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Abstract

Lithium ion batteries (LIB) and supercapacitors (electric double-layer capacitors (EDLCs)
and lithium ion capacitors (LIC)) are the most energy storage service for mobile applica-
tion. Lithium ion batteries are currently the most popular type of battery for powering
portable electronic devices and are growing in popularity for defense, automotive and
aerospace applications. The investigation of supercapacitors (5Cs) has also achieved sig-
nificant progresses. Although they have shown remarkable commercial successes, the
electrodes and their constituent materials are still the subject of intensive research. Our
research focused on a new type of carbon nanotube-cellulose composite materials as cur-
rent collector of LIBs and as electrodes of SCs for improving and enhancing the energy/
power density and cyclic performance of them. Carbon nanotubes (CNTs) have been
widely used as conductive agent for both anodes and cathodes to replace super carbon
black to satisfy the multifunctional requirements for LIBs.

Keywords: carbon nanotube, cellulose, lithium ion battery, collector, paper,
supercapacitor

1. Applications of carbon nanotubes (CNTs) in lithium ion battery
and supercapacitor

Lithium ion batteries (LIBs) and supercapacitors (SCs) are considered to be the most prom-
ising energy storage devices because of their relatively high energy density, good cycle
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performance, power performance, longer service life, and green environmental character-
istics. LIBs have a broad application prospects in portable electronic equipment, electric
vehicles, and hybrid vehicles [1, 2].

The electrodes of LIB commonly use copper foil or aluminum foil as a current collector, and the
active material is coated on the current collector. Carbon nanotubes (CNTs) have unique features
of one-dimension, large surface area and high conductivity, which contribute to electrochemical
performance of LIBs and SCs [3-5]. Thus, many investigations in terms of electrode materials
are focused on CNTs. Compared with aluminum foil or copper foil, metal-free current collector
is a research hotspot, CNT film or cellulose papers used as negative electrode, or anode current
collector was applied in flexible lithium ion battery in many researches [6, 7]. CNT-cellulose
papers (CNTCPs) are very good host for activated materials, which have a porous structure,
easy formability, flexibility, and excellent physical and chemical properties. The porous CNTCP
has excellent flexibility and conductivity. It has a broad application prospect for LIB applica-
tions including lithium-sulfur battery [1-15], Nano-SnO, anode [16-43], silicone anode [44-56],
Li/CFx battery [57-63], and supercapacitors [64-80]. In this paper, we report the porous CNTCP
applications as current collector and electrode for lithium ion battery and supercapacitor,
respectively. Moreover, the CNTs used in this study are whisker multiwalled carbon nanotubes.

The fabrication process of the papers is simple and scalable, similar to those technology
widely used for paper making in industry. The porous CNTCP with interconnected channel
has high surface area and high electrical conductivity. It was considered as potential current
collector and electrode for LIBs and SCs.

2. Fabrication and characterization of CNTs and CNTCPs

The synthesis of CNTs in the present investigation was synthesized in a vertical tubular reac-
tor. An organic-metallic compound (ferrocene) was used as catalyst precursor, toluene as car-
bon feedstock, sulfur as growth promotion agent, and hydrogen as carrier gas.

The microfeed pump was used to feed the toluene solution and organic metal compound
into reactor at a rate of 30 ml/min. The mass flow instrument was used to add hydrogen to
the reactor at a rate of 40 ml/min. The generation temperature of CNTs is about 1200°C. The
graphitization treatment of CNTs was operated in graphite resistance furnace.

CNTCPs were prepared by the following process: The CNT powders were dispersed by
sonication and high speed cutting in distilled water for 2 h, respectively. The surfactant of
polyvinylpyrrolidone (PVP) was added to improve the dispersion performance. Cellulose
fibers were prepared through smashing napkins by high-speed shearing for 3 h. Both were
fully dispersed and mixed by high-speed shear and sand milling in deionized water to form
a suspension with a ratio of 1:1. The mixed slurry of CNTs and cellulose fibers was infiltrated
by vacuum filtration, and the as-produced CNT paper (AMP) was obtained by peeling it off
from the filter paper after drying at 60°C for 12 h. A randomly interwoven fiber mats were
peeled from filter cloth and carbonized at 1460°C in vacuum condition. Figure 1(a, b) shows
the SEM and HRTEM images of CNTs, and Figure 1(c, d) shows the SEM images of CNTCP
and FCNT.
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Figure 1. (a) SEM of CNTs, (b) HRTEM of CNT, (c) SEM of CNTCP, and (d) FCNT.

The CNTs were characterized by field-emission scanning electron microscopy (FE-SEM,
JSM-6701F), transmission electron microscopy (TEM, JEOL JEM-2010FEF), X-ray diffrac-
tion (XRD, DI SYSTEM), Raman spectrometry (SENTERRA), and thermogravimetry (TGA,
PYRIS DIAMOND). The microstructure of the electrodes was investigated by scanning elec-
tron microscopy (FE-SEM, JSM-6701F). Fourier transformation infrared spectra (FTIR, Nicolet
5700) were recorded. Electrical conductivity was measured by the conventional four-probe
DC method (S5t2258C four-point probe meter).

3. The CNTCP used as current collector and electrode for LIBs and
SCs application

3.1. CNTCP used to replace aluminum foils for Li-S cells

3.1.1. Experiment

3.1.1.1. Preparation of composite host

CNTs were synthesized by chemical vapor deposition and treated at a high temperature of
3000°C for graphitization. The CNTs powder was dispersed in deionized water with a dispersant
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of sodium dodecylsulfate (SDS) (CH,(CH,),,OSO,Na). The paper cellulose is made of soaked soft
wood pulp in deionized water. The CNTs dispersion liquid and the cellulose pulp were mixed
by high-shear emulsifier to form suspension for 3 h. The suspension liquid of cellulose and CNTs
pulp was infiltrated by vacuum filtration. A randomly interwoven fiber mat was obtained. The
paper was rolled and tailored as current collector for activated materials.

3.1.1.2. Preparation of sulfur electrodes

Sulfur and conductive additive of carbon black (CB) were mixed by balling for 2 h at 230 r/
min. Then, the slurry of sulfur and CB was prepared by ultrasonication and high-shear
process with N-methyl-2-pyrrolidone (NMP) as solution and PVDF as binder. The ratio of
S:CB:PVDF = 36:54:10. The blended slurry was coated on to aluminum foils (5-Al electrode)
and porous composite host (5-CNTs/CP electrode). The electrodes were dried under vacuum
at 60°C for 24 h.

3.1.1.3. Assembling of cell and electrochemical measurements

The tailored of S-Al electrode and S-CNTs/CP electrode were respectively used as working elec-
trodes. Li metal foils were used as the counter electrodes, and Celgard 2300 was used as the sep-
arator. CR2025 coin-type cells were assembled in an Ar-filled glove box (MBRAUN LABSTAR,
Germany). The electrolyte was prepared by dissolving lithium bistrifluoromethane sulfonyl-
imide (LITFSI) and lithium nitrate (LiNO,) in 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL) (1:1 ratio, by volume). The electrochemical characterization of the cells was measured by
a cell tester (CT-3008 W-5V5mA-54). Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were performed within a potential window of 1.8-2.6 V by an electrochemi-
cal workstation (CHI 660B). The specific capacity was calculated according to the mass of the
sulfur in the host. The charge and discharge current density was set at 0.05 C to 2C.

