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Abstract 

The quick advancement of flexible energy storage gadgets has persuaded individuals to look for reliable electrodes with high 

mechanical flexibility and remarkable electrochemical performance. In the present study, we demonstrate a simple and 

scalable process to fabricate a flexible, light-weight, free-standing polyvinylidene fluoride-multiwalled carbon nanotubes 

(PVDF-MWCNT) composite paper, which can be specifically utilized as a flexible anode for lithium ion batteries (LIBs). 

The excellent binding of MWCNT with PVDF matrix, developed by a straightforward vacuum filtration process, provides 

sufficient structural integrity to the composite paper. The breaking strength of the PVDF-MWCNT composite paper so 

formed is found to be 3.5 MPa with strain to failure of 11.25%. The composite paper so developed shows a good cycle 

reversible charge capacity when used as anode in a standard Li-ion battery. The PVDF-MWCNT composite paper provides a 

novel pathway to large scale fabrication of flexible electrodes which can be used without conducting support of copper sheet. 

Copyright © 2017 VBRI Press. 
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Introduction 

In recent years, the interest of research community is 

centered on the development of the effective energy 

storage strategies with the prospective to replace 

traditional energy sources as well as fulfill the high 

energy demands of the new generation portable electronic 

devices. In this view, rechargeable Lithium-ion batteries 

(LIBs) are perfect candidates for energy storage 

requirements in various applications due to their high 

energy and power densities [1]. LIBs are favored over 

different frameworks as a result of their long cycle life, 

wide temperature range of operation, low self-release, no 

memory effect, high performance in terms of energy 

density and capacity [2,3]. Additionally, these batteries 

possess high energy conversion efficiency and zero 

emissions [4]. A Lithium ion battery/cell consists of a 

negative electrode, a positive electrode and a separator, 

soaked in an electrolyte solution. Every electrode is 

shaped from a metal substrate that is covered with a blend 

of an active material, an electrical conductor, a binder, 

and a solvent [5]. A typical anode ought to have a high Li 

stockpiling limit and great basic steadiness for long 

cyclability and cell life. Till date, graphite is the most 

commonly used anode material as a part of LIB [6]. Thus, 

the attributes and properties of graphitic carbons have 

been concentrated widely [7,3,8]. It is also economical 

compared with other anode materials and is accessible in 

vast amount. The theoretical specific capacity of graphite 

which is 372 mAh/g. However, it is difficult to achieve 

this capacity in practical terms. A range of carbonaceous 

materials viz hard carbons, [9] single walled carbon 

nanotubes (SWCNT), [10,11] multiwalled carbon 

nanotubes (MWCNT), [12-14] graphene, [15,16] 

mesocarbon micro beads (MCMB) [17,18] etc., have been 

investigated as the anode materials for LIB. Amongst 

carbon nanostructures, carbon nanotubes (CNTs) have 

been found very important material in LIBs application. 

Because of their excellent electrochemical, electrical and 

mechanical properties these are a promising material for 

use in LIB [19]. The incorporation of CNTs (rather than 

conventional carbon) with lower weight loading is used to 

build up an electrical percolation system effectively. In 

addition, CNTs have the ability to be assembled into free- 
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standing anodes as an active material for lithium ion 

storage. Free-standing paper electrode has few points of 

interest, most importantly, elimination of conducting 

material like carbon black (to increase the conductivity of 

the anode) and current collector, the dead weight of an 

electrode is minimized, prompting the expansion of 

accessible limit and particular energy density of the 

battery [19] in flexible and lightweight electronic gadget 

applications.  

 Several researchers have investigated the 

electrochemical properties of SWCNTs, [20-22] 

MWCNTs, [23,24]  graphene, [25-27] and graphene-

MWCNTs hybrids [28-30] as an electrode for Li-ion 

batteries. A combination of metal/metal oxide particles on 

the surface of MWCNTs to increase the charge capacity is 

also one of the areas of recent research [31-33].  

However, the problem of volume expansion of electrode 

results in the formation of defects in the electrodes after 

few cycles resulting in a decrease in the cell performance 

[34,35]. In one of the studies,  Maurin has reported  the 

capacity of 180 mAh/g for MWCNT based electrode [36]. 

