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Abstract
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The development of lithium-ion batteries (LIBs) has been focused on exploring and improving
the electrode materials and electrolytes in the past decades. An indispensable component, the
separator, is however not studied as extensively. In general, a separator has two functions, i.e.
preventing the direct contact between the cathode and anode and providing the ionic transport
pathways. Commercial separators for LIBs are usually made of polyolefin materials, which
often have low thermal stabilities and poor electrolyte wettabilities.

In this thesis, a new type of material, i.e. Cladophora cellulose, is used to manufacture
separators for LIBs and lithium-metal batteries (LMBs). The separators, made with Cladophora
cellulose fibers via a straightforward paper making method, possess several advantages
compared to conventional polyolefin separators regarding, e.g. ionic conductivity, thermal
stability, electrolyte wettability and pore distribution, providing promising alternatives for
battery separators.

Apart from studying the two basic functions mentioned above, two types of advanced
separator functionalities have been studied, i.e. redox-activity and the attainment of a
homogeneous current distribution, in conjunction with proposals for new separator designs.

Two types of redox-active separators have been devised for the first time in the separator
field, based on the use of a redox-active conducting polymer, polypyrrole (PPy) and a natural
polymer, polydopamine (PDA). Based on their redox-active potentials, the PPy-based redox-
active separator was designed to contribute capacity to the cathode of a LIB, while the PDA-
based redox-active separator was proposed to be used on the anode side.

It is known that a homogeneous current distribution is beneficial for the battery performance.
Therefore, two new types of separators with homogenous pore distributions have been
manufactured to study the influence of the pore distribution on the Li deposition/stripping
behavior and composite cathode utilization in LMBs. With the knowledge obtained from the
study, a stable, long lifetime paper-based LMB was designed.
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Lithium batteries 

Lithium (Li) is the lightest metallic element on earth (0.534 g cm-3) with the 
lowest electrochemical standard potential (-3.04 V vs. standard hydrogen elec-
trode) [1, 2], making it favorable in battery systems that aim to achieve high 
energy densities. Depending on the choice of anode, Li-based batteries can be 
categorized into lithium-ion batteries (LIBs) and lithium-metal batteries 
(LMBs), which use non-Li (e.g. graphite, Li-titanate, silicon) and metallic Li 
anodes, respectively. While the commercial LIBs are often secondary (re-
chargeable) batteries, the LMBs are usually primary. However, research on 
both LIBs and LMBs is intense currently, focusing on both similar and differ-
ent aspects. 

Lithium-ion batteries (LIBs) 
LIBs were first commercialized by Sony in 1991. However, after only a few 
decades, they have become the most popular electric storage devices for com-
mercial portable devices, and are currently making their way into large-scale 
energy storage systems and vehicle electrification[2-8]. LIBs have many ad-
vantages compared to other battery systems, e.g. high operational voltages, 
high energy densities, long cycle lifetimes and low self-discharge rates[9]. 
Generally, a LIB is composed of three components, i.e. the cathode, anode and 
separator soaked with electrolyte (Figure 1 1), and it works based on the ex-
change of Li-ions and the redox reactions of the electrode materials (according 
to the ‘rocking chair’ mechanism[7]). 

To meet the increasing demand for higher energy and power densities, the 
development of electrode materials has attracted considerable amount of at-
tention. The research is focused on the identification of new electrode materi-
als and the development of nanostructures as well as the manipulation of the 
crystal structures of the electrode materials[10]. Research on electrolyte has 
been intensively conducted on identifying different solvent and salt composi-
tions, understanding the solid electrolyte interphase (SEI) and studying elec-
trolyte additives, even though commercial electrolytes in LIBs are generally 
still based on LiPF6 dissolved in carbonate solvents[11]. Meanwhile, more re-
search efforts have been devoted to solid-state electrolytes (polymeric, inor-
ganic) to improve the safety of LIBs[12, 13]. 
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Figure 1. Schematic illustration of a typical LIB containing liquid electrolyte during 
discharge. 

Lithium-metal batteries (LMBs) 
Before the commercialization of LIBs, intensive research efforts were devoted 
to the development and commercialization of secondary LMBs. However, the 
first commercialized secondary LMB produced by Exxon was retracted from 
the market in 1979 due to safety and cycling stability issues[14]. Later at-
tempts by Moli Energy, NEC and Mitsui also ended up with failures[15, 16]. 
The interest in LMBs was then largely suppressed by the commercialization 
of LIBs in 1991. 

 
Figure 2. The Li deposition and stripping process.  

The apparent difference between the LIB and LMB is merely the anode, (i.e. 
non-Li or Li anode), but the seemingly small difference changes everything. 
While LIBs work according to the ‘rocking chair’ mechanism, LMBs function 
based on the deposition and stripping of Li metal, which is rather problematic 



3 
 

(Figure 2). The dendritic Li growth behavior not only gives rise to an ineffi-
cient use of the Li metal in terms of dead Li accumulation and electrode pul-
verization, but also leads to safety concerns in the event of dendrite penetra-
tion through the separator. 

