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A
ctivematerials, conductive additives,
and polymer binders are indispensa-
ble in conventional electrode design

and manufacturing of lithium-ion batteries.
Acetylene carbon black,1,2 carbon nano-
tubes (CNTs),3,4 and graphene5,6 are the
three most common conductive additives
that construct a conductivematrix incorpor-
ating active materials spanning from posi-
tive materials, e.g., LiCoO2

7 and LiFePO4,
8

to negative materials, e.g., Fe2O3 and Si.9,10

They not only provide superior electronic
conductivities but also act as ideal mechan-
ical supports to anchor and connect nanos-
tructured activematerials and sometimes as
stress buffers to release the internal stress of
the active materials resulting from the se-
rious volumetric change and phase separa-
tion during insertion/extraction of Li ions.
However, these conductive additives are
barely used alone without any binder ma-
terials because it is commonly regarded that
they cannot provide adhesive force for the
active materials to withstand long charge/
discharge cycles. Thus, it is necessary to turn

to polymer binders such as poly(vinylidene
difluoride) (PVDF),11,12 phenol-formaldehyde
(PF),13 styrenebutadiene rubber (SBR),14 poly-
(acrylic acid) (PAA),15 and carboxymethylcel-
lulose (CMC)16 tomaintainmechanical integrity
of the composite electrodes. Although the
polymer binders play crucial roles in elec-
trode manufacturing, their electrochemical
inactivity contributes nothing but impairs
the specific capacity of the entire electrode.
To overcome these challenges, a strategy to
employ conductive binders such as poly(9,9-
diotylfluorene-co-fluorenone-co-methylbenzoic
ester) (PFM),18 polyaniline (PANi),19 and poly-
(3,4-ethylenedioxythiophene) poly(styrene-
sulfonate) (PEDOT:PSS)20 has been naturally
proposed and extensively investigated to
improve the capacity and lifetime of bat-
teries. However, these conductive polymers
typically cannot provide a comparable elec-
tronic conductivity to the carbon additives.
They also inevitably involve expensive and
toxic organic solvents such as N-methyl-
pyrrolidone (NMP).17 In parallel with this
“bifunctional” concept, an adhesive conductor
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ABSTRACT Polymer binders such as poly(vinylidene fluoride) (PVDF) and conductive additives

such as carbon black (CB) are indispensable components for manufacturing battery electrodes in

addition to active materials. The concept of adhesive conductors employing fragmented carbon

nanotube macrofilms (FCNTs) is demonstrated by constructing composite electrodes with a typical

active material, LiMn2O4. The adhesive FCNT conductors provide not only a high electrical

conductivity but also a strong adhesive force, functioning simultaneously as both the conductive

additives and the binder materials for lithium-ion batteries. Such composite electrodes exhibit

superior high-rate and retention capabilities compared to the electrodes using a conventional binder

(PVDF) and a conductive additive (CB). An in situ tribology method combining wear track imaging and force measurement is employed to evaluate the

adhesion strength of the adhesive FCNT conductors. The adhesive FCNT conductors exhibit higher adhesion strength than PVDF. It has further been

confirmed that the adhesive FCNT conductor can be used in both cathodes and anodes and is proved to be a competent substitute for polymer binders to

maintain mechanical integrity and at the same time to provide electrical connectivity of active materials in the composite electrodes. The organic-solvent-

free electrode manufacturing offers a promising strategy for the battery industry.
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possessing both binding and conducting functions
from pure carbon nanostructures is seldom reported.
In fact, some specific forms of carbon such as stretchy
uncrumbled graphene sheets do bear adhesive prop-
erties and could act as both conductive additives and
binders.21 Irregular, laterally 2-D distributed CNT seg-
ments are also proved to be able to enhance the
adhesion force of vertically aligned CNT arrays, which
could perform the mechanical binding function in-
spired by gecko feet.22 Overall, these adhesive con-
ductors can not only form pathways for facilitated
transferring of lithium ions and electrons, improving
battery performance, but also meet the desired goal
of green chemistry, being friendly to the environment
by avoiding the usage of NMP and other toxic organic
solvents. Thus, in this article, we demonstrate the
feasibility of the conceptual idea by applying fragmen-
ted CNT macrofilms (FCNT) as adhesive conductors in
two demo-systems: two half-cells comprising positive
material, LiMn2O4 (LMO), and negative materials,
Li4Ti5O12 (LTO), as working electrodes, respectively. Dif-
ferent from those nanoarchitectured carbon materials
used as scaffolds such as CNT interconnected films,23 3-D
CNT films,24 and aligned-CNT films25 with multiwalled
CNTs in order to the achieve the “binder-free” goal, FCNT
is in fact composed of single-walled CNTs (SWNTs). A
SWNT has fewer defects and a resutling superior elec-
trical conductivity. Moreover, rather than the stacked
buckypapers or superaligned structures of the above-
mentioned CNT films, the FCNT meshes are more like
the cross-links in polymers entangled together with an
adhesive property. They possess a stronger adhesive
strength and have better electrochemical performance
than conventional PVDF. To the best of our knowledge,
this is the first report on the FCNT as a potential
substitute of polymer binders for lithium-ion batteries.

