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  1.     Introduction 

 Forthcoming smart energy era, which 
includes electric vehicles, grid-scale 
energy storage systems, and fl exible/
wearable electronics, is in strong pursuit 
of rechargeable power sources with reli-
able electrochemical performances and 
versatile form factors. [ 1 ]  Among a wide 
variety of energy storage systems, cur-
rent state-of-the-art lithium-ion batteries 
have undoubtedly occupied a predomi-
nant position in portable electronics and 
are now eager to extend their applica-
tions toward large-scale power source 
systems. [ 2 ]  Since the commercialization 
of lithium-ion batteries by Sony in 1991, 
most research approaches reported to date 
have still relied on traditional synthetic 
materials and stereotyped electrode struc-
ture (i.e., thickness-directional, simple 
pile-up of electrode active materials/
conductive additives/polymeric binders 
on top of metallic current collectors), [ 2,3 ]  
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 infl uence on volumetric/gravimetric 
capacity of electrodes. In addition, the monotonous electrode 
architecture often gives rise to electrode thickness-dependent 
irregularity of electronic/ionic conduction pathways and also 
loss of structural integrity upon external deformation stress. 
In particular, the sluggish and nonuniform electron/ion trans-
port provokes unwanted electrochemical polarization of cells, 
which becomes serious under harsh operating conditions such 
as high-mass loading electrodes [ 4 ]  and fast charge/discharge 
reaction. [ 5 ]  

 As an eco-friendly 1D building element for use in paper 
electronics and paper batteries, cellulose nanofi brils (CNFs), 
a core constituent of cellulose obtained from naturally abun-
dant/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. [ 6 ]  Representative examples of CNFs in battery 
applications include: alternative electrode binders, [ 7 ]  mechanical 
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buffer of metallic anodes, [ 8 ]  porous current collectors, [ 4b ,   9 ]  and 
separator membranes. [ 10 ]  Recently, Leijonmarck et al. fabricated 
the single-paper lithium-ion batteries using sequential fi ltra-
tion steps. [ 11 ]  However, the use of Super-P powders as carbon 
conductive additives and inadequate dispersion of electrode 
slurries led to the unsatisfactory level of electrochemical perfor-
mance and mechanical fl exibility. Meanwhile, cellulose (or tex-
tile)/carbon nanotubes (CNTs) mixtures have been investigated 
as electroconductive scaffolds for use in binder-free/metallic 
current collector-free electrode systems. [ 4b ,   12 ]  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 1D material-mediated cell architecture strategy 
to address the longstanding challenges of stereotypically struc-
tured conventional batteries and cellulose-based ones men-
tioned above, we demonstrate a new class of hetero-nanonet 
(HN) paper batteries based on 1D building blocks of CNFs/
multiwall carbon nanotubes (MWNTs). The HN paper bat-
teries 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 elec-
tronic networks and also alternative current collectors. Notably, 
the CNF/MWNT heteronet-enabled fi ber tenacity contributes to 
securing structural robustness of CM electrodes without the aid 
of typical synthetic polymer binders (such as polyvinylidene fl u-
oride (PVdF) and polytetrafl uoroethylene (PTFE)), and metallic 
current collectors. 

 The HN paper batteries, by virtue of the CNF/MWNT 
heteronets-mediated CM electrodes and also the highly 
porous/readily deformable CNF separators, enable unprec-
edented improvements in the energy density and mechan-
ical fl exibility far beyond those achievable with conventional 
battery technologies. First, from the point of view of elec-
tronic/ionic transport kinetics, which is an indispensable 
prerequisite to ensure desirable electrochemical perfor-
mances, [ 13 ]  the 1D CNF/MWNT heteronets of CM electrodes 
create highly reticulated CNT networks and also interstitial 
voids (acting as ion-conducting channels after being fi lled 
with liquid electrolytes), eventually leading to the forma-
tion of 3D bicontinuous electron/ion conduction pathways. 
Second, the CM electrodes do not use metallic current col-
lectors that are essentially required for conventional elec-
trodes, thus accommodating a larger amount of electrode 
active materials in fi xed electrode volume. Furthermore, 
multiple stacking of CM electrodes in series can be real-
ized, 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 kg −1  cell −1  at 400 W kg −1  cell −1 ), which surpasses 

the target value (=200 Wh kg −1  at 400 W kg −1 ) of long-range 
(=300 miles) electric vehicle batteries. Third, the CM elec-
trodes can adopt a wide diversity of electrode active mate-
rials, 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 multifoldability of bat-
teries) via origami folding technique.  

