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Entrapping electrode materials within ultrathin
carbon nanotube network for flexible thin film
lithium ion batteries†

Yang Wu, Hengcai Wu, Shu Luo, Ke Wang, Fei Zhao, Yang Wei, Peng Liu, Kaili Jiang,
Jiaping Wang* and Shoushan Fan
A novel design of a flexible thin film electrode for lithium ion batteries

is reported. We employ ordered carbon nanotube (CNT) film, directly

pulled from aligned CNT arrays, as a flexible skeleton. The functional

electrode material is introduced by a one-step spray-painting

approach. The electrode is self-sustained as a result of the strong

interactions among CNTs. In such an electrode configuration, the CNT

network acts as micro electron pathways and its excellent mechanical

properties also ensure flexibility. The electrodes fabricated in this way

are electrochemically and mechanically superior in comparison with

those prepared by the traditional slurry cast method. A full battery that

contains a LiFePO4 cathode and a Li4Ti5O12 anode exhibits a high areal

capacity over 200 mA h cm�2, a stable output voltage of 1.82 V,

excellent reversibility, high flexibility, and light polarization in both flat

and bent conditions. As a result, we suggest such electrodes hold

great promise for thin film lithium ion batteries to satisfy energy

storage demand in revolutionary portable electronics.
Introduction

The rapid growth of the consumer electronic market boosts an
explosive number of innovative designs for portable elec-
tronics.1–3 The emergence of ultrathin and bendable smart
electronics cannot be fullled until all components, for
instance, the energy storage device, evolve into new congura-
tions that are compatible with such revolutionary appearances.4

The lithium ion battery (LIB) has dominantly powered portable
electronics because of its high energy density, high power
density, and long-term reliability.5–7 The future generation
portable electronics demand the battery to be seamlessly inte-
grated into the system with limited space and thus trigger new
challenges in the electrode design.8–10 It is of great importance
to develop a new scheme of LIBs that are highly portable,
compact, and viable in versatile shapes.
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In conventional LIBs, the battery electrode is composed of an
active material blended with a conductive agent and mechan-
ically bound to metal foils by an organic binder. Typically, the
metal foil and the organic binder weigh 25–30% of the total
mass of a battery.11,12 To improve the portability and reduce the
thickness in the arrangement of a thin lm battery, it is
essential to reduce these two electrochemically inactive
components. One effective strategy is to devise novel synthetic
routes that are able to directly integrate functional materials on
carbonaceous material based conductive agents, e.g., carbon
ber, graphene, and carbon nanotube (CNT).13–15 The direct
growth/deposition of electrode materials decreased the neces-
sity of an organic binder and led to a great number of binder-
free electrodes.13–20 Furthermore, low dimensional carbona-
ceous materials were able to evolve into a 3D conductive
network that simultaneously served as conductive agent and
current collector.21,22 Even though a large number of examples
have been reported in recent years, the obstacle still remained
on how to effectively control the thickness of the electrode
and interface newly developed methods to industry-level
manufacturing.

The direct usage of commercial battery materials would
accelerate the shi of manufacturing from classical batteries to
thin lm batteries for emerging portable electronics. Herein, we
directly utilized the commercial LiFePO4 (LFP) and Li4Ti5O12

(LTO) powders as the active material to fabricate electrodes for
thin lm LIBs. CNT lm, simply drawn from super-aligned CNT
arrays, was employed as the conducting agent.23 The enthu-
siasm of such choice was originally from the remarkable elec-
trical and mechanical properties of CNTs.24,25 Indeed, these
slender CNT lms consisted of continuous CNT yarns with
diameters of 40–50 nm arranged in a parallel fashion, offering
an ideal precursor for constructing an ultrathin conductive
network in the electrode without any interruption. We utilized a
spray-painting technique, which had shown a great range of
applications in forming depositions on various substrates, to
fabricate electrodes.26 The electrode structure comprised alter-
nating CNT layers and electrode material layers. As ethanol, the
This journal is © The Royal Society of Chemistry 2014
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spray medium, evaporized, the composite electrode strength-
ened itself by the strong interaction among CNTs. As a matter of
fact, electrode materials were tightly conned in such a CNT
network. Thus, these electrodes were free of organic binders
and metal foils and held great potential to meet the critical
requirement in volume for future portable electronics.
Experimental
Electrode preparation

