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L
ithium ion (Li�) battery technology is
at the forefront of development to
meet the growing electrical storage

need presented by mobile electronics,1 re-

newable energy development,2 and electric

(EV) and plug-in hybrid electric vehicles

(PHEV).2,3 Conventional Li� batteries can

benefit from an increase in reversible capac-

ity, cycle life, and charge�discharge rates,

which come from modification of cell de-

sign and selection of novel active materi-

als.2 The cell designs are generally directed

at either high-power (W/kg) or high-energy

(Wh/kg) applications resulting in trade-offs

between active materials (e.g., cathode may

be LiNiCoAlO2 for high energy or LiFePO4

for high power), composite thickness, and

ratio of binder to conductive additives to

minimize ohmic losses under high-power

operation.4 However, recent interest in a

more balanced battery design regarding

the power/energy ratio is motivated by the

Department of Energy’s requirement to

make EVs and PHEVs a reality by overcom-

ing range barriers.3

Recent efforts to identify new active ma-

terials and battery designs that are capable

of high capacity over a range of charge/dis-

charge rates have focused on utilizing vari-

ous carbonaceous and inorganic

nanomaterials.2,5 The nanomaterial size al-

lows for higher capacity at high currents be-

cause of the shorter diffusion parameters,

as well as the ability to more readily accom-

modate expansion and contraction during

lithiation because of the bond stretching,

which leads toward more robust

materials.6,7 In particular, specific attention

has been given to the potential of carbon

nanotubes (CNTs) for lithium ion
batteries,8�22 due to their unique combina-
tion of structural and electronic properties.
Reversible capacities exceeding a LiC2 stoi-
chiometry (�1116 mAh/g) are proposed for
single-wall carbon nanotubes (SWCNTs),23,24

representing a dramatic improvement over
conventional graphite limits.25 In addition
to the remarkable intrinsic properties, a fur-
ther impact is the ability to process CNTs
into free-standing electrodes, which can
dramatically enhance the lithium ion capac-
ity in a full battery.26�28

The novelty in free-standing electrode
design comes from the ability to maintain
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ABSTRACT Carbon nanotubes are being considered for adoption in lithium ion batteries as both a current

collector support for high-capacity active materials (replacing traditional metal foils) and as free-standing

electrodes where they simultaneously store lithium ions. The necessity to establish good electrical contact to

these novel electrode designs is critical for success. In this work, application of nickel and titanium as both

separable and thin film electrical contacts to free-standing single-wall carbon nanotube (SWCNT) electrodes is

shown to dramatically enhance both the reversible lithium ion capacity and rate capability in comparison with

stainless steel. Scanning electron microscopy showed that evaporation of Ni and Ti can effectively coat the SWCNT

bundles in a bulk electrode which is capable of providing an improved electrical contact. A thin film of titanium

emerged as the preferred electrical contact promoting the highest capacity ever measured for a SWCNT free-

standing electrode of 1250 mAh/g. In addition, the titanium contacting approach demonstrated a 5-fold

improvement in lithium ion capacity at extraction rates greater than 1C for a high-energy density Ge�SWCNT

electrode. The overall performance improvement with Ti contacts is attributed to a lower contact resistance,

nanoscale “wetting” of SWCNT bundles to improve contact uniformity, and effective electron coupling between

Ti and SWCNTs due to work function�energy level alignment. The experimental results provide the basis for a

Ragone analysis (power vs energy parameters), whereby Ge�SWCNT�Ti anodes paired with a LiFePO4 cathode

can lead to a 60% improvement over conventional graphite anodes in both power and energy density for a

complete battery.

KEYWORDS: lithium ion batteries · carbon nanotubes · free-standing anodes ·
germanium anodes · titanium contacts
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bifunctionality (i.e., role as both the active material
with high lithium ion capacity and sufficient electron
transport to remove the inactive current collector) in a
battery. The implication of using a free-standing elec-
trode is that the entire mass contributes to the usable
electrode capacity (Ah/mass of electrode). Another im-
portant advantage for free-standing CNT anodes is the
ability to adjust the anode thickness to tailor the
electrode-specific capacity and achieve the ideal num-
ber of electrodes within a given volume. Such a strategy
is not feasible with conventional designs because there
is a nonlinear decrease in usable electrode-specific ca-
pacity as the composite thickness is thinned due to the
relative increase in copper foil mass percent.29 Measure-
ments to date for SWCNT anodes have reported revers-
ible capacities from 400 to 600 mAh/g for purified
materials.10,27,30�32 Further increases in capacity have
been achieved through alternative processing condi-
tions, such as inclusion of defects and shortening of car-
bon nanotubes through ball-milling,33 optimization of
electrolyte,27 and higher temperature testing.28 In gen-
eral, the benchmark lithium ion capacity for a free-
standing CNT anode is 1000 mAh/g.9,34