However, the need for high energy density storage systems has reignited 
the interest in LMBs during the past few years (Figure 3), as it can be foreseen 
that conventional liquid electrolyte-based LIBs can only provide energy den-
sities up to 770 Wh l-1 and 260 Wh kg-1[12, 16], while LMBs can yield much 
higher values. Intensive and expanding studies on the passivation of Li metal 
and the improvement of the Li metal reversibility have been carried out mainly 
after 2010 (Figure 3), covering topics associated with, e.g. electrolyte compo-
sitions[17], artificial SEI layers[18], porous current collectors[19], encapsu-
lated Li anodes[20] and solid state electrolytes[21]. Unfortunately, to date, 
only few successful secondary LMBs have been introduced to the market, e.g. 
the Li-metal polymer battery from Bolloré.  

 
Figure 3. The number of studies conducted on Li metal anodes (using Web of Sci-
ence with ‘Lithium metal’ OR ‘Li metal’ in the titles). 

Summary 
The research on LIBs and LMBs currently attracts a large amount of attention 
from academia and industry, aiming at improving the energy densities of these 
batteries. The main focus has been put on the development of electrode and 
electrolyte materials, and substantial progress has been made for LIBs since 
their commercialization, while a safe and reliable LMB is yet to be mass-pro-
duced. It is also noticed that relatively little effort has been made regarding 
separators for LIBs or LMBs, even though the separators are known to be im-
portant to the battery performances. 
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Separators 

The separator is an indispensable component in a battery, be it primary or re-
chargeable. It prevents the electronic contact between the positive and nega-
tive electrodes, while permitting ionic communication between them. Porous 
structured insulators naturally do the job. Historically, felt, glass, asbestos, 
rubber, cellulose, wooden veneer, organic fibers, nylon and polyolefin have 
been used in lead-acid and alkaline batteries [22]. In the era of LIBs, polyole-
fin microporous separators (Figure 4) have prevailed since the very com-
mencement of their commercialization in the early 1990s[22]. This is due to 
their satisfactory performance and socioeconomic feasibility, which is best re-
flected by the absence of research and development of separators before the 
late 2000s.  

 
Figure 4. SEM images of typical polyolefin separators produced by (left) a wet pro-
cess (Solupor 8P01E) and (right) dry process (Celgard 2325). Adapted with permis-
sion from [23]. Copy right (2016) Elsevier. 

The initiation of research on LIB separators incudes efforts made on the iden-
tification of alternative materials with good wettabilities for non-aqueous elec-
trolytes and high thermal stabilities, and the modifications of polyolefin sep-
arators to achieve the same purposes. This has been well-summarized in sev-
eral review papers[9, 22, 24]. However, the most drastic expansion of the sep-
arator research started after year 2010, when post-LIBs gained significant 
attention and modified separators were found capable of solving/mitigating 
certain problems associated with them, e.g. polysulfide shuttling[25] and Li 
dendrite growth[26]. The gained knowledge from the post-LIBs in return stim-
ulated the development of advanced separators for high performance LIBs. 
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More materials have been proposed for LIB separators with particular physi-
cochemical properties that can improve the performances of LIBs. In addition, 
some advanced separator functions have also been proposed and investigated.  

Basic functions 
A separator serves two basic functions in a battery, i.e. preventing the physical 
contact between the positive and negative electrodes (electronic insulation) 
and facilitating the ionic transport between them (ionic conduction). These 
two seemingly primitive functions not only impose vital requirements on the 
separator materials, e.g. regarding the dielectric constant, thermal stability, 
electrochemical stability, mechanical property and wettability, but also for-
mulate fundamental guidelines for the separator designs, e.g. concerning po-
rosity and pore size (Table 1) [9, 22]. 

Table 1. General requirements for LIB separators[9, 22] 

Parameter Requirement 
Thickness 20-25 µm 
Porosity 40-60% 
Pore size <1 µm 
Wettability Wet quickly/completely with common electrolytes 
Dimensional stability Lay flat and no curl up outside/inside battery 
Thermal stability <5% shrinkage after 60 min at 90 °C 
Tensile strength >1000 kg cm-2 (98.06 MPa) 
Air permeability < 0.025 s µm-1 
Chemical stability Stable in the battery for a long period 
Electrochemical stability Stable in the battery for a long period 
Thermal shutdown Shut down of the battery at ~130 °C 

Electronic insulation 
The electronic insulation function depends largely on the dielectric constant 
of the separator material, but the successful realization of this function covers 
many more aspects, e.g. the pore structure, mechanical properties, thermal sta-
bility, electrochemical stability and so on.  

