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ABSTRACT
Rapidly emerging smart energy era, including electric vehicles, grid scale
energy storage systems and flexible/wearable electronics, is in strong pursuit of fullfledged rechargeable power sources with reliable electrochemical performances and
versatile form factors. To date, most research approaches have still relied on traditional
synthetic materials and stereotyped electrode architecture (i.e., thickness-directional,
simple pile-up of electrode active materials/conductive additives/polymeric binders on
top of metallic current collectors), which have posed a formidable obstacle to
sustainable/innovative progress of energy storage systems such as lithium-ion batteries.
In particular, the use of powder-type carbon conductive additives leads to critical
limitations in attaining uniform dispersion and also electronic interconnectivity.
Here, as a facile one-dimensional (1D) nanobuilding block strategy to resolve the
long-standing challenges of conventional electrodes (particularly focusing on carbon
conductive networks) mentioned above, we demonstrate a new class of
heteronanomat-architectured electrodes based carbon nanotubes (CNTs) and
polymeric nanofibers. This material/structural uniqueness allows the formation of threedimensional (3D) bicontinuous CNT electron networks and interstitial void channels
(ensuring electrolyte accessibility), in addition to improving the mass loading of
electrode active materials and also mechanical flexibility. As a result, the
heteronanomat electrodes enable unprecedented advances in the electrochemical
performance (in particular, areal capacity and rate capability) and shape flexibility far
beyond those achievable with conventional battery technologies. We envision that the
CNT-based 1D building block electrode strategy proposed herein holds a great deal of
promise as a reliable and versatile platform technology to open a new route toward
flexible/high-performance lithium-ion batteries.
1. INTRODUCTION
Forthcoming smart energy era, which includes electric vehicles, grid-scale
energy storage systems and flexible/wearable electronics, is in strong pursuit of
rechargeable power sources with reliable electrochemical performances and versatile
form factors. Among a wide variety of energy storage systems, current state-of-the-art
lithium-ion batteries have undoubtedly occupied a predominant position in portable

electronics and are now eager to extend their applications toward large-scale power
source systems. Since the commercialization of lithium-ion batteries (LIBs) by Sony in
1991, most research approaches reported to date have still relied on traditional
synthetic materials and stereotyped electrode structure (i.e., thickness-directional,
simple pile-up of electrode active materials/conductive additives/polymeric binders on
top of metallic current collectors), which have posed a major obstacle to
sustainable/innovative progress of the batteries. For example, the presence of
electrochemically-inert materials such as metallic current collectors and polymer
binders exerts negative influence on volumetric/gravimetric capacity of electrodes. In
addition, the monotonous electrode architecture often gives rise to electrode thicknessdependent irregularity of electronic/ionic conduction pathways and also loss of
structural integrity upon external deformation stress. In particular, the sluggish and
nonuniform electron/ion transport provokes unwanted electrochemical polarization of
cells, which becomes serious under harsh operating conditions such as high-mass
loading electrodes and fast charge/discharge reaction.
As an eco-friendly one-dimensional (1D) building element for use in paper
electronics and paper batteries, cellulose nanofibrils (CNFs), a core constituent of
cellulose obtained from naturally abundant/renewable wood and plants, have recently
garnered a great deal of attention due to their peculiar characteristics such as lightweight, low-cost, physicochemical robustness and recyclability. Representative
examples of CNFs in battery applications include: alternative electrode binders,
mechanical buffer of metallic anodes, porous current collectors and separator
membranes. However, the use of Super-P powders as carbon conductive additives and
inadequate dispersion of electrode slurries led to the unsatisfactory level of
electrochemical performance and mechanical flexibility. Meanwhile, cellulose (or
textile)/CNTs mixtures have been investigated as electroconductive scaffolds for use in
binder-/current collector-free electrode systems. Carbon nanotube (CNT), which is one
of carbon families (e.g., fullerene, graphene, graphite, and diamond), have been
suggested as one of the most fascinating conductive materials for LIB applications, due
to their outstanding electrical conductivity, mechanical properties, and structural
uniqueness (CNT network-based mesopores as ion-conducting channels). However,
most of the previous works were focused on the development of CNTs-treated porous
cellulose substrates, which were prepared by simple dipping/drying processes. A
critical shortcoming of these electroconductive scaffolds is the low mass loading of
electrode active materials, because pores of the preformed scaffolds are only space
available for accommodating electrode active materials.
Here, as a unique power source to address this challenging issue, we
demonstrate a new class of paper batteries based on the CNT and cellulose 1D
building blocks: (1) heterolayered 1D nanobuilding block mat (referred to as “hnanomat”) batteries based on unitized separator/electrode assembly (SEA) architecture
and (2) hetero-nanonet (HN) paper batteries based on CNF/multiwall carbon nanotube
(MWNT)-intermingled 1D building blocks.
The unitized SEA consists of two different parts: 1) current collector-/binder-free
electrode comprising solely single-walled carbon nanotube (SWNT)-netted electrode
active materials and 2) wood cellulose nanofibril (CNF) separator membranes. The
SWNTs in the SEAs exhibit multifunctional roles as electron conductive additives,