3.1.2. Results and discussion

SEM image in Figure 2(a) shows that the CNTs have a distinct one-dimension line structure
and were not entangled. They can be more easily dispersed than common carbon nanotubes
(CCNTs). TEM image of the CNTs is shown in Figure 2(b). It can be observed that the CNTs
have a straight and clear texture with high crystallinity.

Figure 3(a) shows SEM image of top surface of as-produced CNTs/CP host with a random-
in-plane web-like network structure. The CNTs/CP host demonstrated homogenous incor-
poration of CNTs in the cellulose fibers network. Figure 3(b) shows the cross-section image
of CNTs/CP host. The figures clearly displayed porous network structure which provided
sufficient void space for loading a large amount of sulfur and accommodating the volume
expansion of sulfur during cycles. The coarse surface and interconnected channel permit good
penetration of the electrolyte and sulfur. The pore size distribution of as-produced CNTs/CP
host is shown in Figure 3(c). From the picture, we can see that the host has big porosity. The
special surface area of the host reached 25.6 m*/g.
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Figure 3. SEM images of CNTs/CF host (a) surface, (b) cross-section, and (c) pore size distribution.
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It was known that a sufficient amount of electrolyte is especially required for a high sulfur-
loaded cathode during the electrochemical transformation between sulfur and polysulfides
[81, 82]. Therefore, the superior electrolyte absorbability of the S-CNTs/CP contributes to sta-
bilized electrochemical reactions in high sulfur-loaded electrodes. S-CNTs/CP can also sup-
press the diffusion of polysulfides, which resulted in superior cycling stability.

Figure 4(a) shows the cross-section images of S-CNTs/CP electrode. It can be observed that
sulfur embedded into micropores of host has a uniform distribution. This made an intimate
contact between sulfur and host. The interfacial contact area enhanced and interface resistance
decreased substantially, which are highly desirable for high rate charge-discharge cycles. The
energy dispersive spectra (EDS) of cross-section of S-CNTs/CP electrode (Figure 5) further
demonstrate that sulfur embedded into CNTs/CP host which was attributed to good cycle
stability. Figure 4(b) shows the cross-section images of S-Al electrode. It can also be observed

SEI 10.0kV X300 WD83mm  10um

Figure 4. SEM of CNTs/CP and Al foil loaded with sulfur (a) S-Al cross section, (b) S-CNTs/CP cross section, (c) S-Al top
after cycles, (d) S-CNTs/CP top after cycles.
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Figure 5. The EDS images of cross section of S-CNTs/CP electrode.

that there will be visible pores between the interface of sulfur and Al foil, which resulted
in increasing interface resistance. Figure 4 shows the morphologies of two electrodes of
S-Al electrode (c) and S-CNTs/CP electrode (d) after 60 cycles. It was observed that S-CNTs/
CP electrode maintains a smooth and unbroken surface, while the S-Al electrode shows an
uneven surface. Due to weak binding force and low affinity between sulfur and Al foil, sulfur
was exfoliated from Al foil during cycles. Figure 6 shows the first three cyclic voltammetry
(CV) curve of the S-CNTs/CP electrode at a scan rate of 0.05 mV /S in the voltage range of
1.8-2.6 V. In the first electrode scan, two characteristic reduction peaks at 2.29 and 1.99 V
can be observed. The reduction peak at about 2.3 V belongs to the reduction of element sul-
fur to long-chain LiPSs (Li,S , 4<n<8). The peak at 2.0 V indicated the reduction of lithium
polysulfide to short-chain lithium sulfide (Li,S,, (Li,S) [81-84]. The two oxidation peaks were
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Figure 6. The first three cycles of CV curves of S-CNTs/CP electrode.
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represented at 2.3 and 2.4 V. Li,S_(n > 2) was formed at 2.3 V, and elemental sulfur was gen-
erated at 2.4 V. The electrodes displayed the almost identical CV curves from beginning of
the second cycle. The overlap of subsequent oxide and reduction peaks suggested that the
electrodes have high electrochemical stability and good reversibility. It also indicated that the
interconnected porous 3D structure is a quite good support of sulfur to prevent shuttle effect
and maintain high utilization of sulfur.

Figure 7(a) shows the discharge-charge curves of S-Al electrode at first, second, and 10th
at the current rate of 0.05 C, respectively. It can be seen that there are two plateaus for each
discharge curve at 2.3 and 2.1 V, respectively. The plateaus of 2.3 V represented the forma-
tion of long-chain polysulfides (Li,Sn, 4<n<8) with shorter flat range. The plateaus of 2.1 V
represented conformation of short-chain sulfides of Li,S, and Li,S [13] with longer flat range.
The first discharge specific capacity reached around 1085 mAh/g, which represented a 64.7%
utilization of sulfur (1675 mAh/g). But the capacity rapidly faded to 884.5 mAh/g at second
cycle. The capacity only maintained at 714 mAh/g after 10th cycle, which is only 65.8% of first
discharge capacity. The utilization of sulfur was also declined to 42.6%.
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Figure 7. Charge/discharge of S-Al electrode (a) and S-CNTs/CP electrode (b), coulombic efficiency (c), cycle and rate
performance of (d).
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Figure 7(b) shows the discharge-charge curves of S-CNTs/CP electrode. The galvanostatic
discharge-charge profiles displayed a similar curve as S-Al electrode. These plateaus are also
consistent well with the current peaks in the CV curves (Figure 6). But the discharge pro-
files of S-CNTs/CP electrode displayed highly overlapped voltage plateaus at 2.1 V. It was
considered that the short-chain sulfides taken place in almost same potential upon cycling,
which revealed little kinetic barriers for conformation of short-chain sulfides [85-87]. The
first discharge specific capacity of S-CNTs/CP electrode reached around 1282 mAh/g, which
represented a 76.5% utilization of sulfur (1675 mAh/g). The capacity still maintained at
991.7mAh/g after 10 cycles, which is 77.3% of first discharge capacity. The Coulombic effi-
ciency maintained over 98% from second cycle beginning (Figure 7c). After 20 cycles, the
Coulombic efficiency of S-Al electrode dropped sharply to 90%, while S-CNTs/cellulose
electrode still held 98%. The S-CNTs/cellulose electrode achieved better electrochemical per-
formance than S-Al electrode. The cycle and rate performance of the both electrodes were
shown in Figure 7(d). It was shown that the discharge capacity of S-Al electrode declined
rapidly. The capacity only maintained around 180 mA/g at the rate of 2C after 50 cycles, while
S-CNTs/CP electrode exhibited a stabile discharge capacity of 400mAh/g at 2C. When the
charge-discharge rate returned to 0.5C, the discharge capacity recovered to 600mAh/g with
a Coulombic efficiency of 97.5%, which suggested excellent redox stability of the S-CNTs/
CP electrode. The excellent electrochemical performance of S-CNTs/CP electrode could be
ascribed to its good conduction, abundant active interface, and porous interconnected struc-
ture. The unique structure can not only increase the absorption of electrolyte and loading of
sulfur but also provide stable transfer channels for ions and electrons. The diffusion of LiPSs
also was confined effectively.

