbon 1s peak indicates C�C, CdO,
and C�OH bonds both before and after nitric acid
treatment.

Figure 3. (a) Cycling performance of an acid-treated 99%
metallic SWCNT film, showing stability after 500 cycles and
a Coulombic efficiency of 98%. (b) SEM image of the free-
standing, acid-treated, metallic SWCNT film before cycling.
(c) SEM image of the freestanding, acid-treated, metallic
SWCNT film following 100 charge/discharge cycles.
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Doping of the sorted SWCNT films with nitric acid
can also result in bleaching of the corresponding
metallic (M11 and M22) and semiconducting (S22
and S33) optical transition peaks.52 We observed this
bleaching by a color change that occurred in the sorted
SWCNT films when they were immersed in acid
(from green and red to gray for metallic and semicon-
ducting SWCNT films, respectively). However, when
the films were thoroughly rinsed in DI water, their color
gradually returned to the initial condition. Figure 5b
shows the optical transmittance spectra of the sorted
SWCNT films before acid treatment and after acid
treatment and DI water rinsing, indicating that the

optical transition peaks are restored after rinsing with
DI water.
The sheet resistance of the freestanding SWCNT

films was also measured, and no correlation between
the sheet resistance of the sorted SWCNT films and
theirmetallic or semiconducting contentwas observed
since the freestanding SWCNT films are all beyond the
percolation threshold.53 Based on percolation theory,
the conductivity of a SWCNT film is determined by the
number of nanotubes contributing to the percolating
network (film thickness) and the SWCNT�SWCNT junc-
tion resistance.54 The junction resistance ismuch lower for
metallic�metallic and semiconducting�semiconducting

Figure 4. Raman spectra of 99% metallic, 65% semiconducting, and 99% semiconducting SWCNT films (a, b) before
acid treatment and (c, d) after 18 h nitric acid treatment, showing no increase in the defect peak (D ≈ 1350 cm�1)
intensity as a result of the acid treatment. The spectra were normalized based on the G band (∼1590 cm�1) intensity.
The G band is red-shifted by approximately 10 cm�1 after the acid treatment (b, d). The Raman excitation laser
wavelength is 514 nm.

Figure 5. (a) X-ray photoelectron spectroscopy of the SWCNT network before acid treatment and after 18 h nitric acid
treatment. (b) Optical transmittance spectra of the sorted SWCNT films before acid treatment (solid line) and after 18 h nitric
acid treatment (dashed line).
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SWCNT junctions in comparison with metallic�
semiconducting junctions.55 Thus, the conductivity of
the sorted SWCNT film is highly dominated by the
SWCNT film thickness. Indeed, the sheet resistance
was observed to decrease as the SWCNT film thickness
and weight are increased, as shown in Figure 6a,b.
Since the area of the films was kept constant, the film
thickness had a direct relationship with the film weight.
Nitric acid treatment is known to remove the resi-

dual ionic surfactant and impurities from the nanotube
network and consume defective nanotubes.52,56,57 The
films were weighed before and after acid treatment,
and a weight reduction of 15�20%was observed after
the acid treatment, which was not dependent on the
electronic type of the nanotubes. Within the sample-
to-sample variation range, the nitric acid treatment did
not have any effect on the weight-normalized sheet
resistance of the SWCNT film. However, the nitric
acid treatment causes 20�30% densification of the
SWCNT film, and the thickness-normalized sheet resis-
tance decreases as a result of nitric acid treatment
(Figure 6b), which is consistent with the expected
significant surfactant removal following nitric acid
exposure.56,57 The densification effect of the acid
treatment is evident in the cross-sectional SEM images
in Figure 6c,d. The SEM cross-section of the SWCNT
film before acid treatment shows ionic surfactants
and other impurities around the SWCNT bundles,
which are absent after nitric acid treatment. To further

understand the effect of densification on the lithiation
capacity of SWCNT films, theoretical calculations were
performed.