The MWCNTs used for this purpose were synthesized by 

an electric-arc technique which is not only very costly but 

also the CNT soot was full of impurities in the form of 

catalyst particles, carbon onions and amorphous carbon. 

Yan et al. prepared different CNT based electrodes and 

found that a neat CNT electrode exhibits a reversible 

capacity of only ∼120 mAh/g during the cyclic process, a 

TiO2/CNTs electrode shows reversible capacity of ∼145 

mAh/g after 30 cycles and the Ag–TiO2/CNTs electrode 

shows 172 mAh/g after 30 cycles [37]. Wang et al. used 

long length CNTs and found the reversible capacity of 

290 mAh/g after 30 cycles with a Coulombic efficiency of 

60% [38].  However, Wang et al. chose the base material 

as foam Ni plate, but high density of Ni which in turn 

accounted for the reduced energy density of the battery.  

Frackowiak et al. used MWCNTs synthesized at 900 °C 

which showed irreversible capacity of 505 mAh/g in 

second cycle, which got reduced to 273 mAh/g only after 

five cycles [39]. Pure MWCNT based paper is a good 

alternate over the graphite based anode materials but a 

sharp decline in the cell performance after few cycles as 

reported above could be due to disintegration of the CNT 

paper during charge discharge process. Keeping the above 

points in view, the present study was undertaken to 

improve the mechanical properties of the flexible anode 

without sacrificing its electrochemical performance. In 

this study, we report the fabrication of highly flexible 

PVDF-MWCNT composite paper with good mechanical 

strength and reasonably attractive electrochemical 

performance. 

Experimental  

Synthesis of carbon nanotube 

Carbon nanotubes were synthesized by in-house chemical 

vapor deposition (CVD) setup reported earlier [40]. Once 

the temperature was reached, the arrangement containing 

a solution of ferrocene (Fe(C5H5)2) (Loba), an 

organometallic compound, dissolved in toluene 

(C6H5CH3) (SRL), in specific proportion was introduced 

in the reaction zone using high purity argon as a carrier 

gas. MWCNT were grown inside the quartz reactor, 

which act as a substrate itself, by thermal decomposition 

of hydrocarbon, in presence of iron catalyst. After the 

whole solution was consumed the nanotubes were 

harvested. 

 

Preparation of composite paper anode  

A novel route was followed for the dispersion of  

PVDF-MWCNT (Alpha Aesar) mix with acetone. PVDF 

and MWCNTs in specific proportion (10:90 ratio by 

weight) were mixed with acetone (SRL) by homogenizer 

(Miccra D-9, from ART Prozess and Labortechnik GmbH 

and Co. KG) then sonicated in the ultrasonicator bath to 

make a homogeneous mixture. In this process,  

the MWCNTs bundles were well de-agglomerated in  

the PVDF. This homogeneous mixture was transferred  

to specially designed vacuum filtration unit shown in the 

Fig. 1.  

 

 

Fig. 1. Schematic of fabrication process for PVDF-MWCNT composite 

paper. 

 

The composite perform paper was peeled off from the 

filter paper and dried between stainless steel die plates in 

oven at 60 ºC to avoid formation of wrinkles due to 

PVDF-MWCNT interfacial interactions in the paper. 

MWCNT paper is also prepared by the same method 

without adding PVDF. The flexibility of the PVDF-

MWCNT composite paper is shown in Fig. 2. 

 

 
 

Fig. 2. Digital images of (a) single folded, (b) multiple folded and  

(c) unfolded PVDF-MWCNT composite paper. 

 

Fabrication of coin cell 

For making the coin cell, 18 mm diameter circular disc 

was cut from the composite paper sample and dried in an 



Research Article                                   2017, 8(11), 1038-1045 Advanced Materials Letters 

 
Copyright © 2017 VBRI Press                                                                                                            1040 
 

oven. Free standing electrode (circular disk) was then 

assembled into 2032coin cell as anode in which lithium 

foil (Hoschen) was used as a counter electrode as shown 

in Fig. 3. Polypropylene film (Hoschen) was used as a 

separator and 1 M LiPF6 in 1:1 proportion of ethylene 

carbonate and diethyl carbonate (EC + DEC) (Merk) as an 

organic electrolyte. The complete cell was assembled 

inside the argon filled glove box. The cell was allowed to 

stabilize for 24 h.  