Figure 8 illustrates the electrochemical impedance analyses of the S-CNTs/cellulose and S-Al
electrode before cycles and after cycles, respectively. The experimental data demonstrated
that the electrochemical impedance spectra of the two electrodes consist of a single-depressed

160  before discharge
—a— Al foil as current collector
—e— CNTSs paper as current collector

140 |
120 |
100 |
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Figure 8. The electrochemical impedance spectra before (a) and after (b) cycles.
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semicircle in the high-to-medium frequency region and an inclined line at low frequencies.
Before cycle, the charge-transfer resistance of S-CNTs/CP electrode reached 110 2, which is
lower than 240 Q) of S-Al electrode. After 60 cycles, the charge-transfer resistance of S-CNTs/CP
electrode declined to 60 (), while the charge-transfer resistance of S-Al electrode only reduced
to 210 Q) (Figure 8b). This can be attributed to the porous structure of the electrode and 3D
conductive network of the electrode, which provides good electrolyte wetting and infiltrating
and fast charge transport channel. The polysulfides in the S-CNTs/CP electrode suffer from
less dissolution in the electrolyte due to the confinement which prevent and relieve shuttle
effect. EDS (Figure 5) also identify that sulfur was well distributed in S-CNTs/CP electrode.
The strong interaction between sulfur encapsulated in the micropores of the electrode and
CNTs is beneficial to improve the electron transfer. The electrolyte and sulfur incorporated in
the interconnected channel of porous electrode enhanced the mobility of lithium ions for the
electrochemical reaction. The novelty host can also accommodate the volume change of sulfur
and alleviate stress generated by volume expansion during cycling.

3.1.3. Conclusions

The S-CNTs/CP electrode with high porosity and interconnected channel was fabricated as
host of sulfur for Li-S batteries. This unique hierarchical porous structure with 3D electric con-
ductive network formed by CNTs can provide good path for the penetration of electrolyte and
sulfur. The conduction of ions and electrons also were significantly improved. The unique
architecture can trap elemental sulfur and LiPSs to suppress shuttle effect. The dissolution
and diffusion of LiPSs were effectively checked during cycles. S-CNTs/CP electrode also dem-
onstrated an excellent electrolyte uptake characteristic with four times higher than S-Al elec-
trode. The high electrolyte absorbability of S-CNTs/CP electrode improved the utilization of
sulfur. The porous structure can accommodate the volumetric expansion of sulfur during
lithiation and alleviate stress generated by volume expansion [88]. This work provided a fac-
ile and environment-friendly technology for fabricating high-performance Li-S batteries and
exhibited a promising future for practical applications.

3.2. CNTCP used to replace aluminum foils as collector and scaffold for nano-SnO,
anode

3.2.1. Experiment
3.2.1.1. Preparation of electrode pieces anodes

The nanosized tin oxide (SnO,) and carbon nanotubes (CNTs) were milling in a ball mill
(250 r/min) for about 1 h. Solvent 1-methyl-2-pyrrolidone (NMP) and binder (PVDF) was
wetted ball mill for 2 h to obtain a negative electrode slurry. Solid content is about 50 vol%.
The ratio of SnO2: CNT: PVDF = 1.8 g: 0.6 g: 0.3 g was uniformly coated to a 3 um copper
foil and approximately 100 um of CNT conductive paper, respectively. Then, drying at 60°C
in vacuum atmosphere cut into p14mm pole pieces. The tin oxide lithium battery pole piece
was prepared.
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3.2.1.2. Assembling of cell

The tailored CNT papers were used as working electrodes, and Li metal plate was used
as the counter electrode. CR2025 coin-type cells were assembled in an Ar-filled glove box
(MBRAUNLABSTAR, Germany) by stacking a porous polypropylene separator. The liquid
electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 in weight).

3.2.1.3. Electrochemical measurements

The electrochemical characterization of the cells was measured by a cell tester (CT-3008
W-5V5mA-S4). Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
were performed by an electrochemical workstation (CHI 660B). The specific capacity was cal-
culated according to the total mass of the CNT and SnO,,.

3.2.2. Results and discussion

The morphology and microstructures of SnO,/CNT/Cellulose electrodes were examined by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Figure 9(a) shows cross-sectional area of CNT paper. It was exhibited that the CNT papers
have a random-in-plane web-like network structure with interconnected channel. The
Hierarchical open channel can store a large of SnO, to increase energy density. The porous
paper has high special surface and can increase interface contact area of SnO, and support to
reduce interface resistance. Figure 9(b) shows the SnO, has an average diameter of 60 nm and
similar ball structure. Figure 9(c,d) exhibits the morphology of CNTs. It can be observed the
CNTs have line structure and good aligned carbon atoms.

The electrochemical process can be summarized as following in charge-discharge for the
SnO,/CNT electrode:

Discharge and charge for CNTs.

Discharge:6C +xLi*+xe™ — Li C, (1)

Charge:Li C, — 6C+xLi*+ xe” (2)
Discharge and charge for SnO,.

Discharge:5nO, +4Li" +4e” — 2Li,O+5n 3)

Sn+xLi*+xe” — Li Sn (0<x <4.4) 4)

Charge:Li Sn — Sn+xLi*+xe™ (0<x <4.4) (5)
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Figure 9. SEM images of porous collector (a), SnO, (b), CNTs (c), and HRTEM image of CNTs (d).

Cyclic voltammetry curves were recorded for SnO,/CNT electrodes as shown in Figure 10(a).
The first cycle curve in the anodic sweep is substantially different from the subsequent curves.
During the first oxidation scan, three characteristic oxidation peaks were observed at 0.3, 0.5,
and 1.3 V. The strong peak at 0.3 V can be ascribed to lithium insertion into CNTs (Eq.(1)),
which have been treated at 3000°C and obtained at very high crystallinity degree [89]. The
strong peak at 0.5 V was corresponding to alloying process for forming Li Sn alloy (Eq. (4))
[90]. The broad peak at 1.3 V can be considered to be the partly reversible reaction repre-
senting the conversion of Sn to SnO, (Eq. (3)) [91]. In first cathodic sweep process, sharp
characteristic peaks were observed at 0.65 V. The sharp peak at 0.65 V can be ascribed to the
formation of the solid electrolyte interphase (SEI) film on surface of CNTs and SnO, [92]. The
irreversible transformation of SnO, to Sn was also contributed to the prominent reduction
peak (Eq. (3)) [92]. The sharp reduction peak only appeared in first discharge cycle, which was
originated from the initial irreversible capacity [92]. During subsequent 2nd and 3rd cycles,
the CV curves were overlapped fully. This implied that the reactions in Egs. (3) and (4) are
highly reversible.
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Figure 10. (a) Cyclic voltammetry curves at a scan rate of 0.1 mV/s over the potential window of 0-2.4 V. (b) the initial
three galvanostatic discharge and charge profiles of the SnO,/CNT electrode at current density of 100 mA/g.

Figure 10(b) shows the initial three galvanostatic discharge and charge profiles of the SnO,/
CNT electrode at current density of 100 mA/g. The first discharge and charge capacity reached
around 2240 and 1250 mAh/g, respectively, with first coulombic efficiency of 56%. A voltage
plateau at around 0.90 V can be noticed in the initial discharge process, which is attributed to
the formation of Sn and Li,O [28]. Moreover, the initial discharge capacities of 2240 mAh/g
are higher than the theoretical capacity of SnO, (1494 mAh/g) [93], which can be attributed to
CNTs that have a specific capacity of 200-3000mAh/g [94], and the oxygen containing func-
tional groups reacted with lithium ions to exhibit certain capacity and the irreversible forma-
tion of the SEI layer [95]. A discharge capacity of 1140 and 1000 mAh/g was achieved in the
2nd and 3rd cycle. With the increase of the cycle numbers, the capacity fades very slowly.