CNT electrodes can also offer a lightweight, stable
structure to support ultrahigh capacity active
materials.26�28 Such a strategy capitalizes on electrical
transport from the CNT percolation network and relies
upon the proper incorporation of higher capacity crys-
talline materials such as semiconductors,33,35�40 namely
tin (994 mAh/g), germanium (1600 mAh/g), and silicon
(4000 mAh/g). Most recently, inclusion of silicon and
germanium within free-standing
semiconductor�SWCNT anodes yielded electrode-
specific capacities exceeding 1000 mAh/g with nomi-
nal anode voltages at 0.4�0.5 V vs Li/Li�.41,42 Given such
progress in terms of enhancing the electrode capacity,
there is a parallel need to maximize the power density
in free-standing electrodes such that improvements in
battery design can be realized for both power and en-
ergy intensive applications. The power capability is di-
rectly related to the ability to make good electrical con-
tact to the CNT electrode in the battery design.

Efforts to develop good electrical contact to CNTs
have been an area of both experimental and theoreti-
cal study in recent years.43�57 The prospect of coating
CNTs with a thin film of metal to establish low contact
resistance has been studied for a variety of applications
including hydrogen storage,58 field emission
devices,59,60 and in microelectronic devices to indi-
vidual carbon nanotubes or thin networks.52�54,61�65

The prevalence for certain metals to interact favorably
with the CNT surface has been corroborated by electron
microscopy studies that evaluated the “wettability” of
several metals with the concluding trend of Ti � Ni �

Pd � Fe � Al � Au in their ability to adhere and uni-
formly coat carbon nanotubes.66�68 Titanium and nickel
were both shown to deposit in a conformal coating on

individual CNTs, as compared to other studied metals
which deposit in discrete-like particles on the carbon
nanotube surface.66�68 In addition to experimental re-
sults, theoretical calculations show that titanium and
nickel are highly favorable metals for CNT contacts
based upon carbon nanotube side-wall distortion, wet-
ting theories, and surface energies.43�46,49,50,53,69 How-
ever, progress to implement this understanding to a
bulk CNT electrode has been limited,70�73 with most at-
tention given to gold (which was proposed to have
poor carbon nanotube�metal interaction due to lim-
ited wettability). Thus, it is critical to identify proper
electrical contacts to CNT anodes for battery applica-
tions to minimize ohmic losses as well as assess electro-
chemical stability for cell design.

In the present study, a comparison between sepa-
rable and thin film metal contacts for free-standing
SWCNT anodes was performed for two prevalent met-
als used in lithium ion battery technology and also
known to interact favorably with CNTs: Ni and Ti. The
electrochemical capacity and rate capability have been
measured for pure SWCNT and Ge�SWCNT electrodes
with and without metal contacts to assess the effects on
reversible capacity and rate capability. The experimen-
tal values served as parametric inputs to a recently de-
veloped battery model that calculates the energy and
power densities for a flat plate prismatic battery design
utilizing LiFePO4 as the cathode. The overall results are
used to propose a physical rationale for performance
improvements in the battery anode from the unique
SWCNT�metal interactions.

RESULTS AND DISCUSSION
The present study investigates the electrochemical

capacity and rate capability of free-standing SWCNT
electrodes with and without Ti and Ni contacts to as-
sess their candidacy for improved electrical contacts for
battery electrodes. Nickel and titanium were selected
as potential electrical contacts on coin cells because of
their favorable compatibility with carbon nanotubes
and their accepted use in the battery community. Ini-
tial measurements used separable metal contacts de-
posited on the cathode side of the half cell to investi-
gate the interaction with SWCNT electrodes.

Figure 1a is the first cycle charge/discharge for the
SWCNT electrodes in contact with the Ni- and Ti-
metalized coin cells at a constant current of 74 mA/g
with respect to the SWCNT mass. The purified free-
standing SWCNT electrode (blue, 1) exhibits a specific
capacity of 550 mAh/g, which is consistent with previ-
ous work for similar materials.10,15,26�28,31,32,34,74 Figure 1a
illustrates that the use of Ni- and Ti-metalized coin cell
cans provides a marked improvement in the reversible
lithium ion capacity for SWCNT electrodes achieving
680 and 1050 mAh/g, respectively. Each of the SWCNT
electrodes in Figure 1 has a Coulombic efficiency of
20%, which is independent of metal contacting. Such a
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loss can be addressed in full battery designs using pre-

lithiation steps.26�28 A reversible capacity of 1050

mAh/g exceeds the highest measured value to date

for purified free-standing SWCNT electrodes and illus-

trates the opportunity to enhance lithium ion capacity

with appropriate separable electrical contacts for these

materials.