  2.     Results and Discussion 

  2.1.     Urea-Assisted Fabrication of CM Electrodes and Their 
Structural Uniqueness 

 The CNF suspension was obtained from the repeated high-
pressure homogenization of wood cellulose powders in 
5 wt% NaOH aqueous solution (Supporting Information, 
Figure S1a). [ 10,14 ]  The dimension of CNFs is characterized 
with nanoscale diameter and length up to a few micrometers. 
Meanwhile, the MWNTs were subjected to ultrasonifi cation 
in water, producing well-dispersed MWNT suspension (Sup-
porting Information, Figure S1b), wherein 1 wt% sodium 
dodecyl sulfate (SDS) was incorporated as MWNT-dispersing 
agent. [ 15 ]  A prerequisite condition for the fabrication of CM 
electrodes is to ensure the homogeneous dispersion of CNFs 
and MWNTs in the presence of electrode active materials. It is 
known [ 16 ]  that strong intermolecular hydrogen bonding (arising 
from β-(1->4)-D-glucopyranose repeat units) of CNFs and also 
large difference in polarity between CNFs and CNTs make it 
diffi cult to attain uniform dispersion state of CNFs/CNTs mix-
tures in common solvents. Such poor dispersion state tends to 
become more serious as solid content of the mixture suspen-
sions increases. Recently, Qi et al. [ 17 ]  reported that urea addi-
tives in the NaOH aqueous solution effectively build chemical 
blocking between cellulose molecules and CNTs, thereby ena-
bling the good dispersion of CNTs in the cellulose solution. 
Stimulated by these results, we incorporated urea additives into 
the CNF suspension in order to resolve the dispersion problem 
of CNF/MWNT mixture. As a preliminary experiment, a model 
system of CNFs (incorporating 1.5 wt% urea additive)/MWNTs 
(=15/85 (w/w)) mixture was fabricated and its wide-angle X-ray 
diffraction pattern was analyzed ( Figure    1  a). The CNF/MWNT 
mixture shows the characteristic peaks at 2 θ  = 14.7° and 22.6°, 
which correspond to cellulose I crystalline form of CNFs with a 
good dispersion state. [ 18 ]   

 For the preparation of electrode mixture suspension, elec-
trode active materials (here, LiFePO 4  (cathode) and Li 4 Ti 5 O 12  
(anode) powders were chosen) were mixed with the MWNT 
suspension. Into the electrode materials/MWNTs mixture sus-
pension, the CNF suspension containing the urea additive was 
added dropwise under vigorous stirring at 0 °C, producing the 
electrode mixture suspension (CNF/MWNT/electrode active 
materials = 5/15/80 (w/w/w) in aqueous solution). The optical 
microscopy images (Figure  1 b) demonstrate the advantageous 
effect of urea additive on dispersion state of electrode (LiFePO 4 ) 
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mixture suspensions, with a particular focus on CNFs (repre-
sented by red dots, selectively stained with 0.5 wt% Congo red 
dye solution [ 19 ] . It is apparent that the electrode mixture sus-
pension incorporating the urea additive exhibited the uniform 
dispersion of electrode components (i.e., CNFs, MWNTs, and 
LiFePO 4  powders), in comparison to a control suspension 
without urea additive. Such positive contribution of the urea 
additive was further verifi ed by comparing the physical appear-
ance of two electrode mixture suspensions (inset images of 
Figure  1 b). 

 In contrast to conventional slurry coating-based electrodes, 
the CM electrodes were fabricated using vacuum-assisted infi l-
tration technique analogous to papermaking process. [ 7b ,   11,14 ]  
The aforementioned electrode mixture suspension was poured 
onto a fi lter paper positioned inside a Porcelain Buchner 
funnel followed by vacuum infi ltration, leading to the wet-state 
CM electrodes. Importantly, in order to promote the develop-
ment of porous structure in the electrodes, the wet-state CM 
electrodes were subjected to solvent (ethanol followed by ace-
tone) exchange-assisted freeze drying, eventually producing 
selfstanding/bendable CM electrodes. The effect of solvent 
exchange-assisted freeze drying on the porous structure and 
charge/discharge behavior of the CM electrodes was examined 
in detail (Supporting Information, Figure S2). The freeze-dried 

CM cathode (here, LiFePO 4  cathode was chosen) showed the 
well-developed porous structure (porosity ≈45%) than a control 
cathode that was not freeze-dried (porosity ≈22%), which thus 
exerted benefi cial infl uence 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 (Figure  1 c). 

 The scanning electron microscopy (SEM) images (Figure  1 d) 
show that the CNFs and MWNTs are well intermingled and 
generate the hetero-nanonets embracing LiFePO 4  powders. The 
uniform distribution of LiFePO 4  particles in the CM LiFePO 4  
cathode, along with their relative composition ratio, was veri-
fi ed by conducting the energy dispersive X-ray spectroscopy 
analysis (Supporting Information, Figure S3), with a particular 
focus on Fe elements (represented by yellow dots). Notably, 
synthetic polymer binders, carbon powder conductive addi-
tives, and metallic current collectors, which are essentially 
used for conventional electrodes, were not observed in the CM 
LiFePO 4  cathode. Moreover, the CNF/MWNT-intermingled het-
eronets allow the formation of highly reticulated CNT networks 
and also interstitial voids (to be fi lled with liquid electrolytes), 
thus creating 3D bicontinuous electron/ion conduction path-
ways that can boost redox reaction kinetics of the CM LiFePO 4  
cathode. The presence of MWNTs in the CM LiFePO 4  cathode 
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 Figure 1.    Fabrication and characterization of CM electrodes. a) X-ray diffraction patterns of CNF (incorporating 1.5 wt% urea additive)/MWNT mixture. 
b) Optical microscopy images showing the advantageous effect of urea additive on dispersion state of electrode mixture suspensions, wherein the 
CNFs were selectively stained with Congo red dye. The inset images show physical appearance of the electrode mixture suspensions. c) Schematic 
representations and photographs depicting the overall fabrication of CM electrodes. d) SEM images (surface and cross-section (=inset)) of CM LiFePO 4  
cathode. e) SEM images showing mechanical fl exibility of CM LiFePO 4  cathode. f) Photographs depicting structural integrity of CM electrodes after 
taping-out test.
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was also confi rmed by the Raman spectra (Supporting Infor-
mation, Figure S4). It is apparent that D (1346 cm −1 ) and G 
(1583 cm −1 ) bands corresponding to MWNTs [ 20 ]  were observed 
at the CM LiFePO 4  cathode. The CNF/MWNT heteronet-medi-
ated structural uniqueness was also found in the CM Li 4 Ti 5 O 12  
anode (Supporting Information, Figure S5). 

