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ABSTRACT: A free-standing lithium titanate (Li,TisO;,)/
carbon nanotube/cellulose nanofiber hybrid network film is
successfully assembled by using a pressure-controlled aqueous
extrusion process, which is highly efficient and easily to scale up
from the perspective of disposable and recyclable device
production. This hybrid network film used as a lithium-ion
battery (LIB) electrode has a dual-layer structure consisting of
Li,TisO,,/carbon nanotube/cellulose nanofiber composites S S T
(hereinafter referred to as LTO/CNT/CNF), and carbon L C":'Oclels(:lmzl‘:oer % .
nanotube/cellulose nanofiber composites (hereinafter referred .

to as CNT/CNEF). In the heterogeneous fibrous network of the

hybrid film, CNF serves simultaneously as building skeleton and a biosourced binder, which substitutes traditional toxic solvents
and synthetic polymer binders. Of importance here is that the CNT/CNF layer is used as a lightweight current collector to
replace traditional heavy metal foils, which therefore reduces the total mass of the electrode while keeping the same areal loading
of active materials. The free-standing network film with high flexibility is easy to handle, and has extremely good conductivity, up
to 15.0 S cm™". The flexible paper-electrode for LIBs shows very good high rate cycling performance, and the specific charge/
discharge capacity values are up to 142 mAh g~ even at a current rate of 10 C. On the basis of the mild condition and fast
assembly process, a CNF template fulfills multiple functions in the fabrication of paper-electrode for LIBs, which would offer an
ever increasing potential for high energy density, low cost, and environmentally friendly flexible electronics.
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B INTRODUCTION

There is a growing interest in thin, lightweight, environmentally
friendly, flexible, and even foldable energy storage devices to
meet the special needs for next-generation, high-performance,
flexible electronics," such as soft portable electronic products,
roll-up displays, wearable devices, implantable biomedical
devices, and conformable health-monitoring electronic skin.>?
Rechargeable lithium-ion batteries (LIBs) have been considered
as the most promising dominant power source and energy
storage system for a vast range of portable electronics.*®
Nevertheless, two issues that need to be addressed for future
production of flexible LIBs still remain. First, the most widely
used fluorine-based binders (e.g., poly(vinylidene fluoride)) for
electrode fabrication are expensive and usually require the use
of volatile and toxic organic solvents such as N-methyl
pyrrolidone,® which lead to safety problems upon cycling”®
and the difficulty of electrode disposal at the end of the LIB’s
life.>'° Second, LIBs electrodes based on metal substrates (e.g,
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Cu and Al foil) as current collectors will increase the mass of
the LIBs and thus decrease the energy density and capacity
density."" Moreover, the weak adhesion of metal substrate and
electrode material results in invalidation of flexible LIBs under
the condition of repeated bending or folding. Therefore, the
important requirement for ideal alternatives to supplant
traditional components of LIBs electrodes as quickly as
possible is becoming an increasingly more and more significant
trend."' ™"

Carbon nanotube (CNT) thin films with high conductivity
and flexibility'® coated on cellulose paper'” or plastic
substrates'® have been used as current collectors to replace
heavy metal foils in LIBs and supercapacitors (SCs). Due to its
renewability, biodegradability and biocompatibility, cellulose is
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emerging as a perfect candidate for synthetic polymers in
assembly of flexible electronics. Recently, the preparation of
electrodes for LIBs and SCs using cellulose,'® carboxymethyl
cellulose (CMC),**"* or CMC combined with other natural
polymers®® as binders has been carried out. Of importance is
that cellulose acting as substrates'”*”*® or binders***° will pave
the way for the large scale production of eco-friendly flexible
LIB electrodes. Jabbour et al.*' prepared low cost, self-standing,
and flexible LiFePO,/carbon black powder/cellulose fibers
paper-cathodes by means of an eco-friendly, water-based
filtration process, and cellulose fibers represented a valid
biosourced alternative to synthetic binders. Lejjonmarck et al.**
described a vacuum sequential filtration method for production
of paper-based LIBs cells in which nanofibrillated cellulose
acted as binder material as well as load-bearing material.
However, mimetic paper-making process for assembly of paper-
electrode such as water evaporation and vacuum filtration
usually require several hours to a few days; the difficulty is the
extremely slow dewatering because of the high water binding
capacity of cellulose fiber.”>**