Figure 1b depicts the capacity for 50 cycles over

five currents for each of the SWCNT electrodes meas-

ured in contact with the metalized coin cell cans. The

nickel-metalized coin cell (red, �) demonstrates an im-

provement in capacity over the stainless steel can at

lower currents, but the improvement falls off as the rate

of cycling is increased. The improvement in capacity

with the use of a titanium-metalized coin cell (green,

}) persists at higher currents, outperforming the con-

ventional stainless steel and Ni-metalized coin cell cans.

It is important to note that the reversible capacity of

the SWCNT electrodes with Ti-metalized cans is stable

over the number of cycles measured. Such an improve-

ment in electrochemical performance observed

through the use of titanium on the coin cell can may

be attributed to the enhanced ohmic contact from re-

duced contact resistance at the junction with the

SWCNT electrode.48

The measured improvements in reversible capacity

for purified free-standing SWCNT electrodes with nickel

and titanium separable contacts, as well as the known

wettability of these metals onto the SWCNT surface,51,68

warranted an investigation of direct deposition of the

metals. The metals were evaporated onto SWCNT elec-

trodes and are designated as SWCNT�Ni and

SWCNT�Ti, respectively, to represent the [active

material]�[thin film electrical contact]. Figure 2a shows

an interface (top-down) between the high-purity

SWCNT morphology and the 100 nm Ni coating on the

Figure 1. (a) First cycle insertion and extraction voltage profile for SWCNT electrodes on a stainless steel cell (blue, 1, �)
titanium-coated cell (green, 3, }), and a nickel-coated cell (red, 2, 9) at a current of 74 mA/g. (b) Cycling for the SWCNT elec-
trodes on metalized coin cell cans at 74, 186, 372, 744, and 1860 mA/g.

Figure 2. Scanning electron micrographs at 20 000� magnification of (a) the interface between coated and uncoated car-
bon nanotubes for 100 nm SWCNT�Ni electrode, and (c) the 100 nm SWCNT�Ti electrode. The uniform bundle coating is
shown for the (b) 100 nm SWCNT�Ni electrode, and the (d) 100 nm SWCNT�Ti electrode. (e) First cycle extraction for a
SWCNT electrode (blue, 1), the 100 nm SWCNT�Ni electrode (green, 2), and the 100 nm SWCNT�Ti electrode (black, 3) at a
current of 74 mA/g with a standard electrolyte of 1 M LiPF6EC/PC/DEC. The capacity is a function of SWCNT mass only.
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SWCNTs, and Figure 2b shows an area completely
coated with 100 nm of Ni. With a thickness of 100 nm,
there is uniform metal coating on the SWCNT bundles,
but the carbon nanotube morphology is still visible.
Similar to the nickel deposition, the SEM images in Fig-
ure 2c,d show that the 100 nm titanium evaporation
leads to a conformal coating of titanium over the
SWCNT bundles in the electrode, as well.

Electrochemical half-cell testing was performed for
the 100 nm SWCNT�Ni and SWCNT�Ti electrodes at
five charge/discharge currents to investigate the effect
on bundle coating within the bulk electrode. Figure 2e
shows the first cycle extraction of the control SWCNT
electrode (blue, 1), the 100 nm SWCNT�Ni electrode
(green, 2), and the 100 nm SWCNT�Ti electrode (black,
3) at a constant current of 74 mA/g. The SWCNT�Ni
electrode exhibits an increase in capacity for the first
cycle of 880 mAh/g for the active SWCNT mass com-
pared to the control SWCNT electrode of 550 mAh/g.
The 100 nm SWCNT�Ti electrode shows an additional
increase in reversible capacity up to 1100 mAh/g. Each
of the SWCNT electrodes showed a comparable Cou-
lombic efficiency regardless of deposited metal contact.
It is of importance to note that there is no evidence to
suggest the improvements in storage capacity are com-
ing from lithium insertion into Ti or TiOx, which would
occur around 1.5�1.7 V,75,76 but rather from enhanced
storage within the SWCNTs.

Initial electrochemical characterization indicated ti-
tanium outperforms nickel, giving rise to the investiga-
tion of a thicker titanium layer. A 500 nm thick titanium
layer, shown in Figure 3a,b, was deposited on the
SWCNTs to determine if creating a thin film contact
with the SWCNT bundles and a complete filling of nan-
opores within the SWCNT electrode would further in-
crease the active material capacity. Figure 3c illustrates
the first cycle extraction capacity for the electrode series
scaled with respect to the entire electrode mass. The
performance of the 500 nm SWCNT�Ti electrode (red,
3) is close to that of the 100 nm SWCNT�Ti electrode
(black, 4), with specific electrode capacities of 925 and
1000 mAh/g, respectively. The lack of any improvement
with the thicker titanium film suggests that a 100 nm
film is sufficient to improve electrochemical perfor-
mance of the SWCNT electrodes; however, it is pos-
sible that slight modifications in the titanium thickness
of 100 up to 500 nm may provide an even higher
lithium ion storage capacity within the SWCNT active
material. Even with the inclusion of the inactive metal
contact mass, the metalized SWCNT electrode still sig-
nificantly outperforms the control SWCNT electrode in
specific capacity, 750 mAh/g for the SWCNT�Ni elec-
trode, 925 and 1000 mAh/g for the 500 and 100 nm
SWCNT�Ti, respectively.