 The CM electrodes can be wound along a glass rod (diameter 
= 2 mm, Figure  1 c) and also knotted in the form of a ribbon 
without mechanical rupture (Figure  1 e). The structural integ-
rity of CM electrodes was examined using taping-out test with 
3M scotch® tape. Figure  1 f shows that neither peel-off nor dis-
integration of electrode components was found at the CM elec-
trodes. This was further verifi ed by analyzing the tape surfaces 
that were adjacent to the CM electrodes, after the taping-out 
test (Supporting Information, Figure S6). No detectable levels 
of electrode components detached from the CM electrodes were 
observed at the tape surfaces. 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.  

  2.2.     3D Bicontinuous Electron/Ion Transport Phenomena of CM 
Electrodes and Their Infl uence on Electrochemical Performance 

 The structural novelty (specifi cally, CNF/MWNT-intermingled 
heteronet embracing electrode active materials) of CM elec-
trodes plays a key role in the construction of 3D bicontinuous 
electron/ion transport pathways ( Figure    2  a). At a fi xed LiFePO 4  
content level (=80 wt%), the electronic conductivity of CM cath-
odes tends to increase with the MWNT content (Supporting 
Information, Figure S7a). However, a higher MWNT content 
(i.e., corresponding to a lower CNF content) exerted a harmful 
infl uence on structural stability of CM LiFePO 4  cathodes (Sup-
porting Information, Figure S7b). Taking into account this 
trade-off behavior between electronic conductivity and struc-
tural stability, the desirable content of MWNTs in the CM 
LiFePO 4  cathodes was controlled at 15 wt%. Figure  2 b shows 
that the CM electrodes present higher electronic conductivities 
(cathode = 4.2 S cm −1  and anode = 11.8 S cm −1 ) than the conven-
tional ones (cathode (LiFePO 4 /PVdF/carbon black = 80/10/10 
(w/w/w)) = 0.5 S cm −1 , anode (Li 4 Ti 5 O 12 /PVdF/carbon black = 
88/10/2 (w/w/w)) = 0.3 S cm −1 ). Such a higher electronic con-
ductivity of the CM electrodes is attributed to the well-intercon-
nected electronic networks of MWNTs and also the removal of 
synthetic polymer binders (such as PVdF) that partially shield 
electrode active materials and conductive additives.  

 The CM electrodes show a higher porosity than the conven-
tional ones (45% (CM LiFePO 4  cathode)/41% (CM Li 4 Ti 5 O 12  
anode) versus 20% (conventional LiFePO 4  cathode)/18% (con-
ventional Li 4 Ti 5 O 12  anode), Figure  2 b). This improvement in the 
porosity of CM electrodes can be explained by the spatially retic-
ulated interstitial voids formed between the 1D nanobuilding 
blocks of CNF/MWNT. In addition, the polar CNFs in the CM 
electrodes are benefi cial for facilitating capillary intrusion of 
liquid electrolyte, [ 10 ]  leading to better electrolyte wettability than 
the conventional electrodes (Figure  2 b and Figure S8 (Sup-
porting Information)). 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 LiFePO 4  
cathodes was explored using a coin-type half cell (composed 
of LiFePO 4  cathode/Li metal). Figure  2 c shows that the CM 
LiFePO 4  cathode delivers the higher specifi c gravimetric dis-
charge capacity (≈167 mAh g −1 ) than the conventional LiFePO 4  
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 LiFePO 4  
active materials. [ 21 ]  Intriguingly, the capacity originating from 
the MWNTs themselves, which was measured from a model 
electrode (MWNT/CNF = 85/15 (w/w), without LiFePO 4  pow-
ders), was found to be negligibly small (Supporting Informa-
tion, Figure S9) compared to that of the CM LiFePO 4  cathode. 
This result reveals that the relatively higher discharge capacity 
(shown in Figure  2 c) of the CM LiFePO 4  cathode could be 
ascribed to its structural excellence (i.e., 3D bicontinuous 
electron/ion conduction pathways)-driven facilitation of the 
Faradaic reaction kinetics. 

 Over a wide range of discharge current densities (=0.2–30.0 C, 
at a fi xed charge current density of 0.2 C), the CM LiFePO 4  
cathode shows signifi cant improvement in the specifi c gravi-
metric discharge capacities (Figure  2 d and Figure S10 (Sup-
porting Information)) and also mitigation in the cell polarization 
(Figure  2 e) than the conventional one, demonstrating the electro-
chemical superiority of the CM LiFePO 4  cathode in the rate capa-
bility of cells. This faster rate performance of the CM LiFePO 4  
cathode was verifi ed by conducting the Galvanostatic Intermit-
tent Titration Technique (GITT) analysis [ 22 ]  (Figure  2 f). The CM 
LiFePO 4  cathode effectively alleviates the build-up in cell polari-
zation 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 sum-
marized as a function of state of charge and also depth of dis-
charge (insets of Figure  2 f). In addition to the rate capability, the 
cycling performance (at charge/discharge current density = 1.0 
C/1.0 C) of the CM LiFePO 4  cathode was examined. Even after 
500 cycles, the CM LiFePO 4  cathode presents the higher capacity 
retention (≈95%) than the conventional LiFePO 4  cathode (≈91%) 
(Figure  2 g and Figure S11 (Supporting Information)). 