Cellulose nanofiber (CNF) extracted from abundant renew-
able native plant fiber has excellent properties, including being
lightweight and having a high elastic modulus® and a low
thermal expansion,®® making them an ideal building block to
host a range of guest materials for the fabrication of a new type
of flexible electrodes. In this study, we developed a free-
standing flexible paper-electrode using CNF as both building
skeleton and a biosourced binder, Li;TisO,, (LTO) nano-
particles as active material, CNT as electronic conductivity
enhancer without using any organic solvents. A fast pressure-
controlled aqueous extrusion method was successfully applied
for fabricating the free-standing LTO/CNT/CNF hybrid
network film. This hybrid network film has a dual-layer
structure consisting of LTO/CNT/CNF and CNT/CNF; here,
the CNT/CNF fibrous layer with a thickness of about 10 ym is
utilized as a current collector replacing the traditional metal
substrate. The integrated design of hybrid film combines the
advantages of LTO, CNT, and CNF, and increases the
adhesion and contact area between the CNT/CNF current
collector and LTO/CNT/CNEF active material. CNF combined
with CNT constructs a robust conductive fibrous network, and
CNT linked with LTO aims to build electronic conductive
paths to help remedz the intrinsically low electronic
conductivity of LTO.*”** Furthermore, the obtained paper-
electrode with high flexibility can be redispersed in water at the
end of the battery life as common paper sheets, which is
extremely interesting from the perspective of easily recyclables
and eco-friendly device production.

B EXPERIMENTAL SECTION

Materials. Li, Ti;O,, (LTO) powders with particle size of 100—200
nm were synthesized in the laboratory according to our previous
literature,® which has several advantages: high theoretical capacity (ca.
175 mAh g_l),4o small volumetric change (ca. 0.2%)," and a potential
of approximately 1.56 V (free of the reductive electrolyte
decomposition).*” Cellulose nanofiber (CNF) with fiber diameter of
20—30 nm and aspect ratios of 20—200 was extracted after the
chemical cleavage of the amorphous region of kelp residues® by a
high-pressure homogenization process (D—3L, PhD Technology
LLC).** Carbon nanotube (CNT) aqueous dispersion (solid
content: 4%) with diameter 30—S0 nm and length 5—12 ym was
provided by Shenzhen Susn Sinotech New Materials Co., Ltd. Sodium
dodecyl benzenesulfonate (SDBS) and glycerol used as dispersion
stabilizer and plasticizer, respectively, were purchased from Sinopharm

Chemical Reagent Co., Ltd. Lithium hexafluorophosphate (LiPFy),
ethylene carbonate (EC), and diethyl carbonate (DEC) electrolyte
were purchased from Zhangjiagang Guotai Huarong New Chemical
Material Co., Ltd.

Preparation of LTO/CNT/CNF Conductive Slurries. First, CNT
aqueous dispersion was diluted with deionized water to a lower
concentration of 0.1% (w/w), and SDBS was added to obtain an
equally dispersed solution by mechanical stirring for 30 min. At the
same time, another aqueous suspension containing 0.1% w/w CNF
was prepared by dilution and sonication (power 200 W) in 10 °C
water bath for about 30 min. Then, CNF suspension with a certain
amount of glycerol (used to improve the film forming ability) was
added into the CNT aqueous with CNT:CNF in mass ratio 2:1; thus,
the CNT/CNF composite suspensions were obtained after ultrasonic
treatment at the same condition for about 30 min. Finally, different
amounts of LTO dispersions (0.3%0 w/w) were added into the CNT/
CNF composite suspension with sonication under the same condition
to form LTO/CNT/CNF mixed conductive slurries with LTO
percentage of 50%, 60%, and 70%.