RESULTS AND DISCUSSION

LMO�FCNT Half-Cell. Fabrication and Structural Char-

acterization of LMO�FCNT Composite Electrodes. The
direct synthesis of SWNT macrofilms is enabled by a

modified floating chemical vapor deposition (CVD)
method using the solid volatile mixture of ferrocene/
sulfur powders (atomic ratio Fe:S = 10:1) as precursors.
The spinel LMO nanoparticles are prepared by a low-
temperature hydrothermal method without any an-
nealing processing according to the work of Jaephil
Cho et al.26 All the experimental details can be found in
the Methods section and the published papers.26,27

The fabrication procedures of the LMO�FCNT compo-
site electrodes can be completed within three steps, as
illustrated by the schematic in Figure 1. Samples
coupling LMO with varied mass ratios of SWNT macro-
films, wherein 5, 15, and 30 wt % at maximum are
chosen, are simply sonicated in an aqueous solution
environment to obtain the desired uniform concentra-
tions for coating on the aluminum substrates by drop
casting. The entangled SWNTmacrofilms are fragmen-
tated to thousands of small FCNT meshes under the
strong impact generated by ultrasound with medium
amplitudes. These FCNTmeshes function as intermedi-
ate layers similar to the cross-links linking the polymer
chains by connecting the LMO nanoparticles to the
current collector. On the one hand, they can easily
wrap the LMO nanoparticles primarily due to their
flexbile mesh structures and large surface areas. The
functional groups such as carboxylic (�C�O) and
hydroxylic (�O�H) groups on the surface of FCNT
may enhance the tight anchoring of the LMO nano-
particles. On the other hand, the sticky edges of FCNT
comprising the SWNT bundle tips, like the suckers of an
octopus, hold hand in hand with the “tentacles” on the
surface of the current collector, i.e., the Al substrate,
due to the rough contacts. The transmission electron
microscopy (TEM) image of the as-prepared LMO
nanoparticles in Figure 2a exhibits an agglomerate of
cubic-shaped nanocrystals with a size in the range
10�50 nm. TEM images in Figure 2b and c reveal that
the LMO nanoparticles are successfully anchored on
the entangled SWNT bundles in the LMO�FCNT com-
posites as expected. A high-resolution TEM (HRTEM)
image (Figure 2d) clearly shows the fringe of lattice

Figure 1. Schematic illustration of the preparation of LMO�FCNT composite electrodes by ultrasound processing anddrop casting.
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with a d-spacing of 4.86 Å assigned to the (111) planes
of an individual LMO nanocrystal, through which the
visibly “ripple”-like curved SWNTs in the interweaved
FCNT meshes stretch. Indexing of the X-ray diffraction
(XRD) patterns shown in the section Microstructure
and Mechanical Characterization of LMO�FCNT
Composite Electrodes, confirms the spinel structure
of LMO with the Fd3m space group referenced to
JCPDS 35-0782. The composition of the LMO�FCNT
composite sample preparedwith 30wt% SWNTmacro-
films but casted on the glass slide is examined by
energy-dispersive X-ray spectroscopy (EDS) mapping.
It shows thatMnelement is homogeneously distributed
in the carbon matrix, as shown in Supporting Informa-
tion (SI) Figure S1a and b. The quantitative analysis of
the EDS spectrum (SI, Figure S1c) shows that FCNT
constitutes 27.5 wt % of the whole composite contain-
ing negligible amounts of impurities, Na, Si, Al, and S,
which come from the glass slide substrate. The weight
percentage of FCNT is in good agreement with the
results of thermogravimetric analysis (TGA) in Figure S2
(SI), showing about 27 wt % FCNT. Note that the slight
deviation (less than 3%) of mass loading from the initial
input of 30 wt % justifies the desired uniform coupling
of LMO with FCNT in compliance with the original
weight ratios between LMO and the SWNT macrofilms.