binders, and also current collectors. Intriguingly, the unusual SEA structure allows the
SWNTs to activate their non-Faradaic reaction, thus adding extra capacity to intrinsic
Faradaic capacities of electrode active materials. Meanwhile, the CNF separator with
well-tuned nanoporous structure plays an important role in securing the tightly
interlocked electrode-separator interface. The CNF, which consists of close-packed
polysaccharide chains, is an eco-friendly, naturally-abundant and sustainable
mesoscopic material with an anisotropic dimension of micrometer length and
nanometer diameter. These structural features enable the CNF to act as a promising
alternative material for battery applications. The h-nanomat batteries presented herein,
owing to the structural/physicochemical uniqueness of the SEAs, are expected to bring
unprecedented improvements in the electrochemical performance, shape flexibility and
internal short-circuit tolerance, which are difficult to reach with conventional battery
materials and configurations. First, the removal of current collector and binder allows
larger amount of electrode active materials to be loaded in electrodes, thereby
remarkably increasing gravimetric capacity of cells. Second, the 1D nanobuilding block
(CNF/SWNT)-mediated facilitation of electron/ion transport (i.e., highly-networked
electron pathways and easy accessibility of liquid electrolytes) boosts electrochemical
reaction kinetics of cells even at harsh operating conditions such as fast
charge/discharge rates. Third, the unitized configuration of SEAs provides significant
benefits to cell assembly simplification, mechanical/thermal tolerance and
misalignment-proof of electrode/separator interface (preventing the occurrence of
internal short-circuit).
The HN paper batteries proposed herein consist of CNF/MWNT-intermingled
heteronets embracing electrode active powders (referred to as “CM electrodes”) and
microporous CNF separator membranes. The CNFs exhibit multifunctional roles as 1D
electrode binders and also nanobuilding blocks for separator membranes. The MWNTs
in the CM electrodes act as highly-interconnected electronic networks and also
alternative current collectors. Notably, the CNF/MWNT heteronet-enabled fiber tenacity
contributes to securing structural robustness of CM electrodes without the aid of typical
synthetic polymer binders (such as polyvinylidene fluoride (PVdF) and
polytetrafluoroethylene (PTFE)) and metallic current collectors. The HN paper batteries,
by virtue of the CNF/MWNT heteronets-mediated CM electrodes and also the highlyporous/readily-deformable CNF separators, enable unprecedented improvements in the
energy density and mechanical flexibility far beyond those achievable with conventional
battery technologies. First, from the point of view of electronic/ionic transport kinetics,
which is an indispensable prerequisite to ensure desirable electrochemical
performances, the 1D CNF/MWNT heteronets of CM electrodes create highlyreticulated CNT networks and also interstitial voids (acting as ion-conducting channels
after being filled with liquid electrolytes), eventually leading to the formation of threedimensional (3D) bicontinuous electron/ion conduction pathways. Second, the CM
electrodes do not use metallic current collectors that are essentially required for
conventional electrodes, thus accommodating a larger amount of electrode active
materials in fixed electrode volume. Furthermore, multiple stacking of CM electrodes in
series can be realized, producing user-tailored, ultrathick electrodes (e.g., thickness ~
1400 µm, areal mass loading ~ 90 mg cm-2) with facile electronic/ionic conduction
behavior. Notably, such architectural uniqueness and simplicity of the HN paper cells

provide exceptionally high-energy density (= 226 Wh kgcell-1 at 400 W kgcell-1), which
surpasses the target value (= 200 Wh kgcell-1 at 400 W kgcell-1) of long-range (= 300
miles) electric vehicle batteries. Third, the CM electrodes can adopt a wide diversity of
electrode active materials, underlying their versatility and scalability as a platform
electrode technology. Fourth, the mechanically-compliant CM electrodes (enabled by
the CNF/MWNT heteronets and the removal of less-pliant metallic current collectors), in
combination with the readily-deformable CNF separators, allow the fabrication of a
paper crane battery (an extreme example representing exceptional multi-foldability of
batteries) via origami folding technique.
2. RESULTS AND DISCUSSION
2-1. h-nanomat batteries based on unitized SEA architectures
The SEA, a core unit of the h-nanomat battery, was fabricated via a simple
vacuum-assisted infiltration process, which is analogous to a traditional paper-making
method. First, the CNF suspension (water as solvent) was poured onto a filter paper
positioned inside a Porcelain Buchner funnel and then subjected to vacuum infiltration,
leading to the formation of CNF paper (Fig. 1a). The CNFs, which are produced from
the repeated high-pressure homogenization of wood cellulose powders, were uniformly
dispersed in the suspension and had nanoscale diameter/length up to a few
micrometers (Fig. 1b). Subsequently, on the surface of formed CNF paper, an electrode
slurry consisting of electrode active materials and SWNTs in water was introduced
using the same infiltration method. To achieve a good dispersion state of SWNTs,
sodium dodecylbenzenesulfonate (SDBS) was added as a surfactant (concentration =
1.0 wt.% in water). The characterization of particle dispersion in the electrode slurries
exhibits that the electrode active materials were well mixed with the SWNTs (Fig. 1c),
although this result does not directly reflect the dispersion state of the electrode slurries
because the scanning electron microscopy (SEM) analysis was conducted after
eliminating water solvent. Finally, after vacuum-drying (at 100 oC for 12 h) of the
electrode slurry on the CNF paper, the self-standing and highly-flexible cathode (or
anode) SEAs were obtained (Fig. 1d), wherein LiFePO4 (cathode, average particle size
~ 500 nm) and Li4Ti5O12 (anode, average particle size ~ 300 nm) powders were chosen
as model systems to explore the proof of concept for the h-nanomat batteries.
An important requirement for battery separators is the acquisition of high
porosity and well-defined pore size, which enables facile ion transport via the
electrolyte-filled separator between electrodes. The CNFs are known to be densely
packed by capillary action due to their hydrogen bonds of β-(14)-D-glucopyranose
repeat units during water evaporation, resulting in the formation of CNF paper with lessdeveloped porous structure (the inset of Fig. 2a). To overcome this limitation, we
exploited the solvent (ethanol followed by acetone) exchange-assisted freeze drying
method. Fig. 2a presents that, after the freeze drying treatment, the porous structure
with a plethora of submicron-sized pores was formed in the CNF separator. The crosssectional SEM images of the SEAs demonstrate the construction of tightly interlocked
separator-electrode interface (Fig. 2b,c), verifying that the CNF separator (thickness ~
20 µm) enables the strong interfacial adhesion with SWNT-netted electrodes (thickness