Fast Assembly of Free-Standing Flexible Paper-Electrode.
Free-standing flexible network film with a dual-layer was assembled by
two steps of the pressure-controlled aqueous extrusion process as
shown the schematic illustration in Figure 1. The conductive slurry

PC
membrane

CNF

Figure 1. Schematic illustration of fast assembly of free-standing

flexible hybrid film.

containing LTO, CNT, and CNF was first poured into the extruder
(NanoAble-150, PhD Technology LLC) and filtrated through a PC
membrane (nuclepore track-etch membrane, pore size 200 nm,
Whatman) under a controlled pressure of 1.0 MPa, then the CNT/
CNF composite suspension containing CNT and CNF was filtrated
onto the bottom layer, and the whole process took only about 1 h. The
dual-layer film with the PC membrane was subsequently sandwiched
between two glass sheets and dried at 95 °C under vacuum for 15 min.
The free-standing flexible network film for the paper-electrode was
finally obtained after separating from the PC membrane easily.

Characterization. The morphology of LTO, CNT, and CNF in
the suspension was observed using a field emission transmission
electron microscope (FETEM) (JEM-2010F, JEOL, Japan). The
surface and cross section topography of the film were imaged using a
field emission scanning electron microscope (FESEM) (JSM-6700F,
JEOL, Japan). X-ray diffraction (XRD) patterns (D/max 2550, Rigaku,
Japan) were taken to detect the different components in the hybrid
film. Electronic conductivity was measured using the standard four
probe technique (RTS-8, China), and the measurements were
averaged on 3 replicates.

Electrochemical Measurements. The electrochemical properties
of the paper-electrode were measured by a two-electrode electro-
chemical cell at ambient temperature (25 °C). First, the obtained
LTO/CNT/CNF network films with different LTO percentages were
dried at 100 °C under high vacuum environment for 24 h to ensure
complete water removal, and then were cut into disks with diameter of
15 mm. The coin half-cells were assembled in an argon-filled glovebox
(O, and H,O content <0.5 ppm) using Li-foil as counter electrode,
Celgard 2400 as separator, and 1 M LiPFq in a 1:1 (volume) mixture of
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Figure 2. TEM images of (a) CNT and (b) CNF aqueous suspension and (c) LTO/CNT/CNF conductive slurry.

EC and DEC as the electrolyte. The cells were tested at various
current densities using a LAND-CT2001A cell test instrument in a
voltage window of 1.0—2.5 V (vs Li/Li*) at room temperature (25
°C). Cycle voltammograms (CV) were recorded from 0.8 to 2.5 Vata
scanning rate of 02 mV s™! using a CHI660D Electrochemical
Workstation, and the electrochemical impedance spectra were
measured by CHI660D impedance analyzer in the frequency range
from 10 mHz to 100 kHz with a potential perturbation at 5 mV. All
the LIB measurements mentioned above are based on the mass of
LTO in the electrode. The paper-electrodes with different LTO
percentages of 50%, 60%, and 70% are referred to as LCC-50, LCC-60,
and LCC-70 in the following.

B RESULTS AND DISCUSSION

Figure 2a,b shows the TEM images of CNT and CNF aqueous
suspension, respectively. It can be clearly seen that the CNT
and CNF are highly dispersed and all are found to be
nanometric in diameter. In the TEM image of the LTO/CNT/
CNF conductive slurry (Figure 2c), the LTO particles are
coagulated on the surface of CNT, which will result in a high
increase in the conductivity of LTO. CNF can be seen blurry
(marked by red arrows) in the image for its smaller size and
deficient crystallinity compared to CNT and LTO. Due to the
high water binding capacity, CNF was used as dispersing
stabilizer in LTO/CNT/CNF conductive slurry to avoid LTO
agglomeration and to improve the film homogeneity.**