Electrochemical Characterization of LMO�FCNT

Composite Electrodes. The electrochemical performance

of the LMO�CNT composite electrodes was evaluated
in terms of specific capacity, rate capability, and cyclic
stability by using the half-cells in the two-electrode
configuration consisting of the LMO�FCNT compo-
sites and lithium metal as working electrodes and
counter electrodes, respectively. The sample with
30 wt % FCNT is a representative to exemplify the
electrochemical performance of the LMO�CNT com-
posite electrodes. The charge and discharge curves
with selected cycle numbers (1st, 2nd, 10th, 20th, 30th,
40th, and 50th) at the current density of 15 mAg�1

exhibit a typical delithiation/lithiation behavior of
LMO with two featured potential plateaus at around 4
and 4.15 V (Figure 3a). They are consistent with the two
reversible redox couples, i.e., 3.95 V/4.05 V and 4.1 V/4.2 V,
which are indicative of the transformation between
single cubic phases (LiMn2O4 r fLi1�xMn2O4) and the
coexistence of two phases (LiMn2O4 and Li0.2Mn2O4),
respectively, as shown in the cyclic voltammetry (CV)
plots (Figure 3b).28 These two processes can be distin-
guished by the shape difference of the two redox
couples, in that the former one at the lower potential
is broader while the latter at the higher potential is
sharper. It is also worth noting that the potential
plateaus during discharge rise above the initial curve
on cycling. Correspondingly, the anodic peaks in the
CV curves shift to higher potentials. Figure 3c reveals
that the capacity retention remains as high as 94% of

Figure 2. (a) TEM and (b, c) high-magnification TEM images of LMO�FCNT and (d) HRTEM image of LMO�FCNT showing an
individual LMO nanocrystal and the FCNT mesh.
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the initial discharge charge capacity, i.e., 106 mAhg�1,
after being charged and discharged for 50 cycles at
the current density of 15mAg�1. Whereas, the average
Coulombic efficiency (CE) is only 88%, departing
farther from unity than that at faster rates shown in
Figure 3d, where the high-rate capability of the
LMO�FCNT composite electrodes has been demon-
strated. The lower CE results from the cells cycled at
lower rates having more time per cycle for parasitic
reactions to occur and consume charges, such as elec-
trolyte oxidation and loss of Li ions for solid electrolyte
interface growth.29 In contrast to the control electrodes
with the same mass loading of LMO but 15 wt % of
PVDF binders and 15 wt % of Super P carbon black
instead (LMO�15 wt % PVDF�15 wt % CB, Figure 3d),
LMO�FCNT overwhelms with higher capacities at all
tested rates of 15, 150, 300, 750, and 1500 mAg�1, and
furthermore, the capacity difference becomes more
evident as the rates increase. For example, the capacity
comparison at the fifth cycle at the current density
of 15 mAg�1 is 109 mAhg�1 versus 87 mAhg�1 with a
difference of 22 mAhg�1, while it becomes 87mAhg�1

versus 49 mAhg�1 at the 25th cycle when the current
density increases to 750 mAg�1 and, accordingly, the
gap is enlarged to 38 mAhg�1. The remarkable im-
provement in capacity definitely benefits from the
substantially decreased resistance of charge transfer.
This is indicated in the results of electrochemical

impedance spectroscopy (EIS, detailed discussion as
follows) by replacing the conventional PVDF and CB
with the adhesive FCNT conductors, implying that the
2D FCNT mesh-bridged framework enables fast elec-
tronic and Li ionic transports. Subsequently, a cyclic
stability measurement at a higher rate, 150 mAg�1, for
a longer time, 100 cycles, is conducted. The voltage
profiles in Figure 4a show a similar behavior to that
described above, where the potential plateau during
discharge is increasing while the potential plateau
upon charge is decreasing as the cycles proceed, which
means a lower polarization and a higher efficiency. This
is also in accord with the shift of the redox couple at
4.1 and 4.2 V to the opposite direction in the CV plots.
The corresponding capacity retention in Figure 4b
indicates a perfect performance with no deterioration,
and the CE is approaching 100% since the 20th cycle,
when it reaches equilibrium.