The pores of LIB separators have been made of submicron size since the 
commercialization of LIBs[22]. However, a separator with small pores inevi-
tably yields a high electrolyte resistance, which decreases the rate capability 
of LIBs. The discussions of pore size and electronic insulation are also highly 
relevant to the present development of the LMBs, as Li dendrites also can 
penetrate through the separators and cause internal short-circuits[27].  

Recently, the development of high energy density LIBs has come to require 
the separators to take up as little space and weigh as little as possible. In this 
regard, the separators are being made thinner and thinner, from 40 µm down 
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to less than 10 µm[22, 28]. The benefits of this strategy are rather clear: an 
increased occupation ratio of active materials and a decreased electrolyte re-
sistance. However, it compromises the electronic insulation, as the active par-
ticles or Li dendrites only need to travel a short distance to reach the opposite 
electrode, and the mechanical strength of the separator is also decreased. The 
mechanical strength of a separator is strongly linked to its porosity, which is 
usually 40-60% for commercial separators[9, 22].  

Most LIBs are intended to be operated at moderate temperatures. However, 
LIBs can generate a large amount of heat and their temperature can vary sig-
nificantly during charging and discharging. In this case, the thermal stability 
of the separator is essential, as the failure to maintain its dimension easily can 
result in an internal short-circuit. Conventional separators for LIBs are often 
made of polyolefin materials, which have moderate melting temperatures, e.g. 
120 ºC for polyethylene, 160 ºC for polypropylene, and shrink well below 
their melting points. Commercial LIBs usually use oversized separators to cir-
cumvent their shrinkage in the event of moderate temperature rise. Together 
with the shutdown property of the polyolefin separators (pore blocking upon 
shrinking, thus disrupting the current and heat generation), this strategy serves 
well with respect to electronic insulation and battery safety. However, the in-
homogeneity of current distribution in a battery could compromise this, as lo-
cal hot spots can rapidly heat up the separator above their melting tempera-
tures and cause internal short circuits without triggering overall shrinkage and 
shutdown. In the case of external heating, thermal shutdown is also of minor 
significance, as it only stops the internal joule heat generation. Therefore, sep-
arators with high shrinking and melting temperatures are preferred.  

Battery separators are usually considered to be inactive, in other words, 
electrochemically inert. The electrochemical stability of a separator is also of 
large importance to battery safety, as irreversible electrochemical reactions 
gradually may consume the separator material, thus damaging the electronic 
insulation. 

Ionic conduction 
Battery separators for liquid electrolyte systems are porous, and their pores 
accommodate liquid electrolytes as their porous channels provide transport 
pathways for the ions. It is thus obvious that a good separator should have a 
high affinity for common electrolytes so that the pores can easily be filled with 
electrolyte, and more importantly in the event of electrolyte insufficiency, the 
electrolyte can still completely cover the inner surfaces of the pores to provide 
continuous ionic pathways[29]. However, since commercial polymeric sepa-
rators usually are nonpolar and common electrolytes are composed of polar 
solvents and concentrated salts, the affinity of the separators for the electro-
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lytes is often poor, leading to problems associated with electrolyte filling, sep-
arator wetting, separator-electrode interfacial stability and battery cycling sta-
bility. Much research attention has hence been paid to improve the electrolyte 
wettability of battery separators by using new materials and modifying con-
temporary commercial separators[30-32]. 

Although good electrolyte wettability is a prerequisite for a facile ionic 
conduction, the pore structure eventually dictates the conductivity of the sep-
arator after soaking with electrolyte. If considering the free electrolyte as the 
most ionic conductive media, the introduction of a separator into the electro-
lyte inevitably leads to a decrease in the ionic conductivity. The MacMullin 
number (Nm) is a parameter that reflects the ratio between the electrolyte re-
sistances in the presence and absence of a separator and is determined by the 
pore structure of the separator, namely the porosity and tortuosity, according 
to the following equation[22].  =  =  

where ρs, and ρe are the electrolyte resistances in the present and absence of a 
separator, respectively, τ is the tortuosity, while ϵ is the porosity of the sepa-
rator.  

It may be concluded from the equation that the porosity should be as high 
as possible and the tortuosity as low as possible to yield a low Nm and a high 
ionic conductivity. However, it should be noted that separators with more po-
rous structures are less mechanically strong, and those with less tortuous struc-
ture are more prone to internal short-circuits caused by particle penetration.  

It is clear that the two basic functions (i.e. electronic insulation and ionic 
conduction) are highly connected even though they seem to represent very 
different aspects of a material. The link between the two basic functions is the 
structure of the separator, i.e. the thickness, pore size, porosity and tortuosity 
of the separator. When designing a new separator or modifying a commercial 
separator, these aspects have to be taken into consideration in order to fulfill 
both basic functions simultaneously. 