Figure 3a shows the digital photos of the fast assembled free-
standing network film and inset illustrating high flexibility of the
film. The flexible film with smooth surface is easy to handle,
and the diameter of the film is about 42 mm; the thickness is
about 35 um controlled by the mass of the filtration slurry. In
Figure 3b, FESEM image of the bottom layer containing LTO,
CNT, and CNF composites indicates that LTO particles are
dispersed in CNT and CNF hybrid fibrous network. The
CNT/CNF fibrous network embeds and consolidates LTO
particles to form a free-standing network film and simulta-
neously acts as electronic conductive paths to help remedy the
intrinsically low electronic conductivity of LTO. In Figure 3c,
the FESEM image of the top layer containing CNT and CNF
acted as a current collector shows that the fibers intertwined
together and formed a compact network structure with large
pores which can allow the electrolyte to diffuse into it easily.
Figure 3d—f shows the cross section of the dual-layer film.
From Figure 3d, the thickness of the film is well-determined
(~35 um) as shown in the picture, and the cross section
morphology shows two well-adhering layers comprising CNT/
CNF and LTO/CNT/CNE. CNF is an ideal platform for
bridging the current collector and active materials. Figure 3e,f
reveals the zoomed-in images of the interface between the dual-
layer as shown in Figure 3d, indicating that CNT/CNF fibers
partly penetrated into the LTO/CNT/CNF layer caused by the
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Figure 3. (a) Digital photos of the obtained free-standing network film
and inset illustrating the flexibility of the film. (b) FESEM image of the
bottom layer containing LTO, CNT, and CNF composites. (c)
FESEM image of the top layer containing CNT and CNF network. (d)
FESEM image of the cross section of the dual-layer film. (e) Zoomed-
in image of the cross section, as in the blue box in part d. (f) Zoomed-
in image of the cross section, as in the red box in part d.

extrusion process, and this will dramatically enhance the
electronic conductivity of the paper-electrode.

XRD measurements were performed to determine the
different components of the hybrid film. The XRD pattern of
LTO powders, CNT film, CNF film, and LTO/CNT/CNF
film are shown in Figure 4, respectively. It is obvious that the
LTO/CNT/CNEF film contains the characteristic peaks of
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Figure 4. XRD patterns of LTO powders, CNT film, CNF film, and
the final LTO/CNT/CNEF hybrid film.
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LTO, CNT, and CNF. Some minor characteristic peaks of
CNF in LTO/CNT/CNF film are nearly invisible for the lower
percentage of CNF in the final hybrid film, and the initial peak
intensity is relatively weaker. The stronger peaks in the final
composite film are ascribed to well-crystallized LTO with cubic
spinel structure (JCPDS Card 49-0207).

The use of CNT and CNF leads to the elaboration of paper-
electrode with optimal conductivity and structure properties.
The electron conductivities of the hybrid films were measured
using the standard four probe technique as shown in Figure S.
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Figure 5. Conductivity and square resistance of the hybrid films (inset:
digital photos of LCC-50, LCC-60, and LCC-70).

The square resistance of LCC-50 is about 23 Q sq”’, equal to
the electronic conductivity, which is about 15.0 S cm™. With
the increasing of LTO percentages to 60% and 70%, the
conductivity of LCC-60 and LCC-70 is decreased to about 13.8
and 112 S cm™, respectively. When the LTO percentage is
increased higher than 80%, the soundness of the hybrid film

was destroyed, and lots of network cracks were formed (Figure
Sla, Supporting Information). This could be ascribed to the
introduction of too many rigid LTO particles onto the flexible
CNT/CNF fibrous network, so that the extent of interfibril
hydrogen bonding in CNF was reduced,* resulting in
agglomeration of LTO and consequent breaking of film
integrity. As the comparison, the hybrid films without CNF
or CNT were also fabricated, respectively. However, LTO/
CNT film without CNF was hardly separated from the PC
membrane (Figure Slb, Supporting Information), and the
resistance of LTO/CNF film without CNT was too large to be
tested by ohmmeter (Figure S2b, Supporting Information).
The results indicated that a proper proportion of LTO, CNT,
and CNF was beneficial to design a LTO/CNT/CNEF hybrid
film with a given electronic conductivity and mechanical
integrity for paper-electrode.