To study the effect of different contents of the
adhesive FCNT conductors on the electrochemical
performance of the LMO�FCNT composites, the gal-
vanostatic charge�discharge (GCD) results at the cur-
rent density of 150 mAg�1 for 100 cycles for three
samples with 5, 15, and 30 wt % of FCNT are presented
in Figure 4c and d. From their GCD curves (Figure 4c), it
can be seen that there is no difference except for the
extending length of the potential plateau with increas-
ingweight percentage of FCNT. Similar to each other in

Figure 3. (a) Galvanostatic charge/discharge voltage profiles of LMO�FCNT composite electrodes cycled at 15mAg�1. (b) CV
curves of LMO�FCNT during the first five cycles. (c) Cycling performance of LMO�FCNT at 15 mAg�1 for 50 cycles. (d)
Comparison of rate capability between LMO�FCNT and LMO�PVDF�CB at different rates.
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the trend of specific capacity retention as shown in
Figure 4d, all three samples' capacities are increasing
until the 20th cycle, at which point the samples with
5 and 15wt% FCNT start fadingwhile the LMO�30wt%
FCNT composite electrode remains stable. The capacity
of LMO�5 wt % FCNT decreases faster with the decay
slope of 0.15 mAhg�1/cycle than LMO�15 wt % FCNT
with 0.05 mAhg�1/cycle. It can be inferred by linear
interpolation that the decay slope would decrease to
zero, which is equivalent to no capacity fading, when
the weight of FCNT additives is increased to 20 wt %
and above. This is experimentally confirmed with the
30 wt % FCNT sample. Thus, it is supposed that the
electrochemical performance is determined by how
much the resistance of charge transfer is decreased
and howwell the integrity of the composites is formed.
EIS is used to support this reasoning. Figure 5a shows
the Nyquist plots of four composite electrodes in fresh
cells before cycling, including LMO�15 wt% PVDF�15
wt % CB, LMO�5 wt % FCNT, LMO�15 wt % FCNT, and
LMO�30 wt % FCNT for comparison. A common
Randles behavior is obviously observed for all the
samples with a typical semicircle, of which the radius
on the real axis is assigned to the resistance of charge
transfer, in the midfrequency area.30 Hence, without
fitting curves by an equivalent circuit, it can be easily
estimated that LMO�15 wt % PVDF�15 wt % CB has
the largest charge-transfer resistance over 600 Ω,

while the charge-transfer resistance of the LMO�FCNT
composites has a decreasing trend from 250 Ω to
150 Ω and to 100 Ω as the FCNT content increases
from 5 wt % to 15 wt % and then 30 wt %. The Bode
phase plots (Figure 5b) could reveal information on
the integrity of the composite electrodes. For the
LMO�5 wt % FCNT sample, there is an evident separa-
tion of the two distinct peaks at 641 and 16681 Hz in
the range of high frequency, which means the amount
of FCNT is insufficient to integrally bind the LMO nano-
particles together. So is the curve for LMO�15 wt %
PVDF�15 wt % CB, where a protruded shoulder at
148 Hz can be deconvoluted from the main peak
at 5336 Hz. By contrast, LMO�15 wt % FCNT and
LMO�30 wt % FCNT have good integrity because no
phase separation appears in the Bode phase curves.
Therefore, a combination of the best integrity with the
best conductivity and the lowest charge-transfer resis-
tance results in thebest electrochemical performanceof
the LMO�30wt% FCNT sample out of the four samples.