 

 

Fig. 3. Schematic of fabrication for Lithium ion coin cell. 

 

Characterization 

A Field Emission Scanning electron microscopy 

(FESEM) (Zeiss Supra-40VP) was used to study the 

morphologies of as produced MWCNTs, MWCNT paper 

and PVDF-MWCNT composite paper. High Resolution-

Transmission Electron Microscope, Tecnai G20-string 

operated at 300 KV, was used for structural investigation. 

The Raman spectroscopy of the samples was carried out 

on a Renishaw inVia Raman spectrometer (UK) with laser 

excitation source of 514.5 nm. The tensile strength of the 

MWCNT and PVDF-MWCNT composite paper was 

measured using an INSTRON machine (model 4411). The 

size of the sample was 40 mm x 10 mm. The thickness of 

the paper was measured at several points and an average 

taken for the measurement of cross-sectional area. The 

cross-head speed was maintained at 0.2 mm/min. The 

surface area of the composite paper was measured by N2 

adsorption isotherm using Brunauer, Emmett and Teller 

(BET) method on an autosorb iQ automated gas sorption 

analyzer from Quantacrome Instruments, USA (model no. 

ASIQM0000-4).  The electrical conductivity of the paper 

was measured by four-probe contact method using a 

Keithley 197 auto running advanced microvoltmeter and a 

Keithley 224 programmable current source. The values 

reported in the text are average of five readings at 

different places on the specimens. Galvanostatic 

charge/discharge characteristic of the individual coin cell 

was carried out at a current density of 100 mA/g.  

Electrochemical Impedance Studies were carried out by 

using an EG & G instruments Model 5210 with an AC 

voltage signal of 5 mV in the frequency range 100 KHz to 

5 mHz. The charge–discharge cycle was carried out at 

C/10 rate within the voltage window of 0.01–3.0 V at 

room temperature. 

Results and discussion 

SEM, TEM and EDS 

The surface morphology of the samples was studied using 

FESEM. Fig. 4(a) & 4(b) shows the scanning electron 

micrograph of PVDF-MWCNT composite paper at 

different magnification. It is observed that the MWCNTs 

are highly entangled with each other due to their high 

aspect ratio (long length). The physical interlocking of the 

tubes provides sufficient flexibility and handling strength 

to the paper to make it free standing. Inset of Fig. 4(b) is 

the cross-sectional view of the same paper showing the 

average thickness of the PVDF-MWCNT composite 

paper to be 100 µm. From the micrograph of HRTEM 

(Fig. 4c) the diameter of the MWCNTs is observed  

25-50 nm. The HRTEM micrograph of the samples 

clearly shows webs of thin PVDF matrix supporting the 

CNT porous network (Fig. 4d) which provides greater 

stability to the paper. The porosity favors the ion 

insertion/extraction and transportation [41]. The presence 

of iron catalyst between the walls of nanotube is also 

observed at some places (Fig. 4c) [42].  

 

 

Fig. 4. (a & b) Scanning electron micrograph of PVDF-MWCNT 
composite paper at different magnification and (c & d) transmission 

electron micrograph of MWCNT paper and PVDF-MWCNT composite 

paper, respectively. 

 

 

Fig. 5. (a) TEM image of PVDF powder, (b) SEM of scanned area of 

PVDF-MWCNT composite paper for EDS, (c) Count spectrum of 
composite paper and (d) Table of elements and weight percent found by 

EDS. 
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Fig. 5(a) is the TEM image of the as such PVDF 

powder. The shape of the granules is almost spherical and 

approx. 80 nm in size. Fig. 5(b) is a small scanned area of 

the composite paper which is nearly 850 µm2. Making use 

of the EDS of the PVDF-MWCNT composite paper  

(Fig. 5c) shows 4.8% of Fluorine by weight in the 

structure which amounts to ~10% PVDF content in the 

composite paper which is nearly the same used initially as 

a binder. The iron content in the composite paper is found 

to be 5.91%.  