The electrochemical performances of pure SnO, and CNT porous composite electrode were
evaluated (Figure 11). The pure SnO, and slurry (1.8 g SnO,: 0.6 g CNT: 0.3 g PVDF) were
coated on copper foil and CNT paper collector, respectively. The charge-discharge current
was hold at 100 mA/g. Figure 11 shows the capacity of pure SnO, cathode exhibited abrupt
capacity fading at the initial stage of cycling. After 20 cycles, the capacity almost faded away
completely. The cathode-doped CNTs coated on copper foil collector maintained a capacity
of 200mAh/g after 20 cycles. The cathode with CNT paper as collector exhibited excellent
performance. The capacity was tend to stabilization after 6 cycles and still holds a capacity of
about 600mAh/g after 20 cycles. The result suggested that the porous CNT paper collector is
beneficial to enhance the kinetics of electrochemical reactions between SnO, and lithium ions
with more interface areas.

The SnO,/CNT paper electrode presents the excellent electrochemical performance. Figure 12(a)
shows the rate capabilities of SnO,/CNT paper electrode at various current densities from
100 mA/g to 500 mA/g. It exhibits a first discharge capacity of 1218 100mAh/g compared with
a first discharge capacity of 1050mAh/g of copper foil collector. SnO,/CNT/cellulose electrode
showed remarkably enhanced rate capability, and much better capacity retention was attained,
particularly at high current densities during charging. The capacity retention holds 680 mAh/g
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1-Sn0O2 coated on Cu foil
2--Slurry coated on Cu foil

3-Slurry coated on MWCNT porous collector
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Figure 11. Cycling performance of SnO, coated on different collector.
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Figure 12. Cycling and rate performance of SnO, coated on CNT porous collector.
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at 100 mA/g, 580 mAh/g at 200 mA/g, 420 mAh/g at 300 mA/g, 310 mAh/g at 400 mA/g, and
220 mAh/g at 500 mA/g. When the current density returned to 100 and 50 mA/g, respectively,
the discharge capacity was recovered to 610 and 620 mAh/g in spite of subjecting to cycling at
high current densities. The outstanding rate retention identified that the composite electrode
is robust and highly stable even so high rate charge-discharge was tested.

The cycling performance and coulombic effect of SnO,/CNT electrode were evaluated at
200 mA/g. As presented in Figure 12(b), the capacity of electrode reduces rapidly during first
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6 cycles. After then, the capacity fading was quite gentle. It should be noted that the retained
capacity of the electrode was approximately 500 mAh/g after 100 cycles, which is much higher
than that of the commercial graphite electrode. Furthermore, the CNT electrode maintained a
stable coulombic efficiency of over 98%. This suggested the SnO,/CNT/cellulose can bear big
current shock and maintain good cycle performance.

Figure 13 illustrates the electrochemical impedance analyses of the SnO,/CNT/cellulose elec-
trode before cycles and after cycles, respectively. The experimental data show that the elec-
trochemical impedance spectra of the electrodes consist of a single depressed semicircle in
the high-to-medium frequency region and an inclined line at low frequencies. Before cycles,
the charge-transfer resistance of the electrode reached 260 €. But after 100 cycles, the charge-
transfer resistance of the electrode drastically declined to 60 €. This can be attributed to the
porous structure of the electrode and 3D conductive network formed in the electrode by
CNTs, which provide good electrolyte wetting and infiltrating and fast charge transport chan-
nel. The porous collector provides a large of space for storage of SnO,, and reduced element
Sn can be dispersed and infiltrated into the space of the collector. This resulted in the increase
of contact interface areas for activated materials and collector. The Sn (5nO,) encapsulated in
the micropores of the electrode enhanced effectively the electron transfer. This can account for
the decline of charge-transfer resistance after charge/discharge cycles.

Figure 14(a) shows top surface images of SnO,/CNT/cellulose electrodes. It can be observed
that SnO, was embedded into micropores of CNT/cellulose electrodes. This made an intimate
contact between SnO, and CNTs and increases interfacial contact areas. The interface elec-
trical resistance decreased substantially, which are beneficial to high-rate charge-discharge
cycles. Figure 14(b) shows the morphologies of SnO,/CNT/cellulose electrodes after cycles.
A smooth layer on the surface can be observed. The SnO, nanoparticles do not show obvious
aggregation. Figure 14(c, d) shows the image of cross section of both electrodes. Figure 14(c)
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Figure 13. EIS of SnO, coated on CNT collector.
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Figure 14. SEM images of SnO,/CNT/cellulose electrodes (a) top surface before cycles, (b) top surface after cycles, (c)
cross section after cycles, and (d) SnO,/copper foil electrode cross section after cycles.

demonstrates that SnO, and CNT/Cellulose collector have close combination, and no cracks
can be observed on interface of both after cycles. Figure 14(c) further revealed that SnO, was
embedded into CNT/cellulose collector and made an intimate contact which was attributed to
good cycle stability. However, SnO,/copper foil electrode shows an obvious crack and pores
on interface after cycles. It can also be observed that SnO, and Cu foil collector have not
good affinity, and there can be visible interface pores which resulted in the decreasing contact
interface. This sharply increasing of interface resistance will result in rapid fading of capacity.

Figure 15(a) shows that SnO, was only observed on the top of CNT porous collector. After
charge-discharge cycles, SnO, intercalated into the interior of CNT collector and fully dis-
persed in the collector (Figure 15(b)). This can be attributed to the special interconnected
channel of the CNT collector which provided and enhanced diffusion of nano-tin reduced
from SnO, in discharging process. The homogeneous diffusion of tin increased effectively
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]

Figure 15. EDS of SnO,/CNT porous electrodes (a) before and (b) after cycles.

contact interface areas of collector and tin dioxide and lowed interface electrical resistance.
This is in full accord with EIS spectra (Figure 13a), which indicated that the charge transfer
resistance became smaller after cycles. The diffusion also improved reversible capacity and
maintained a good cycle stability from beginning of 40th cycles.

3.2.3. Conclusion

In summary, we have demonstrated a porous CNT/cellulose host to support SnO, as positive
electrode for lithium ion battery electrode. The 3D structure with interconnected channel can
load ultrahigh SnO, for high energy density battery. The hierarchical pores and channels can
accommodate the big expansion of SnO, during charge/discharge and maintain a good cycle
stability. SnO,/CNT/ cellulose electrode showed remarkably enhanced rate capability and
much better capacity retention. The capacity retention holds 680 mAh/g at 100 mA/g and 220
mAh/g at 500 mA/g. When the current density returned to 100 mA/g, the discharge capacity
was recovered to 610 mAh/g. This suggested that the SnO,/CNT/cellulose can bear big current
shock and maintain good cycle performance. The CNT electrode also shows a stable coulom-
bic efficiency of over 98%.

3.3. CNTCP used to replace aluminum foils as collector and scaffold for nanosilicon
anode

3.3.1. Experiment
3.3.1.1. Raw materials

Commercial nanosilicon powders (purity: 99.0%, average diameter: 100 nm) and cellulose
fibers were purchased in market. CNTs were synthesized by floating reactant method in a
vertical tubular reactor. Benzene was used as carbon feedstock, organic-metallic compound
(ferrocene) as a catalyst precursor, thiophene as growth promotion agent, and hydrogen as
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carrier gas. The reaction temperature is around 1200°C. The following thermal treatment of
CNTs was carried out at 3000°C for 20 h using a graphite-resistance furnace operating in a
vacuum atmosphere.