~ 34 µm for cathode and 40 µm for anode). The atomic force microscopy (AFM) image,
together with the SEM results, shows that the electrode active materials were highly
reticulated with the SWNTs (Fig. 2d-f). Neither conventional polymeric binders nor
metallic current collectors were found, underscoring that the SWNTs in the electrode
exhibited multifunctional roles as conductive additives, binders and also current
collectors. Moreover, the removal of traditional polymeric binders allows the generation
of highly-developed interstitial voids in the electrodes, thus enabling facile accessibility
of liquid electrolytes toward electrode active materials.

Fig. 1 Fabrication of 1D nanobuilding block (CNF/SWNT)-based SEAs. (a) A schematic
representation of the overall fabrication procedure for unitized SEA. (b) A photograph
(left) of CNF suspension and a TEM image (right) showing CNFs with nanoscale
diameter/length up to a few micrometers. (c) SEM images demonstrating the dispersion
state of SWNTs and LiFePO4 (or Li4Ti5O12) powders in the electrode slurries. (d)
Photographs of self-standing, flexible LiFePO4 (cathode) and Li4Ti5O12 (anode) SEAs.

Fig. 2 Structural/physicochemical characterization of SEAs. (a) SEM image depicting
the freeze drying-induced porous structure formation of CNF separator (the inset shows
the CNF paper with less-developed porous structure). (b) SEM image (cross-sectional
view) of the cathode SEA. (c) SEM image (cross-sectional view) of anode SEA. (d)
AFM image (surface view) of the cathode SEA. (e) SEM image (surface view) of
LiFePO4 cathode SEA. (f) SEM image (surface view) of Li4Ti5O12 anode SEA.

Fig. 3 (a) Taping-out test of the cathode SEA using commercial 3M scotch® tape (the
inset shows the result of a control sample employing a typical filter paper with thick
(micrometer scale) fibers). (b) Comparison of electronic conductivity between
conventional electrodes and SEAs. (c) Comparison of porosity among conventional
electrodes, polyethylene separator and SEAs. (d) Photographs demonstrating physical
flexibility and dimensional integrity of SEAs.
The strongly interlocked separator-electrode interface is expected to endow the
SEAs with dimensional/mechanical robustness, even in the absence of polymeric
binders and metallic current collectors in electrodes. Fig. 3a shows that neither peel-off
nor disintegration of constituents was observed at the cathode SEA during the tapingout test (using commercial 3M scotch® tape). In comparison, for a control sample that
employed a typical filter paper with excessively thick (micrometer scale) fibers as a
separator, a considerable amount of SWNTs and LiFePO4 powders were detached (the
inset of Fig. 3a). This result demonstrates that the well-tailored nanoporous CNF
separator played an important role in the construction of unitized SEAs. In the SEAs
presented herein, the 1D nanobuilding block (CNF/SWNT)-driven strong interface
between separator and electrode allows the SWNTs (reticulating electrode active
materials) to act as current collectors and also binders besides their innate role as
electroconductive additives, thus enabling the one-pot removal of both current
collectors and binders in electrodes. The cathode and anode SEAs respectively
presented the electronic conductivities of 980 and 960 S m-1 (Fig. 3b), where the 15
wt.% SWNTs were incorporated in both SEAs. These values are higher than those of
conventional LiFePO4 (~ 56 S m-1) and Li4Ti5O12 (~ 11 S m-1) electrodes (i.e.,
LiFePO4/PVdF binder/carbon black conductive additives = 80/10/10 (w/w/w) on an
aluminum current collector, Li4Ti5O12/PVdF/carbon black = 88/10/2 (w/w/w) on an
aluminum current collector). This higher electronic conductivity of the SEAs is attributed
to the well-percolated 3D electronic networks of SWNTs reticulating electrode active
materials and also the removal of polymeric binders posing as a barrier to impede
electronic/ionic transport (Fig. 2d-f). This result demonstrates the structural superiority
of SEAs in tuning the electronic resistance of electrodes.
To facilitate electrochemical reaction of a cell, fast/uniform ion migration, along

with the aforementioned electron transport, should be secured. Fig. 3c shows that the
SEAs present a higher porosity than conventional ones. This improvement in the
porosity of the SEAs is ascribed to the well-developed interstitial voids formed between
the 1D nanobuilding blocks (CNF/SWNT). Fig. 3d shows that the cathode SEA was not
mechanically broken even after being fully folded. Also, it was wound several times
along a wooden rod (diameter = 5 mm). More notably, it could be knotted without any
mechanical rupture. Furthermore, the SEA maintained its physical flexibility and
dimensional integrity in the electrolyte-swollen state. This excellent mechanical
tolerance of SEAs in the absence of polymeric binders and metallic current collectors is
ascribed to the tightly interlocked electrode-separator interface and also the SWNTs
reticulating electrode active materials.

