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Abstract The pore structure of the separator is
crucial to the performance of a lithium-battery as it
affects the cell resistance. Herein, a straightforward
approach to vary the pore structure of Cladophora
cellulose (CC) separators is presented. It is demonstrated that the pore size and porosity of the CC
separator can be increased merely by decreasing the
thickness of the CC separator by using less CC in the
manufacturing of the separator. As the pore size and
porosity of the CC separator are increased, the mass
transport through the separator is increased which
decreases the electrolyte resistance in the pores of the
separator. This enhances the battery performance,
particularly at higher cycling rates, as is demonstrated
for LiFePO4/Li half-cells. A specific capacity of
around 100 mAh g-1 was hence obtained at a cycling
rate of 2 C with a 10 lm thick CC separator while
specific capacities of 40 and close to 0 mAh g-1 were
obtained for separators with thicknesses of 20 and
40 lm, respectively. As the results also showed that a
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higher ionic conductivity was obtained for the 10 lm
thick CC separator than for the 20 and 40 lm thick CC
separators, it is clear that the different pore structure of
the separators was an important factor affecting the
battery performance in addition to the separator
thickness. The present straightforward, yet efficient,
strategy for altering the pore structure hence holds
significant promise for the manufacturing of separators with improved performance, as well as for
fundamental studies of the influence of the properties
of the separator on the performance of lithium-ion
cells.
Keywords Cellulose  Separator  Thickness 
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Introduction
Due to their predominant role in energy storage
systems (Goodenough and Kim 2011; Goodenough
and Park 2013; Sobkowiak et al. 2013; Tarascon and
Armand 2001; Wang et al. 2015; Wei et al. 2013; Yang
and Hou 2012), lithium-ion batteries (LIBs) have been
extensively studied during the past decades. However,
relatively little effort has so far been made to
systematically study the influence of the properties
of the separator, one of the indispensable components
in LIBs (Arora and Zhang 2004; Ryou et al. 2011), on
the battery performance. The function of a separator in
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a LIB is generally twofold; it should prevent physical
contact between the anode and cathode materials, and
ensure fast ionic transport between the electrodes
(Arora and Zhang 2004; Lee et al. 2014; Yang and
Hou 2012; Zhang 2007). In order to fulfil these two
functions, the pore structure and thickness of the
separator must be carefully controlled, as a good
balance between ionic conductivity and mechanical
strength must be maintained (Arora and Zhang 2004;
Lee et al. 2014; Zhang 2007).
Contemporary LIB separators, which typically are
made from polyolefin-based polymer materials, generally suffer from low thermal stabilities and electrolyte
wettabilities (Chun et al. 2012; Prasanna et al. 2014;
Ryou et al. 2011; Weng et al. 2015; Xu et al. 2014a, b;
Zhang et al. 2013, 2014; Zhou et al. 2013) which has
resulted in a search for alternative separator materials.
One of the most studied and utilized alternative
materials is cellulose, due to its abundance, thermal
stability, hydrophilicity and low cost (Carlsson et al.
2014; Gustafsson et al. 2016; Mihranyan 2011; Pan
et al. 2016; Wang et al. 2014; Xiao et al. 2014; Zhu et al.
2016; Zolin et al. 2015). It has been reported that
cellulose/polysulfonamide composite separators exhibit
good wettabilities and high thermal stabilities (Xu et al.
2014b) and that cellulose membranes produced by force
spinning of cellulose acetate also exhibit good wettabilities, high porosities and high ionic conductivities
(Weng et al. 2015). A bacterial cellulose based
separator composed of a cross-linked three dimensional
network exhibiting good performance in a battery has
likewise been demonstrated (Jiang et al. 2015). Since
cellulose often contains significant amounts of water it
is, however, very important to choose a type of cellulose
that contains as little water as possible (Lu et al. 2016).
We have recently shown that separators made from
Cladophora cellulose (CC) are particularly well-suited
due to the low water content of this type of cellulose
(Pan et al. 2016). It was demonstrated that a 36 lm thick
CC separator, exhibited a better performance than the
SoluporÒ control separator, in terms of thermal stability, wettability and ionic conductivity (Pan et al. 2016).
These results show that CC is a promising separator
material that is worth further studies particularly as such
separators most likely can be manufactured using upscalable paper-making processes.
In addition to the separator material, the pore
structure and porosity of the material are clearly very
important to the performance of the separator in a
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battery. To facilitate systematic studies of the influence of these properties on the performance of LIBs
there is therefore a need for straightforward methods
by which the pore structure and porosity of a specific
material can be varied conveniently. The objective is
to be able to tailor the pore structure in such a way that
separators with good ion transport and sufficient
mechanical properties readily can be manufactured.
Previous results have shown that the pore structure of
cellulose-based membranes can be tailored with
different drying methods and by incorporating various
additives (Carlsson et al. 2012; Chun et al. 2012;
Gustafsson and Mihranyan 2016; Kim et al. 2013). We
are, however, not aware of any studies on cellulose
based LIB separators focused on the thickness dependence of the pore structure, i.e. the pore size distribution and porosity. The latter is, however, not surprising
as it is reasonable to assume that the pore structure of a
separator should be independent of the separator
thickness. While this assumption may be true for some
porous systems, e.g. polyolefin separators produced by
stretching and anodic aluminum oxide membranes, it
is not necessarily true for cellulose based separators
manufactured using paper-making processes.
In the present work, we describe a straightforward
paper-making filtration process by which CC separators
with different thicknesses and pore structures can be
manufactured merely by varying the amount of cellulose used. This approach allows CC separators with
different thicknesses and pore structures to be manufactured without employing external pressure or different drying techniques. It is shown that thinner separators
exhibit a less compact structure with larger pores and
higher porosities and that this gives rise to LIBs with
lower cell resistances. A LiFePO4/Li battery containing
a 10 lm CC separator, exhibiting the largest pores and
the highest porosity, is shown to feature a specific
capacity of about 100 mAh g-1 at a rate of 2 C. Ionic
conductivity data clearly show that the cell resistance
for a thinner separator was significantly decreased as a
result of its more open pore structure.