3.3.1.2. Preparation of ternary electrodes

The CNTs powder was dispersed in deionized water with a surfactant of polyvinylpyrrol-
idone (PVP). The paper cellulose is made of napkins in deionized water. The CNTs dispersion
liquid and the cellulose pulp were mixed by acute stirring. The mixed slurry of nanosilicon,
CNTs, and cellulose fibers was infiltrated by vacuum. A porous mats of CNTs and cellulose
fibers embedded with nanosilicon were obtained for anode applications.

3.3.1.3. Characterizations and testing

The CNTs were characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), Raman spectrometry, and thermogravimetry
(TGA). Nanosilicon and the microstructure of the electrodes were observed by SEM.

The CR2025 coin-type cells were assembled in an Ar-filled glove box with a metallic lithium
foil as the counter electrode. The electrochemical performance was measured by a cell tester
with 1 M LiPF, in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as elec-
trolyte. The galvanostatic charge-discharge was tested within a cut-off voltage window from
0 to 3.0 V at a current density of 80 mA/g.

3.3.2. Results and discussion

Figure 16a, b shows the morphology and structure of nanosilicon and composite anode of Si/
CNT. The SEM image exhibits that the nanosilicon powders behave a polyhedral structure
and an average diameter distribution of about 100 nm.

Figure 16b shows that nanosilicon is uniformly embedded in the network of CNTs. Figure 17a
shows the morphology and structure of CNTCP with rough and porous surface. CNTs is uni-
formly dispersed and attached on paper fiber (Figure 17b). A good three-dimensional conductive
network was constructed with cellulose fiber as the framework. Figure 18 shows the galvanostatic
charge-discharge curves of the Si/CNT composite anode at a current density of 80 mA/g with
current collector of copper foil (CF) and CNTCP, respectively. It can be seen that CF electrode
exhibited an initial discharge and charge specific capacity of 1020 mAh/g and 817 mAh/g, respec-
tively (Figure 18a). The capacity rapidly faded with cycling. The capacity dropped to less than
200 mAh/g after 30 cycles. It was very evident that CF electrode exhibited very high irreversible
capacity loss in cycles. The irreversible capacity is mainly from the growth of solid-electrolyte
interface (SEI) films on surface of nanosilicon. The lithiation of silicon, which resulted in accumu-
lation of Li + in silicon matrix to form Li Si alloy, also contributes to the big irreversible capacity.
Further, owing to big volume change over 400% and press [96-98] during lithium ion insertion
and extraction, the nanosilicon crystals were cracked and pulverized by press. Those produce new
interface for forming SEI film. The pulverization of nanosilicon will also result in incomplete deal-
loying [99, 100]. The phase change of crystalline nanosilicon into amorphous state also caused
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Figure 16. SEM images of nanosilicon (a) and composite Si/CNT anode (b).

some irreversible capacity loss. All those resulted in continuous capacity loss in cycles [101-103].
Figure 18a also exhibits an obvious charge voltage plateau at 0.5 V in first 10 cycles, which was
connected to the characteristic of dealloying of Li/Si alloy. Figure 18b shows the discharge and
charge profile of CNTCP electrode. The first discharge capacity and Coulomb efficiency of CNTCP
electrode reached 2107mAh/g and 85%, respectively, which are 106 and 6% higher than those of
CF electrode. CNTCP electrode becomes stable after 3 cycles, and Coulomb efficiency is closed
to 100%. After 30 cycles, the specific capacity still maintained 1000mAh/g compared with only
180mAh/g of CP electrode. The cycling performances of both electrodes are showed in Figure 18.
CNTCP electrode exhibited a 1000, 900, 500, and 200 mAh/g at a current density of 80, 200, 1000,
and 2000 mA/g, respectively. When the current density reduced to 200 mA/g, the specific capacity
restored 850 mAh/g after 160 cycles, which illustrated the highly reversible electrochemical behav-
ior of CNTCP electrode. As a contrast, the capacity of CF electrode rapidly faded during cycles. The
capacity declined to around 200 mAh/g at a current density of 80 mA/g after 30 cycles. The capacity

Figure 17. SEM images of CNT paper (a) top and (b) single cellulose fiber coated by MWCNTs.
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Figure 18. Discharge and charge curves of (a) copper foil cell and (b) CNT paper cell.

lowered to around 100 mAh/g after 69 cycles at a current density of 200 mA/g (Figure 19). The
rapid decay of capacity of CF electrode was ascribed to the cracking and pulverization of silicone,
which resulted in more SEI forming on interface and inefficacy of silicone, owing to big volume
change and high press cannot be buffered on copper foil current collector. Figure 20a and b shows
the cross-section images of CF electrode and CNTCP electrode. It can be observed in Figure 20a
that Cu foil collector has no good affinity and nanosilicon easily produces pores on interface and
big interface resistance. The sharply increasing of interface resistance will result in rapid fading of
capacity. The CNTCP collector has high-porous structure and interconnected channel. Carbon and
cellulose fiber have intrinsic affinity with activated materials. Nano-Si was embedded into surface
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Figure 19. Cycle performance in different rate of copper foil cell and CNT paper cell.
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SEI

Figure 20. SEM image of interface of copper foil electrode (a), CNT paper electrode (b).

pores of CNTCP, which contributes to the low interface resistance and fast transfer of electrons
and ions. The rate performance and utilization ratio of the active material were further improved.

To better understand the volume change and the stability of SEI layer, the impedance analysis
was performed. All the EIS curves (Figure 21) show a depressed semicircle in the high fre-
quency region and an oblique line in the low frequency domain. The CF electrode and CNTCP
electrode exhibited a charge -transfer resistance 820 €2 (Figure 21a) and 580 Q (Figure 21c)
respectively. CNTCP electrode decreased by 29% than CF electrode because nano-Si was
embedded into CNTCP host and effectively reduced the resistance of the coated activated
material. After 30 cycles, the CNTCP electrode demonstrated significantly superiority than CF
electrode. Owing to excellent accommodation of volume expansion and electrolyte absorp-
tivity of CNTCP electrode, the charge-transfer resistance of CNTCP electrode decreased to
around 30 Q (Figure 21c). On the contrary, the charge-transfer resistance of CF electrode
rapidly increased to around 2000 Q (Figure 21d). This may be ascribed to the exfoliation of
activated materials from copper collector owing to big volume expansion of silicone in cycles.

Here, CNTCP not only was used as current collector but also provides the battery with a
certain capacity. Figure 22b revealed that CNTCP contributes 200mAh/g reversible capacity,
while CF only provides a capacity of 45mAh/g [100, 104-117]. The CNTCP also consumes an
irreversible capacity of 170 mAh/g (Figure 22a).

3.3.3. Conclusions

In the summary, the porous CNTCP was used as host of nano-Si for high-performance Li-ion
battery. The CNTCP exhibited high conduction and excellent absorptivity of electrolyte.
Nano-Si penetrated into the network of CNTCP to achieve a low interface resistance for high
rate performance. The porous CNTCP with interconnected channel can absorb an amount of
electrolyte and was wetted fully by electrolyte. All those contribute to the electrochemical per-
formance of CNTCP electrode. The CNTCP electrode obtained a reversible capacity, as high
as 1000mAh/g after 50 charge-discharge cycles. The good cycle performance is ascribed to
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the accommodation and buffering effect to huge volume expansion of silicone during cycles.
Therefore, the author believes that CNTCP has a good application prospect as current collec-

tor for silicon-based lithium ion batteries.