Fig. 4 Electrochemical characterization of SEAs. (a) CV profiles of conventional
LiFePO4 cathode, LiFePO4 cathode SEA and SWNTs on CNF separator. A schematic
illustration depicting two different electrochemical reaction modes of the SEA is also
provided. (b) Comparison of areal mass (i.e., cathode (or anode) + separator, mg cm-2)
between conventional electrodes (polyethylene separator is also included) and SEAs.
(c) Comparison of gravimetric (based on the combined mass of cathode (or anode) and
separator) specific capacity between conventional electrodes and SEAs. (d) A
photograph of a h-nanomat full cell and a schematic illustration describing the electron
transport pathways and electrolyte accessibility. (e) Charge/discharge profiles of a
conventional LiFePO4/Li4Ti5O12 cell and a h-nanomat cell, where cell mass (= cathode
+ anode + separator)-based gravimetric specific charge/discharge capacities are
presented. (f) Cycling performance (= capacity retention as a function of cycle
numbers) of a conventional LiFePO4/Li4Ti5O12 cell and a h-nanomat cell, where the
cells are cycled at charge/discharge current density = 2.0 C/2.0 C for the 200 cycles
and then further cycled at charge/discharge current density = 10.0 C/10.0 C up to the

additional 300 cycles.
We performed cyclic voltammetry (CV) analysis to elucidate the electrochemical
behavior of SEAs (Fig. 4a). In comparison to the conventional LiFePO4 cathode, the
cathode SEA shows the unusual CV profiles, which could be divided into two different
regions (A and B). Region A is governed by the SWNT-driven non-Faradaic reaction
(i.e., adsorption/desorption of charges on surface of SWNTs. Region B exhibits the
mixed non-Faradaic/Faradaic reaction, where the Faradaic reaction (induced by lithium
intercalation/deintercalation of LiFePO4 active materials) dominates the overall cell
capacity. In battery components, current collectors are known to provide electron
transfer toward electrode active materials and also serve as dimensional support layers
for electrodes. The heavy current collectors (particularly metallic-based ones), however,
exert a detrimental influence on the gravimetric capacity of electrodes. In the SEAs, the
removal of metallic current collectors as well as polymeric binders allows the larger
amount of electrode active materials to be loaded in electrodes, thus enabling a
substantial increase in (electrode mass-based) gravimetric specific capacity. Moreover,
the lower weight (= 0.54 mg cm-2) of CNF separators compared to that (= 1.3 mg cm-2)
of traditional polyolefin separators also contributes to this capacity improvement. Fig.
4b shows that the SEAs allow a drastic reduction in the areal mass (= cathode (or
anode) + separator). As a result, the SEAs present approximately 2 times higher
gravimetric specific capacity than the conventional electrodes (Fig. 4c).
The unitized SEA configuration can simplify cell assembly. Alternative stacking
of an anode SEA and a cathode SEA leads to the construction of a h-nanomat full cell.
A photograph of a h-nanomat full cell and a schematic illustration depicting the
electron/ion transport are provided in Fig. 4d. Fig. 4e shows that the h-nanomat cell
presents the cell mass (= cathode + anode + separator)-based gravimetric specific
discharge capacity of 60 mAh gcell-1 at a constant charge/discharge current density =
2.0 C/2.0 C under a voltage range of 1.0 - 2.5 V, which is significantly higher than that
of the conventional LiFePO4/Li4Ti5O12 cell (~ 27 mAh gcell-1). We evaluated the longterm cycling performance of the h-nanomat cell (Fig. 4f). The h-nanomat cell shows the
better capacity retention for the 200 cycles (at charge/discharge current density = 2.0
C/2.0 C) than the conventional full cell.
Conventional cells, which are composed of powder-piled electrodes (i.e., a
mixture of electrode active powders/conductive additive powders/polymeric binders on
metallic current collectors) and polyolefin separators with relatively poorly-developed
porous structure, have limitations in attaining the well-established electron networks
and ionic channels, which may thus provoke sluggish and nonuniform electronic/ionic
flow (Fig. 5a). By comparison, the 1D nanobuilding block-based SEAs (Fig. 5b) are
characterized with highly-interconnected, uniform electron pathways and porous
structure (enabling facile accessibility of liquid electrolyte), which are expected to
provide significant improvements in the electrochemical performance (in particular, rate
capability) of h-nanomat cells. Under a constant charge current density of 0.5 C, the hnanomat cell shows a higher discharge capacity than the conventional
LiFePO4/Li4Ti5O12 cell (Fig. 5c) over a wide range of discharge current densities (= 0.5 50.0 C) at a voltage range of 1.0 - 2.5 V, which reveals the superior discharge rate
capability. Moreover, the advantageous effect of the h-nanomat cell was also observed

for the charge rate capability (Fig. 5d), where the cells were discharged at a constant
current density of 0.5 C and charged in the range of 0.5 - 20.0 C.