THEORETICAL CALCULATIONSANDDISCUSSION

To investigate the binding of lithium to metallic and
semiconducting SWCNTs, a combination of ab initio

molecular dynamics (AIMD) and density functional
theory (DFT) calculations of the binding energies of
Li as a function of Li coverage and SWCNT�SWCNT
separation values was performed. Armchair (11,11)
SWCNTs and zigzag (20,0) SWCNTs were used to
represent the metallic and semiconducting SWCNT
families, respectively.58 These nanotubes have rela-
tively large diameters (∼1.5 nm) that match the arc
discharge grown SWCNTs that were used in the Experi-
mental Section. The initial structures were first relaxed
using DFT, and then further relaxations were induced
using AIMD calculations to explore other possible
minima of the potential energy surface and to find
the lowest energy configurations, which were then
used in further DFT calculations. We considered Li
adsorption on the outer surfaces of the SWCNTs
only, as we do not expect significant changes in the
capacity contribution from the inner surfaces of the
tubes, given the morphologies of the SWCNT bundles
(aspect ratio and orientation) and previous work that
reported that the outer surface is more favorable
energetically.30

Figure 6. Effect of acid treatment on a 66%metallic (33% semiconducting) SWCNT film (error bars indicate sample-to-sample
variations). (a) Sheet resistance versus film weight. (b) Sheet resistance versus film thickness. (c) Cross-sectional SEM image of
the SWCNT film before acid treatment. Arrows indicate residual surfactants and other impurities in the SWCNT film. (d) Cross-
sectional SEM image of the same SWCNT film after 18 h of nitric acid treatment.
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The binding energies per Li (BEs) were calculated
using the following expression: BE(n) = (1/n)(ELiCNT �
ECNT � nELi), where En

LiCNT and En
CNT are the total

energies of the SWCNT with and without lithium
adsorbed on the surface, respectively. ELi is the calcu-
lated total energy of bulk lithium per atom (1.9 eV),
and n is the number of lithium atoms in the supercell.
Both metallic and semiconducting SWCNTs exhibit
(Figure 7a) a strong BE dependence as a function of
Li coverage in the dilute coverage limit before leveling
off at higher lithium coverage (>25%). The BE of the
semiconducting SWCNT is higher (�4.41 eV) than the
BE of the metallic SWCNT (�3.97 eV) at the dilute
coverage limit, but reverses in favor of the metallic
SWCNT for lithium coverage higher than 5%. The
higher BE of a single lithium (i.e., dilute limit) on the
semiconducting SWCNT compared to the metallic
SWCNT is due to a larger charge transfer from lithium
to the nanotube in the case of the semiconducting
SWCNT, while only a small charge polarization is
observed for lithium interacting with the metallic
SWCNT, as revealed by charge density difference plots
(Figure S3).
At relatively higher lithium coverage, the increase

in the Li�Li repulsion on the semiconducting SWCNT

begins to balance out the gain from the strong ionic-
type binding with the nanotube surface (lithium on
a semiconducting SWCNT is positively charged after
donating charge to the nanotube). The second cross-
ing is observed for lithium coverage higher than∼25%,
again favoring a binding to the semiconducting SWCNT.
The structure of the relaxed lithium layer (50% initial
coverage) on the surface of the semiconducting SWCNT
shows a bilayer configuration as opposed to themetallic
SWCNT, which better accommodates the 50% lithium
coverage maintaining the initial monolayer configura-
tion (Figure 8). Again, Li�Li electrostatic repulsion
on the semiconducting SWCNT limits the coverage of
lithium on the surface.
To better understand the difference in binding

between the monolayer and two-layer configurations,
we investigated the binding of a lithium dimer in a flat
configuration in which both lithium atoms adsorb to
the nanotube surface (hollow sites), the upright con-
figuration with one lithium binding to the surface and
the second binding on top of the first lithium atom in
the hollow site, and a case where both lithium atoms
bind to the surface but are separated from each other.
The results show that on the metallic SWCNT the flat
Li�Li dimer configuration was 18 meV/Li lower in

Figure 7. Calculated binding energy of lithium to a metallic SWCNT versus a semiconducting SWCNT as a function of (a)
lithium coverage and (b) SWCNT�SWCNT separation distance at 25% lithium coverage.

