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Abstract In this study, fibrous cellulose membranes

were successfully mass produced by forcespinning�

cellulose acetate, followed by alkaline hydrolysis treat-

ment. Its performance as lithium-ion battery separator

was evaluated. The cellulose membrane exhibits a

randomly-oriented, fully-interconnected and highly

porous three-dimensional fibrous network structure with

a high porosity of 76 %. The developed membranes

show good electrolyte wettability and high electrolyte

uptake capability. Differential scanning calorimetry and

thermal treatment show a superior thermal stability of

the cellulose nonwoven membrane. Compared to com-

mercially available polypropylene based separators, the

developed fibrous cellulose membrane displays higher

ionic conductivity, lower interfacial resistance and

better electrochemical stability. Given its outstanding

thermal characteristics and excellent electrochemical

performance, this fibrous cellulose membrane has

potential to be used as high-performance lithium-ion

battery separator. This study provides a novel and

feasible pathway for developing promising separators

for high-performance lithium ion batteries.

Keywords Cellulose � Forcespinning� � Fibrous

membrane � Battery separator � Lithium-ion battery

Introduction

Lithium-ion batteries (LIBs) are the most employed

power sources in electronic devices, such as cellular

phones, laptop computers and digital cameras. LIBs

possess high energy density, long cycle life and low

self-discharge rate (Alcoutlabi et al.2011; Good-

enough and Park 2013; Ji et al. 2011; Li et al. 2009;

Tarascon and Armand 2001). One of the crucial

components in a LIB is the separator, which provides a

physical barrier to prevent electronic contact between

the positive and negative electrodes, and at the same

time serves as a medium to transport ions during the

charging and discharging cycles (Arora and Zhang

2004; Zhang 2007). Presently, polyolefin microporous

membranes are the most commonly used separators

for commercial LIBs due to their good chemical

stability, adequate mechanical strength and suitable
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thickness. However, their low porosity, poor wetta-

bility with liquid electrolytes, low rate capability, and

thermal dimensional instability at the high operational

temperature may cause high cell resistance or internal

short circuit (Alcoutlabi et al. 2013; Lee et al. 2013,

2014). Therefore, various approaches have been used

to develop novel porous membrane separators to

enhance their performance. Among them, spun non-

woven fibrous membranes with high porosity have

shown the potential to hold a large amount of liquid

electrolyte resulting in higher ionic conductivity. Spun

membrane based separators of several polymeric

systems have been developed such as PAN (Kim

et al. 2013), PET (Orendorff et al. 2013), PVDF (Choi

et al. 2003; Liang et al. 2013), nylon 6,6 (Yanilmaz

et al. 2014), PVDF/PMMA (Cui et al. 2013) and

PVDF/PEO (Prasanth et al. 2014).

In the last few decades, electrospinning has been

the most commonly used method for preparing fibers

for research related applications (Li and Xia 2004;

Paneva et al. 2008). Recently, Forcespinning� (FS)

has provided the opportunity to successfully transfer

fiber related research into practical applications given

its versatility to mass produce fine fibers from a wide

variety of materials. In the FS process, the high-

voltage electrostatic forces needed to draw fibers in the

electrospinning process are replaced with centrifugal

forces developed through high rotational speeds of

spinnerets. A significant increase in yield, ease of

production, and a broader spectrum of materials to be

spun into fibers has been observed (Padron et al.

2013). Both conductive and nonconductive polymer

solutions and polymer melts can be spun into fibers

without the need of electric fields, given that the

conductivity and/or electrostatic charges of the solu-

tion are not relevant parameters to prepare fibers

(Raghavan et al. 2013; Sarkar et al. 2010; Weng et al.

2014a, b, 2015). The productivity of FS has been

reported to be higher than 1 g min-1 per nozzle at the

lab scale (industrial lines are believed to run at tens to

hundreds of meters per minute) which is significantly

higher than lab scale electrospinning (0.3 g h-1;

Lozano and Sarkar 2009; Ramakrishna et al. 2005;

Sarkar et al. 2010).

Recently, cellulose, the most abundant, renewable,

biodegradable and biocompatible natural polymer in

nature has drawn considerable attention as a very

promising material for a variety of applications, due to

its excellent properties such as high dielectric

constant, good chemical stability, superior thermal

stability (initial decomposition temperature[270 �C),

biocompatibility, and environmental benignancy

(Cherian et al. 2011; Jabbour et al. 2013; Reddy and

Yang 2009). Given that cellulose is an abundant

renewable biomaterial with superior thermal stability,

several studies have been carried out to explore the

potential applications as high-performance LIB

separators (Jabbour et al. 2013; Kuribayashi 1996;

Chun et al. 2012; Zhang et al. 2014).