Fig. 5 Electrochemical superiority of h-nanomat cell. Schematic illustrations depicting
electron/ion transport behavior: (a) a conventional cell composed of powder-piled
electrodes (i.e., a mixture of electrode active powders/conductive additive
powders/polymeric binders on metallic current collectors) and polyolefin separator; (b) a
h-nanomat cell comprising anode SEA and cathode SEA. (c) Discharge rate capability
of cells (h-nanomat cell vs. conventional cell), where cells were charged at a constant
current density of 0.5 C and discharged over a wide range of current densities (0.5 50.0 C). (d) Charge rate capability of cells (h-nanomat cell vs. conventional cell), where
cells were discharged at a constant current density of 0.5 C and charged in the range of
current densities (0.5 - 20.0 C).
Flexible batteries with various form factors have garnered considerable
attention as a suitable power source for newly emerging so-called wearable electronics.
The structural uniqueness of SEAs is expected to bring remarkable improvements in
the shape flexibility of a h-nanomat cell. Here, to clearly visualize the advantageous
effect of a h-nanomat cell, a polydimethylsiloxane-coated polyethylene film (thickness ~
100 µm) was used as a kind of transparent packaging substance. The h-nanomat cell
with the unitized SEA configuration (Fig. 6a), as compared to the conventional cell
comprising the three independent sheets of anode, cathode and separator, fixates the
spatial position between electrode and separator, which thus ensures the
misalignment-proof of the separator-electrode interface. Fig. 6b shows that the hnanomat cell, after the repeated bending/unbending (rod diameter = 5 mm), presented
a strong tolerance against the mechanical deformation, without impairing
charge/discharge performance (the inset of Fig. 6b shows the charge/discharge profile

after the 5 bending/unbending cycles). To investigate the long-term stability of a hnanomat cell under the repeated deformation, the variation in the cell voltage was
measured as a function of bending cycle (Fig. 6c). The h-nanomat cell shows no
appreciable loss in the charge voltage during the repeated bending/unbending and also
maintains stable charge/discharge profiles even after the 50 cycles (the inset of Fig. 6c).
Moreover, the h-nanomat cell could be repeatedly twisted and untwisted without losing
its electrochemical activity (Fig. 6d). To further elucidate the excellent flexibility of a hnanomat cell, the voltage fluctuation of cells with the repeated bending/unbending
cycles (time interval between each bending deformation was set at 3 min, rod diameter
= 5 mm) was monitored during the charge/discharge reaction.

Fig. 6 Shape flexibility and thermal tolerance of h-nanomat cell. (a) A schematic
illustration of a h-nanomat cell with the unitized SEA configuration. (b) A photograph
showing the electrochemical activity of a h-nanomat cell after the 5 bending/unbending
cycles (rod diameter = 5 mm), where the inset shows the corresponding
charge/discharge profile at charge/discharge current density = 1.0 C/1.0 C. (c) Variation
in the cell voltage of a h-nanomat cell as a function of bending cycle (the inset shows
charge/discharge profile (at charge/discharge current density = 1.0 C/1.0 C) after the
50 bending cycles). (d) A photograph showing the electrochemical activity of a hnanomat cell after the repeated twisting/untwisting deformation.
2-2. HN paper batteries based on CNF/MWNT-intermingled 1D building blocks
For the preparation of electrode mixture suspension, electrode active materials
(here, LiFePO4 (cathode) and Li4Ti5O12 (anode) powders were chosen) were mixed
with the MWNT suspension. Into the electrode materials/MWNTs mixture suspension,
the CNF suspension containing the urea additive was added dropwise under vigorous

stirring at 0 oC, producing the electrode mixture suspension (CNF/MWNT/electrode
active materials = 5/15/80 (w/w/w) in aqueous solution). The CM electrodes were
fabricated using vacuum-assisted infiltration technique analogous to paper-making
process. The aforementioned electrode mixture suspension was poured onto a filter
paper positioned inside a Porcelain Buchner funnel followed by vacuum infiltration,
leading to the wet-state CM electrodes. Importantly, in order to promote the
development of porous structure in the electrodes, the wet-state CM electrodes were
subjected to solvent (ethanol followed by acetone) exchange-assisted freeze drying,
eventually producing self-standing/bendable CM electrodes. The freeze-dried CM
cathode (here, LiFePO4 cathode was chosen) showed the well-developed porous
structure (porosity ~ 45 %) than a control cathode that were not freeze-dried (porosity ~
22 %), which thus exerted beneficial influence on the charge/discharge capacity and
cell polarization. The overall fabrication procedure, along with the photographs
representing each step, was depicted in a schematic illustration (Fig. 7a).

Fig. 7 Fabrication and characterization of CM electrodes. a) Schematic representations
and photographs depicting the overall fabrication of CM electrodes. b) SEM images
(surface and cross-section (= inset)) of CM LiFePO4 cathode. c) SEM images showing
mechanical flexibility of CM LiFePO4 cathode. d) Photographs depicting structural
integrity of CM electrodes after taping-out test.
The scanning electron microscopy (SEM) images (Fig. 7b) show that the CNFs
and MWNTs are well intermingled and generate the hetero-nanonets embracing
LiFePO4 powders. Notably, synthetic polymer binders, carbon powder conductive
additives and metallic current collectors, which are essentially used for conventional
electrodes, were not observed in the CM LiFePO4 cathode. Moreover, the CNF/MWNTintermingled heteronets allow the formation of highly-reticulated CNT networks and also
interstitial voids (to be filled with liquid electrolytes), thus creating 3D bicontinuous
electron/ion conduction pathways that can boost redox reaction kinetics of the CM
LiFePO4 cathode. The CM electrodes can be wound along a glass rod (diameter = 2

mm, Fig. 7a) and also knotted in the form of a ribbon without mechanical rupture (Fig.
7c). The structural integrity of CM electrodes was examined using taping-out test with
3M scotch® tape. Fig. 7d shows that neither peel-off nor disintegration of electrode
components was found at the CM electrodes. This result demonstrates that the
CNF/MWNT-intermingled heteronets hold electrode active materials tightly, even in the
absence of synthetic polymer binders and metallic current collectors.