 It is underlined again that the CM electrodes necessitate nei-
ther synthetic polymer binders nor metallic current collectors, 
which thus allows larger amount of electrode active materials 
to be loaded in a fi xed electrode volume. At a similar cathode 
thickness (≈60 µm), the areal mass loading (calculated solely by 
LiFePO 4  mass) of the CM LiFePO 4  cathode (=4.4 mg cm cathode  −2 ) 
was approximately two times larger than that (=2.3 mg 
cm cathode  −2 ) of the conventional LiFePO 4  cathode, eventually con-
tributing to a substantial increase in the discharge capacity per 
cathode area (0.68 mAh cm cathode  −2  for the CM LiFePO 4  cathode 
versus 0.35 mAh cm cathode  −2  for the conventional LiFePO 4  
cathode, Figure S12 (Supporting Information) and Figure  2 h).  

  2.3.     Thickness-Tunable/Multistackable CM Electrodes for 
Ultrahigh Energy Density Cells 

 The selfstanding, ultrathick (thickness ≈1400 µm) CM LiFePO 4  
cathode was successfully fabricated without impairing its 
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dimensional stability ( Figure    3  a). By comparison, for the con-
ventional LiFePO 4  cathode prepared by typical slurry coating 
process, the serious problem in structural integrity (specifi cally, 

detachment of electrode components from an aluminum 
current collector) was observed even at the cathode thick-
ness of ≈500 µm (inset image of Figure  3 a). The SEM images 
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 Figure 2.    3D bicontinuous electron/ion transport phenomena of CM electrodes. a) A schematic illustration depicting CNF/MWNT-intermingled heter-
onet architecture of CM electrodes. b) Comparison in electronic conductivity, porosity, and electrolyte wettability (CM electrodes versus conventional 
ones). c) Charge/discharge profi les of CM cathode or conventional cathode. d–h) Comparison in cell performance (CM LiFePO 4  cathode versus con-
ventional LiFePO 4  one): d) discharge rate capability over a wide range of discharge current densities at a fi xed charge current density of 0.2 C; e) cell 
polarization obtained from average discharge potential as a function of discharge current density; f) GITT analysis, wherein, insets show the variation of 
internal cell resistance as a function of state of charge and depth of discharge; g) cycling performance (charge/discharge current density = 1.0 C/1.0 C, 
voltage range = 2.0–4.0 V); h) discharge capacity per cathode area (mAh cm cathode  −2 ) under a similar cathode thickness.
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(Figure  3 b) of the ultrathick CM LiFePO 4  cathode exhibit that 
the CNF/MWNT heteronets, along with the LiFePO 4  powders, 
are uniformly distributed in the through-thickness direction, 
and also the spatially reticulated MWNT networks/interstitial 
voids are well developed (inset image of Figure  3 b).  

 The half cell (assembled with ultrathick (≈1400 µm) CM 
LiFePO 4  cathode/Li metal anode) showed normal charge/
discharge profi les at charge/discharge current density of 0.2 
C/0.2 C (Figure  3 c). The electrochemical performance of thick-
ness-tunable CM LiFePO 4  cathodes was further examined by 
measuring discharge capacity per cathode area as a function 

of areal mass loading, which 
was simply controlled by var-
ying the amount of electrode 
mixture suspension during the 
vacuum-assisted infi ltration. 
The areal capacity tends to lin-
early increase with areal mass 
loading (Figure  3 c,d). Notably, 
the thick CM LiFePO 4  cathode 
(thickness ≈ 1400 µm, areal mass 
loading ≈ 90 mg cm cathode  −2 ) pro-
vides a remarkable increase in 
areal capacity (=10.5 mAh cm cathode  −2 ), 
in comparison to the thin 
CM LiFePO 4  cathode (areal 
capacity ≈0.46 mAh cm cathode  −2 , 
thickness  ≈ 40 µm, areal mass 
loading ≈ 3 mg cm cathode  −2 ). It 
is known that the areal capacity 
of 10 mAh cm electrode  −2  is a 
symbolic value [ 23 ]  which corre-
sponds to stripping/plating of 
a lithium layer with thickness 
50 µm (on the basis of lithium 
metal electrode). Taking into 
account such a challenging 
goal, the CM electrode can pro-
vide a promising solution to 
address the high capacity issue 
of lithium-ion batteries. By 
comparison, the conventional 
LiFePO 4  cathode (Supporting 
Information, Figure S13) failed 
to exceed the areal mass loading 
of 38 mg cm cathode  −2  (corre-
sponding to the areal capacity of 
4.5 mAh cm cathode  −2 ). 