In this study, cellulose nonwoven fibrous mem-

branes were mass produced utilizing the FS method

followed by hydrolysis of the membrane in an alkaline

solution. The morphology, structure and thermo-

physical properties of the developed membranes were

characterized. The potential application of the fibrous

cellulose membrane as LIB separator was evaluated

by investigating its electrolyte uptake capacity and

electrochemical properties, such as ionic conductivity,

interfacial resistance and electrochemical stability.

Experimental

Materials

Cellulose acetate (CA, Mn = 30,000, 39.8 wt%

acetyl), dimethyl sulfoxide (DMSO), acetone, etha-

nol and potassium hydroxide (KOH) were purchased

from Sigma-Aldrich. Anhydrous potassium bromide

(KBr,[99 %) was purchased from Fisher Scientific,

Inc. Lithium hexafluorophosphate (LiPF6), ethylene

carbonate, and diethyl carbonate were obtained from

Alfa Aesar and used for liquid electrolyte uptake

tests. Liquid electrolyte, 1 M LiPF6 in ethylene

carbonate, dimethyl carbonate, and diethyl carbonate

(EC ? DMC ?DEC, 1:1:1 in volume), was supplied

from MTI Corporation. A Celgard� 2400 mi-

croporous polypropylene (PP) membrane separator

was used for comparison. All chemicals were used as

received without further purification. Deionized wa-

ter (DI water, 18 MX cm) was produced from a Mill-

Q filter (Millipore Ltd., UK).

Preparation of FS regenerated cellulose fiber

membrane

A CA solution of 19 wt% was prepared by dissolving

cellulose acetate in acetone/DMSO (6:4, v/v). This
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concentration was selected based on a previous

optimization study that considered cellulose concen-

tration and angular velocity with fiber size, homo-

geneity, and yield. The solution was stirred overnight

at ambient temperature until it became clear. FS was

conducted on a lab scale CycloneTM L-1000 M system

(purchased from Fiberio Technology Corporation).

The as-prepared polymer solution was injected into

the spinneret. The fibers being elongated from the

orifices of the spinneret were deposited on a substrate

to obtain nonwoven fibrous membranes. The prepared

CA membrane was detached from the collector and

dried under vacuum for 24 h at 80 �C to remove traces

of the solvent. To prepare regenerated cellulose

membrane, hydrolysis of the collected CA membrane

was performed in a 0.05 M KOH ethanol solution at

ambient temperature for 1 h. After deacetylation, the

membrane was thoroughly rinsed to neutral pH with

DI water. The hydrolyzed membrane was then dried

under vacuum at 80 �C for 24 h. The thickness of the

obtained final fibrous cellulose membrane was around

50 lm.

Characterizations

The morphology of the fibrous CA and cellulose

membranes was investigated using a field-emission

scanning electron microscopy (FE-SEM; Sigma VP

Carl Zeiss, Germany). The average diameter of the

fibers was analyzed by measuring 300 randomly-

selected fibers from SEM images using the image

analysis software JMicroVision (V.1.2.7, University

of Geneva, Geneva, Switzerland).

Fourier transform infrared (FTIR) spectra of native

cellulose, fibrous CA and cellulose membranes were

performed on a Bruker IFS 55 Equinox FTIR spec-

trophotometer. All samples were grinded and mixed

with KBr and then pressed to form pellets. The samples

were then scanned in the wave number range of

400–4,000 cm-1.

The thermo-physical properties of the fibrous cellu-

lose membrane and commercial Celgard� 2400 mi-

croporous PP membrane were analyzed by differential

scanning calorimetry (DSC), which was carried out

using a TA-Q series instrument, DSC-Q100 (TA

Instruments Inc.). 10 mg samples were sealed in an

aluminum pan and heated from room temperature to

220 �C at a heating rate of 10 �C min-1 under

30 mL min-1 air flow. The thermal shrinkage behavior

of these membranes was evaluated by heat treatment at

150 and 180 �C for 30 min, respectively.

The porosity of the fibrous cellulose membrane was

determined using n-butanol uptake method. In the

uptake test, the weight of the membrane was measured

before and after soaking in n-butanol for 2 h at room

temperature. The porosity was calculated by the

following equation:

Porosity %ð Þ ¼ Ww �Wdð Þ = qb � Vð Þ½ � � 100 %

where Ww and Wd are the weights of n-butanol-soaked

membrane and dry membrane, respectively, qb the

density of n-butanol, and V the geometric volume of

the membrane.