Microstructure and Mechanical Characterization of

LMO�FCNT Composite Electrodes. To understand the
correlation between the capacity retention of the
LMO�FCNT composites and their microstructural evo-
lution during GCD cycling, ex situ scanning electron
microscopy (SEM) is implemented to compare the
microstructures before and after the cycling measure-
ments. In the left column of Figure 6, the images of a

Figure 4. (a) Galvanostatic charge/discharge voltage profiles of LMO�FCNT composite electrodes cycled at 150 mAg�1. (b)
Cycling performance of LMO�FCNT at 150 mAg�1. Comparison of (c) voltage profiles for the 100th cycle and (d) cycling
performance between LMO�30 wt % FCNT, LMO�15 wt % FCNT, and LMO�5 wt % FCNT at 150 mAg�1.
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fresh electrode in the sequence of increasing magnifi-
cation from Figure 6a to c and e show the porous
structures formed by the entanglement of the LMO�
nanoparticle islands in the area of high brightness
with the FCNT meshes in gray and dark parts. Basically,
the LMO particles are uniformly distributed in the
FCNT frameworks, which are enabled by an effective
ultrasound treatment. After cycling for 100 cycles at
150 mAhg�1, it is obviously seen that the pores are
filled up through the solid electrolyte interface (SEI)
layer coatings or residual electrolytes around the par-
ticles and SWNTs from Figure 6b, d, and f in the right

column. The condensed morphology and structure
enable a firmer association between LMO and the
SWNTs, effectively inhibiting the LMO nanoparticles
from dissolving into the electrolyte. The corresponding
ex situ XRD results in Figure 7a present similar patterns,
where only the slightly decreasing intensity is detect-
able at the featured peaks assigned to LMO, indicating
the tiny loss of LMO nanoparticles after cycling. In
addition, it is believed that the functional groups on
the SWNTs may help enhance the binding of LMOwith
FCNT meshes. Figure 7b is the Fourier-transformed
infrared (FTIR) spectrum of the LMO�FCNT composite

Figure 5. Comparison of (a) Nyquist plot and (b) Bode phase plot between LMO�FCNT composites with different mass
loadings of FCNT.

Figure 6. SEM images of LMO�FCNT composite before (a, c, e) and after (b, d, f) cycling.
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electrode disassembled after cycling. The two absorp-
tion peaks below 600 cm�1 are ascribed to the Mn�O
vibrating modes of LMO.31 The two peaks at 1100 and
1600 cm�1 derive from�C�O stretching and conjuga-
tion of �CdO with CdC of the SWNT, respectively.32

A broad peak with a weak intensity in the range
3100�3300 cm�1 is assigned to �O�H stretching on
the surface of the SWNT.32 Thus, taking all the factors
discussed above into account, the cyclic stability of the
LMO�FCNT composite primarily benefits from the
solid integral structures of LMO�FCNT.

The adhesion strength of the samples on current
collectors, i.e., the most relevant mechanical property
for binders and adhesive conductors, is quantitatively
evaluated by an in situ tribology method combining
wear track imaging and force measurement. The work-
ing mechanism of this method is illustrated in the
schematic in Figure S3 (SI). A hemisphere probe with
a radius of 3.174 mm exerts a preload of 2500 mN on
the samples and starts sliding at a speed of 25 μm/s on
the sample films. The normal force FN and shear force
Ff are tracked in a time-series chart; meanwhile the
morphology of the probe contact area is observed and
imaged by an opticalmicroscopy accessory. During the
whole wear track, shear force Ff increases quickly to
reach a steady state and staying for a long time until
declining. The adhesion strength σA can be estimated
by the equation σA = Ff/Ac, where Ff is the critical shear
force and Ac is the contact area equal to 0.13 mm2 by
the Hertzian model.33 The value of σA is delimited
within a range whose lower and upper limits are
determined by two critical Ff values corresponding to
the occurrence of a large-scale failure and the steady
state that a large area of substrate underneath is ex-
posed to, as shown in Figure 8. The wear track images
of LMO�30 wt % PVDF (Figure 8a) show not only an
adhesive failure at the interface between the sample
film and current collector but also a cohesive failure
generated inside the sample film by the Ff beyond the
shear strength of the PVDF binders. In Figure 8b, only