LiFePO4 (Tianjiao Chemical co., Shenzhen, China) and
Li4Ti5O12 (Reshine, China) powders were used as purchased.
First, 1000 mg LFP (LTO) powder was loaded in 100 mL ethanol.
By ultrasonication in a tip-sonicator for 30 minutes, the powder
was dispersed. The suspension was then immediately trans-
ferred into a painter for the subsequent spray-painting process.
CNT lms, directly drawn from super-aligned CNT arrays grown
on an 8 inch Si wafer, were crossly stacked on a 3.5 cm � 3.5 cm
Teon square frame and used as the substrate. Details for
preparing CNT lms can be found in early publications.23 LFP or
LTO powders were then sprayed on cross-stacked CNT lms
with a gentle nitrogen ow. Each spray-painting step took 2
minutes for LTO and 4 minutes for LFP and consumed 10 mL of
the suspension. The dependence of painting time and mass
loading is shown in Fig. S1a.† Between each spray-painting, the
sample was covered with a cross-stacked CNT lm; in the
meantime, the suspension was ultrasonicated for another 2
minutes to keep the powder from precipitating. This process
was repeated ve times and completed by placing another cross-
stacked CNT lm on the top. Photographs of thin lm elec-
trodes are shown in Fig. S1.† Classical electrodes were prepared
by mixing LFP and LTO powders with Super P and PVDF at a
weight ratio of 8 : 1 : 1 in N-methylpyrrolidone (NMP) as control
samples. The resulted slurry was cast on Al or Cu foils and dried
overnight in a vacuum oven at 120 �C.
Morphological, mechanical, and electrochemical
characterization

The microstructure of LFP/CNT and LTO/CNT was observed
using a scanning electron microscope (FEI, Sirion 200, 10 kV)
and a transmission electron microscope (FEI, Tecnai G2F20,
200 kV). Tensile tests were carried out on an Instron 5848
microtester with a strain rate of 5%min�1. The tensile direction
was 0� and 90� to the cross-stacked CNTs for LFP/CNT and LTO/
CNT electrodes. Classical LFP and LTO electrodes were directly
peeled off from metal foils for tensile testing. Half-cell samples
were assembled in a dry-argon lled glove-box (M. Braun inert
gas systems Co. Ltd.) in accordance with 2016 arrangement
using Li foils as the counter electrode and 1 M LiPF6 in an EC/
DEC (1 : 1 v/v) mixture as the electrolyte. Galvanostatic tests
were carried out over 2.5–4.2 V for LFP and 1.0–2.5 V for LTO
using a Land battery tester (Wuhan Land Electronic Co., China).
CV measurements were performed using a potentiostat/galva-
nostat instrument over the same voltage range (Princeton
PARStat 2273). Scan rates were 0.2 mV s�1 and 0.5 mV s�1 for
each type of electrode. The CV proles of the full battery were
This journal is © The Royal Society of Chemistry 2014
also collected in the 2016 arrangement with a voltage range of
1.0–2.5 V at scan rates of 0.2 mV s�1, 0.5 mV s�1, and 1 mV s�1.
Full battery preparation

The full battery was prepared by choosing LFP/CNT as the
cathode and LTO/CNT as the anode. The lm electrode was cut
into 3 cm � 3 cm squares from the Teon frame with an
infrared laser. The slim electrode was carefully folded twice and
placed on a 1.5 cm-wide CNT buckypaper strip. Ethanol was
used to densify and stick the slim electrode on the CNT
buckypaper. A small amount of 10 wt% PVDF in NMP was
applied on the surface of the electrode to glue it with the Cel-
gard 2400 separator. Ni slabs, equipped with heat sensitive tape,
were point-welded with CNT buckypaper. The Ni slab ensured
an airtight sealing with Al laminated foil and acted as positive
and negative poles for the battery. The Al foil package was nally
sealed inside the glove box, in which a few drops of LiPF6
electrolyte were added. The battery was kept still for 12 hours
before electrochemical tests were carried out on the Land
system.
Results and discussion
Sample morphology and microstructure