CNT/CNF film without LTO as paper-electrode for LIBs
was investigated in coin half-cells versus Li-foil from 1.0 to 2.5
V in order to evaluate the contribution of CNT to the capacity
(Figure S3, Supporting Information). The results indicated that
the discharge capacity of a CNT/CNEF electrode is about 3 mA
h g™!, which can be negligible compared to the capacity of ca.
160 mA h g for the LTO/CNT/CNF electrode. Figure 6
compared the rate capability of the fast assembled LTO/CNT/
CNF paper-electrode with different LTO percentage (LCC-50,
LCC-60, and LCC-70). The rate performances of LCC-50,
LCC-60, and LCC-70 cycled at current rates ranging from 0.5
to 10 C (each sustained for 50 cycles, 1 C = 17S mAh g™") and
are shown in Figure 6a; a very stable cycling ability was
observed for LCC-50 at each current rate. The paper-electrodes
deliver a high specific capacity of 157, 154, and 150 mA h g™*
for LCC-50, LCC-60, and LCC-70 at 0.5 C, respectively. With
the current rates increasing to 5 and 10 C, LCC-50 still delivers
a capacity of 152 and 142 mA h g/, and still has a capacity
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Figure 7. (a) Cycling performance of LCC-50, LCC-60, and LCC-70 at current rate of 10 C (left: specific capacity; right: Coulombic efficiency).
FESEM images of (b) LCC-50, (c) LCC-60, and (d) LCC-70 after cycling at 10 C for S00 cycles.
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Figure 8. (a) Cyclic voltammogram of LCC-50, LCC-60, and LCC-70 at a scanning rate of 0.2 mV s™' in a voltage window 0.8—2.5 V. (b)
Electrochemical impedance spectroscopy of LCC-50, LCC-60, and LCC-70 electrodes; the inset shows the equivalent circuit.

retention of 96.8% and 90.4% of the initial capacity at 0.5 C,
respectively. The good reversibility of LTO-50 is demonstrated
by the fact that the capacity of 156 mA h g' is almost
completely recovered when reducing the rate back to 1 C again,
whereas, for LCC-60 and LCC-70, further increasing LTO
percentage leads to a drop in rate capability and low specific
capacity retention, especially at higher current rates from $ to
10 C. It can be concluded that the rate performance of LCC-50
was much better than those of LCC-60 and LCC-70. Figure
6b—d show the typical galvanostatic charge/discharge curves of
LCC-50, LCC-60, and LCC-70 at different current rates from
0.5 to 10 C, respectively. It is obvious that the difference
between charge and discharge potentials of LCC-50 is less than
those of LCC-60 and LCC-70, especially at high rates, implying
that LCC-50 has clearly lower charge/discharge polarization.
All the charge/discharge curves appear as a long flat platform
corresponding to the Li" ion insertion/deinsertion process in