Performance evaluation

For liquid electrode uptake (EU) measurements, the

dry membranes were weighed and subsequently

immersed in the liquid electrolyte of 1 M LiPF6 in

EC ? DEC (1:1 in volume) for 2 h at room tem-

perature, followed by being weighed after removing

the surface liquid with filter paper. The EU was

calculated using the following equation:

EU %ð Þ ¼ W �W0ð Þ =W0½ � � 100 %

where W0 and W are the weights of the membranes

before and after soaking in the electrolyte, respectively.

The ionic conductivity of the liquid electrolyte-

soaked membrane was measured by electrochemical

impedance spectroscopy (EIS) using Reference 600

Potentiostat/Galvanostat/ZRA (Gamry Instruments,

Inc.). The liquid electrolyte-soaked membranes were

sandwiched between two stainless steel blocking

electrodes in coin cells, and the impedance measure-

ment was conducted over a frequency range of 1 MHz

to 1 Hz under AC amplitude of 10 mV at room

temperature. The ionic conductivity was calculated by

the following equation:

r ¼ d= Rb � Sð Þ

where d is thickness of the membrane, S is the contact

area between the separator and stainless steel blocking

electrode, and Rb is the bulk resistance obtained at the

high frequency intercept of the Nyquist plot on the Z0

real axis.

The interfacial resistance between the liquid elec-

trolyte-soaked membranes and lithium metal was

investigated using EIS over the frequency range of
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1 MHz to 1 Hz. The liquid electrolyte-soaked mem-

branes were symmetrically sandwiched with two

lithium non-blocking electrodes in coin cells.

The electrochemical stability of liquid electrolyte-

soaked membranes was determined by linear sweep

voltammetry with a scan rate of 10 mV s-1 and a

potential range from 3.0 to 6.0 V at room temperature.

For this test, coin cells consisting of stainless steel

working electrode and lithium metal counter electrode

were used.

Results and discussion

Morphology and structure

The use of centrifugal forces remarkably increases

fiber production rate and provides a broader opportu-

nity for a broad range of materials to be spun into fine

fibers (Raghavan et al. 2013; Sarkar et al. 2010; Weng

et al. 2014a, b, 2015). Figure 1 displays the schematic

representation of the fabrication of fibrous cellulose

membrane separators. A fine fibrous based membrane

was successively mass produced by spinning CA

solution in a mixture of acetone and DMSO.

Figure 2a, b show typical SEM images of the spun

CA fibrous membrane. The CA membrane consists of

loosely packed, smooth, long, beadless and continuous

fibers with an average diameter of 1.18 lm. Hy-

drolysis in alkaline media of cellulose esters has been

proved to fully regenerate cellulose by cleavage of the

acetyl groups present in the polymer (Liu and Hsieh

2002). As such, the produced CA membrane was

converted to fibrous cellulose membrane by alkaline

hydrolysis. Figure 2c, d show SEM images for the

obtained cellulose membrane after deacetylation.

After alkaline hydrolysis, the changes in shape and

morphology from CA membrane to cellulose mem-

brane were negligible, although the cellulose fibers

were packed more densely than the CA fibers. In

particular, the nonwoven membrane structure with

randomly-oriented, fully-interconnected and highly

porous fibrous networks was maintained, which is

consistent with other reports (Liu and Hsieh 2002; Ma

et al. 2005; Vallejos et al. 2012).

Porosity of battery separators is an important factor

that affects their ionic conductivity and electro-

chemical properties. Typically, the porosity of Cel-

gard� separators is *41 %. In contrast, in this study,

the developed fibrous cellulose membrane exhibits a

Fig. 1 Schematic representation of large-scale fabrication of fibrous cellulose membrane separator using the forcespinning� technique

and subsequent alkaline hydrolysis treatment
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higher porosity, 76 %. The higher porosity can be

attributed to the intrinsic three-dimensional and fully-

interconnected porous network structure. This type of

structure endows high electrolyte uptake and conse-

quently facilitates fast ionic transportation and ensures

small internal resistance between two electrodes (Li

et al. 2011; Wang et al. 2009; Yvonne et al. 2014; Zhai

et al. 2014).