Figure 8. Lithium binding configurations on a metallic SWCNT (top) and a semiconducting SWCNT (bottom) at 50% and 25%
lithium coverage.
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energy than the separated configuration, while the
upright configuration was higher (189 meV/Li) with
a Li�Li bond length at 0.311 nm, which is a separation
larger than the 0.304 nm of bulk Li, thus indicating
a weaker Li�Li bond. On the semiconducting SWCNT,
we could not stabilize the flat dimer configuration
on the nanotube, as the Li�Li distance increased to
0.313 nm, giving a BE equal to the separated Li�Li
configuration. The BE of the upright configuration,
even though it was higher (173 meV/Li) than the
separated configuration, resulted in a Li�Li bond
length of 0.302 nm, indicating weaker bonding of
lithium to the surface and, thus, favoring Li�Li bonding
instead.
Indeed, at 50% lithium coverage, the actual amount

of lithium binding directly to the nanotube surface is
twice as large for the metallic SWCNT as it is for the
semiconducting SWCNT. The larger binding energy of
the semiconducting SWCNT at this high coverage
compared to the metallic SWCNT is the result of
increased interfacial energy between lithium and the
nanotube in the metallic SWCNT case compared to the
semiconducting SWCNT case, in which the bilayer
configuration induces both a smaller energy penalty
at the interface and a higher gain from increased Li�Li
bonds. The presence of surfactants on the nanotube
surfaces, which are present in the non-acid-treated
samples, will have a much larger effect on the actual
capacity of the semiconducting SWCNT, as the surfac-
tants can hinder lithium from accessing the binding
sites on the semiconducting SWCNT surface. This last
observation could partially explain the jump in capa-
city improvement of the acid-treated semiconducting
SWCNT, as now the amount of adsorbed surfactants on
the surface is reduced.
However, 50% lithium uniform coverage (1 Li for 2 C

atoms) is quite high and most likely unrealistic, and, as
the bilayer lithium structure observed with the semi-
conducting SWCNT suggests, about 25% coverage
seems to be the actual limit that can be accommo-
dated by the surface. We do not expect to experimen-
tally reach such high lithium coverage, even on the
metallic SWCNTs, based on the experimental values
reported so far for SWCNTs.43 On the other hand, high
values of Li coverage could be reached locally. Note
that in the Li coverage range of interest (between
5% and 25%), metallic SWCNTs bind Li better than
semiconducting SWCNTs, which is consistent with the

experimentally observed higher lithium capacity for
the former.
Further calculations were performed at different

nanotube�nanotube separations (d) at a fixed lithium
coverage of 25% (Figure 7b). The results show a sharp
increase in the binding energy for separations below
0.8 nm for the metallic SWCNTs, while the threshold of
the binding energy change with nanotube�nanotube
distance is about 1 nm for the semiconducting SWCNT,
hence exhibiting higher sensitivity to the acid treat-
ment. The AIMD calculations were performed with
starting temperatures at 50, 100, and 300 K followed
by DFT relaxations to explore other possible stable
configurations, particularly at high coverage. The over-
all behavior remained practically unchanged for all
coverage values except for 50% coverage (at T =
300 K only). In general, the threshold observed in the
BE dependence on nanotube�nanotube separation,
at which a sudden increase in BE is observed, is now
less sharp, and the transition is more gradual. The
BE difference between the metallic SWCNT and the
semiconducting SWCNT at 50% is also reduced (from
0.25 eV/Li to 0.13 eV/Li). This reduction is due to the
transfer of some of the Li from the first layer directly in
contact with the SWCNT to the second Li layer, as well
as some further nanotube shape relaxation. However,
we believe that the structures obtained after AIMD at
50 and 100 K, which are similar, aremore realistic as the
overall SWCNT cylindrical shape is maintained.

CONCLUSIONS

In conclusion,wehave studied the lithiationproperties
of monodisperse metallic and semiconducting SWCNTs
using both experimental and theoretical techniques.
Our study shows that metallic SWCNTs can better
accommodate lithium, especially in the limit of large
nanotube�nanotube spacing, resulting in an order of
magnitude higher capacity in vacuum-filtered metallic
SWCNT films compared to semiconducting SWCNTs.
However, the lithiation of the semiconducting SWCNTs
is found tobe very sensitive to SWCNT�SWCNTdistance,
which implies that the lithiationcapacity of semiconduct-
ing SWCNT films can be increased to levels comparable
tometallic SWCNTs via a nitric acid treatment that causes
SWCNT film densification. Overall, these results are likely
to inform ongoing efforts to design SWCNT-based nano-
structured membranes, templates, and additives in re-
chargeable lithium ion batteries.