Experimental section
Materials
Cladophora cellulose powder (Batch NO. G3828117), produced from Cladophora green algae, was
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supplied by FMC Biopolymer USA whereas lithium
iron phosphate (LiFePO4), Super P (Erachem),
polyvinylidene fluoride (PVdF, Kynar Flex Arzkema),
nylon filter membranes (/90 mm, 0.45 lm, Magna)
and Li foil (thickness 125 lm, Cyprus Foote Minerals)
were purchased from the indicated suppliers. The
LP40 electrolyte [i.e. 1.0 M lithium hexafluorophosphate in ethylene carbonate/diethyl carbonate (1/1,
v/v)] was prepared in the lab using commercial
chemicals. The other chemicals and materials used
in the work (e.g. deionized water, aluminum foil and
copper foil) were obtained from commercial manufacturers and all materials were used as received
without any further purification.
Preparation of CC separators
The CC separators were manufactured based on the
paper-making approach described in our previous
publication (Pan et al. 2016). In the present work, a
dispersion of 300 mg CC in 200 mL water was
prepared by ultrasonication (VibraCell 750 W, Sonics, USA) for 15 min. Different volumes (i.e. 25, 50
and 100 mL) of CC dispersion were used to prepare
separators with different thicknesses. The wet separators were dried at 70 °C and atmospheric pressure for
12 h without applying external pressure (i.e. free
drying). This approach differs from that used in our
previous work where two aluminum plates were used
to clamp the wet separator (i.e. constraint drying)
during the drying (Pan et al. 2016). The notations CC25, CC-50 and CC-100 are used to denote separators
prepared with 25, 50 and 100 mL CC dispersion,
respectively. The thicknesses of the CC-25, CC-50 and
CC-100 separators were found to be 10, 20 and 40 lm,
respectively, using a digital precision caliper (Mitutoyo Absolute, Japan).
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Nitrogen sorption
Nitrogen sorption analyses were conducted at
-194 °C employing a Micromeritics ASAP2020
surface area analyzer. The pore volume and pore size
distributions were fitted and calculated according to
the Barrett–Joyner–Halenda (BJH) model. Before the
analyses, all samples were degassed at 100 °C under
dynamic vacuum (1 9 10-3 Pa) for 6 h.
Electrochemical impedance spectroscopy (EIS)
The ionic conductivities of the electrolyte soaked
separators were determined using EIS measurements
performed within the 1 Hz–100 kHz frequency range
using a VMP instrument (Biologic Multichannel
potentiostat). In these measurements, the cells were
composed of two /13 mm copper electrodes separated by the different separators which had been
soaked with the same volume of LP40 electrolyte (i.e.
75 lL). This volume was found to be sufficient to fully
soak even the thickest separator. The measurements
were performed at the open circuit voltage employing
an ac amplitude of 10 mV. In each case, the cell
resistance Rs, obtained from the high frequency
intercept in the Nyquist plot, was used to determine
the ionic conductivity (r) of the LP40 soaked
separator using r ¼ L=ðRs  AÞ; where L denotes
the thickness of the separator and A the area of the
copper electrodes.
EIS measurements were also carried out on
LiFePO4/Li cells containing different separators to
compare their cell resistances. The latter measurements were performed for fresh-made cells between
200 mHz and 200 kHz at their open circuit potentials
(around 3.2 V) using an ac amplitude of 10 mV.
Charge and discharge curves