Advanced functions 
The need for high-energy/power-density storage systems has stimulated the 
development of LIBs and beyond LIBs significantly. Along with great prom-
ises, the new battery chemistries have also introuduced considerable problems 
associated with their stability and safety. Much research effort has been made 
to resolve these problems[33-38], a fraction of which has resulted in the rapid 
research development of many advanced functions for separators, which may 
improve or compromise their basic functions.  
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Homogenizing the current distribution 
As the ionic conducting media between the cathode and anode, the property 
of the separator largely determines the current distribution in a battery. The 
influences of the structural and physicochemical properties of the separator on 
the current distribution in a battery have been studied, leading to the applica-
tion of relevant strategies for improving the battery performances. 

Conceptually, when the current distribution is homogeneous, the local cur-
rent density on the electrode is minimized, therefore the electrode materials 
experience less stress while maintaining the overall current, which is im-
portant to the battery performance, especially at high currents[9, 22]. The ho-
mogeneous current distribution plays a significant role if using Li-metal an-
odes, since homogeneous Li nucleation reduces the risk of dendrite formation 
on Li-metal electrodes and improves the safety and lifetime of the battery.  

Dendrite suppression 
In commercial LIBs with graphite anodes, Li dendrites may form under cer-
tain conditions, e.g. at high charging rates[39], low temperatures and high 
states of charge[40], leading to capacity loss and even safety hazards once the 
dendrites penetrate through the separator and cause short-circuits. The situa-
tion is even more pronounced for metallic Li anodes, which literally has pre-
vented the commercialization of secondary LMBs[14]. Recently, the studies 
on metallic Li anodes have been revived[16] due to the demand for batteries 
with higher energy densities. This has resulted in the development of separa-
tors with Li dendrite suppression functions in addition to the development of 
the other LMB components[41]. The strategies on this topic can generally be 
categorized into two main types: mitigating dendrite formation and preventing 
dendrite penetration.  

Facilitating Li-ion transport 
The ionic movement in a battery is affected by the pore structure of the sepa-
rator, e.g. the pore size, porosity, tortuosity, as well as its physicochemical 
properties, e.g. polarity and surface charge. The polarity and surface charge 
can lead to noncovalent interactions between the electrolyte solvent, cations 
and anions, which can result in a different transport behavior for the electro-
lyte within the pores of the separator compared to in the free electrolyte[42]. 
Unmodified commercial polyolefin separators have neutral surfaces and low 
polarities, therefore the interaction between the polyolefin separators and the 
electrolyte is weak. This is the main reason for their poor electrolyte wettabil-
ities. To make use of the electrolyte/separator interactions to facilitate the Li+ 
transport through the separator and at the same time improve the electrolyte 
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wettability, researchers have proposed various modified separators with polar 
groups and/or surface charges[43, 44]. 

Ion selectivity 
The working principle of LIBs is based on intercalation, conversion and alloy 
forming reactions of electrode materials with lithium ions or atoms[8], there-
fore Li+ is the active species of the electrolyte and its transport should be max-
imized to render a good battery performance. On the other hand, some special 
batteries exhibit detrimental crosstalk between the cathode and anode materi-
als during operation, e.g. polysulfide diffusion or moisture and O2 penetration, 
which could significantly impair the battery performance. In view of these 
aspects, ion-selective separators have been proposed based on different work-
ing mechanisms[45-47]. It is not surprising to see that many of these separa-
tors were proposed for Li-S batteries, as the polysulfide shuttling effect se-
verely plagues the performance, in terms of the cycling stability, coulombic 
efficiency (CE) and self-discharge rate for the intensively studied Li-S chem-
istry. 

Species scavenging 
Transition metal ion dissolution and HF generation are believed to be two rea-
sons for the capacity decay seen for high voltage spinel cathode materials[48, 
49], especially at high temperatures (e.g. 55 ºC) where both problems are am-
plified. In view of this, researchers have recently proposed functional separa-
tors to scavenge the dissolved transition metal ions, particularly Mnx+, and/or 
HF molecules to improve the stability of the LIBs containing such cath-
odes[49-58]. 

Upper current collector 
The separator is traditionally composed of insulating materials, and there is 
therefore only an ionic link between the separator and the electrodes. How-
ever, it was recently shown that a conductive coating/interlayer attached to a 
separator could efficiently facilitate the charge transfer process involving the 
active materials in the electrode, providing an extra electron transfer surfaces, 
especially when the reactant is soluble in the electrolyte[57, 59, 60], e.g. pol-
ysulfides in Li-S batteries. 