The spray-on fabrication process is illustrated in Fig. 1a. The
prerequisite of the spray-painting approach was to make
suspensions of LFP and LTO, which were implemented by
dispersing the powder in ethanol with tip-ultrasonication for
30 minutes. Subsequently, the as-prepared suspension was
loaded in a nebulizer and sprayed on a cross-stacked CNT lm
serving as a substrate under a nitrogen ow. Another layer of
cross-stacked CNT lm was coated on the top, and the
suspension was sprayed again. Thus, the total thickness of an
electrode was easily tuned by varying the number of repetitions
of such processes. In this article, the spray-painting process was
carried out ve times for an LFP/CNT or LTO/CNT electrode
with an average thickness of 10 mm. With painting time of 4
minutes and 2 minutes for each layer of LFP and LTO, respec-
tively, the mass ratio of CNT in such thin electrodes was less
than 5% using the areal density of 2 mg cm�2 for a single-layered
CNT lm (Fig. S1†).27

The microstructures of both LFP/CNT and LTO/CNT were
investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Both top view and
cross-sectional images revealed similar morphology of all elec-
trodes (Fig. 1b to e). A cross-sectional SEM image of an LFP/CNT
sample suggested that typical electrodes resembled a lasagna-
like structure, in which LFP layers alternated with CNT layers
(cf. Fig. 1b). The top view microstructure was exemplied by an
LFP/CNT sample in Fig. 1c and d. Flexible CNT lm blanket
covered the whole layer of LFP. The contact of LFP with CNT was
established, even though the diameter distribution for
commercial powders was quite wide. It is worth noting that
spray-painted particles did not completely occupy the CNT lm
but le a great deal of empty voids where CNT yarns were able to
connect with those from adjacent layers (cf. white circles in
RSC Adv., 2014, 4, 20010–20016 | 20011
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Fig. 1 (a) Schematic illustration of LFP/CNT and LTO/CNT thin film electrode fabrication by spray-painting. (b) Typical cross-sectional SEM
image of an LFP/CNT electrode revealed a lasagna-like microstructure. The sample was folded twice and placed on a CNT buckypaper. Cyan and
yellow arrows indicate possible electron and ion paths. (c) Typical top view SEM image of an LFP/CNT electrode. White circles suggest possible
regions where inter-layer CNTs are cross-linked. (d) TEM image of a single-layer LFP/CNT. (e) SEM top view image at high magnification show
LFP particles confined in the CNT network. The conductivity was isotropic. Possible pathways of electron delivery are indicated with cyan arrows.
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Fig. 1c). The evaporation of ethanol led to the densication of
CNT yarns, and due to the lateral van der Waals interactions,
this process was not reversible. Indeed, the abovementioned
interactions were so strong that raw CNT yarns processed with
an ethanol shrinking approach exhibited excellent mechanical
properties.28 In this case, ethanol evaporation induced such
inter-layer van der Waals interactions, and as a matter of fact,
the uffy CNT lm was turned into a compact structure. The
electrode was freestanding by the mechanical support from
CNTs. This step also greatly decreased the thickness of elec-
trodes. Consequently, LFP/LTO particles were conned in such
CNT lms, and served two functions: a conductive network and
a exible but rm structural scaffold. The electrode did not
need any binders and was integrated with current collectors
that were composed of CNT yarns. Further morphological
information can be seen in Fig. S2.†