 

XRD and Raman  

 

The X-ray diffraction pattern using PVDF is shown in 

Fig. 6(a). The CuKα radiation (λ= 1.54 Å) was used as  

X-ray source. Three prominent diffraction peaks were 

observed at 18.2°, 19.9°, and 26.6°, which correspond to 

(020), (110), (021) diffraction planes respectively of the α 

phase of PVDF.  The PVDF usually shows three phases α, 

β and γ. It therefore seems that the broad diffraction 

maxima around 2θ = 40° is due to diffraction maxima 

corresponding to (201) and (111) planes of the β phase 

caused by the molecular head–head and tail–tail (HHTT) 

molecular arrangement [43]. 

 

 

Fig. 6. (a) XRD pattern and (b) RAMAN spectra of PVDF powder, 

MWCNT paper and PVDF-MWCNT composite paper. 

 

 The XRD of MWCNT paper shows the prominent 

(002) diffraction maxima centered at 2θ=26° due to basal 

planes of graphite [44]. There is not much difference in 

the diffraction pattern from the PVDF-MWCNT 

composite paper due to higher intensity of reflection from 

carbon rather than 10% PVDF as matrix. A broad 

diffraction maxima hump is observed between 42.3° and 

44.8° due to unresolved (100) and (101) diffraction peaks 

of graphite.  

 Fig. 6 (b) shows the Raman spectra of PVDF powder 

with characteristic peaks at 536 cm-1, 795 cm-1, 839 cm-1, 

882 cm-1, 1296 cm-1 and 1428 cm-1 respectively [45,46]. 

The first order Raman spectra of the MWCNT paper 

shows two peaks at 1355 cm-1 and 1583 cm-1 

corresponding to graphite D and G-band, respectively. 

However, these peaks shift to 1351 cm-1(D-band) and 

1578 cm-1 (G-band) due to the interaction between PVDF 

and nanotubes in the PVDF-MWCNT composite paper.  

The D-band is observed due to the longitudinal optical 

phonon induced by disordered carbon and coupled with 

the vibration of sp3 bonded carbon atom related to the 

diamond like structures. While, the G-band arises as a 

result of tangential shear mode of carbon atoms (matching 

to the E2g mode) and typically associated with the 

vibration of sp2-bonded carbon atoms in a 2D hexagonal 

lattice, as seen in layers of graphene [47]. For 

polycrystalline graphite, it is observed that the intensity 

ratio D and G-band (ID/IG) is inversely proportional to the 

effective crystallite size of the graphite plane (La). The 

ratio is found to be nearly same i.e. 0.298 and 0.316 for 

MWCNT and PVDF-MWCNT for the two papers, 

suggesting that there is no damage to the nanotube 

structure due to high energy homogenizer used in the 

present study for dispersion.  

 

Electrical properties and surface area   

The calculated electrical conductivity of the MWCNT 

paper and PVDF-MWCNT composite paper is presented 

in Table 1. Electrical conductivity measurements are 

carried out at room temperature. Primarily, the electrical 

conductivity of neat MWCNT paper is found to be  

30 S/cm. This high conductivity of paper is achieved due 

to the combine effect of high aspect ratio of MWCNT and 

interconnected conducting system provide by MWCNT, 

that results in a persistent charge distribution throughout 

the paper. On the other hand, in case of PVDF-MWCNT 

composite paper electrical conductivity decreases and is 

found to be 23 S/cm. This drop off is already expected 

due to the addition of PVDF which increases the 

interfacial resistance and hinder the movement of charge 

carriers. Thus, leads to decrease in electrical conductivity 

of PVDF-MWCNT composite paper. But this electrical 

conductivity is still high to transfer the charge easily. 

Fig. 7 reveals that PVDF-MWCNT composite paper 

has significant potential in flexible electronics 

applications, such as irregularly shaped energy storage 

devices and other bendable displays. An experimental 

detailed Video of the flexible free-standing PVDF-

MWCNT composite paper is provided in the 

supplementary information. 

 

 

Fig. 7. (a) Digital image is showing the flexibility of PVDF-MWCNT 

composite paper electrode & (b) shows a red LED glowing when 
connected to these electrodes. 

 

The BET surface area of the MWCNT paper and 

PVDF-MWCNT composite paper is found to be 63 m2/g 

and 49 m2/g, respectively (Table 1).  The decrease in 

surface area is again due to the addition of PVDF which 

cover up the open pores and MWCNTs surface and 

decreases the overall surface area of composite paper.  
Table 1. Electrical properties and surface area of MWCNT paper and 
PVDF-MWCNT composite paper. 
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Mechanical testing 

Fig. 8, compares the stress-strain behavior of as produced 

MWCNT paper and PVDF-MWCNT composite paper 

under tensile load. It is observed that the fracture behavior 

of the two papers is quite different.  As observed from the 

figure the MWCNT paper fails at a much lower load with 

a strain to failure of only 3.8%. The calculated value of 

the corresponding tensile strength is also very poor i.e. 