There is a significant increase in capacity over the
first 10 cycles in the SWCNT�Ti samples, which is attrib-
uted to an increase in the number of accessible lithium

ion storage sites as the half-cell is cycled. Figure 3d

shows the extraction curve of the tenth cycle for the to-

Figure 3. Scanning electron micrographs at 20 000� magni-
fication of (a) the interface between coated and uncoated
carbon nanotubes for the 500 nm SWCNT�Ti electrode and
(b) the SWCNT�Ti completely coated with titanium; (b) first
cycle extraction for the total free-standing electrode mass
for a SWCNT electrode (blue, 1), the SWCNT�Ni electrode
(green, 2), and the SWCNT�Ti electrodes at thicknesses of
100 nm (black, 4) and 500 nm (red, 3) at a current of 74 mA/g
with a standard electrolyte of 1 M LiPF6 EC/PC/DEC; and (c)
the extraction for cycle 10 of the total free-standing elec-
trode mass, at 74 mA/g.
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tal electrode mass for all the electrodes, indicating the
increased capacity after 10 cycles with values as high as
1250 mAh/g for the 100 nm SWCNT�Ti electrode. The
enhanced electrical contact by the titanium with the
SWCNTs is shown to increase capacity over the first few
cycles and would be included during a protocol for con-
ditioning in a full battery. The additional capacity may
be attributed to lithium ion insertion around inner car-
bon nanotubes within the close-packed bundles, mak-
ing a larger percentage of available SWCNTs active for
charge transport. Overall, the capacity for a SWCNT�Ti
electrode represents the highest measured value to
date for a free-standing SWCNT electrode.

Figure 4a shows the full electrode capacity for the
SWCNT, SWCNT�Ni, SWCNT�Ti, and MCMB anodes as
a function of cycle number with 10 cycles shown for
each current rate, determined from the active material
mass (74, 186, 372, 744, 1860 mA/g). Each of the elec-
trodes decreases in capacity as the current increases;
however, the SWCNT�Ti electrode maintains an in-
crease in capacity by more than 90% at the higher cur-
rent rates. For comparison, a standard mesocarbon
microbead (MCMB) anode was prepared and tested un-
der the same half-cell and constant current conditions.
The MCMB anode exhibits capacity reduction at higher
currents, as well, with capacity reducing to less than
10% of the initial capacity at a current of 1860 mA/g.
The significant improvement in rate capability for the
SWCNT�Ti electrode over the MCMB anode is evi-
denced by a more than doubling in capacity even at
similar C rates. Figure 4b shows that for a comparable
1C rate, the SWCNT�Ti electrode has a capacity of 350
mAh/g, which outperforms the state-of-the-art MCMB
anode with a capacity of 200 mAh/g.

The significant improvement in electrochemical per-
formance of laser vaporization synthesized SWCNTs
with the use of titanium as a metal contact is clearly
demonstrated in this study. A similar effect in increased

capacity has also been measured with other SWCNT
materials, namely, HiPCO synthesized CNTs (Unidym)
and commercially available CNTs (Nanocomp Technolo-
gies, Inc.). The results illustrate that the choice of metal
is critical to improve electrochemical performance as
well as the deposited thickness, as it can influence the
overall free-standing electrode specific capacity. The
present results show that a 500 nm thick Ti contact does
not improve the electrode specific capacity nor rate ca-
pability over a 100 nm thick film. Thus, the least amount
of Ti necessary to improve the electrode performance is
critical from an energy density standpoint since the ti-
tanium is an inactive material in the anode. An optimal
Ti contact layer thickness will be directly related to the
morphology of the free-standing SWCNT electrode, in-
cluding the diameter and length distribution of the
CNTs along with the degree of carbon nanotube bun-
dling which influences the electrode porosity. In addi-
tion, the use of titanium over a traditional copper sub-
strate maintains the opportunity for a battery capable
of deep discharge to improve battery storage and per-
formance after extended periods of inactivity.77