Characterization
Scanning electron microscopy (SEM)
The surface and cross-sectional morphologies of the
separators were examined using a field emission
scanning electron microscope (Zeiss LEO1550, Germany). The samples were sputtered with a thin layer
of gold/palladium for 30 s before being mounted
onto aluminum stubs with double-sided conductive
tape.

Galvanostatic (i.e. chronopotentiometric) experiments
at different rates were carried out on an Arbin BT2043 cycling equipment. The cycled LIBs contained a
LiFePO4 composite electrode (LFP/carbon black/
PVdF, 80/10/10, 13 mm disc with active mass loading
of around 1 mg cm-2) and a lithium disc combined
counter and reference electrode, LP40 electrolyte and
one of the three studied CC separators (i.e. CC-25, CC50 or CC-100). An aluminum foil was used as the
current collector for the cathode, while a copper
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current collector was used for the anode. The LFP
composite electrode was prepared with a doctor blade
method using slurry mixed in a high energy ball
milling machine. The cells were first cycled at
different rates, i.e. 0.1 C, 0.2 C, 0.5 C, 1 C and 2 C
(where x C indicates that the cell can be fully charged/
discharged in 1/x h) for five cycles after which the
cells were cycled at a rate of 0.5 C for five cycles
between 2.5 and 4.2 V versus Li?/Li. To study the
cycling stability of a battery containing the CC-25
separator, the cells were cycled on the Arbin cycler at a
rate of 1 C for 50 cycles.

Results and discussion
Previous studies (Gustafsson et al. 2016; Pan et al.
2016) have indicated that CC based separators manufactured using the present paper-making process
exhibit a layered cross-sectional structure featuring
layers composed of randomly intertwined CC fibers.
This indicates that it should be possible to modify the
pore structure of the CC separators by merely adjusting their thicknesses. When cellulose fibers with
similar structures are randomly stacked, the pores in
the obtained cellulose layer will be partly blocked or
divided when new fibers are added. This means that
the overall porosity and average pore size of the
separator will decrease as its thickness increases, as is
schematically shown in Fig. 1. The 10 lm thick CC25 separator is therefore expected to feature larger
pores and a higher porosity than the CC-50 and CC100 separators which were found to have thicknesses
of 20 and 40 lm, respectively. This is in good
agreement with the results presented in Fig. 2. The
digital images of the cellulose CC-25, CC-50 and CC100 separators shown in Fig. 2 (top row) thus

Cellulose (2017) 24:2903–2911

demonstrate that the transparency of the separators
decreased with increasing thickness. The SEM images
also show that the CC-25 separator featured larger
pores and a less compact structure than the CC-50 and
CC-100 separators, despite the fact that the fiber
morphology and overall structure (entangled CC fibers
with a thickness of around 30 nm) were the same in all
three cases. Since all three separators were manufactured from the same raw material using the same
procedure, it is hence clear that their microstructures
differed merely as a result of their different thicknesses (see the SEM images in Fig. 2a–c), in accordance with the hypothesis described in Fig. 1.
The pore structures of the CC-25, CC-50 and CC100 separators were further examined using nitrogen
adsorption experiments in which the pore size distributions were analyzed with the BJH method (see
Fig. 3). These results were in good agreement with the
SEM results as the peak pore sizes were 21, 13 and
12 nm, for the CC-25, CC-50 and CC-100 separators,
respectively (see Table 1). It can also be noted that the
CC-50 separator featured more pores with a size larger
than 15 nm than the CC-100 sample, although both
separators showed similar peak pore sizes. The latter
finding indicates that the CC-50 separator had a more
porous structure than the CC-100 separator due to its
lower thickness. Furthermore, the specific pore volume of the CC-25 membrane was much larger than
those of the other two separators, as indicated by the
areas under the pore size distribution curves in Fig. 3a.
The porosities calculated based on the detected pores
using the nitrogen adsorption technique and a true
density of 1.64 g cm-3 for CC (Ek et al. 1998;
Mihranyan 2011) were 44, 37 and 33%, for the CC-25,
CC-50 and CC-100 separators. The estimation of the
porosity according to this procedure is expected to
give reliable results since the CC separators mainly