 Based on the structural/elec-
trochemical understanding of 
the CM cathodes mentioned 
above, cycling performance 
(expressed as discharge capacity 
per cathode area) of HN paper 
full cells (comprising CM 
LiFePO 4  cathode/CNF sepa-
rator/CM Li 4 Ti 5 O 12  anode) was 
examined, where the cell was 
cycled at charge/discharge cur-

rent density of 0.2 C/0.2 C under voltage range of 1.0–2.5 V. 
Here, the CNF separator having labyrinth-like, highly porous 
structure (thickness ≈ 30 µm, porosity ≈ 48%; Figure S14 (Sup-
porting Information)) was fabricated via the vacuum infi ltration 
method, [ 4b ,   24 ]  wherein 5.0 wt% silica nanoparticles were added 
as CNF disassembling agent to improve porosity of the CNF 
separator. The more details on the structure and properties of 
the CNF separator were described in the previous studies. [ 24 ]  

 The HN paper cells showed stable charge/discharge pro-
fi les during the cycling test (Figure  3 e). Notably, the thick HN 
paper cell (containing CM LiFePO 4  cathode (≈1400 µm) and 
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 Figure 3.    Morphology and electrochemical performance of thickness-tunable CM electrodes. a) A photo-
graph depicting the self-standing, dimensionally tolerable ultrathick (thickness ≈ 1400 µm) CM cathode. 
An inset image shows the poor structural stability of the conventional cathode (thickness ≈ 500 µm). 
b) A SEM image (cross-section) of the ultrathick CM cathode (an inset image is the high-magnifi cation 
view). c,d) Cell performance of thickness-tunable CM cathodes as a function of cathode thickness (i.e., areal 
mass loading): c) charge/discharge profi les of CM LiFePO 4  cathodes; d) comparison in capacity per cathode 
area (mAh cm cathode  −2 ) between CM cathodes and conventional ones. e) Cycling performance of HN paper 
full cells (=CM LiFePO 4  cathode/CNF separator/CM Li 4 Ti 5 O 12  anode) as a function of electrode thickness. 
f) SEM images of CM cathode (thickness ≈ 1400 µm) and CM anode (thickness ≈ 1400 µm) in the HN paper 
full cell, after the cycling test.
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CM Li 4 Ti 5 O 12  anode (≈1400 µm)) provided the substantially 
larger areal capacities than the thin HN paper cell (assembled 
with CM LiFePO 4  cathode (≈150 µm) and CM Li 4 Ti 5 O 12  anode 
(≈150 µm)), demonstrating the benefi cial effect of the thick 
electrodes on the areal capacity of cells. Meanwhile, the cycling 
performance of the thick HN paper cell was slightly lower than 
that of the thin cell, which should be further improved in future 
studies. The morphological analysis (Figure  3 f) exhibits that the 
CNF/MWNT hetero-nanonet structure of the ultrathick CM elec-
trodes in the HN paper cell was well preserved after the cycling 
test, verifying its long-term structural/electrochemical durability. 

 The metallic current collectors-free CNF/MWNT heter-
onets are expected to allow multiple stacking of CM electrodes 
in series, eventually leading to user-tailored, ultrathick elec-
trodes with reliable electrochemical performances. Here, in an 
attempt to develop ultrahigh energy density cells, high-voltage 
spinel LiNi 0.5 Mn 1.5 O 4  [ 25 ]  (as cathode material) and natural 
graphite powders (as anode material) were employed, instead 
of the previously used LiFePO 4 /Li 4 Ti 5 O 12  system. Zhang and 
co-workers [ 26 ]  reported similar stacked electrode structure, how-
ever, in comparison to the CNF/MWNT heteronet-based CM 
electrodes presented herein, the sulfur cathodes comprising 
sulfur-loaded MWNTs and vertically aligned CNTs produced 
the layer-by-layer lasagna-like structure.  Figure    4  a shows that 
a diversity of CM LiNi 0.5 Mn 1.5 O 4  cathodes in thickness is fab-
ricated 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 was stacked 
in series and then subjected to roll pressing at room tempera-
ture to secure tightly interlocked interface between the adjacent 
elementary cathode sheets (e.g., 450 µm (10 sheets); Supporting 
Information, Figure S15). 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. The discharge capacities per cathode area (mAh 
cm cathode  −2 ) of the CM LiNi 0.5 Mn 1.5 O 4  cathodes tend to increase 
in proportion to their thickness (i.e., the number of elementary 
CM cathode sheets) (Figure  4 b), where half cells (LiNi 0.5 Mn 1.5 O 4  
cathode/Li metal) were examined at charge/discharge current 
density of 0.2 C/0.2 C under voltage range of 3.0–5.0 V.  

 To better understand the electrochemical behavior of the 
multistackable CM cathodes, overpotential distribution in their 
through-thickness direction was investigated in great detail 
using in situ electrochemical impedance spectroscopy (EIS) 
measurement based on electrode-by-electrode stack cell con-
fi guration. [ 27 ]  In this cell confi guration, each electrode layer 
is in ionic contact (i.e., allowing lithiation/delithiation reac-
tion) but electronically isolated from the next electrode layer 
by a polyethylene separator. Thus, a working electrode posi-
tioned far away from a counter electrode may have diffi culties 
in activating electrochemical reaction (thus, leading to serious 
polarization in charge/discharge profi les), as compared to that 
close to the counter electrode. In this study, a cathode with a 
thickness of 200 µm was chosen as a unit working electrode. 
Three cathode layers were stacked in series and a lithium metal 
disc was used as a counter/reference electrode (Supporting 