an adhesive failure for LMO�30 wt % FCNT occurs
because SWNTs can hardly be separated because of
their entangled feature and extremely high tensile
strength, over 10 GPa, far exceeding the 50�57 MPa
for PVDF.34 It is also found that the failure area of
LMO�30 wt % FCNT becomes disconnected after
cycling, as shown in Figure 8c, which seemingly implies
a weakened destruction, and the failure may be re-
tarded. However, the directional coherence of the
scratches indicates a cohesive failure. In fact, due to
the brittleness of the SEI layer, the adhesion strength is
therefore decreased from 7�10 MPa to 3.05�6.5 MPa
after cycling. By comparing the electrochemical per-
formance of the LMO�FCNT composites with different
weight percentages of FCNT as well as their charge-
transfer resistances discussed above, it is anticipated
that the adhesive strength also positively correlates
with the FCNT mass. This is confirmed in Figure 8d
and e, where the large-scale failures occur immediately
without a period of transition through a threshold of
failure for both LMO�5 wt % FCNT and LMO�15 wt %
FCNT samples. The mean values of the adhesive
strength for the three LMO�FCNT samples along with
LMO�30 wt % PVDF are summarized in the histogram
(Figure 8f), where the upper limit and the lower limit of
the adhesive strength for each sample are taken as the
error limits denoted. The average adhesive strength of
LMO�FCNT decreases from the maximum value of 8.5
MPa to 2.36 MPa and to a minimum, 1.07 MPa, as the
FCNT amount decreases from 30 wt % to 15 wt % and
then to 5 wt %. The 8.5 MPa for LMO�30 wt % FCNT
also surpasses 7.15 MPa for LMO�30 wt % PVDF,
justifying FCNT as a promising adhesive conductor
that is never inferior to conventional binders. Such a
high adhesion strength of FCNT is mainly attributed to
the mechanical interlocking of the nanotubes at the
asperities on the current collectors.22

LTO�FCNT Half-Cell. Fabrication and Structural Char-

acterization of LTO�FCNTComposite Electrodes. To verify
the general roles of FCNT as an adhesive conductor in

Figure 7. (a) XRD patterns of pure LMO nanoparticles and LMO�FCNT composite before and after cycling. (b) FTIR spectrum
of LMO�FCNT composite.

A
RTIC

LE



CAO AND WEI VOL. 8 ’ NO. 3 ’ 3049–3059 ’ 2014

www.acsnano.org

3056

lithium-ion batteries, we extend the use of FCNT with
anode materials. Herein our case is LTO, which has a
theoretical specific capacity of 175 mAhg�1 (denoted as
1 C).35 This compatible capacity with that of LMO (∼150
mAhg�1) is important for pairing them to construct a
full cell with two electrodes in balanced weight. The
synthesis of LTO is also carried out by a low-temperature
hydrothermal method similar to that of the spinel LMO
nanocrystals in Section 2.1.1. The electrode preparation is
also the sameexcept using Cu instead of Al as the current
collectors. All details canbe found in theMethods section.
The morphology of the LTO�FCNT composite is similar
to that of LMO�FCNT, as shown in Figure 9a and b. The
SEM images present a porous structure framed by FCNT
meshes, in which LTO nanoparticles of large size or in
aggregation are embeded, while those of smaller size are
anchored on the SWNT bundles. Besides these similar-
ities, it is worth noting that unlike the LMO prepartion
method, where no heat treament is needed to obtain the
final LMO products in spinel structure, annealing the
precipitates collected from the hydrothermal reaction
in Ar atmosphere at 500 �C for 5 h is an indispensible step
for phase transition from an intermediate product of
Li-intercalated rock-salt-type LiTiO2 to spinel Li4Ti5O12.

This is proved by indexing the XRD data (Figure 9c)
according to JCPDS 49-0207 and JCPDS 16-0223.

Electrochemical Characterization of LTO�FCNT

Composite Electrodes. The electrochemical behavior
of the LTO�FCNT composite electrodes is investigated
in half-cells with Li metal as counterelectrodes by a
series of GCD measurements. In the voltage profiles
(Figure 10a) for selected cycles at varied rates from 1 C
to 20 C, the well-defined long and flat discharge and
charge potential plateaus at around 1.5 and 1.6 V versus
Liþ/Li indicate the reversible Liþ insertion and extrac-
tion processes (Li4Ti5O12 r fLi7Ti5O12).