The measured improvement in capacity for
SWCNT�Ti electrode rate capability could lead to de-
velopment of a battery that performs in both high-
power and high-energy applications. To further ad-
vance this concept, a thin film of titanium (100 nm)
was used on the backside of a Ge�SWCNT electrode
in a design that was previously measured to increase
the anode energy density by a factor of 3 compared to
conventional MCMB anodes.42 Electron-beam evapora-
tion was used for the deposition of titanium and germa-
nium to ensure accurate thickness control monitoring.
Figure 5a shows the first cycle extraction electrode ca-
pacity for a Ge�SWCNT electrode (700 mAh/g) and a
Ge�SWCNT�Ti electrode (1200 mAh/g) where the tita-
nium side is in contact with the coin cell can. The
Ge�SWCNT�Ti electrode maintains the same favor-

Figure 4. (a) Lithium ion capacity as a function of cycle number for the SWCNT electrode (orange,Œ), the SWCNT�Ni (blue,}),
the SWCNT�Ti electrodes (100 nm, black, �; 500 nm, red, 9), and a MCMB anode (green,�) for five charge/discharge cur-
rents (74, 186, 372, 744, and 1860 mA/g) at 10 cycles for each current. (b) Maximum lithium ion capacity for each of the elec-
trodes at a constant current with dashed trend lines for figure clarity.
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able voltage profile as a Ge�SWCNT electrode but

with an enhancement which improves the effective en-

ergy density of the anode when paired with a cathode

in a full battery.42 Figure 5b shows the differential

change in capacity as a function of voltage for both

the Ge�SWCNT and Ge�SWCNT�Ti electrodes. The re-

sults clearly illustrate the relative improvement in re-

versible Li� capacity for both Ge (predominant contri-

bution between �1 V) and SWCNTs (�1 V) with the

deposition of Ti contacts. The additional contribution

from the SWCNTs below 1.5 V with the use of titanium

is evidenced by the additional peak at �1.2 V present in

the Ge�SWCNT�Ti half-cell data.

Rate capabilities of the Ge�SWCNT and

Ge�SWCNT�Ti electrodes were examined under five

currents (74, 186, 372, 744, 1860 mA/g) at 10 cycles

each, and the capacities are shown in Figure 6a. Simi-

lar to the performance of the SWCNT�Ti electrodes de-

picted in Figure 4, the improvement in capacity with

the use of titanium for the Ge�SWCNT electrodes per-

sists at higher rates. Figure 6b shows that for a compa-

rable 1C rate (using the dashed lines as a guide) the

Ge�SWCNT electrode has a capacity of 200 mAh/g,

whereas the Ge�SWCNT�Ti electrode would have a

capacity of approximately 550 mAh/g. Calculations also

showed that the ratio of the storage capacity within

the germanium, below 1 V, and within the SWCNTs,

above 1 V, persists at the higher C rates, suggesting the

capacity of the germanium is not completely reduced

at higher currents. Such results for the Ge�SWCNT�Ti

electrode dramatically exceed the conventional MCMB

values from Figure 4 and represent a benchmark rate

capability for free-standing anodes. Furthermore, the

electrochemical results herein demonstrate that the

electrical conductivity of the SWCNT�Ti electrode is a

sufficient current collector (as a replacement for copper

foil) to support the Ge-active material in the anode for

applications with modest rate demands.

The experimental results for the Ge�SWCNT�Ti

electrodes show that a dramatic improvement in

Figure 5. (a) First cycle extraction for a Ge�SWCNT electrode (red) and a Ge�SWCNT electrode with a Ti thin film (blue) at
a current of 74 mA/g with a standard electrolyte of 1 M LiPF6 EC/PC/DEC. (b) Differential change in capacity (dC/dV) as a func-
tion of voltage from 5 mV to 3 V; the axes are rotated to emphasize the correlation with the extraction voltage profile in
(a).

Figure 6. (a) Lithium ion capacity as a function of cycle number for the Ge�SWCNT electrodes without (red, �) and with
(blue, 9) titanium for five charge/discharge currents (74, 186, 372, 744, 1860 mA/g) at 10 cycles for each current. (b) Maxi-
mum lithium ion capacity for each of the electrodes at a constant current with dashed trend lines for figure clarity.
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lithium ion capacity can be achieved at C rates �1C,
which could improve both the power and energy den-
sity in a full battery. Incorporation of the measured ca-
pacity values into a battery model, recently described,
can provide a theoretical estimate on the relative im-
provement in the energy density of a full battery.29,42

The model calculations consider the direct replacement
of MCMB anodes on traditional copper current collec-
tors with the free-standing Ge�SWCNT�Ti anodes. The
algorithm pairs the anode with a LiFePO4 cathode and
determines the theoretical energy density improve-
ments for a given cell composition based on the meas-
ured free-standing anode capacities. The control anode
is similar to the one highlighted in Figure 4 for an MCMB
composite, and the cathode model assumptions are
equivalent to previously reported parameters.29,42 Selec-
tion of LiFePO4 as a suitable cathode match for the
present design is based on the excellent rate capability
for this cathode that leads to minimal capacity fade at
modest C rates based upon previous work.78