1000
(a) ,
0
/
800 [
|
[
|
600 |- |
a5
= s
£ [
s |
£ 400 | J
N
i /
o s .
ol S
200 | /-/ M -/
’.J L r
o
of
i L 1 ' | |
0 200 400 600 800 1000
ZRre(ohm)
350 |-
(c) ,
aoo |
|
[
250 | |
i .k\~\k .“I
200 |- / - |
— -
3 > M
F L
S of = \ !
-
N l/ \ ’
100 | / .
w x|
4 am
| | =
50 o
| ]
ol M
50 L L ' L L L L
0 100 200 300 400 500 600 700
ZRre(ohm)

4000
3500 (b) ]
/
3000 |- /
/
2500 /
n
— 2000 |- /
g /
& /
£ 1500 | -
N /{
/
1000 "
e W e [ I/
500 - g . ey
-’ gL B )
of
-500 . L L L L L
0 500 1000 1500 2000 2500 3000
-ZRe(ohm)
6k
(d) a .
/' b /
5| [ ] \ |
/ Ll !J
/ S, — .
/ LS
= ol n /
e d / X
3 / n »
5 / A /
7 /' l-l‘
N3 /
=
/
| ]
2 d
L -'FF
L]
ik
L L L L L L L
0 5 10 15 20 25 30 35
-ZRe(ohm)

Figure 21. Impedance spectra of CF and CNT electrodes (a) fresh CF electrode (b) CF electrode after 30 cycles (c) fresh
CNT electrodes (d) CNT electrodes after 30 cycles.

18 | (a) 400
" 1 (b)
r 350 | |\
14+ [
k 300f |
12 £ \‘
% 250 L CNT paper
s 10 S ‘|
=8 p - N
%) 08 'g 200 T B o R
-
¥ e 3rd,2nd, 1st o 150 -
=
04| 5
% 100 |
0z}
379mAh/g
00 - L
30th,3rd,2nd 1st
02 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
-50 0 50 100 150 200 250 300 350 400 0 10 20 30 40 50
Cycle number

Specific Capacity (mAh/g)

Figure 22. (a) First 30 discharge and charge curves and (b) cycle performance of CNTCP.



The Porous Carbon Nanotube-Cellulose Papers as Current Collector and Electrode for Lithium...
http://dx.doi.org/10.5772/intechopen.71916

3.4. Primary battery based on fluorinated CNTs as cathode with CNTCP collector
3.4.1. Experimental
3.4.1.1. Fluorination of multiwalled carbon nanotubes

Three samples of fluorinated CNTs (FCNTs) were synthesized by direct fluorination of mul-
tiwalled carbon nanotubes [118]. The fluorination temperature was set at around 400°C. F/C
ratio was adjusted to 0.28, 0.59, and 0.81. The FCNTs maintained a core-shell-hole structure
after fluorination. The core still maintained pristine MWCNT structure with high electric con-
ductivity and outer layers formed the structure of fluorinated carbon.

3.4.1.2. Physical characterization

Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
(HRTEM) were performed to observe the core-shell-hole structure of FCNTs and analyzed
their composition (EDX). F/C ratio was obtained by chemical titration method and EDX spec-
trometry. The change of atomic and electronic structures of FCNTs was investigated using
X-ray photoelectron spectroscopy (XPS). The thermal stability of the FCNTs was investigated
by thermogravimetric analysis (TGA). The weight loss of the material under argon atmo-
sphere was recorded, while it was heated at a rate of 10°C/min from ambient temperature to
900°C. X-ray diffraction (XRD) and Raman were performed to identify the structure of FCNTs
and primary CNTs.

3.4.1.3. Primary Li/CFx assemble and electrochemical characterization

The primary Li/CFx (x = 0.81) batteries were assembled with FCNTs as cathode against Li
foil as anode. The electrochemical performance of the batteries was measured by cell tester
(CT-3008 W-5V5mA-54). Electrochemical impedance spectroscopy (EIS) measurements were
performed on a CHI660B electrochemical workstation.

3.4.2. Results and discussion

SEM and HRTEM images of the FCNTs (CF , ) are presented in Figure 23a and b, respectively.
After fluorination, the FCNTs exhibited a classic core-shell-hole structure. Figure 24 shows the
microstructure of FCNTs (CF ). It can be clearly observed that the outer layers of CNTs were
inserted by fluorine to form fluorinated carbides and inner layers hold pristine highly crystallized
structure of CNTs. The exterior shell thickness of carbon fluorides (CF , ) was around 12 nm and
internal layers of CNTs retained pristine graphitized structure with a thickness around 10 nm.
The novel structure suggested that FCNTs still hold good interior electron conduction chan-
nel, even though exterior CNTs transformed into electrical insulator of carbon fluorides (CF ).
The central hole of CNT still remained with a diameter of 6 nm. The core-shell-hole structure
means that the FCNTs maintained better electric conductivity than those of FG which is electric
insulator. The central holes were contributed to the absorption of electrolyte and the diffusion of
lithium ions. The novel structure can improve the conduction of both electrons but ions.
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Figure 23. SEM and HRTEM of FCNTs (CF, ).

Carbon fluorides (CFx) are a type of nonstoichiometric compounds, whose thermal stability
depends on the content of fluorine, the nature of carbon precursor, and the method of syn-
thesis [8, 9]. The TGA of pristine CNTs and three FCNTs (CF ,,,CF ., and CF ) are shown in
Figure 24. It was founded that there is little loss for MWCNTs before 700°C. The weight loss
of CNTs slowly began at 700°C and only has a weight loss of 10.6% at 900°C. It suggested a
high heat stability of CNTs which have been treated at a temperature of 3000 and obtained
very high crystallinity over 90%. The three FCNTs maintained stable before 460°C. But they
began to decompose slowly when the temperature continues to increase. The decomposing
of FCNTs accelerated at 500°C and terminated basically at 620°C. The primary volatile prod-
ucts of the thermal decomposition of the FCNTs contained CF, and CF,, which are formed
through a fluorocarbon radical process [119, 120]. It can be concluded that the CF ., CF
and CF . contained around 40, 55, and 70 wt% fluorinated carbons. The following loss of
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weight can be ascribed to the forming of gaseous carbon-nitrogen compounds ((CN),, etc.) at
temperature from 620-900°C [1]. The last remaining weight of four samples hold 89.4, 31.8,
29.5, and 15.8%, respectively, at 900°C. XRD patterns are shown for CNTs and FCNTs (CF ,,,
CF,., CF,,,) in Figure 25a and b, respectively. The stronger graphite peak (002) is observed
at around 26.5° for CNTs (Figure 25a). But the graphite peak of FCNTs gradually weaken and
finally disappeared with the enhancing fluorination of CNTs (Figure 25a). The outer layer
structure of CNTs was destroyed with the formation of FCNTs. Fluorination only affects the
outer layers of the CNTs which was resulted in destruction of graphite structure. The FCNT
inner layers maintained graphite structure (Figure 23b). Figure 25b shows the Raman spec-
tra of CNTs and FCNTs respectively. The characteristic D, G, and 2D bands are seen in two
samples. Each spectrum consists of a distinctive pair of broadband at 1580 cm™ (G band) and
1360 cm™ (D band). The Raman peaks correspond to sp2 and sp3 carbon stretching modes,
respectively. The intensity ratio of the G-band to the D-band (I_/I) can be used to evalu-
ate the graphitized degree of the samples [121, 122]. The I /I ratio of the CNTs reaches 4.3,
which means a very high crystallinity. The ratio of I /I, was seen to decrease to 0.66 for the
FMWCNTs, as fluorine atoms are incorporated into the sp2 carbon lattice of outer layers to
form amorphous sp3 structure in fluorination progresses. These results are in good agree-
ment with XRD (Figure 25a).