The performance of the electrode was fundamentally deter-
mined by its microstructure. Commonly, the electrochemical
limitation lay in two aspects, the electronic transfer and the
ionic transfer. With respect to the active material in this elec-
trode conguration, the electronic transfer was obviously
facilitated by those CNT yarns that approached particles from
all directions. Fig. 1e revealed that particles with typical sizes in
commercial powders were grabbed by a large amount of CNT
yarns. Embedding with guest particles will not hamper the
electrical properties of such CNT yarns.29 In fact, these yarns are
important micro pathways for electrons to reduce the internal
resistance. According to a previous study, the conductivity was
isotropic for cross-stacked CNT lms.30 The electrons can be
equally delivered from horizontal and vertical directions, as
shown in Fig. 1e. This isotropic conductive network holds
particular importance for alleviating the issue of polarization.
20012 | RSC Adv., 2014, 4, 20010–20016
Concerning the ionic transfer in this type of electrode, the CNT
network, made from cross stacking of ordered CNT lms,
explicitly possessed a signicant amount of pores with a variety
of diameters (Fig. 1b, c and e). This feature offered little barrier
to wetting by the electrolyte. Therefore, the electrode design by
entrapping commercial LFP and LTO powders within CNT lms
should benet both electron and ion transfers. We expected
each layer in such lasagna-like electrodes to exhibit the same
electrochemical properties because of the similar structure and
the same fabrication process.
Electrochemical and mechanical characterizations

To evaluate the merit as an electrode of thin lm LIBs, galva-
nostatic characterizations were carried out to investigate the
specic capacity of LFP/CNT and LTO/CNT. These tests were
performed in a 2016 half-cell arrangement using Li foils as the
counter electrode. For comparison, LFP and LTO slurries, made
by mixing LFP or LTO powder, super P, and polyvinylidene
uoride (PVDF) at a weight ratio of 8 : 1 : 1, were also prepared.
The slurry was casted on metal current collectors to make
control samples. As shown in Fig. 2a and b, 0.1 C test revealed
150 and 151 mA h g�1 specic capacities of LFP/CNT and LTO/
CNT electrodes, respectively, at the 10th cycle (here 1/n C
denotes that n hours were required to charge or discharge the
electrode to its nominal specic capacity). Although both values
were lower than the theoretical values for fully charged/dis-
charged states, they all exhibited good reversibility for 50 cycles
and no obvious capacity decay was recorded. The remarkable
capacity retention of LFP/CNT and LTO/CNT electrodes was
indicative of the excellent mechanical properties resulting from
the robust CNT network. In contrast, electrodes made from the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Electrochemical characterizations carried out in half-cell arrangement for LFP/CNT and LTO/CNT electrodes. (a) & (b) Galvanostatic
measurements of LFP/CNT and LTO/CNT at 0.1 C rate. (c) & (d) Rate performance measurements up to 5 C rate. All results were compared with
classical LFP or LTO electrodes prepared by the slurry cast method.

Fig. 3 Stress–strain curves of (a) LFP/CNT and classical LFP elec-
trodes, and (b) LTO/CNT and classical LTO electrodes.
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slurry cast method delivered lower specic capacities, 131 mA h
g�1 for LFP and 134 mA h g�1 for LTO, at 0.1 C rate. In addition,
classical LFP electrodes showed fast capacity decay in 50 cycles.
For the rate test, the specic capacities of either LFP/CNT or
LTO/CNT were higher than those of classical LFP or LTO elec-
trodes at all rates, reecting the efficient ion and electron
transport in the CNT network (Fig. 2c and d). The different
electrode materials led to the difference in the rate perfor-
mance. The specic capacity decreased when the current
density increased for all the kinds of LFP electrodes. In contrast,
both LTO/CNT and classical LTO electrodes revealed almost
constant specic capacities at various rates up to 5 C (cf.
Fig. 2d). This behavior can be ascribed to the high ionic
conductivity of LTO, which has been exploited in ultrahigh-rate
energy storage devices.31,32 The cycle and rate tests suggested the
superiority of the lasagna-like electrode structure, which could
be ascribed to the advantage of optimized electron and ion
transfers. Another reason could arise from the mechanical
properties of the CNT network. According to the tensile test
results (Fig. 3), LFP/CNT and LTO/CNT electrodes provided
tensile strengths of 2.49 MPa and 2.16 MPa, respectively,
whereas classical LFP and LTO electrodes fractured at 0.25 MPa
and 0.12 MPa, respectively.