Figure 7 highlights the outcome of the model calcu-
lations in the Ragone plot for the Ge�SWCNT�Ti:
LiFePO4 batteries based upon the measured capacity
and rate studies from Figure 6. Thus, the specific en-
ergy density for a full battery with the Ge�SWCNT�Ti
anodes paired with LiFePO4 can become as high as 210
Wh/kg at low rate and exceed 175 Wh/kg at a 2C rate.
This is a dramatic improvement over calculated energy
densities for the MCMB anode paired with LiFePO4, rep-
resenting a 60% increase in energy density over the
range of C rates when using a Ge�SWCNT�Ti free-
standing anode. In addition, Figure 7 illustrates the per-
formance values by the shaded bands for commercial
lithium ion batteries from A123 systems (experimental
data on their 18 650 cells containing the nanophos-

phate chemistry) and SAFT’s reported data for their
VLE technology.79 Although not as high over the range
of C rates, the SWCNT�Ti anode would exceed the
MCMB�LiFePO4 energy density (132 Wh/kg) by �10%,
even with the much lower average cell voltage (i.e., 2 V).
The proposed improvements in battery energy and
power density with a Ge�SWCNT�Ti:LiFePO4 design is
clearly evident. It is interesting to note that the LiFePO4

cathode, which is desirable for today’s technologies
due to the inherent safety, generally produces a lower
energy density battery than its peer chemistries80 but
could achieve �200 Wh/kg with a Ge�SWCNT�Ti free-
standing anode.

The collective results in the present study demon-
strate a dramatic improvement in lithium ion capacity
and rate capability for SWCNT electrodes with the use
of Ni and Ti contacts. The improvements have been ob-
served with both separable and thin film contacts with
Ni illustrating modest increases and Ti contacts promot-
ing dramatic increases in both capacity and rate capa-
bility. No additional improvement has been observed
when contacting both the SWCNT electrode and the
coin cell can in concert. Therefore, the overall enhance-
ment is proposed to be governed by several factors in-
cluding the following, as discussed in more detail be-
low: (1) reduction of contact resistance at the electrode
interface with metals, (2) SWCNT bundle coating by
thin film deposition leading to a more uniform electri-
cal contact at the nanoscale, and (3) energy level match-
ing that promotes electron coupling to certain SWCNT
chiralities.

The use of a metal, in general, has been reported to
lower the contact resistance for CNT electrodes, which
would allow for better charge transfer at the
electrode�can interface.43,48 In addition, if a metal can
be deposited and “wet” the carbon nanotube surface,
this will lead to a uniform coating on the SWCNT
bundles which enhances the contact. If enough metal
is deposited, it can ultimately fill the void space in the
bulk carbon nanotube electrode and create a uniform
thin film contact.51,53,68 However, a complete thin film
across the electrode does not improve the anode per-
formance, which the 500 nm titanium layer demon-
strated. Thus, a trade-off between the amount of inac-
tive metal mass and the degree of coating on the
SWCNT bundles will lead to the optimal SWCNT elec-
trode capacity.

The wettability factor of these metals is heavily influ-
enced by the interfacial energy and diffusion barriers,
which are low and high, respectively, for titanium and
nickel giving rise to the uniform coating.46 In particular,
titanium is reported to have higher binding energies
to carbon nanotubes and a propensity to form conduc-
tive carbide bonds because of the 3d and 4d orbital va-
cancies, as compared to other metals.46,50,68,81 An addi-
tional factor is proper alignment of the metal work
function with the discrete-like energy states in SWCNTs
for effective electron coupling.82

Figure 7. Ragone plot with the calculations from the nu-
merical model for the MCMB anode (black, 9) and a
Ge�SWCNT�Ti anode (red, �) paired with a LiFePO4 cath-
ode. The green and blue bands illustrate the typical range of
values for two commercial lithium ion battery designs from
A123 and Saft, respectively. Dashed lines for 0.1, 1, and 10C
rates are shown in gray.
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The schematic in Figure 8 depicts an energy level
diagram for the various materials under investigation
in this work. The work function values for the metals ap-
pear to the right,83,84 while the left side of the figure
shows both experimental and theoretical conduction
and valence states for metallic and semiconducting
SWCNTs. The work function for the only truly metallic
SWCNT, an isolated armchair, is given as a solid blue line
at 5.0 eV, which lies close to the middle of the band
gap of the semiconducting carbon nanotubes.85 The
symmetric dashed lines (blue) running parallel to the
metallic SWCNT work function are trend lines for the
pseudogap values, from 20 to 100 meV, that are present
for chiral and bundled “metallic” carbon nanotubes.86