0.26 MPa.  On the other hand, the PVDF-MWCNT 

composite paper shows the tensile strength of 3.5 MPa 

and strain to failure of 11.25%.   

 

 
 
Fig. 8. Stress-Strain curves of MWCNT and PVDF-MWCNT composite 
Paper. Inset shows the enlarge view of the stress-strain curve of 

MWCNT paper. 

 

The results show a good bonding of PVDF matrix with 

the porous CNT network as also revealed in the TEM 

micrograph of the sample in Fig. 4(d). Interestingly, a 

close look at the fracture surfaces of the two samples 

(Fig. 9) is quite different. In the sample without binder the 

crack propagates through the sample very easily leading 

to complete fracture of the sample at very low load. On 

the other hand, in the second sample the load is shared by 

the PVDF matrix and additional energy is consumed by 

the matrix to debond from the CNT leading to crack 

deflection.  

The crack initiated from the other surface is also 

arrested before progressing catastrophically to the other 

end. The energy so absorbed in the samples therefore 

result into higher strength and strain to fracture of the 

composite sample. The high value of strain to fracture and 

strength along with higher flexibility will provide much 

needed robustness to the anode material during 

fabrication of battery and its longer life.  Jia et. al. 

fabricated V2O5 nanowire based CNT/V2O5 composite 

paper and measured the tensile strength value upto 4.7 

MPa with strain to failure of only 2.8% [48]. They 

accredited the improvement in the mechanical 

performance of the composite electrode to the perforate 

structure of the long length PVDF coated MWCNTs 

[48,49]. However, the fabrication route in itself is quite 

complicated, first forming aero gel and later heating in an 

autoclave etc. The route adopted in the present study is 

much simpler comparatively.  

 

 

Fig. 9. Digital photographs of fractured samples of MWCNT and 

PVDF-MWCNT composite paper. 

   

Electrochemical studies 

Fig. 10(a) shows the galvanostatic charge/discharge 

characteristic of the unit coil cell after first, second and 

50th cycles performed in the voltage range from 0.1 V to 

3.0 V at a current density of 100 mA/g. The discharge 

behavior of the cell is much different in the second cycle 

as compared to first cycle due to the formation of solid 

electrolyte interface (SEI) layer on the anode [50,51]. As 

shown in the figure the charge capacity, which was 783 

mAh/g in the first cycle was reduced to 217 mAh/g, after 

the second cycle, suggesting a Coulombic efficiency of 

27% only. A close look at the first discharge cycle shows 

the presence of two distinct plateaus at 1.47 V and 0.79 V 

vs. Li+/Li signifying the structural transformation of the 

electrode due to Li insertion in the lattice. The low 

Coulombic efficiency for the first cycle can be ascribed to 

the formation of SEI layer. However, PVDF-MWCNT 

composite paper electrode shows indications of good 

electrochemical stability as well as capacity retention upto 

50 cycles. This could be due to the presence of relatively 

high surface area and interconnected conducting network 

of the MWCNT which can make good contact with the 

electrolyte. Furthermore, researchers demonstrated that 

the interaction potential at the innermost region is 

dependent on the nanotubes diameter and MWCNTs with 

a diameter of 40-60 nm possesses greater interaction 

energy, which contribute in improving the Li storage 

capacity [52,53]. This support our study as MWCNT used 

in composite paper have diameter upto 50 nm and 

together with PVDF provide better electrochemical 

performance and long cycle stability with good 

Coulombic efficiency. 

As observed in Fig. 10(a), the voltage profiles become 

quite unusual with no perceptible voltage plateaus 
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between these voltage ranges. However, after the initial 

drop the cycling performance of the cell with PVDF-

MWCNT anode shows a specific capacity of  

170 mAh/g even after 50 cycles as shown in figure 10(b). 