Fig. 8 (a) A schematic illustration depicting CNF/MWNT-intermingled heteronet
architecture of CM electrodes. (b) Comparison in electronic conductivity, porosity and
electrolyte wettability (CM electrodes vs. conventional ones).
The structural novelty (specifically, CNF/MWNT-intermingled heteronet
embracing electrode active materials) of CM electrodes plays a key role in the
construction of 3D bicontinuous electron/ion transport pathways (Fig. 8a). Fig. 8b
shows that the CM electrodes present higher electronic conductivities (cathode = 4.2 S
cm-1 and anode = 11.8 S cm-1) than the conventional ones (cathode
(LiFePO4/PVdF/carbon black = 80/10/10 (w/w/w)) = 0.5 S cm-1, anode
(Li4Ti5O12/PVdF/carbon black = 88/10/2 (w/w/w)) = 0.3 S cm-1). Such a higher electronic
conductivity of the CM electrodes is attributed to the well-interconnected electronic
networks of MWNTs and also the removal of synthetic polymer binders (such as PVdF)
that partially shield electrode active materials and conductive additives. Moreover, the
CM electrodes show a higher porosity than the conventional ones (45 % (CM LiFePO4
cathode)/41 % (CM Li4Ti5O12 anode) vs. 20 % (conventional LiFePO4 cathode)/18 %
(conventional Li4Ti5O12 anode), Fig. 8b). This improvement in the porosity of CM
electrodes can be explained by the spatially-reticulated interstitial voids formed
between the 1D nanobuilding blocks of CNF/MWNT. In addition, the polar CNFs in the
CM electrodes are beneficial for facilitating capillary intrusion of liquid electrolyte,
leading to better electrolyte wettability than the conventional electrodes (Fig. 8b). These
well-established and polar porous channels (that allow facile accessibility of liquid
electrolyte), in combination with the aforementioned MWNT electronic networks, help
boost up electrochemical reaction kinetics of the CM electrodes.
The charge/discharge performance of the CM LiFePO4 cathodes was explored
using a coin-type half cell (composed of LiFePO4 cathode/Li metal). Fig. 9a shows that
the CM LiFePO4 cathode delivers the higher specific gravimetric discharge capacity (~
167 mAh g-1) than the conventional LiFePO4 cathode (~ 153 mAh g-1) at

charge/discharge current density of 0.2 C/0.2 C under voltage range of 2.0 - 4.0 V,
which appears closer to the theoretical value (~ 170 mAh g-1) of LiFePO4 active
materials. Over a wide range of discharge current densities (= 0.2 - 30.0 C, at a fixed
charge current density of 0.2 C), the CM LiFePO4 cathode shows significant
improvement in the specific gravimetric discharge capacities (Fig. 9b) and also
mitigation in the cell polarization (Fig. 9c) than the conventional one, demonstrating the
electrochemical superiority of the CM LiFePO4 cathode in the rate capability of cells.
This faster rate performance of the CM LiFePO4 cathode was verified by conducting the
Galvanostatic Intermittent Titration Technique (GITT) analysis (Fig. 9d). The CM
LiFePO4 cathode effectively alleviates the build-up in cell polarization upon the
repeated current stimuli (at current density = 2.0 C, interruption time between each
pulse = 3 min) during charge/discharge reaction. The internal cell resistances are
summarized as a function of state of charge and also depth of discharge (insets of Fig.
9d). In addition to the rate capability, the cycling performance (at charge/discharge
current density = 1.0 C/1.0 C) of the CM LiFePO4 cathode was examined. Even after
500 cycles, the CM LiFePO4 cathode presents the higher capacity retention (~ 95 %)
than the conventional LiFePO4 cathode (~ 91 %) (Fig. 9e). It is underlined again that
the CM electrodes necessitate neither synthetic polymer binders nor metallic current
collectors, which thus allows larger amount of electrode active materials to be loaded in
a fixed electrode volume. At a similar cathode thickness (~ 60 µm), the areal mass
loading (calculated solely by LiFePO4 mass) of the CM LiFePO4 cathode (= 4.4 mg
cmcathode-2) was approximately two times larger than that (= 2.3 mg cmcathode-2) of the
conventional LiFePO4 cathode, eventually contributing to a substantial increase in the
discharge capacity per cathode area (0.68 mAh cmcathode-2 for the CM LiFePO4 cathode
vs. 0.35 mAh cmcathode-2 for the conventional LiFePO4 cathode, Fig. 9f).

Fig. 9 (a) Charge/discharge profiles. (b) Discharge rate capability over a wide range of
discharge current densities at a fixed charge current density of 0.2 C. (c) Cell
polarization obtained from average discharge potential as a function of discharge
current density. (d) GITT analysis, wherein insets show the variation of internal cell

resistance as a function of state of charge and depth of discharge. (e) Cycling
performance (charge/discharge current density = 1.0 C/1.0 C. (f) Discharge capacity
per cathode area (mAh cmcathode-2) under a similar cathode thickness.