The blue data points are from experimentally measured
values and fitted by the blue dashed line following the
equation

where �0 � 2.60 eV, the tight-binding transfer matrix el-
ement, acc � 0.142 nm, the carbon�carbon bond dis-
tance, and R is the carbon nanotube radius.86 The me-
tallic (M11) conduction and valence states are noted by
the green shaded band from work based upon energy
transitions in carbon nanotubes.87 The dark green trend

lines in these metallic transition bands arise from the
trigonal warping effect resulting in “high” and “low” en-
ergy transitions for non-armchair carbon nanotubes.87,88

The data points for the first and second conduction
and valence states of semiconducting carbon nano-
tubes (S11 and S22) come from experimental work with
SWCNTs.89 The dashed trend lines passing through the
data points are consistent with these values based upon
eq 2, where dt is the carbon nanotube diameter, and
was extrapolated to 1.6 nm diameter carbon nanotubes
for the figure:90

The corresponding shaded color regions of the

semiconducting states also are based upon the SWCNT

electronic transitions to reflect the range of possible val-

ues for a distribution of carbon nanotubes.87 The diam-

eter range of SWCNTs used in this work, 1.1�1.5 nm, is

shown in the hatched region.

The first conduction state for the semiconducting

carbon nanotubes (gray) lies in the range of 4.0�4.4

eV, which favorably aligns with the work function of ti-

tanium (4.33 eV), contributing to the improved perfor-

mance demonstrated by titanium.50,53,68,82,89 The align-

ment of nickel’s work function (5.15 eV) with that of

metallic carbon nanotubes (blue) could be favorable

for electron transport at the metal�carbon nanotube

interface and may explain the minor improvements

with its use. However, the work function value of nickel

less favorably aligns with the semiconducting carbon

nanotube transition energy levels (gray and red) as

compared to titanium. In addition, the work function

for titanium carbide favorably aligns with the second

excited state of semiconducting carbon nanotubes

(red) used in this work (1.1�1.5 nm), again demonstrat-

ing the potential for an overlap in energy levels creat-

ing favorable electron transfer at the metal�carbon

nanotube interface. While titanium and nickel both ex-

hibit suitable characteristics, particularly during metal

deposition, titanium emerges as the better contact

metal in the electrochemical performance and is attrib-

uted to the combination of factors discussed.

The enhanced electrochemical performance for the
Ge�SWCNT�Ti electrode, as illustrated in Figure 6, sup-
ports the mechanism for an improved charge transfer
during the lithium ion extraction with a titanium con-
tact. The Ge�SWCNT�Ti electrode design can foster a
direct electron pathway between the Ti contact and the
Ge active layer since the SWCNT electrode thickness is
sufficient for a robust percolation network of SWCNT
bundles. The use of a thin metal film (e.g., titanium) that
wets the backside of the Ge�SWCNT electrode can in-
crease the number of conductive points of contact to
the coin cell can. However, this alone showed limited
improvement with a capable wetting metal such as
nickel, and it was clearly evident that the SWCNT�Ti
pairing is critical to enhanced capacity. Therefore, the

Figure 8. Schematic for the energy levels of semiconducting
and metallic SWCNTs and metal work functions. Data points
of semiconducting SWCNT first (black, �) and second (red,
}) conduction and valence states are from ref 89, and the
curve fits, in corresponding color, are from ref 90. The metal-
lic SWCNT conduction and valence trend lines (green) and
bands (light green) and the semiconducting bands (gray and
pink) are from a revised Kataura plot.87 The work function
of an isolated armchair nanotube (blue line) is from ref 85.
The metallic SWCNT pseudogap data points and trend line
(blue, �) are from STM measurements.86 The Ti and Ni work
function values were obtained from the CRC Handbook of
Chemistry and Physics. The value for stainless steel is from
ref 84 and TiC from ref 92. The hatched band extending from
1.1 to 1.5 nm depicts the diameter range of SWCNTs used
for this work.

Em pseudogap ) 3γoacc
2 /16R2 (1)

Es gap ) (0.34 eV/dt) + (1.11 eV/(dt + 0.11)) (2)

A
RT

IC
LE

VOL. 4 ▪ NO. 10 ▪ DILEO ET AL. www.acsnano.org6128



prospect that titanium’s work function match to the
conduction states for both semiconducting and metal-
lic species is sufficient to promote electron transport
through all chiralities in the SWCNT layer can explain
the demonstrated improvements in Ge�SWCNT anode
capacity and rate capability.