The Coulombic efficiency reaches almost 98% showing 

excellent reversibility in the charge/discharge 

characteristics of the cell. The value of specific capacity is 

significantly higher with the additional advantage of 

flexibility and easy processing compare to our previous 

report [54]. 

 

 

Fig. 10. (a) Electrochemical performance of the PVDF-MWCNT 

composite paper anodes showing 1st, 2nd and 5th cycle 
charge/discharge curves and (b) specific capacity and Coulombic 

efficiency vs. cycling number. 

 

Electrochemical impedance spectroscopy (EIS) 

For a typical lithium cell EIS provides excellent 

electroanalysis of the charge transfer reactions at the 

surface of the electrode, mass transport, double layer 

capacitance and the stability of the interface.  In the 

present study, electrochemical impedance spectroscopy 

(EIS) of the sample was carried out by the using 

galvanostatic charge/discharge cycles upto fifty cycles in 

the frequency range of 100 kHz to 5 mHz. A common 

way to display the impedance of a system is with a 

Nyquist plot shown in Fig. 11(a) in which the negative 

imaginary component of impedance is plotted against the 

real component of impedance.  

 

 

Fig. 11. (a) Nyquist plot of the PVDF-MWCNT composite paper before 

and after cycling, (b) the equivalent circuit and (c) table shows the 
parameters values of the equivalent circuit. 

 

The Nyquist plot shows an increase in the diameter of 

the semicircle with the number of cycles with almost zero 

to 1000ohm due to combination of charge transfer 

resistance, capacitance and surface reactions at the 

electrode, forming SEI.  This semi-circle is followed by a 

tail which is principally affected by the diffusion within 

the electrolyte and active electrode material [55,56]. The 

impedance spectra for PVDF-MWCNT composite paper 

electrode can be modeled by an equivalent circuit in 

order to fit the EIS response. The equivalent circuit is 

provided in the Fig. 11(b), which is formed from the 

arrangement of a capacitance, resistance and constant 

phase element of the anode. The parameters were 

calculated after fitting the impedance plot and given in the 

Table of Fig. 11(c). In equivalent circuit the Rs is the 

resistance due to surface film (SEI) formed on the outer 

surface of the electrode, Rct and Cdl is the charge transfer 

resistance and the double layer capacitance, 

respectively, while ZW is the Warburg impedance 

represents the diffusion of Li-ions in bulk of composite 

paper electrode. Values of all the parameters based on 

fitting EIS data are given in table of Fig. 11(c). After 

analyzing the data, it can be seen clearly that Rs and Rct 

increases after cycling while Cdl decreases after cycling. 

A possible reason for this change can be linked to the 

structural stability of PVDF-MWCNT composite paper. 

The charge transfer resistance (distance across of the half 

circle) increases after 50 cycles because of SEI 

development in initial cycles and a stable SEI layer 

which does not crack after cycling thus increases the 

resistance and decreases the capacitance value. Due to 

the formation of SEI layer some irreversible capacity 

appears. The PVDF-MWCNT structure provides a robust 

and stable anode. The electrode kept its structure 

unchanged with an interpenetrating system and shows it's 

mechanical robustness. Therefore, with advantages of 

straightforward vacuum filtration techniques for 

composite paper preparation and encouraging 

electrochemical performance, PVDF-MWCNT composite 

paper can be used as potential candidates as an anode 

material of next-generation LIB. Additionally, the free- 

standing composite paper electrode is prepared with 

reasonably reduced cost as no conductivity additive and 

copper current collector were used. 

 

Conclusions 

It has been possible to produce flexible, light-weight, 

electrically conducting and free-standing PVDF-MWCNT 

composite paper with tensile strength of 3.5 MPa at 

11.25% strain to failure. It is therefore possible to 

eliminate copper substrate and increase the overall charge 

density of the anode. The in-house prepared large aspect 

ratio MWCNT were well dispersed in the solvent with the 

help of high energy homogenizer before processing into a 

flexible paper using in-house assembled vacuum filtration 

unit. The electrochemical performance of composite 

paper shows a high reversible limit of 170 mAh/g at a 

current density of 100 mA/g, and having Coulombic 

efficiency more than 98% even after fifty cycles. The 

flexible, light-weight and free-standing PVDF-MWCNT 

composite paper could be a suitable candidate as anode 

material for flexible or bendable next generation Li-ion 

batteries. 
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