Thermal management 
LIBs need to be operated at moderate temperatures, as their performance, life-
time and safety are strongly dependent on the temperature[61]. This issue is 
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particularly important here as the safety depends strongly on the properties of 
the separators, since thermal runaway often is related to the failure of the sep-
arators. Moreover, the separator has been identified as a major limiting factor 
for the heat dissipation in batteries[61, 62], due to the low thermal conductiv-
ities of polyolefin materials (0.15-0.17 W m-1 K-1)[61]. It is therefore very 
important to pay attention to the thermal properties of the separators in LIBs, 
especially for those that have the potential to be used in large-scale applica-
tions, e.g. electric vehicles. In this regard, it is worth mentioning again that 
conventional polyolefin microporous separators have a built-in safety func-
tion, known as ‘thermal shutdown’. When the temperature of the battery ap-
proaches the melting point of the separators, they start to soften and their pores 
will be blocked due to material shrinkage, therefore ‘distinguishing’ the bat-
tery. As discussed previously, this function is, however, far from satisfactory 
for battery protection. Apart from the more thermally stable separators dis-
cussed before, some advanced battery separators with thermal management 
functions, e.g. thermal shutdown, flame retarding[63, 64], fire extinguish-
ing[65] and heat dissipating functions[62], have been proposed.  

Electrode substrate 
Currently, there is a strong interest in developing flexible electronic devices 
including energy storage devices, e.g. batteries and supercapacitors (SCs). The 
realization of flexible energy storage devices often involves an elimination of 
metallic current collectors and the development of freestanding, flexible elec-
trodes by embedding active materials in a 3D, conductive, freestanding and 
flexible matrix[66-68]. A step further towards this concept is to instead as-
semble electrodes on separators, which are intrinsically flexible and mechan-
ical robust to provide mechanical support to the electrodes and thus obtain 
simple and compact energy storage devices[69-71].  

Redox-activity 
Even though a separator is conventionally made electrochemically inert so that 
its chemical integrity and its electronically insulating function can be main-
tained, making a separator partly redox-active has been proposed as an effec-
tive way to reduce the inactive material and increase the energy density of a 
battery. However, it is important to ensure that the insulating part of such a 
separator remains sufficiently stable over the lifetime of the battery and that 
the redox-active part is porous enough not to block the ionic transport through 
the separator[72]. 
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Miscellaneous functions 
Besides the advanced functional separators mentioned above, separators with 
other functions have also been proposed and demonstrated in a few studies, 
e.g. catalytic separators[73] and separators with short-circuit detection [74, 
75] as well as overcharge protection capabilities [76-78]. 

Summary 
Conventional microporous polyolefin separators can generally provide satis-
factory electric insulation and ionic conduction, but they have low thermal 
stabilities and poor electrolyte wettabilities, which can lead to short-circuits 
of batteries at elevated temperatures and battery assembly difficulties, respec-
tively. To address these two problems with microporous polyolefin separators, 
researchers have come up with different approaches including modified poly-
olefin separators and new separator materials. Meanwhile, some advanced 
battery functions have been proposed as a complement to the two basic func-
tions, generating new benefits for certain battery systems. One of the most 
studied alternative separator material is cellulose, much due to its natural 
abundancy, thermal stability, hydrophilicity and chemical versatility. 
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Cellulose 

Cellulose is the most abundant renewable polymer on earth. It exists every-
where in our daily life[79-81], in the form of e.g. building material, paper and 
textiles. Cellulose can be extracted from various sources, e.g. wood, plants, 
algae, bacteria and tunicates[80]. Chemically, cellulose is composed of linear 
chains of repeating β-D-glucopyranose units covalently linked through β-1,4 
glycosidic bonds with a polymerization degree of 10000 to 15000[80] (Figure 
5). Due to the existence of a large number of intra- and intermolecular hydro-
gen bonds, the cellulose chains stabilize in a linear manner to form cellulose 
fibrils, many of which aggregate to form cellulose fibers[82]. Depending on 
the source of the cellulose fibers, the celluloses have different crystallinities 
(Table 2). 

 
Figure 5. The chemical structure of cellulose. 

Table 2. Typical crystallinity values (based on XRD measurements) of common cel-
lulose 

Origin Crystallinity (%) Ref. 
Celery 41 [83] 
Swiss chard 43 [83] 
Corn stover 47 [84] 
Norway spruce 47 [84] 
Avicel 62 [84] 
Acala cotton 68 [85] 
Rice straw 68 [86] 
Potato tuber 66 [86] 
Black spruce 67 [83] 
Wood 71 [86] 
Hemp fibres 77 [84] 
Ramie 83 [83] 
Bacterial cellulose 95 [87] 
Valonia ventricosa 95 [83] 
Cladophora cellulose 95 [88] 

 
Cellulose fibers have many attractive physical and chemical properties, in-
cluding mechanical flexibility, versatile surface chemistry, high elasticity and 
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low thermal expansion[81]. Cellulose-based materials have therefore attracted 
a great attention in myriads of fields, ranging from the direct use of cellulose 
materials to the modifications of raw cellulose materials. 