Cyclic voltammetry (CV) provided further information for
LFP/CNT and LTO/CNT electrodes. Fig. 4a and b show CV
proles recorded at 0.2 mV s�1 scan rate. The cathodic and
anodic peaks, corresponding to lithiation and delithiation
processes, occurred at 3.25 and 3.65 V for LFP/CNT, and at 1.43
and 1.75 V for LTO/CNT, respectively. No additional cathodic
and anodic peaks were observed other than the characteristic
signals corresponding to the electrochemical reactions with Li+

of these well-known materials. This observation also proved
This journal is © The Royal Society of Chemistry 2014
that CNT itself did not involve any electrochemical process but
only acted as a spectator component in such a voltage range. CV
proles of classical LFP and LTO electrodes made from the
slurry cast method were also plotted in Fig. 4 for comparison. It
is clear that electrodes prepared by this traditional method
exhibited a similar electrochemical behavior. However, the
RSC Adv., 2014, 4, 20010–20016 | 20013
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Fig. 4 CV profiles of LFP/CNT (a) and LTO/CNT (b) electrodes at a 0.2 mV s�1 scan rate. The smaller separation between cathodic and anodic
peaks suggested a low degree of polarization and faster kinetics in LFP/CNT and LTO/CNT electrodes.
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separation between cathodic and anodic peaks increased and
was further pronounced when the scan rate was increased to
0.5 mV s�1 (Fig. S3†). The separation between the cathodic and
anodic peaks indicated the extent of polarization, which usually
resulted in energy loss due to the hysteresis in each charging/
discharging cycle. By entrapping powders of active materials
inside a cross-stacked CNT network, the polarization issue has
been properly addressed, and this is of great importance for the
practical applications of batteries.
Full battery evaluation

The full battery was also assembled to probe the viability of this
lasagna-like electrode in thin lm batteries. In this full-cell
assembly, LFP/CNT acted as the cathode while LTO/CNT was
the anode. A Celgard 2400 separator and an electrolyte of 1 M
LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC)
(1 : 1) were used. To fabricate full-cell batteries, such LFP/CNT
and LTO/CNT electrodes were folded into squares with a length
of 1.5 cm, and then placed on CNT buckypaper strips with a size
of 3 cm � 1.5 cm. The CNT buckypaper was 40 mm thick and
composed of hundreds of CNT lms aligned in the same
direction. By gently dropping ethanol, the electrodes were
densied and rmly attached to the CNT buckypaper without
the application of any glue. The CNT buckypaper showed a
sheet resistance as low as 5 U per square. Cross-sectional SEM
images revealed that the total thickness of the full-cell assembly
was around 100 mm, including the polymer separator and CNT
buckypaper strips. Noticeably, this value was not thicker than
carbon conductive tape (Fig. 5a and b, and S4†). The galvano-
static characterizations were carried out at an areal current
density of 100 mA cm�2, and the charge/discharge voltage
proles are shown in Fig. 5c. The narrow gap between voltage
plateaus at 1.90 and 1.82 V was implicit of light polarization,
which can be attributed to the effective ionic and electronic
pathways established by the CNT network. The cell potential at
1.82 V was in good agreement with the electromotive forces of
LFP and LTO occurring at 3.4 and 1.5 V, vs. Li+/Li, respec-
tively.33–35 Thus, this output is quite reasonable and is demon-
strated by powering a red LED bulb (Fig. 5d). An illuminated
LED plugged on a bent battery in Fig. 5e indicated that this
assembly can work under different circumstances where
unconventional shapes or exible structures are demanded.
20014 | RSC Adv., 2014, 4, 20010–20016
This also demonstrated the mechanical robustness of these
thin lm electrodes that resulted from the CNT network.