35 The corre-
sponding rate capabilities in Figure 10b show that
the specific discharge capacity decays from an initial
182 mAhg�1 to 125 mAhg�1 at the end of the 10th
cycle at 1 C rate and maintains 120 mAhg�1 at 5 C for
the following 10 cycles. As it continues from the 20th to
the 30th cycle at 10 C, the capacity retains a steady
state of 100 mAhg�1 followed by no more capacity
fading within the last 10 cycles. The CE is approaching
100% since the first cycle. The cyclic performance of
LTO�FCNT is tested at 1 and 10 C, respectively for 200
cycles. By merging the GCD curves at 1 C (Figure 10c,
bottom) and 10 C (Figure 10c, top), it clearly shows that

Figure 8. Wear track images and adhesion strength of (a) LMO�30 wt % PVDF, (b) LMO�30 wt % FCNT before cycling, (c)
LMO�30 wt % FCNT after cycling, (d) LMO�15 wt % FCNT before cycling, and (e) LMO�5 wt % FCNT before cycling. (f)
Histogram of mean adhesion strength between LMO�30 wt % PVDF and LMO�FCNT with different mass loadings of FCNT.
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the potential plateaus are not perfectly overlapped at
first sight in Figure 10a. The discharge potential pla-
teaus shift �0.1 V from 1.5 V to 1.4 V, while the charge

plateaus shiftþ0.1 V from 1.6 V to 1.7 V. As a result, the
polarization becomes evident with the enlarged po-
tential gap between the two plateaus upon charge and

Figure 9. (a) SEM image and (b) high-magnification SEM image of LTO�FCNT composite. (c) XRD patterns of LTO
nanoparticles before and after annealing in an Ar atmosphere and LTO�FCNT.

Figure 10. (a) Galvanostatic discharge/charge voltage profiles of LTO�FCNT composite electrodes cycled at different rates.
(b) Rate capabilities of LTO�FCNT. Comparison of (c) galvanostatic discharge/charge voltage profiles and (d) cycling
performance for LTO�FCNT cycled at 1 and 10 C.
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discharge by 0.2 V. This is the same case as LMO�FCNT
described above. The capacity retention in Figure 10d
agrees well with the rate capability. It shows a steady
capacity of around 125 mAhg�1 at 1 C after a sub-
stantial decrement in the first several cycles. At 10 C,
the capacity remains at 100 mAhg�1 since the third
cycle, which has decreased from 125 mAhg�1 at the
first cycle. The CE also remains as high as 100%. Overall,
the excellent electrochemical performance of the
LTO�FCNT system proves the successful application
of FCNTs as adhesive conductors for anodes in lithium-
ion batteries.

CONCLUSIONS

In summary, a concept of adhesive conductors is
proposed with bifunctional roles as both conductive
additives and binders for lithium-ion batteries. Frag-
mented carbon nanotube macrofilms are such adhe-
sive conductors that can be coupled with active

electrode materials to construct composite electrodes.
They are assembled by a simple ultrasound processing
and the drop-casting method. The electrochemical
performance is exemplified by involving FCNT in the
cathodematerial LMO and anodematerial LTO to form
their respective half-cells with lithium metal. Com-
pared with conventional PVDF binders, the adhesive
FCNT conductors can significantly improve the rate
capability and cyclic stability of LMO, which is due to
their superior conductivity and solidly framedmatrix in
a porous structure, providing highly conductive path-
ways for electrons and fast transport channels for
lithium ions. The tribology experimental results
show that LMO�30 wt % FCNT has a higher adhesive
strength than PVDF with the same mass loading. The
successful uses of FCNT in both cathode and anode
materials demonstrate that the adhesive conductor is
an efficient strategy to substitute conventional binders
in the battery industry.

METHODS

Synthesis of SWNT Macrofilms, LiMn2O4 and Li4Ti5O12. First, SWNT
macrofilms were prepared using a modified floating chemical
vapor deposition method according to previously published
work.27 In brief, the precursor, a mixture of ferrocene and sulfur
(atomic ratio Fe:S = 1:10, both from Sigma Aldrich), was heated
to 1100�1150 �C in a tube furnace with a mixed gas flow of
Ar (1500 mL min�1) and H2 (150 mL min�1). After 10�30 min
reaction, the as-obtained unpurified SWNT macrofilms were
transferred into a ceramic cubicle to be heat-treated at 450 �C in
the air for 30 min. When the furnace was cooled to room
temperature, the SWNT films were immersed in a concentrated
HCl (37% by volume percent) solution for 72 h to remove the
reddish Fe2O3 oxidized from Fe catalysts during the heat
treatment. Then the films were rinsed with deionized (DI) water
until the pH became neutral.