In the energy-related areas, cellulose-based materials have been used in 
catalytic components, solar energy harvesting, mechanical energy harvesting 
and electric energy storage systems[81]. Cellulose-based materials have been 
extensively studied in LIB systems, as electrode additives[91], polymer elec-
trolyte components[92, 93] and flexible electrode scaffolds[69, 94, 95]. As a 
new separator-building material, cellulose has attracted much attention since 
year 2012[53, 96, 97], even though the research activity on battery separators 
is relatively low in general.  

Cladophora cellulose 
Cladophora cellulose is a type of cellulose that can be extracted from Clado-
phora sp. green algae (Figure 6) by hydrolysis and mechanical treatment[89]. 
The most unique feature of Cladophora cellulose fiber is its high crystallinity 
(i.e. 95%, Table 2). This endows it the ability to absorb much lower amounts 
of moisture compared to celluloses with lower crystallinities at a low relative 
humidity[90], even though cellulose is generally considered as a highly hy-
groscopic material[91]. The highly crystalline Cladophora cellulose fibers 
also have a slightly higher density than common cellulose fibers (1.64 vs. 1.56 
g cm-3)[89], and its powder exhibited a high surface area of >100 m2 g-1, while 
that for common micro-fibrillated cellulose fibers is only about 1 m2 g-1. Fur-
thermore, Cladophora cellulose fibers can be dispersed in water and dried re-
peatedly without showing a significant hornification effect, in contrast to com-
mon cellulose fibers[88], which imparts them a superior processibility in prac-
tical applications. The relatively high chemical inactivity is another advantage 
of Cladophora cellulose[88]. Therefore, the Cladophora cellulose is espe-
cially interesting for use as a battery separator material. 

 
Figure 6. Digital images of Cladophora sp. green algae. Reprinted with permission 
from [88]. Copyright (2016) John Wiley and Sons. 
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Summary 
Cellulose has many attractive physical and chemical properties[81], and cel-
lulose-based materials have been extensively studied in energy related fields. 
Cladophora cellulose fibers feature a high crystallinity, which endows it a 
good possibility to be used as components in non-aqueous energy systems. 
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Scope of the thesis 

This thesis is focused on the application of Cladophora cellulose as a new 
separator material for non-aqueous Li batteries, i.e. LIBs and LMBs. Several 
types of separators based on Cladophora cellulose fibers with different func-
tions were proposed, manufactured and tested. 

 Paper I presents the first attempt to use Cladophora cellulose fibers as a 
separator material for LIBs. A straightforward paper-making process was used 
to manufacture cellulose-based separators, which were extensively used in the 
later studies after some modifications. The pore structure, thermal stability, 
electrolyte wettability, electrochemical stability and mechanical properties of 
Cladophora cellulose membrane, as well as the electrochemical performances 
of Li/LFP cells with Cladophora cellulose separators, were studied. A com-
mercial separator was used as a benchmark to evaluate the feasibility of the 
Cladophora cellulose separators in LIBs.  

Paper II and III focus on the development of bi-layered redox-active sep-
arators for LIBs. The idea was to minimize the inactive separator weight/vol-
ume by using an ultrathin layer of nanocellulose combined with a thick layer 
of redox-active species so that the energy density of the LIBs could be im-
proved. Paper II describes a PPy/NCF based redox-active layer that works in 
a potential region compatible with that of common LIB cathodes, while Paper 
III features a PDA/CNT/NCF based redox-active layer that can provide ca-
pacity in a potential window suitable for a common LIB anode. These were 
the first papers describing redox-active separators and they represent a new 
strategy to enhance the energy density of a battery system. 

Paper IV and V describe the effect of the current distribution on the per-
formances of LMBs, in terms of both the Li anode and LFP composite cath-
ode, with the help of two tri-layered separators developed in these projects. 
The pore distribution of some commercial separators and the proposed sepa-
rators were particularly studied, and their influences on the Li deposition and 
stripping behaviors and LFP lithiation/delithiation efficiencies were studied 
using e.g. electrochemical measurements and SEM characterizations. Further, 
Paper IV presents an effective way to improve the thermal shutdown property 
of polyolefin separators, while Paper V describes a practical strategy of using 
a combination of nano/micro fibers to decrease the electrolyte resistance of 
batteries. 
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Paper VI proposes, for the first time, the application of Cladophora cellu-
lose fibers in the manufacturing of the cathode, anode and separator of a paper-
structured LMB. By combining the benefits of the Cladophora cellulose sep-
arator with a homogeneous pore distribution described in Papers I, IV and V, 
with highly efficient paper-cathode and anode, a stable and safe LMB can be 
realized. 
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Methods 

In this section, some of the most commonly used methods in the thesis are 
discussed in general, including paper making, nitrogen adsorption, scanning 
electron microscopy (SEM), electrochemical impedance spectroscopy (EIS) 
and galvanostatic cycling.  