The cyclic stability was assessed by long-term galvanostatic
cycles. At an areal current density of 100 mA cm�2, this thin-lm
battery can deliver 220 mA h cm�2 at the 10th cycle, corre-
sponding to 65 mA h g�1 based on the total mass of the elec-
trodes and the separator (Fig. 5f). The areal capacity decreased
to 202 mA h cm�2 aer 30 cycles, corresponding to a 91%
capacity retention. The columbic efficiency was maintained
above 97% throughout the measurement. When the current
density increased to 1000 mA cm�2, the areal capacity decreased
to 130 mA h cm�2. Because little capacity fading was monitored
in the half-cell rate test of the LTO/CNT electrodes, we postulate
that the LFP cathode served as a rate-limiting factor in the full
battery. The capacity retention was also remarkable in high
areal current density measurements. In Fig. 5g, the full battery
still delivered a reversible capacity of 125 mA h cm�2 aer 50
cycles at an areal current density of 1000 mA cm�2, corre-
sponding to a capacity retention of 96%. CV tests at scan rates
ranging from 0.2 mV s�1 to 1 mV s�1 veried the cyclic stability
at high current densities (Fig. S5†). The results of electro-
chemical characterizations suggested that the CNT network was
capable of holding LFP and LTO powders. Under bent condi-
tions, the full battery sample revealed almost the same perfor-
mance. A sample bent by 180� was still able to deliver over
200 mA h cm�2 (Fig. S6†). SEM images revealed similar micro-
structures for a bent battery aer cycle tests in comparison with
as-prepared samples (cf. Fig. S7† & 1). More importantly, powder
fall-off was not observed according to post-cycle SEM observa-
tion. Therefore, the lasagna-like electrode showed great viability
under various mechanical deformations and maintained its
mechanical and electrochemical properties.

All above-mentioned areal specic capacities were presented
by samples that contained only one cell. The fabrication process
that took advantage of the spray-painting technique was very
easy to scale-up and was able to offer stable quality of the
electrodes. As a matter of fact, multiple cells can be prepared in
each batch. To increase the areal density, three LFP/LTO cells
were connected in parallel and sealed in the same way. A
specic capacity around three times (650 mA h cm�2 vs. 220 mA h
cm�2) that of a single LFP/LTO cell was delivered under a
current density of 1000 mA cm�2 (Fig. S8†). Accordingly, this
thin-lm approach is capable of satisfying a large variety of
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) & (b) Side views of an LFP/LTO battery in SEM. The entire thickness of the battery was not greater than that of carbon conductive tape,
which is placed in parallel to the sample in (a). The scale bar in (b) corresponds to 20 mm. (c) Voltage profiles of a charging/discharging process for
a full battery between 1.2 and 2.6 V. Charged LFP/LTO batteries powered a red LED in flat (d) and bent conditions (e). The battery in (e) was
mounted on a 10mm test tube. (f) Galvanostatic measurements at 100 mA cm�2 current density. Inset: photograph of a sample before packaging.
(g) Measurements at 1000 mA cm�2 current density for both charging and discharging. Coulombic efficiencies were plotted as solid rhomboids in
(f) and (g).
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battery modules for high capacity (in parallel) or high voltage (in
serial) applications but in the same time with little volume
occupation.
Conclusions

In conclusion, we have demonstrated the fabrication of LFP/CNT
and LTO/CNT thin-lm electrodes with tunable thickness to
address the challenges in energy storage for next-generation
portable electronics. Functional electrode materials are
successfully conned in an isotropic 3D conductive network and
immobilized by cross-linked CNTs due to the strong van der
Waals interactions. Therefore, the total volume of the electrode
is reduced by the removal of binders and metal current collec-
tors. The full battery delivers a reversible areal capacity over 200
mA h cm�2, which corroborates superior ion and electron
transfers in such lasagna-like electrodes design. The CNT scaf-
fold also guarantees the stable capacity for delivery under high
current densities and the viability of thin lm electrodes under
mechanical deformations. The compactness for the whole
battery suggests great promise in satisfying the critical require-
ment of space in ultra portable electronics. Finally, the strategy
of electrode design in this work suggests a new platform that is
available for making a rich variety of exible thin lm batteries.
The process of fabrication is potentially scalable since it uses
commercial electrode materials and only involves a one-step
spray-painting process in low-cost and low-toxicity ethanol.
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