Information, Figure S16a). Figure  4 c shows that the signifi cant 
increase in overpotential (≈91 mV) was observed at the conven-
tional LiNi 0.5 Mn 1.5 O 4  cathode, revealing the sluggish and nonu-
niform electronic/ionic fl ow in its through-thickness direction. 
For the conventional cathode, ionic transport is hindered by 
the presence of synthetic polymer binders. Also, construction 
of well-interconnected electronic conduction pathways is highly 
challenging due to the dispersion issue of carbon powder 
conductive additives as well as the electronic shielding by the 
polymer binders. By comparison, for the CM LiNi 0.5 Mn 1.5 O 4  
cathode, the rise in overpotential (≈1.4 mV) was found to be neg-
ligibly small. Furthermore, the CM LiNi 0.5 Mn 1.5 O 4  cathode pre-
sents the larger areal discharge capacity (≈5.7 mAh cm cathode  −2 ) 
than the conventional one (≈4 mAh cm cathode  −2 ). Such a note-
worthy improvement in the thickness-directional overpotential 
and also in areal discharge capacity could be attributed to the 
highly developed 3D bicontinuous electronic/ionic conduction 
pathways, which was conceptually illustrated in Figure S16b 
(Supporting Information). 

 A single-unit cell comprising solely one cathode sheet/one 
separator/one anode sheet, [ 28 ]  instead of traditional cells fabri-
cated by repeatedly winding or stacking cell components, is an 
ultimate cell confi guration that rechargeable batteries are keen 
to achieve. This single-unit cell could simplify cell assembly 
processes and also benefi t from the increase of cell capacity 
by minimizing the use of electrochemically inert components 
(such as metallic current collectors and separators). A concep-
tual representation of a single-unit cell and its benefi cial contri-
bution to cell capacity, along with the structural uniqueness of 
multistackable CM electrodes, is illustrated in Figure  4 d. 

 Figure  4 e shows that one sheet of multistacked CM 
LiNi 0.5 Mn 1.5 O 4  cathode (thickness ≈ 450 µm, prepared by 
stacking ten sheets of the elementary cathode (≈50 µm)) and one 
sheet of multistacked 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) dis-
charge capacity of 4.78 mAh cm cathode  −2  (Supporting Informa-
tion, Figure S17). The cycling performance (expressed as a real 
capacity (mAh cm cathode  −2 )) of the single-unit HN paper cells 
was investigated (Figure  4 e), 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 ele-
mentary 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 (Figure  4 e and Figure S18 (Supporting 
Information)), although the cycling performance of the thick 
cell was slightly lower than that of the thin cell. Meanwhile, the 
thickest cell (cathode/anode ≈ 1300/440 µm/µm) did not yet 
reach a satisfactory level of cycling performance, which should 
be improved in future studies by further tuning electrode struc-
ture and electrolyte additives. 

 The infl uence 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 (Figure  4 f). To highlight a 
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noteworthy result of the single-unit HN paper cells, the target 
energy/power density values (=200 Wh kg −1 /400 W kg −1 ) of 
long-range (=300 miles) EV batteries, which was announced 
by US Advanced Battery Consortium (USABC), [ 29 ]  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 kg −1  at 400 W kg −1 , CM LiNi 0.5 Mn 1.5 O 4  

Adv. Funct. Mater. 2015, 25, 6029–6040
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 Figure 4.    Structural/electrochemical uniqueness of multi-stackable CM electrodes. a) SEM images of multi-stacked CM LiNi 0.5 Mn 1.5 O 4  cathodes with 
various thickness (50 µm (1sheet), 450 µm (10 sheets), 1300 µm (30 sheets)). b) Discharge capacities per cathode area (mAh cm cathode  −2 ) of CM 
LiNi 0.5 Mn 1.5 O 4  cathodes as a function of cathode thickness, where half cells (=LiNi 0.5 Mn 1.5 O 4  cathode/Li metal) were examined. c) Overpotential distri-
bution in through-thickness direction of electrodes and areal discharge capacity (CM LiNi 0.5 Mn 1.5 O 4  cathode versus conventional one). d) A conceptual 
representation of a single-unit cell and its contribution to energy density of cells. e) Cycling performance of single-unit HN paper cells. f) 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). g) A photograph showing the operation of a mini toy car installed with the single-unit HN paper cell.
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cathode/CM graphite anode) surpasses the challenging value of 
the long-range EV battery. Furthermore, to visualize this poten-
tial advantage of the single-unit HN paper cell for EV applica-
tions, we performed a kind of demonstration test using a mini 
toy car (power required for operation = 6.75 W). Figure  4 g 
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 den-
sity of 225 Wh kg −1  per cell. Video clips displaying the opera-
tion of the toy car were also provided (Supporting Information, 
Figure S19).  

  2.4.     A Paper Crane HN Cell Fabricated Via Origami Folding 
Technique 

 A salient advantage of paper is exceptional deformability (in 
particular, bendability and foldability), [ 6 ]  which thus allows a 
wide range of form factors suitable for various applications in 
our daily lives. Motivated by this unique feature of paper, shape 
fl exibility of the HN paper cell was investigated, where the CM 
LiFePO 4  cathode (areal mass loading = 7 mg cm cathode  −2 ) and 
CM Li 4 Ti 5 O 12  anode (=7.5 mg cm anode  −2 ) were combined with 
the CNF separator.  Figure    5  a shows that the CM cathode can 
be folded at an interval of 5 mm. Notably, neither structural dis-
integration nor detachment of cell components was observed 
even at the folded edges (Figure  5 b). Such excellent fl exibility of 
the CM cathode is due to the CNF/MWNT heteronet-mediated 
structural tolerance/compliance and also the removal of rela-
tively stiff metallic current collectors. By comparison, a control 
cathode (LiFePO 4 /PVdF/carbon black = 80/10/10 (w/w/w) on Al 
current collector, (areal mass loading = 6 mg cm cathode  −2 ) failed 
to preserve its structural integrity under the same folded state 
(inset images of Figure  5 a,b). Appreciable amounts of cathode 
components were detached from the Al current collector.  