The X-ray photoelectron spectroscopy (XPS) of the CNTs were obtained with a MultiLab 3000
spectrometer. The spectra were analyzed in order to investigate the nature of FCNTs. XPS of
pure CNTs and FCNT samples are plotted in Figure 26a. The distinct carbon peaks of spectra
were around 285.0 eV. The fluorine peaks in FCNTs were also found around 687.7 eV. With
the fluorination enhanced, the F1 s peak was increased, while the intensity of the Cls peak
was decreased. The detailed features for Cls peak are shown in Figure 26b. The peak at a
binding energy (284.6 eV) in Cls spectra was assigned to sp2 hybridized carbon in CNTs.
To format C-F bonds as a result of fluorination, the peak at a binding energy (289.4 eV) was
assigned to sp3 hybridized carbon [118]. The peak (sp2) becomes broader and finally faded
away, while the peak (sp3) was strengthened as the fluorination progresses [123]. Based on

EDAX data, the four samples have been identified as CF ,,, CF ., CF . and pure CNTs.
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Figure 25. (a) XRD of CF0.28, CF0.59, CF0.81 and CNT and (b) Raman of CF0.81 and CNT.
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Figure 26. (a) XPS showing both F1 s and Cls peaks for pristine and FCNTs (b) detailed features for Cls peak.

The discharge profile of FG (Li/CF,, theoretic capacity: 864mAh/g) cells is shown in Figure 27a.
The discharge capacity reached 840 mAh/g (0.05 C), 744 mAh/g (0.1 C), 663 mAh/g (0.5 C),
and 520 mAh/g (1 C). The graphite monofluoride exhibited the characteristic voltage plateau
around 2.5 V at 0.05 C rate. The discharge plateau slowly dropped to about 2.0 V at discharge
rate of 1 C. Figure 27b shows the discharge curves of FCNTs (Li/CF ). The discharge starts at
a higher voltage of about 3.2 V and then drops to about 2.7 V at discharge rate of 0.05 C. The
discharge plateau maintained at 2.7 V with a specific capacity of 782mAh/g, which reached
98.7% of theoretic capacity of FCNT (792mAh/g for CF ). The discharge plateau dropped to
2.45 V, when the discharge rate increased to 1 C from 0.05 C with a capacity of 620 mAh/g.
The discharge efficiency lowered to 78.28% of theoretic capacity for carbon fluorides (CF
(Figure 27).

0.81)

Electrochemical impedance spectroscopy (EIS) measurements were conducted in the fre-
quency range of 100 kHz to 0.01 Hz at an excitation amplitude of 5 mV (Figure 28). The
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Figure 27. Discharge profile of FG and three FCNT electrodes at different rates.
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Nyquist plots are composed of a semi-circle at high frequency and a linear line at low fre-
quency. The intersection with the x-axis was corresponded to the charge-transfer resistance
of the electrode with 100 and 180 Q for CF, electrode and CF, electrode, respectively. It was
noteworthy that the charge-transfer resistance of the electrodes increased with the increasing
content of fluorine. The higher ratio of fluorine/carbon provided more activated points for the
reduction of carbon fluorides to lithium fluorides and resulted in higher discharge capacity

[124-128].
3.4.3. Conclusions

FCNTs exhibits a classic core-shell-hole structure. The outer layers of CNTs were Fluorinated
and inner layers still maintained pristine graphitized structure integrity. The FCNTs hold
good interior electron conduction channel, even though exterior CNTs transformed into elec-
trical insulator. The core-shell-hole structure means that the FCNT maintained better electric
conductivity than those of FG. FCNT exhibited better electrochemical performance than those
of FG. The discharge plateau of FCNT maintained at 2.7 V (0.05C) with a specific capacity of
782 mAh/g, which reached 98.7% of theoretic capacity of FCNT (792mAh/g for CF ). The
discharge plateau still maintained 2.45 V at 1 C with a capacity of 620 mAh/g, and the dis-
charge efficiency reached 78.28% compared with FG of 2 V, 520 mAh/g, and 60%, respectively.
FCNTs were considered as a promise cathode materials for high performance of lithium fluo-
ride battery.
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3.5. CNTCP used as electrodes for supercapacitors
3.5.1. Experiment
3.5.1.1. Synthesis of multiwalled carbon nanotubes (CNTs)

CNTs were synthesized by floating reactant method in a vertical tubular reactor (Figure 29).
Benzene was used as carbon feedstock, organic-metallic compound (ferrocene) as a catalyst
precursor, thiophene as growth promotion agent, and hydrogen as carrier gas. The reaction
temperature is around 1200°C. The following thermal treatment of CNTs was carried out at
3000°C for 10 h using a graphite resistance furnace operating in a vacuum atmosphere.

3.5.1.2. Preparation of electrodes

The CNTs powder was dispersed in deionized water with a surfactant of polyvinylpyrrol-
idone (PVP). The paper cellulose is made of napkins in deionized water. The CNTs dispersion
liquid and the cellulose pulp were mixed by acute stirring. A vacuum filtration was used to
infiltrate the mixed slurry of CNTs and cellulose fiber. Then, the formed CNTCP was carbon-
ized at 1460°C in vacuum condition.

3.5.1.3. Material characterizations

The electrochemical characterization of the supercapacitors was measured by a cell tester
(CT-3008 W-5V5mA-54). Electrochemical impedance spectroscopy (EIS) was tested by elec-
trochemical workstation (PARSTAT4000). Cyclic voltammetry (CV) was performed by an
electrochemical workstation (CHI 660B).

3.5.1.4. Assembling of supercapacitors and testing

The tailored CNT-cellulose papers were used as the electrodes for symmetric electro-
chemical supercapacitors. CR2025 coin-type cells were assembled in an Ar-filled glove box
(MBRAUNLABSTAR, Germany) by stacking a porous polypropylene separator. The liquid

hydrogen and nitrogen

ﬁ exhaust gas

bump

atomizer

tank of solution
o water bath

Figure 29. Schematic diagram of the setup for synthesis of CNTs.
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electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 in weight).

3.5.2. Results and discussion

The SEM (Figure 30a) images show that the CNTs have a distinct one-dimension line struc-
ture and were not entangled. They can be more easily dispersed than common carbon nano-
tubes (CCNTs). TEM image of the CNTs is shown in Figure 30(b). It can be observed that
the MWCNTs have a straight and clear texture with high crystallinity. The Raman spectra is
demonstrated in Figure 31a. The intensity ratio of G and D band presents the degree of graph-
itization [121]. The I /I ratio of graphitized-CNTs was 1.81, which means a higher degree
of graphitization than the raw CNTs with a 0.67 ratio of I /I . The XRD pattern (Figure 31b)
shows the degree of graphitization as 97.25%.

The CNTCP papers are shown in Figure 32(a, b) and presented an obvious structure of fibers
network with a 50 wt% CNT addition. Figure 32(c, d) shows the SEM images of carbonized
CNTCP papers (CNT/CCP). It can be seen that carbonized paper fibers were coated with mul-
tiwalled carbon nanotubes. CNTs were uniformly dispersed on the surface of paper fibers.