Fig. 1 Schematic illustration describing the pore structure evolution during the separator manufacturing process. It can be seen that
thin separators exhibit larger pores and a higher porosity than thicker separators composed of more cellulose fibers
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Fig. 2 Top row: Digital images of the CC-25, CC-50 and CC100 separators positioned on top of the Uppsala University logo
to demonstrate their different transparencies; Surface (a–c) and

cross section (d–f) SEM images of the CC-25 (a, d), CC-50 (b,
e), CC-100 (c, f) separators

contain micropores and mesopores as demonstrated in
our previous work (Pan et al. 2016). This clearly
shows that the pore size distribution and the porosity
(i.e. the pore structure) of the CC separators can indeed
be controlled merely by altering the thickness of the
separators. The smaller porosity value for the CC-100
separator, i.e. 36%, compared to the value of 46%
reported in our previous work for a separator containing a similar amount of CC (150 mg), can be
explained by the different drying methods used in
these two studies. It has been shown that CC
membranes shrink somewhat during their drying to

yield a more compact structure and different drying
methods can hence lead to different porosities and
separator thicknesses (Gustafsson and Mihranyan
2016).
The relatively larger pores and higher porosity for
the CC-25 separator should facilitate the incorporation
of the electrolyte into the separator and may also
improve the battery performance as a result of the
higher ionic conductivity (r) of the electrolyte soaked
separator. The ionic conductivities, calculated from
EIS measurement using symmetric cells containing
two copper electrodes (see Fig. 3b) were 0.82, 0.79
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Fig. 3 Pore size
distribution (a), high
frequency part of the
Nyquist plots used in the
ionic conductivity
determinations (b)

Table 1 Thickness, peak pore size, porosity and ionic conductivity values for the studied CC separators
Thickness (lm)

Pore size (nm)

Porosity (%)

r (mS cm-1)

CC-25

10

21

44

0.82

CC-50

20

13

37

0.79

CC-100

40

12

33

0.69

and 0.69 mS cm-1 for the CC-25, CC-50 and CC-100
separators, respectively. These results demonstrate
that the CC-25 separator should give rise to a smaller
electrolyte resistance not only due to its smaller
thickness but also due to its more open pore structure.
The peak pore size, porosity and ionic conductivity
data for the different separators presented in Table 1
clearly show that the properties of the CC-25, CC-50
and CC-100 separators are in good agreement with the
trends expected based on the schematic model in
Fig. 1. The behavior seen here is therefore different
from that typically expected as it is normally reasonable to assume that the ionic conductivity, porosity
and pore size are independent of the separator
thickness. However, our experimental show that an
increased separator thickness (from 10 to 40 lm) gave
rise to a decrease in the porosity (from 44 to 33%),
peak pore size (from 21 to 12 nm) and ionic conductivity (from 0.82 to 0.69 mS cm-1). It can consequently be concluded that the pore structure of CC
separators can be modified merely by changing the
separator thickness. This provides new possibilities
with respect to systematic investigations of the
influence of the properties of the separator on the
performances of e.g. LIBs.
To assess the influence of the separator thickness on
the LIB performance, galvanostatic cycling tests were
carried out with LiFePO4/Li batteries (with similar
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active mass loadings of around 1 mg cm-2) at several
rates (i.e. 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and finally 0.5
C), as is shown in Fig. 4. The battery with the thinnest
separator, i.e. CC-25, exhibited the highest specific
capacity and the smallest overpotentials (i.e. the
smallest difference between the charge and discharge
plateaus, see Fig. 4a–c) at all rates. It can be seen that
the differences between the cells containing the
different separators were more pronounced at high
rates. Note that the CC-100 based battery could not be
used at a rate of 2 C, while batteries with the CC-25
and CC-50 separators still delivered capacities of
about 100 and 40 mAh g-1, respectively (see Fig. 4a–
c, e). The results in Fig. 4 can be explained based on
the different cell resistances of the different cells. As
the only difference between the cells was the
employed separator it is immediately evident that the
CC-25 based cell had the lowest cell resistance. This
conclusion is also supported by the EIS data presented
in Fig. 4d (see e.g. the different high frequency
intercepts in the inset). As the electrolyte resistance
should be proportional to the separator thickness, the
good cycling performance of the CC-25 based cell can
mainly be explained by the fact that this separator was
thinner than the others. However, the higher conductivity of the CC-25 separator discussed above should
also have contributed to the lower cell resistance. To
minimize the cell resistance and hence to optimize the
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Fig. 4 Charge and discharge curves recorded at different
cycling rates for the CC-25, CC-50 and CC-100 based cells
(a–c), Nyquist plots recorded prior to the galvanostatic cycling
(d), specific capacity versus cycle number plots obtained at rates