Paper making 
Water-based paper-making has been intensively used in the thesis for the pro-
duction of cellulose-based separators with different structures. This procedure 
generally involves three steps, ultra-sonication, vacuum-assisted filtration and 
drying. Due to the high crystallinity of Cladophora cellulose and strong inter-
actions between the Cladophora NCFs and water, the sonication process can 
effectively disperse the fibers yielding stable and homogenous aqueous dis-
persions. The sonication solvent can be adjusted depending on the materials 
to be dispersed, in case of CNTs, ethanol is employed. The vacuum-assisted 
filtration process used for dewatering the Cladophora NCFs dispersion is sim-
ple as well, owing to the highly porous structure and small thickness of the 
resulting membranes.  

The drying process is complex in paper-making and largely determines the 
major properties of the obtained paper[92], e.g. the pore structure and mechan-
ical properties. The water-fiber interactions diminish and the fiber-fiber inter-
actions appear at this stage of paper-making. Many parameters such as the 
drying temperature, drying speed and the pressure distribution can largely af-
fect the properties of the dried paper.  

Fortunately, the use of Cladophora cellulose considerably suppresses the 
influence of drying process on the properties of the obtained Cladophora cel-
lulose membrane, due to the reduced water-fiber interactions for highly crys-
talline cellulose fibers. However, to further minimize the influence of the dry-
ing step, similar drying protocols have been used throughout the thesis work. 
This involved the sandwiching of the wet cellulose membrane between two 
metal plates and the storage of the sandwich in an oven for 12 hours. 
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Nitrogen adsorption 
Gas adsorption is a standard method for characterizing the pore structure, e.g. 
pore volume and pore size distribution, of a porous material[93, 94], based on 
capillary condensation. Nitrogen is one of the most commonly used gases in 
such measurements, which usually are referred to as nitrogen adsorption ex-
periments. A typical nitrogen adsorption measurement involves three steps, 
degassing, adsorption and desorption. In the degassing step, the porous mate-
rial is kept under vacuum at an elevated temperature for a prolonged time to 
empty the pores in the materials while preserving its initial pore structure. 
During the adsorption step, the relative gas pressure p/p0 (where p is the equi-
librium pressure of the adsorption and desorption and p0 is the saturated vapor 
pressure of liquid nitrogen) increases from 0 to 1, while the temperature is 
kept at the boiling point of liquid nitrogen (i.e. at 77 K) and the adsorbed ni-
trogen quantity is recorded. Assuming cylindrical pores, the pore volume and 
size distributions can then be calculated based on the Kelvin equation[95], 
which describes the relationship between the pore radius (r) and the relative 
pressure (p/p0). The desorption is the reverse step compared to the adsorption 
step, involving a gradual decrease in relative pressure from 1 to 0. The desorp-
tion isotherm is usually closer to the curve expected under the thermodynamic 
equilibrium87, which is why this curve is preferred in the calculation of pore 
size distributions based on the Barrett-Joyner-Halenda (BJH) theory for mes-
opores which is most relevant to the conditions employed in this thesis. 

Scanning electron microscopy (SEM) 
SEM is heavily used to study the morphologies of separators and electrodes, 
and is mainly used in the secondary electrons detection mode in this thesis.  

Due to the electronic insulating nature of the separators, an ultrathin layer 
of gold/palladium alloy is first sputter-coated on the samples to prevent the 
accumulation of electrostatic charge. To minimize the charge effect of the in-
sulating separators, a low acceleration voltage, typically 3 kV, is also used. 

For air sensitive samples, e.g. Li metal electrodes and cycled battery com-
ponents, a sealed transfer box (SEMILAB) is used to transfer the samples from 
the glovebox to the SEM (Zeiss Merlin) chamber. The cycled samples are 
thoroughly washed with e.g. DME and dried completely before they are 
placed in the transfer box and transferred to the SEM to ensure a good image 
quality. The HE-SE2 detector in the Zeiss Merlin SEM can also be used to get 
high contrast images, as a complement to the In-lens detector. 
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Electrochemical impedance spectroscopy (EIS) 
EIS is an ac technique for measuring the impedance of an electric circuit. The 
measurements are often conducted to determine the ionic conductivity of sep-
arators after soaking them with an electrolyte and to monitor the cell imped-
ance before, during and after the cycling of the cell. To simplify the interpre-
tations, the results of EIS measurement are usually plotted using Nyquist plots. 