Fig. 10 Structural/electrochemical uniqueness of multi-stackable CM electrodes. (a)
SEM images of multi-stacked CM LiNi0.5Mn1.5O4 cathodes with various thickness (50
µm (1sheet), 450 µm (10 sheets), 1300 µm (30 sheets)). (b) A conceptual
representation of a single-unit cell and its contribution to energy density of cells. (c)
Cycling performance of single-unit HN paper cells. (d) Ragone plot of single-unit HN
paper cells, where the gravimetric energy/power densities of cells were determined on
the basis of cell mass (= cathode + anode + separator). (e) A photograph showing the
operation of a mini toy car installed with the single-unit HN paper cell.
Fig. 10a shows that a diversity of CM LiNi0.5Mn1.5O4 cathodes in thickness are
fabricated by simply controlling the number of cathode sheets (50 µm (1 sheet), 450 µm
(10 sheets), 1300 µm (30 sheets)). The predetermined number of elementary cathode
sheets were stacked in series and then subjected to roll pressing at room temperature
to secure tightly interlocked interface between the adjacent elementary cathode sheets.
The discrepancy between the actual electrode thickness and the initially-expected
number of stacked sheets is attributed to the thickness-directional compression during
the roll pressing. By exploiting this stackable electrode concept, we can easily fabricate
exceptionally thick electrodes that are almost impossible to reach with conventional
battery technologies. A single-unit cell comprising solely one cathode sheet/one
separator/one anode sheet, instead of traditional cells fabricated by repeatedly winding
or stacking cell components, is an ultimate cell configuration that rechargeable batteries

are keen to achieve. This single-unit cell could simplify cell assembly processes and
also benefit from the increase of cell capacity by minimizing the use of
electrochemically-inert components (such as metallic current collectors and separators).
A conceptual representation of a single-unit cell and its beneficial contribution to cell
capacity, along with the structural uniqueness of multi-stackable CM electrodes, is
illustrated in Fig. 10b.
Fig. 10c shows that one sheet of multi-stacked CM LiNi0.5Mn1.5O4 cathode
(thickness ~ 450 µm, prepared by stacking 10 sheets of the elementary cathode (~
50 µm)) and one sheet of multi-stacked CM graphite anode (thickness ~ 160 µm, 3
sheets of the elementary anode (~ 60 µm)) are integrated with one sheet of CNF
separator (~ 30 µm), eventually leading to the formation of a single-unit HN paper full
cell. The single-unit HN paper cell showed normal charge/discharge behavior and also
areal (normalized by cathode area) discharge capacity of 4.78 mAh cmcathode-2. The
cycling performance (expressed as areal capacity (mAh cmcathode-2)) of the single-unit
HN paper cells was investigated, where the cells were cycled at charge/discharge
current density of 0.2 C/0.2 C under voltage range of 3.0 - 4.9 V. Both the thin cell
(assembled with the elementary CM electrodes (cathode/anode ~ 50/20 µm/µm)) and
the thick cell (composed of the stacked CM electrodes (cathode/anode ~ 450/160
µm/µm)) showed stable charge/discharge behavior with cycling (Fig. 10c), although the
cycling performance of the thick cell was slightly lower than that of the thin cell.
The influence of the single-unit HN paper cells on the Ragone plot, where the
gravimetric energy/power densities of cells were determined on the basis of cell mass
(= cathode + anode + separator), was examined (Fig. 10d). To highlight a noteworthy
result of the single-unit HN paper cells, the target energy/power density values (= 200
Wh kgcell-1/ 400 W kgcell-1 based on cell mass) of long-range (= 300 miles) EV batteries,
which was announced by USABC (U. S. Advanced Battery Consortium), were also
marked on the Ragone plot. Although the cell mass used herein is not completely same
as that of the USABC target cells, it should be noted that the energy density of the
single-unit HN paper cell (= 226 Wh kgcell-1 at 400 W kgcell-1, CM LiNi0.5Mn1.5O4
cathode/CM graphite anode) surpasses the challenging value of the long-range EV
battery. Furthermore, to visualize this potential advantage of the single-unit HN paper
cell for EV applications, we performed a kind of demonstration test using a mini toy car
(power required for operation = 6.75 W). Fig. 10e shows that the single-unit HN paper
cell (weight = 45 mg), which was mounted on top of the toy car roof, operated the toy
car for 90 min, which almost corresponded to the energy density of 225 Wh kgcell-1.
A salient advantage of paper is exceptional deformability allowing a wide range
of form factors suitable for various applications in our daily lives. Motivated by this
unique feature of paper, shape flexibility of the HN paper cell was investigated, where
the CM LiFePO4 cathode (areal mass loading = 7 mg cmcathode-2) and CM Li4Ti5O12
anode (= 7.5 mg cmanode-2) were combined with the CNF separator. Fig. 11a shows that
the CM cathode can be folded at an interval of 5 mm. Notably, neither structural
disintegration nor detachment of cell components was observed even at the folded
edges (Fig. 11b). Such excellent flexibility of the CM cathode is due to the CNF/MWNT
heteronet-mediated structural tolerance/compliance and also the removal of relatively
stiff
metallic
current
collectors.
By
comparison,
a
control
cathode
(LiFePO4/PVdF/carbon black = 80/10/10 (w/w/w) on Al current collector, areal mass

loading = 6 mg cmcathode-2) failed to preserve its structural integrity under the same
folded state (inset images of Fig. 11a,b)). Appreciable amounts of cathode components
were detached from the Al current collector.