There are five strong bands in the Raman spectra (Figure 33) of CNT/CP; the bands of 1100
and 2900 cm™ represented the cellulose characteristic band and the bands of 1350, 1580, and
2700 cm™ corresponded to the D band, G band, and 2D band of CNTs, respectively. The G
band presents the ordered carbon, and D band presents the disordered carbon. The ratio of I ./
I, was 1.18, which means CNTs have a high degree of graphitization. The CNT/CCP only has
three bands of D, G, and 2D, which can be related to the reason of carbonization. The ratio of
I/I, was decreased to 1.02 due to higher amorphous carbon content [121, 129, 130].

Both of the CNT/CP and CNT/CCP electrodes exhibited a good layered porous structure
(Figure 34). Most of the pore size is distributed in 2—4 nm, and CNT/CP has a much smaller
pore size than CNT/CCP. Nanopores can improve the specific surface area of two papers but
also conducive to the absorption of electrolytes to form electric double layer. More impor-
tantly, nanopores have played a role in helping the diffusion of electrolyte. Resulting in
charged ions can pass through the 3D porous electrode, which can greatly reduce the charge
transfer resistance.

Figure 30. SEM and TEM images of CNTs.
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Figure 32. SEM images of (a,b) CNT/CP and (c,d) CNT/CCP electrodes.
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The electrochemical performance of the electrodes has been investigated by cyclic voltamme-
try (CV) (Figure 35a,b) with the voltage range of 0-2.5 V at four different scan rates of 5, 30,
50, and 100 mV/s. The CV curve of electric double layer capacitor is rectangular [131, 132].
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However, the CV curve of CNT/CP (Figure 35a) electrodes presented a reduction peak without
oxidation peak. The reduction reaction was related to the iron-based catalyst metals and reac-
tion of lithium ions in electrolyte. Moreover, the irreversible redox reaction of iron and irre-
versible capacity of CNTs contributed to the absence of oxidation peak [121, 133-135]. The CV
curve of CNT/CCP (Figure 35b) electrodes presented a perfect redox peak, which was related
to faraday reaction. The no-carbon elements of CNT/CCP electrodes were evaporated in the
process of carbonization. This is beneficial to the intercalate and de-intercalate of lithium ions
in amorphous carbon particles [64, 131-136].

Specific capacitance and scan rate curves of CNT/CP and CNT/CCP are shown in Figure 36.
The specific capacitance (Cscv) of the symmetric supercapacitor was calculated according to
the following equation: Cscv = 25/[(U2-U1) mv]. Cscv is the specific capacitance of the capaci-
tor in F/g, S is the total voltammetric sweeps area during CV, (U2-U1) is the range of voltage,
m is the active material mass per electrode, and v is the scan rate.

With the increase of scan rate, the capacity of supercapacitor was decreased. The capacitance
of MWCNT/CEF electrode was 24 and 4.55 F/g at a scan rate 5 and 100 mV/s, respectively. By
contrast, the capacitance of CNT/CCF electrode corresponds to 43 and 26 F/g at a scan rate 5
and 100 mV/s, respectively. The results show that carbonized electrode (CNT/CCF) exhibited
a better capacitance performance than uncarbonized electrodes (CNT/CF).

Figure 37 shows the electrochemical impedance spectroscope (EIS) of the supercapacitors,
and the EIS was measured at the same open circuit potential of 2.5 V. The interception
of the real axis represents the solution resistance. The solution resistance of the superca-
pacitor is 16 (. The semicircle in the high frequency region presented the charge transfer
resistance of electrode. The charge transfer resistance of carbonized electrode (CNT/CCF)
is only 3 ), which suggested an excellent transfer resistance performance. The impedance
curves showed a straight line slopes at low frequency region, which also suggested a good
capacitive performance of carbonized electrodes. Absence of semicircle at low frequency
means low contact resistance between collector and electrode plates [9]. The electrical
conductivity of CNT/CCF electrode was tested by four-point probe resistance meter. The
electrical conductivity was obviously raised from 714.3 to 325.1 S/m after carbonization.
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Figure 35. Cyclic voltammetry curves of (a) CNT/CP and (b) CNT/CCP electrodes.
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Figure 37. Electrochemical impedance spectroscope (EIS) of supercapacitor with carbonized electrode.

The specific capacitance (Cscv) of the two capacitors was calculated based on the charge/
discharge profiles according to the following equation: Cscd = [2I]/[m(dV/dt)], where Cscd
is the specific capacitance of the capacitors in F/g, I is the current in A, m is the mass of the
active material in the capacitors in gram, and dV/dt is the slope of the discharge curve after
the IR drop.

The charge/discharge curves of the CNT/CF and CNT/CCF electrodes were compared using
different current density of 50, 100, 200, and 400 mA/g (Figure 38). The Cscd decreased as the
current density increased. For CNT/CF electrode (Figure 38a), the capacity decreased from 17

295



296

Carbon Nanotubes - Recent Progress

F/g (50 mA/g), 12.8 F/g (100 mA/g), and 13 F/g (200 mA) to 12 F/g (400 mA/g). For CNT/CCF
electrode (Figure 38b), the capacity decreased from 39 F/g (50 mA/g), 38 F/g (100 mA/g), 38
F/g (200 mA/g), 32.9 F/g (400 mA/g) to 29.2F/g (800 mA/g). The testing results indicated that
the performance of supercapacitor was greatly improved after carbonization of electrodes.
The curves of charge/discharge are not straight lines due to Faraday reaction.

Continuous charge-discharge was carried out for the CNT/CCP supercapacitor at con-
stant current of 400 mA/g for 500 cycles (Figure 39). Figure 39 shows the change in specific
capacitance in 500 cycles. The CNT/CCP supercapacitor showed a progressive decrease in
cycles. The specific capacitance still holds 74.6% after 500 cycles, which may be contributed
to good wetting of electrolyte to electrodes and big interface areas between electrodes and
electrolyte.

35
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Figure 38. Galvanostatic charge/discharge curves of (a) CNT/CF and (b) CNT/CCP electrodes.

1.6

14}

12+

08} e
06}

04

Capacitance retention

00 1 L 1 L 1 1 1 " 1 L 1
0 100 200 300 400 500

Cycle number

Figure 39. Capacitance retention of the carbonized CNT/CCP electrodes.
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3.5.3. Conclusions

MWCNT/cellulose fiber electrodes provide 3D porous network structure and large interfa-
cial area between electrode and electrolyte. Capacitance performance could be improved by
the electrode and electrolyte’s intimate contact. After carbonization treatment, the CNT/CCP
electrodes have a higher performance of capacitance. The improvement is contributed to a
better absorption of electrolyte, lower resistance of carbonized electrodes, and increase of
effective interface area for forming of double layers. When the current density is 50 mA/g,
the maximum specific capacitance of a unit capacitor reached 39 F/g by galvanization charge/
discharge measurement, while the minimum specific capacitance of unit capacitor reached 24
F/g at a scan rate 5 mV/s of cyclic voltammetry measurement. The capacitance holds 74.6%
after 500 cycles at a current density of 400 mA/g.

4. Outlook for CNTs and CNTCP in primary/second batteries and
capacitors

In summary, our researches were reported of CNTs and CNTCP for primary/second batter-
ies and supercapacitors applications. It has a great potential application value for the porous
carbon nanotube-cellulose papers as current collectors and electrodes in lithium ion battery
and supercapacitors. However, there are still some problems to be solved. The pore size
and porosity and carbonization process of CNTCPs needed to be innovated to improve the
strength and electrical conductivity. New high flexibility and strength of nanofibers need to
be developed to adapt to electrolytes, as the cellulose papers are easily destroyed in liquid.
The further investigations need to be done to overcome technological barriers for industrial
applications of CNTCP in LIBs and SCs.
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