Fourier transform infrared spectroscopy was used

to analyze the change in chemical structure of the spun

CA fibers after deacetylation and confirm the complete

hydrolysis of CA fibers into cellulose. Figure 3 shows

the FTIR spectra of CA fibers before and after

deacetylation. The spectrum of CA fibers shows the

typical absorption features of CA polymer. The strong

characteristic adsorption peaks at 1,745 (tC=O), 1,375

(tC–CH3), and 1,235 cm-1 (tC–O–C), corresponding to

the vibrations of acetate group were observed, and the

wide stretching band at 3,500 cm-1 can be ascribed to

the hydroxyl groups (tO–H) of CA polymer. After

deacetylation, the peaks attributed to the vibrations of

acetate group disappear, while the intensity of the

absorption peak for tO–H increases and it shifts to

3,400 cm-1 (Deng et al. 2010; Ma et al. 2005; Son

et al. 2004a, b; Vallejos et al. 2012). Moreover, the

FTIR spectrum obtained after deacetylation is almost

the same as that of native cellulose microcrystalline.

Overall, these results suggest that acetyl groups in CA

were fully converted to hydroxyl groups and thus

cellulose was completely regenerated after alkaline

hydrolysis.

Thermal stability

The thermal stability of separators plays an important

role in the safe performance of LIBs (Zhang 2007).

The thermal stability of the developed nonwoven

fibrous cellulose membranes was compared with that

of the PP membranes by DSC analysis (Fig. 4). It is

observed that the PP separator shows an endothermic

peak at 165 �C, corresponding to the typical melting

Fig. 2 SEM images of a, b FS CA and c, d fibrous cellulose

membranes

Fig. 3 FTIR spectra of FS CA fibers, cellulose fibers, and

native microcrystalline cellulose

Fig. 4 DSC curves of fibrous cellulose membrane and PP

separator
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temperature of PP, while no peaks were observed up to

220 �C from the cellulose fibrous membrane. This

result suggests that fibrous cellulose membrane pos-

sesses better thermal stability. Figure 5 compares the

photographs of fibrous cellulose membrane and the PP

membrane before and after thermal treatment at 150

and 180 �C for 30 min, respectively. It can be seen

that the PP membrane has shrunk remarkably after

treatment at 150 �C (Fig. 5b), and has been complete-

ly damaged after exposure at 180 �C (Fig. 5c),

resulting from the melting of PP, whereas FS fibrous

cellulose membrane exhibits negligible dimensional

change even after being exposed to 180 �C for 30 min

(Fig. 5c). Therefore, fibrous cellulose membrane has

outstanding thermal dimensional stability, which can

effectively avoid internal short circuit caused by

thermal shrinkage of the separators at elevated tem-

peratures, and thus enhance the safety of LIBs.

Electrolyte uptake capacity

Lithium-ion batteries separators should possess good

electrolyte wettability, easily absorb and effectively

retain liquid electrolyte in order to achieve low

internal resistance and good battery performance

(Manthiram et al. 2008; Ryou et al. 2011; Song et al.

1999; Yang and Hou 2012). Here, the electrolyte

wettability was evaluated and compared. As shown in

Fig. 6, unlike the PP separator, the liquid electrolyte

droplets easily spread and quickly wet the developed

fibrous cellulose membrane, which indicates that FS

nonwoven membrane exhibits better electrolyte wet-

tability. Furthermore, electrolyte uptake capacity of

the cellulose nonwoven membrane was determined.

The uptake capacity of the FS nonwoven cellulose

membrane is about 370 %, which is significantly

higher than that of the microporous PP separator

(110 %), indicating a high electrolyte retention ability

of the fibrous cellulose membrane. This superior

electrolyte wettability and remarkably high electrolyte

uptake capability of the cellulose membrane may be

attributed to its high porosity, well-interconnected

microporous three-dimensional network structure and

large specific surface area, as well as the intrinsically

lyophilic nature of cellulose material, resulting in

easier penetration and absorption of liquid electrolyte

(Chun et al. 2012; Li et al. 2011; Zhang et al. 2014).

Electrochemical properties

It is crucial to have low ionic resistance between two

electrodes for good performance of LIBs. The room-

temperature ionic conductivity of fibrous cellulose

membrane was compared with that of microporous PP

separator after soaked in liquid electrolyte. The

conductivity was calculated from the high-frequency

intersection of the Nyquist curve with the Z0 axis. At

room temperature, the ionic conductivity of the as-

Fig. 5 Photographs of fibrous cellulose membrane and PP separator membrane (a) before and after thermal treatment at b 150 �C and

c 180 �C for 30 min, respectively

Fig. 6 Digital pictures indicating wettability toward the polar

liquid electrolyte of FS fibrous cellulose membrane and PP

separator, respectively
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prepared fibrous cellulose membrane saturated with

liquid electrolyte can be up to 2.12 mS cm-1, which is

higher than that of the PP membrane (0.66 mS cm-1).