10699

the LTO framework. For LCC-50, when the current rate
increased to 10 C, the discharge capacity decreased gradually
from 157 to 142 mA h g7', and the charge/discharge voltage
plateau became shorter. For LCC-60 and LCC-70, the
discharge capacity decreased to 129 and 115 mA h g™', and
the charge/discharge voltage plateau gradually bent down with
the increase of charge—discharge rates. This potential difference
probably resulted from the polarization degree of LCC-50,
LCC-60, and LCC-70.* The LCC-50 electrode exhibits the
higher rate capability maybe due to its better electronic
conductivity,*® which is consistent with that of Figure .
Cycling stability is an important parameter for rating LIBs;
the cycling performances of the paper-electrodes at 10 C are
shown in Figure 7. It can be seen from Figure 7a that LCC-50
exhibited stable cycling performance and higher capacity
retention ratio than those of LCC-60 and LCC-70 after 500
cycles. The initial capacities of LCC-50, LCC-60, and LCC-70
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are 140, 131, and 115 mA h g_l, respectively. After 500 cycles,
the obtained capacity retention is 96.4% for LCC-50, 79.4% for
LCC-60, and 68.8% LCC-70, respectively. In addition, the
Coulombic efficiency is nearly 100% for all the samples. The
excellent cycling performance of LCC-50 can be attributed to
the perfect heterogeneous network architectures with a proper
amount of LTO. In LTO/CNT/CNF nanocomposites, the
intercalation of LTO in voids generated by the loose packing of
CNT and CNF enhances the electrochemical reactivity of the
paper-electrode. Moreover, CNT fibrous webs serve as
channels for electron transportation, while large numbers of
pores on their surface provide transport channels for Li* ions.*’
The paper-electrodes of LCC-50, LCC-60, and LCC-70 after
cycling at 10 C for 500 cycles show an indistinguishable
morphological difference (Figure 7b—d). The paper-electrodes
still remain a relative structural integrity and no occurrence of
microcracks can be seen from the low amplification FESEM
images (Figure S4, Supporting Information). The result
indicates that the electrochemical process has no additional
impact on the paper-electrode structure during cycling.

Figure 8a showed cyclic voltammogram (CV) of LCC-50,
LCC-60, and LCC-70 at a scanning rate of 0.2 mV stina
potential window of 0.8—2.5 V. A couple of characteristic redox
peaks of the LCC-50 paper-electrode are illustrated at about
1.66 and 1.50 V, corresponding to the Li* ions deinsertion and
insertion of LTO. It can be found that the redox peaks are
narrower and sharper than those of LCC-60 and LCC-70,
which implies that LCC-50 possesses faster reaction kinetics,
higher rate performance, and less polarization. Electrochemical
impedance spectroscopy (EIS) was one of the most sensitive
tools to compare the charge transfer resistances of LCC-S0,
LCC-60, and LCC-70. The EIS and its impedance equivalent
circuit are shown in Figure 8b. According to the equivalent
circuit (inset in Figure 8b), the diameter of the semicircle in the
high frequency region is mainly related to the charge transfer
resistance (R). The R, values of LCC-50, LCC-60, and LCC-
70 are 110, 175, and 230 €, respectively, fitted by Zview
software,”® which is significantly lower than that of a previous
report.” The results further proved that, along with the
increase of LTO percentage in the paper-electrode, the
electronic conductivity was decreased. The proper amounts of
CNT and LTO have a significant effect on the elaboration of an
efficient conductive network in LTO/CNT/CNF composites.

B CONCLUSION

In summary, a pressure-controlled aqueous extrusion process
has been utilized for the fast assembly of a free-standing LTO/
CNT/CNF hybrid film. The integrated effect from the bilayer
of the CNT/CNF current collector and LTO CNT/CNF
active material was in favor of constructing a heterogeneous
fibrous network with ease-of-fabrication and a close combina-
tion for a flexible paper-electrode. The free-standing hybrid film
demonstrated good potential as a flexible paper-electrode in
LIBs with excellent electrochemical properties, such as high
charge/discharge capacities, high rate performance, and stable
cycling performance. Moreover, CNF extracted from kelp
residue was used both as building skeleton and biosourced
binder for the paper-electrode. The assembled paper-electrode
without use of volatile or toxic organic solvents can be
redispersed in water at the end of the battery life as common
paper sheets, which are easily recyclable and eco-friendly for the
environment.
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Photograph of LTO/CNT/CNF film with LTO percentage of
80%. Photograph of LTO/CNT film on a PC membrane. Poor
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