CONCLUSIONS
The use of Ni and Ti contacts to increase both the re-

versible lithium ion capacity and rate capability in free-
standing SWCNT electrodes has been demonstrated.
Both nickel- and titanium-coated coin cells were ob-
served to increase capacity in SWCNT electrodes to over
650 and 1000 mAh/g, respectively. Further investiga-
tion showed a larger increase in reversible lithium ion
capacity through direct deposition of metal on the
SWCNT electrodes with capacities reaching the highest
ever reported at 1250 mAh/g for the SWCNT�Ti elec-
trodes. The approach was extended to a high-energy
density Ge�SWCNT�Ti electrode, which demonstrated
an increase in electrode capacity by more than 60%
over the Ge�SWCNT electrode. The increase in capac-
ity for this electrode results from both Ge and SWCNT
contributions, over a series of C rates, offering the po-
tential as both a high-energy and high-power density

anode. The measured capacity and rate studies for the
Ge-SWCNT-Ti electrodes were utilized in an empirical
model to calculate the projected performance when
coupled with a LiFePO4 cathode in a full battery de-
sign. The calculations show the potential for a LiFePO4

based battery with an energy density exceeding 175
Wh/kg up to a 2C rate, which represents a transforma-
tive development for this cathode chemistry without
significant compromise in rate capability. The dramatic
improvement with titanium is attributed to enhanced
electrical contacting from the titanium�carbon nano-
tube interaction which fosters a reduced contact resis-
tance from the conformal coating on the SWCNT
bundles with the metal. A further implication of the ti-
tanium contacting results is that certain chiral SWCNT
species (most likely semiconducting) may become
more active to lithium storage when in contact with
the titanium due to the proper work function align-
ment with the conduction states compared to nickel
and stainless steel. Overall, this work advances the fun-
damental understanding of metal contacting with
SWCNTs while demonstrating unprecedented lithium
ion capacities for free-standing SWCNT anodes that can
lead to a novel battery capable of both high-power
and high-energy density.

METHODS
SWCNT Electrode Fabrication and Physical Characterization. Single-

walled carbon nanotubes were synthesized through a laser va-
porization process described previously.91 In short, a nickel- and
cobalt-doped graphite target was vaporized by a Nd:YAG laser
under synthesis conditions of 200 sccm argon gas flow at 760
Torr and 1150 °C. The metal in the as-produced SWCNT material
was removed through an acid reflux and filtered onto a PTFE fil-
ter to form a SWCNT paper. The SWCNT electrode was purified
and acid removed by a thermal oxidation step to an equivalent
level of 100% carbonaceous purity based upon previous refer-
ence materials for laser-synthesized materials resulting in elec-
trode thicknesses of �10 �m.26,91 The carbon nanotube synthe-
sis and purification methods used in this work resulted in a
distribution of carbon nanotube properties, whereby both me-
tallic and semiconducting SWCNTs are present with a distribu-
tion of chiralities and diameters over a range of 1.1�1.5 nm.27

Metal�SWCNT Electrode Fabrication. Nickel and titanium were de-
posited on the cathode side of 2032 stainless steel coin cell cans
(Pred Materials International, Inc.), the SWCNT electrodes, and
the Ge�SWCNT electrodes through thermal and electron-beam
evaporation, respectively. The thickness of the metal deposited
(i.e., 100 or 500 nm) was based upon the effective thickness as
measured using a quartz crystal oscillator. Germanium was de-
posited onto the SWCNT electrode through electron-beam
evaporation for an effective thickness of 750 nm at a base pres-
sure of 10�6 Torr. Scanning electron microscopy was performed
using a LEO EVO 50 microscope (Zeiss) at a voltage of 10 keV.

Electrochemical Testing. Electrochemical testing of the elec-
trodes was performed using 2032 coin cells prepared in an inert
environment glovebox. A control anode composed of commer-
cial MCMB active materials (Osaka Gas), polyvinylidene fluoride
(Kynar), and a conductive carbon additive (Super P) was pre-
pared using a composite coating ratio of 90:2:8 on copper foil
(Fukuda Metal Foil & Powder Co., Japan). Half-cell testing con-
sisted of SWCNT and SWCNT�Ti electrodes opposite lithium foil
(Sigma Aldrich) with an electrolyte-soaked Celgard 2325 separa-
tor between. The electrolyte was a 1 M LiPF6 (Sigma Aldrich) so-
lution in a solvent mixture (1:1:2) of ethylene carbonate (EC), pro-
pylene carbonate (PC), and diethyl carbonate (DEC) (each
purchased separately from Novolyte Technologies, Inc.). Gal-

vanostatic cycling was performed with an Arbin Instruments BT-
2000 at 28 °C from 3 V to 5 mV (V vs Li/Li�). Five constant cur-
rents were applied for half-cell testing: 74 (equivalent of C/5 for
LiC6, where C/t is the C rate representing the complete charge
(discharge) in t hours), 186, 372, 744, and 1860 mA/g.
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