Fig. 11 Paper crane HN cells fabricated via origami folding and their electrochemical
performance. (a,b) Comparison in structural stability between CM LiFePO4 cathode and
control LiFePO4 cathode upon multiple folding: (a) photographs; (b) SEM images of
folded edges. (c) A photograph displaying multi-folding procedure for making the paper
crane HN cell (I). (d) Photographs showing the electrochemical activity of paper crane
HN cell (I) and paper crane HN cell (II) (an inset image). (e) Photographs depicting the
electrochemical operation of the unfolded paper crane HN cell (I).
Finally, we fabricated the paper crane HN full cell (= CM LiFePO4 cathode/CNF
separator/CM Li4Ti5O12 anode) using so-called “origami folding skill”. The form of paper
crane was chosen as a representative example that can demonstrate an extremely
folded state of a cell. The stepwise multi-folding procedure for making the paper crane
HN cell (I) (width × length × thickness = 70 × 70 × 0.05 mm/mm/mm, before folding) is
depicted in Fig. 11c. To visualize physical appearance of the paper crane HN cell (I), a
polyethylene film (thickness ~ 100 µm) was used as a transparent packaging substance.
Fig. 11d shows that the paper crane HN cell (I) successfully operated a light-emitting
diode (LED) lamp. In addition, to explore wider applicability of HN paper cells, different
type of a paper crane HN cell was fabricated, where the packaging film, together with
major cell components, was simultaneously multi-folded. Here, the CM electrodes and
CNF separator were packaged with the polyethylene film and then the 2D sheetshaped cells were subjected to origami folding followed by injection of liquid electrolyte,
producing a paper crane HN cell (II). Similar to the previous paper crane HN cell (I) (the
polyethylene packaging film was not origami-folded), the new HN cell (II) also
successfully lighted up the LED lamp (an inset image of Fig. 11d). To further examine
such compelling multi-foldability, the paper crane HN cell (I) was disassembled,

unfolded, injected with liquid electrolyte and finally sealed again. Notably, the unfolded
paper crane HN cell (I) also operated the LED lamp (Fig. 11e). The abovementioned
results on the paper crane HN cells demonstrate that the CNF/MWNT heteronet-based
CM electrodes incorporating no metallic current collectors, in combination with the
readily-deformable CNF separator, bring remarkable advances in the physical flexibility
and shape diversity of the cells.
3. CONCLUSIONS
In summary, we have presented a new concept of paper batteries based on
heterolayered SEA architecture (i.e., h-nanomat) and hetero-nanonet (i.e., HN)
CNF/MWNT-intermingled 1D building blocks.
The unitized SEAs were composed of nanoporous CNF separators and current
collector-/binder-free electrode comprising solely SWNT-netted electrode active
materials. Herein, the CNF separator played a viable role in achieving tightly
interlocked electrode/separator interface and the SWNTs exhibited the multifunctional
roles as electron conductive additives, binders, current collectors and also nonFaradaic active materials. The 1D nanobuilding block (CNF/SWNT)-driven
structural/physicochemical uniqueness of the SEAs brought significant improvements in
the mass loading of electrode active materials, electron conduction pathways,
electrolyte accessibility and misalignment-proof of separator/electrode interface
(preventing the occurrence of internal short-circuit).
The CM electrodes consisted of the CNF/MWNT-intermingled heteronets that
embrace electrode active materials, thus offering the well-developed 3D bicontinuous
electron/ion transport pathways. Such a novel electrode structure brought significant
improvement in the mechanical flexibility, Faradaic reaction kinetics and electrode
mass loading (i.e., areal capacity). More notably, the metallic current collectors-free,
CNF/MWNT heteronets allowed the multiple stacking of CM electrodes in series,
eventually leading to the user-tailored, ultrathick (i.e., high-mass loading) electrodes
with reliable electrochemical performance. The multi-stackable CM electrodes were
assembled with the CNF separator, leading to the single-unit HN paper cell (composed
of one CM cathode/one CNF separator/one CM anode). This single-unit HN paper cell
provided an exceptional increase in the energy density (= 226 Wh kgcell-1 at 400 W
kgcell-1 for LiNi0.5Mn1.5O4/graphite system), which even surpassed the target value (=
200 Wh kgcell-1 at 400 W kgcell-1) of long-range (= 300 miles) EV batteries.
As a consequence, the heteronanomat electrodes enable unprecedented
advances in the electrochemical performance (in particular, areal capacity and rate
capability) and shape flexibility far beyond those achievable with conventional battery
technologies. We envision that the CNT-based 1D building block electrode strategy
proposed herein holds a great deal of promise as a reliable and versatile platform
technology to open a new route toward flexible/high-performance lithium-ion batteries.

REFERENCES

Sang-Young Lee et al. (2014), “Heterolayered, one-dimensional nanobuilding blocks
mat batteries”, Nano.Lett. 14, 5677-5686.
Sang-Young Lee et al. (2015), “Hetero-Nanonet Rechargeable Paper Batteries: Toward
Ultrahigh Energy Density and Origami Foldability”, Adv. Funct. Mater. 25, 60296040.