The LiMn2O4 nanoparticles were synthesized as Jaephil Cho
et al. reported.26 All the chemicals in the following were
purchased from Sigma Aldrich and used as received. Solution
A is prepared by dissolving 0.22 g of lithium hydroxide into 6mL
of DI water followed by adding 0.24 mL of hydrogen peroxide
(30 wt %). A 0.69 g amount of manganese acetate dissolved in
6 mL of DI water forms solution B. Solutions A and B were
blended with 20 mL of methanol and stirred for 20 min. Then
the resulting blackish-brown slurry was transferred into a 40mL
Teflon-lined autoclave and hydrothermally reacted at 115 �C for
12 h. After the reaction was complete, the solid precipitates
were collected and washed several times with DI water and
ethanol. Finally, the black nanoparticles were dried in air at
room temperature.

The Li4Ti5O12 nanoparticles were synthesized by a similar
method as follows. Briefly, 1.7 mL of hydrogen peroxide was
dispersed in 0.4 M lithium hydroxide with 40 mL of methanol.
Then 3 mM titanium(IV) butoxide was added to the above
solution. After stirring for 1 h, the solution was poured into a
40 mL Teflon-lined autoclave, and the hydrothermal reaction
was carried out at 130 �C for 12 h. Then the as-prepared white
precipitates were washed via centrifugation with DI water and
ethanol several times. After being dried completely in air over-
night, the sample was annealed in Ar atmosphere at 500 �C for 5
h to obtain the final product, LTO nanoparticles.

Preparation of LMO�FCNT and LTO�FCNT Composite Electrodes.
Freestanding SWNT macrofilms and LMO (LTO) nanoparticles
are weighed by analytical microbalance (A&D Weighing). They
were mixed in proper concentration with DI water followed by

ultrasonication generated from ultrasonic power (UP200S,
Hielscher Ultrasound Technology). The resulting ink solution
consisting of CNT fragments coupling with LMO (LTO) nano-
particles was drop-casted on aluminum (copper) disks with a
diameter of 1/2 in. as the current collectors. Then the electrodes
were fabricated when the ink was dried. No organic solvents were
employed. Three samplesof LMO�FCNTcompositeelectrodeswith
desiredmass loadings of LMOwere prepared: 5, 15, and 30 wt%. A
sample of LTO (30 wt %) with FCNT was also prepared.

Characterization. The morphology and structure of the
LMO�FCNT and LTO�FCNT were characterized by means of
scanning electron microscopy (3 kV, Zeiss Auriga 60 FIB/SEM)
and transmission electron microscopy (JEOL JEM-2010F). X-ray
diffraction patterns were recorded within a 2θ range of 10� to
80� at 0.02�/step and 2 s/step by a Philips X'Pert diffractometer
with Cu KR radiation. FTIR spectroscopy (Thermo-Nicolet Nexus
670) was operated from 4000 to 400 cm�1. Thermogravimetric
analysis was carried out on a high-resolution TGA instrument
(Mettler-Toledo, SDA851e) from 0 to 1000 �C at a heating rate of
10 �C/min in flowing air.

Electrochemical Measurements. The mass of active materials
was acquired by deducting theweight of bare Cu (Al) substrates
from the whole weight of electrodes using a micro/ultramicro
balance (Mettler Toledo XP6) with 0.001 mg accuracy. CR2032
coin cells were assembled in an argon-filled glovebox (MBraun
UNIlab). Half-cells consist of the hybrid film as the working
electrode, a Celgard 2500 as the separator, and a lithium ribbon
(0.38 mm thick, 99.9%, Sigma Aldrich) as the counter elec-
trode in 1 M LiPF6 dissolved in 1:1 v/v ethylene carbonate/
diethyl carbonate as electrolyte (Ferro Co.). The galvanostatic
discharge�charge tests were carried out on BT-4 four-channel
battery testing equipment (Arbin Instrument, Ltd.). Electroche-
mical impedance spectroscopy was performed on a PARSTAT
2273 potentiostat/galvanostat (Princeton Applied Research)
with a 10 mV amplitude of ac signals from 100 kHz to 10 mHz.
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