The relatively high ionic conductivity of the fibrous

cellulose membrane can be attributed to its high

electrolyte uptake capability and well-interconnected

pore structure. Overall, the FS cellulose nonwoven

membrane exhibits remarkably enhanced migration of

lithium ions, which is favorable for the improvement

of the battery performance.

The interfacial compatibility of a separator with

lithium metal also plays an important role in the

battery performance. The interfacial resistance be-

tween liquid electrolyte-soaked FS fibrous cellulose

membrane with lithium electrode was evaluated

through measuring EIS spectra of a symmetric Li/

liquid electrolyte-soaked membrane/Li cell. In the EIS

spectra (Fig. 7), the diameter of the semicircle at the

intermediate frequency region represents the interfa-

cial resistance between the liquid electrolyte-soaked

membrane and the lithium metal. It can be observed

that the interfacial resistance of liquid electrolyte-

soaked cellulose fibrous membrane is 200 X, while

that of the PP separator is 400 X, which is consistent

with the literature (Yanilmaz et al. 2014). Obviously,

FS cellulose nonwoven fibrous membranes exhibit a

lower interfacial resistance, indicating better interfa-

cial characteristics when used as LIB separator. The

higher electrolyte uptake capacity of FS fibrous

cellulose nonwoven membrane is favorable for the

penetration of electrolyte, and facilitates the migration

of lithium ions, resulting in the decrease of interfacial

resistance.

The separator must be chemically and electro-

chemically stable towards the electrolyte, especially

under the highly oxidative environments (Cai et al.

2012; Sirisopanaporn et al. 2009; Zhang 2007). There-

fore, the electrochemical stability of separators within

the operating voltage range of battery systems is

another important aspect for high battery performance.

Linear sweep voltammetry was used to evaluate the

electrochemical stability window of liquid electrolyte-

soaked membrane using stainless steel as the working

electrode and lithium metal as the reference electrode.

Figure 8 shows the linear sweep voltammogram of

liquid electrolyte-soaked FS fibrous cellulose mem-

brane and compares with that of liquid electrolyte-

soaked PP separator. The voltage corresponding to the

onset of a rapid increase in the current indicates the

electrochemical stability limit of the electrolyte-soaked

membranes (Cheruvally et al. 2007; Jung et al. 2009; Li

et al. 2007). It can be seen that the electrolyte with the

PP separator decomposes at about 4.3 V, which is in

good accordance with a previous report (Yanilmaz et al.

2014), while FS cellulose nonwoven membrane ex-

hibits anodic oxidation stability up to 4.7 V. This result

indicates that the developed cellulose membrane pos-

sesses better compatibility with carbonate electrolyte

and is expected to be more stable within the operating

voltage range than PP separators. Therefore, the

developed nonwoven cellulose membrane has promise

for potential applications in high-power LIBs, given

Fig. 7 Electrochemical impedance spectra of fibrous cellulose

membrane and microporous PP membrane

Fig. 8 Linear sweep voltammograms of liquid electrolyte-

soaked nonwoven fibrous cellulose membrane and PP separator

at a voltage scan rate of 10 mV s-1
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that typical LIBs operate in working potential ranges of

2.5–4.2 V.

Conclusions

Fibrous cellulose membranes were successfully devel-

oped by alkaline hydrolysis of CA membranes, which

were mass produced by the forcespinning� technique.

The morphology, structure, thermo-physical properties,

and electrochemical performance of the developed

membranes were investigated for application as lithi-

um-ion battery separator. The cellulose membrane with

highly-interconnected fibers exhibits a nonwoven

three-dimensional network structure, which favors

penetration of liquid electrolyte while holding sufficient

electrolyte to facilitate fast ionic transportation between

two electrodes. Results indicate that the nonwoven

cellulose membrane has a high porosity of 76 % and a

high electrolyte uptake of 370 %, resulting in a high

ionic conductivity of 2.12 S cm-1 at room temperature.

Moreover, the fibrous cellulose membrane shows

excellent thermal stability, lower interfacial resistance

and better electrochemical stability when compared

with PP separators. Overall, this FS cellulose nonwoven

membrane is a promising candidate to be used as

separator in high-power LIBs. The presented approach

offers a new and feasible pathway to fabricate high-

performance LIB separators.
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