 Finally, we fabricated the paper crane HN full cell (=CM 
LiFePO 4  cathode/CNF separator/CM Li 4 Ti 5 O 12  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 multifolding 
procedure for making the paper crane HN cell (I) (width × 
length × thickness = 70 mm × 70 mm × 0.05 mm, before folding) 
is depicted in Figure  5 c. To visualize physical appearance of the 
paper crane HN cell (I), a polyethylene fi lm (thickness ≈ 100 µm) 
was used as a transparent packaging substance. Figure  5 d 
shows that the paper crane HN cell (I) successfully operated a 
light-emitting diode (LED) lamp and also showed stable charge/
discharge profi les (at charge/discharge current density of 
1.0 C/1.0 C under voltage range of 1.0–2.5 V, Figure S20 (Sup-
porting Information)). In addition, to explore wider applica-
bility of HN paper cells, different type of a paper crane HN cell 
was fabricated, where the packaging fi lm, together with major 
cell components, was simultaneously multifolded (Supporting 
Information, Figure S21). Here, the CM electrodes and CNF 
separator were packaged with the polyethylene fi lm and then 
the 2D sheet-shaped cells were subjected to origami folding fol-
lowed by injection of liquid electrolyte, producing a paper crane 
HN cell (II). Similar to the previous paper crane HN cell (I) 
(the polyethylene packaging fi lm was not origami-folded), the 

new HN cell (II) also successfully lighted up the LED lamp (an 
inset image of Figure  5 d). To further examine such compelling 
multifoldability, the paper crane HN cell (I) was disassembled, 
unfolded, injected with liquid electrolyte and fi nally sealed 
again. Notably, the unfolded paper crane HN cell (I) also oper-
ated the LED lamp (Figure  5 e). The above mentioned results 
on the paper crane HN cells demonstrate that the CNF/MWNT 
heteronet-based CM electrodes incorporating no metallic cur-
rent collectors, in combination with the readily deformable 
CNF separator, bring remarkable advances in the physical fl ex-
ibility and shape diversity of the cells. 

 The concept of origami lithium-ion batteries was previously 
reported by Song et al. [ 30 ]  However, they used the CNT-coated 
laboratory Kimwipes paper as a current collector and a polypro-
pylene microporous separator. On top of the Kimwipes paper 
current collector, conventional electrode slurries (comprising 
electrode active materials, carbon black powder conductive addi-
tives and synthetic polymer binders) were coated. Due to this 
structural insuffi ciency, the Kimwipes battery did not deliver 
the satisfactory level of cell performance (e.g., cell capacity that 
is affected by mass loading of electrodes). The quantitative com-
parison in capacity per electrode area (=areal capacity) between 
the HN paper cells and the previously reported fl exible cells [ 30,31 ]  
was presented as a function of bending radius (Figure  5 f). The 
smaller bending radius accounts for the fl exibility advancement 
from “bendable” (via “windable”) to “foldable.” Over a wide 
range of bending radius, the HN paper cells showed the superi-
ority in areal capacity than the previous works.   

  3.     Conclusion 

 In summary, we have demonstrated the CNFs/CNTs-based 
HN paper batteries as a 1D material-mediated cell architec-
ture strategy to enable ultrahigh energy density and shape 
versatility far beyond those achievable with conventional bat-
tery technologies. 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 struc-
ture brought signifi cant improvement in the mechanical fl ex-
ibility, Faradaic reaction kinetics, and electrode mass loading 
(i.e., areal capacity). More notably, the metallic current collec-
tors-free CNF/MWNT heteronets allowed the multiple stacking 
of CM electrodes in series, eventually leading to the user-tai-
lored, ultrathick (i.e., high-mass loading) electrodes with reli-
able 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 den-
sity (=226 Wh kg −1  at 400 W kg −1  for LiNi 0.5 Mn 1.5 O 4 /graphite 
system), which even surpassed the target value (=200 Wh kg −1  
at 400 W kg −1  ) of long-range (=300 miles) EV batteries. The 
(metallic current collectors-free) compliant CM electrodes, 
in combination with the readily deformable CNF separator, 
successfully produced the paper crane HN cells via the ori-
gami folding technique. We envision that the HN paper bat-
teries based on the 1D building blocks of CNF/MWNT hold a 
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great deal of promise as a cellulose-driven cell platform tech-
nology for advanced fl exible/high-performance power sources 
(including new energy storage systems beyond lithium-ion 
electrochemistry).  