MATERIALS AND METHODS
Preparation of the SWCNT Films. Electric arc discharge SWCNTs

(P2, Carbon Solutions Inc.) were dispersed in an aqueous
1% w/v SC/SDS solution. They were then sorted by electronic
type (metallic or semiconducting, depending on SC/SDS
cosurfactant loading) via DGU in linear density gradients
using iodixanol.33,37 The centrifuge tubes were subsequently

fractionated, and the SWCNT electronic type purity was deter-
mined using optical absorbance spectra.33 The solutions were
dialyzed in 1% SC aqueous solution using Slide-A-Lyzer dialysis
cassettes (20K MWCO, Pierce Protein Biology Products) to
remove the iodixanol. The fractions were then combined to
make solutions of the desired purities (purity was verified again
using opticalmeasurements) andwere vacuum filtered through
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Millipore mixed cellulose ester membranes (0.05 μm pore size,
Millipore). A 50 mL amount of DI water was filtered over the
SWCNT films to clean the residual surfactants. The films were then
gentlypeeledoff themembraneanddriedonahotplateat 110 �C.

Acid Treatment of the SWCNT Films. A 10mL sample of nitric acid
(70%) was poured into a beaker, and the freestanding SWCNT
film was gently immersed for 18 h. Then, the acid was discarded
from the beaker and exchanged with DI water several times.
The DI water was changed two more times before the film was
picked up with tweezers and moved to a fresh DI water bath.
The film was then dried on a hot plate at 110 �C for a few
minutes. Care was taken to ensure that the tweezers did not
come into contact with the acid at any time in an effort to
prevent contamination of the SWCNT film.

Film Characterization. After transferring the SWCNT film to
a 300 nm SiO2/Si substrate, the thickness of the films was
measured by cross-sectional SEM after immersing the films in
liquid nitrogen for a few minutes and cleaving the SiO2/Si
substrate. Optical transmittance curves weremeasured for each
film via baseline-corrected UV�vis�NIR spectrophotometry
(Cary 5000, Varian). Sheet resistance was measured using
an in-line four-point probe and a Keithley 2400 sourcemeter.
Raman spectra were measured using a 514 nm wavelength
Ar/Kr mixed gas laser source.

Electrochemical Characterization. The SWCNT electrodes were
tested in a coin cell geometry with the freestanding SWCNT
films as cathodes and lithium metal as the anode. A solution of
1 M lithium hexafluorophosphate (LiPF6) in anhydrous ethylene
carbonate�dimethyl carbonate (1:1) was used as the electrolyte
(Novolyte Technologies) with a trilayer polypropylene/
polyethylene separator (Celgard, LLC). The coin cellsweregalvano-
statically tested with a battery tester (Arbin Instruments).

Theoretical Calculations. The Kohn�Sham density functional
method, as implemented in the Vienna ab initio simulation
package (VASP),59,60 was used with projected augmented wave
potentials61 and the generalized gradient approximation
(GGA).62 An energy cutoff of 420 eV was used. Gamma point
samplingwas used for the AIMD calculations at 50, 100, and 300 K
to accelerate the structure relaxation. Amicrocanonical ensemble
is simulated using the algorithm of Nosé.63,64 The AIMD calcula-
tions were then followed by further spin-polarized DFT relaxation
with Gamma 2 � 2 � 2 K-point sampling. The binding energies
were found to change by less than 5meV/Li, when increasing the
K-point grid to 3 � 3 � 3. A single-point calculation using the
tetrahedron method with Blöchl corrections was performed
on the converged geometries. Large supercells were considered
for both the (11,11) metallic SWCNT and the (20,0) semiconduct-
ing SWCNT with 220 and 240 carbon atoms for the metallic and
semiconducting SWCNTs, respectively. The cells used in this study
ranged between the two following sizes: (1) 30� 30� 12.21 nm
cells, representing parallel infinite length nanotubes with 1.5 nm
diameter and 1.5 nm SWCNT�SWCNT spacing; (2) 22 � 22 �
12.21 nm cells for ∼0.7 nm SWCNT�SWCNT spacing.
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