between 0.1 C and 2 C (e), and the specific capacity as a function
of the cycle number for a CC-25 containing cell cycled at a rate
of 1 C (f)

high rate cycling performance the separator should
therefore be as thin as possible and have an ionic
conductivity as high as possible while still eliminating
the risk of short-circuits between the electrodes. As no
problems with short-circuits were encountered in the
present study, it is clear that 10 lm thin CC LIB
separators can be readily made with the paper-making
process described herein. It is also clear that the ionic
conductivity of the CC separator increases with
decreasing thickness as a result of the process
described in Fig. 1. It should also be mentioned that
access to thin separators facilitate the design of LIBs
with higher energy densities.
To investigate the cycling stability a CC-25 based
LiFePO4/Li battery was also subjected to galvanostatic cycling at a rate of 1 C for 50 cycles. The cell
showed stable cycling, as is seen in Fig. 4f, and the
battery exhibited an initially capacity of more than
125 mAh g-1 and a capacity retention of 93% after 50
cycles. It should also be noted that this capacity
retention deviated from that expected based on the
coulombic efficiency of 99% which should give rise to
a capacity retention of merely about 60% (as
0.9950 = 0.60). The fact that the experimental capacity retention value was found to be 93% found after 50
cycles thus indicates that the coulombic efficiency in

fact was as high as about 99.9% (as 0.99950 = 0.93).
This illustrates the problems associated with the
conventional calculations of coulombic efficiencies
which often contain significant uncertainties and also
are affected by irreversible side-reactions (e.g. oxygen
reduction) even though these do not affect the charge
and discharge reactions. More importantly, the results
show that the approach used in the present work is
effective in controlling the pore structure of the CC
separators and an improved cycling performance
could be obtained for LiFePO4/Li batteries when
using the 10 lm thick CC-25 separator as a result of a
decreased electrolyte resistance. While the latter
mainly stemmed from the small thickness of the
separator, there was also a contribution from the open
pore structure of this separator. It can thus be
concluded that improved LIB cycling performances
can be obtained with the present 10 lm thick CC
separators.

Conclusions
A surprisingly facile paper-making approach has been
described for the manufacturing of stratified Cladophora cellulose (CC) separators with different
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thicknesses and pore structures. The pore size distribution and porosity of the separators can be controlled
merely by varying the amount of CC used in the
manufacturing process as an increased thickness gives
rise to a decreased porosity and peak pore size in the
paper-making process. The method, which allows the
manufacturing of CC separators with thicknesses
down to 10 lm, therefore facilitates the manufacturing of separators based on the same material but with
different pore structures and hence ionic conductivities. This provides new possibilities for systematic
studies of the influence of the properties of the
separator on the performance of e.g. lithium-ion
batteries. It has been shown that a decrease in the
CC separator thickness from 40 to 10 lm results in an
increase in the peak pore size from 12 to 21 nm as well
as an increase in the porosity from 33 to 44%, resulting
in an increase in the ionic conductivity of the
electrolyte soaked separators from 0.69 to 0.82
mS cm-1. A LiFePO4/Li battery equipped with a
10 lm thick CC separator was found to exhibit a
specific capacity of about 100 mAh g-1 at a cycling
rate of 2 C whereas the corresponding capacity for a
cell containing a 20 lm thick separator was limited to
about 40 mAh g-1. The present experimental
approach and the underlying pore structure manipulation technique are also expected to facilitate the
development and understanding of the performance of
other porous membrane systems used in batteries and
other devices.
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