  4.     Experimental Section 
  Fabrication of CM Electrodes (CNF/MWNT-Intermingled Heteronets 

Embracing Electrode Active Materials) : The CNF suspension was obtained 
from the repeated high-pressure homogenization of wood cellulose 
powders (particle size ≈ 45 µm, KC Flock, Nippon Paper Chemicals) 
in 5 wt% NaOH aqueous solution. The more detailed procedure was 
described in the previous publications. [ 10,24 ]  Into the CNF suspension, 

1.5 wt% urea was added in order to facilitate the dispersion of CNTs 
in the CNF suspension. The MWNTs (average diameter = 10–20 nm, 
average length = 10–20 µm, purity = 90%, CM-130, Hanwha Chemical) 
were subjected to ultrasonifi cation for 1 h in water, producing well-
dispersed MWNT suspension, wherein 1 wt% SDS was incorporated 
as MWNT-dispersing agent. [ 15 ]  For the preparation of electrode mixture 
suspension, electrode active materials (LiFePO 4  (Süd Chemie), Li 4 Ti 5 O 12  
(Aldrich), LiNi 0.5 Mn 1.5 O 2  (Daejung EM), and Graphite (Sumitomo Metal 
Industries)) were mixed with the MWNT suspension. Into the MWNT/
electrode mixture suspension, the previously prepared CNF suspension 
containing the urea additive was added dropwise under vigorous stirring 
at 0 °C, yielding the electrode mixture suspension (i.e., CNF/MWNT/
electrode active materials in aqueous solution). Subsequently, the CM 
electrodes were fabricated through the vacuum-assisted infi ltration 
process analogous to papermaking process. The electrode mixture 

 Figure 5.    Paper crane HN cells fabricated via origami folding and their electrochemical performance. a,b) Comparison in structural stability between 
CM LiFePO 4  cathode and control LiFePO 4  cathode upon multiple folding: a) photographs; b) SEM images (focusing on the folded edges). c) A photo-
graph displaying origami folding-based stepwise multi-folding procedure for making the paper crane HN cell (I). d) Photographs showing the electro-
chemical 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). f) Comparison in capacity per electrode area (=areal capacity) between the HN paper cells and the previously 
reported fl exible cells as a function of bending radius.
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suspension mentioned above was poured onto a fi lter paper positioned 
inside a Porcelain Buchner funnel and then subjected to the vacuum 
infi ltration, leading to the wet-state CM electrodes. To promote the 
development of porous structure in the electrodes, the wet-state CM 
electrodes were subjected to the solvent (ethanol followed by acetone) 
exchange-assisted freeze drying (freeze dryer (TFD8503, Il Shin BioBase) 
at –95 °C/5.0 × 10 −3  Torr for 24 h, eventually producing selfstanding/
bendable CM electrodes. 

  Structural/Physicochemical Characterization of CM Electrodes : The 
dispersion state of CNF and MWNT suspension was examined with 
TEM (JEM-2010, JEOL) and X-Ray Diffractometer (D/MAZX 2500V/
PC, Rigaku) analysis. The CNFs in the electrode mixture suspension 
were selectively stained with 0.5% Congo red solution for 3 h and then 
their dispersion state was observed using opitcal microscopes (FV 
1000SPD, Olympus). [ 19 ]  The surface and cross-sectional morphologies 
of CM electrodes were investigated by FE-SEM (S-4800, Hitachi) 
measurement. The porosity of CM electrodes was estimated by 
measuring their density difference before and after solvent (n-butanol 
(density = 0.81 g cc −1 )) uptake. The electronic conductivity of CM 
electrodes was measured using a 4-probe point technique (CMT-
SR1000N, Advanced Instrument Technology). For the electrochemical 
characterization of CM electrodes, a liquid electrolyte of 1  M  LiPF 6  in 
EC/DEC (=1/1 (v/v), Soulbrain) was used. The electrolyte wettability 
of CM electrodes was quantitatively characterized by measuring their 
electrolyte immersion-height. 

  Fabrication and Electrochemical Analysis of HN Paper Cells : The 
feasibility of HN paper full cells as an alternative power source was 
explored using unit cells (2032-type coin). All assembly of cells was 
carried out in an argon-fi lled glove box. The cell performance was 
measured using a cycle tester (PNE Solution) at various charge/
discharge conditions. The cyclic voltammetry of cells was examined 
using a potentiostat (VSP classic, Bio-Logic). The overpotential 
distribution of CM cathodes in the through-thickness direction was 
investigated using in situ EIS measurement based on electrode-by-
electrode stack cell confi guration. The electrode-by-electrode stack cell 
consisted of three cathode layers (thickness of an individual cathode 
layer = 200 µm) as a working electrode and lithium metal disc as a 
counter/reference electrode. Polyethylene separators were positioned 
between each cathode layer to ensure electrical isolation and also allow 
ionic contact. Meanwhile, to visualize the applicability of the HN paper 
cells for EV applications, the cell (weight = 45 mg) was mounted on the 
roof top of a mini toy car (power required for operation = 6.75 W). The 
operation time of the toy car was measured, which thus allowed us to 
calculate energy density of the cell. 

  Origami Foldability of HN Paper Cells : The paper crane HN full cells 
(composed of CM LiFePO 4  cathode/CNF separator/CM Li 4 Ti 5 O 12  
anode) were fabricated using the origami folding skill. The dimension 
of the paper crane HN cells was 70 mm × 70 mm × 0.05 mm (width 
× length × thickness, before folding) and a polyethylene fi lm (thickness 
≈100 µm) was used as a transparent packaging substance. After the 
fabrication of the paper crane HN cells, their charge/discharge behavior 
was monitored at charge/discharge current density of 1.0 C/1.0 C under 
voltage range of 1.0–2.5 V.  
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 Supporting Information is available from the Wiley Online Library or 
from the author, at the website of the Energy Soft Materials Lab (http://
syleek.unist.ac.kr/category/publication/).  
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