In the measurement of the ionic conductivity of a separator, a perfect 
Nyquist plot should resemble that shown in Figure 7a. The resistive compo-
nent at the highest frequency (e.g. 100 kHz) is then taken as the resistance of 
the electrolyte-filled separator and used to calculate its ionic conductivity, 
based on the thickness of the separator and the separator/electrode contact 
area. 

When measuring the cell impedance, the simplest Nyquist plot should look 
like the one Figure 7b, where a semicircle is followed by a diffusion tail, 
which can be modeled using a modified Randles circuit (Figure 7b) composed 
of a solution resistance, double layer capacitance and a charge transfer re-
sistance in combination with a Warburg impedance. More complex Nyquist 
plots may be difficult to interpret and model, as it is not straightforward to 
assign physical meanings to the electric components in the equivalent circuits 
required to fit the data. Moreover, it should be noted that the time domain of 
the EIS measurements (where e.g. 10 mHz corresponds to 100 s) often differs 
significantly from that used in the battery cycling experiments (where e.g. 1C 
corresponds to 3600s). This means that some results of the EIS measurement 
may not be relevant to the battery cycling conditions. It may therefore be more 
practical to combine EIS measurements with dc measurements (e.g. using the 
current interrupt approach) in evaluations of the impedance of a battery. 

Figure 7. Nyquist plots for the indicated equivalent circuits. 
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Galvanostatic cycling 
Galvanostatic cycling is a controlled-current (i.e. chronopotentiometric) tech-
nique that is frequently used in battery research. In a typical measurement, a 
constant current is applied to charge or discharge a battery, using pre-defined 
voltage limits, while the cell voltage is recorded as a function of time. The 
results of the measurements can provide useful information (e.g. the battery 
capacity, coulombic efficiency, cell polarization and health status) that can be 
extracted during post-experimental analyses. When the measurements are car-
ried out at different currents densities, the ability of the battery to operate at 
different cycling rates can be assessed. This is commonly referred to as a rate 
capability test involving different C-rates, where 1 C means a full charge or 
discharge in 1 hour. The rate capability of a battery can be influenced by many 
factors, e.g. the electrode kinetics, separator resistance, ion diffusion rate, 
electrode conductivity and contact resistances. Therefore, special care should 
be taken in the interpretation of the results of the rate capability tests. 

Summary 
This part discusses the most frequently used techniques in the thesis. The other 
techniques that also have been used are described in the original papers. It is 
found that lab-scale batteries are very difficult to prepare uniformly in many 
aspects, regarding e.g. the electrode mass, electrolyte content and cell pres-
sure, which should be considered when comparing the performances of differ-
ent cells. It can be beneficial to use different techniques to measure the same 
property so that the overall results become more trustworthy. Most lab-scale 
electrochemical measurements involving batteries can be carried out in both 
two-electrode and three-electrode systems, and a combination of both usually 
facilitates the understanding of the system. 
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Results and discussion 

In this part, the main results of Papers I-VI are summarized and presented using 
different topics, namely the feasibility of Cladophora cellulose fiber-based sepa-
rators, the use of redox-active separators, the influence of the current distribution 
on the battery performances as well as the all-cellulose-based LMBs. 

Feasibility of Cladophora cellulose separators 
The feasibility of Cladophora cellulose based separators (CC) in Li batteries 
was mainly studied in Paper I by comparing the performances of these sepa-
rators with that of a commercial polyethylene separator, Solupor® (Solupor).  

Crystallinity 
The most fundamental difference between Cladophora cellulose and other 
types of cellulose is the high crystallinity of the former. This feature can be 
expected to endow Cladophora cellulose favorable properties, e.g. small horn-
ification and low water adsorption ability, making Cladophora cellulose a 
promising alternative LIB separator material. The crystallinity of the Clado-
phora cellulose powder was examined by X-ray diffraction (Figure 8). Ac-
cording to the literature[88, 90], the crystallinity index (CrI) can be calculated 
based on the intensities of the 002 peak (2θ = 22º, I002) and that of the amor-
phous baseline (2θ = 18º, IAM), according to the following equation: CrI =I I /I . 

 
Figure 8. The XRD pattern of Cladophora cellulose powders (The values indicate 
the intensities). Reprinted with permission from [23]. Copyright (2016) Elsevier.  
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The calculated crystallinity index for Cladophora cellulose was 91%, in close 
agreement with previous findings[88-90]. 

Electrolyte wettability and thermal stability 
As mentioned previously, a major problem with commercial polyolefin sepa-
rators is their intrinsic hydrophobicity, because the hydrophobic surfaces of 
the polyolefin separators impede the incorporation of common LIB electro-
lytes. Therefore, separators made of cellulosic materials are advantageous in 
this respect, as the cellulose fibers are hydrophilic. Figure 9 shows the result 
of an electrolyte wettability test involving the CC and Solupor separators. It 
can be observed that the LP40 electrolyte spread easily on the CC separator 
but remained as a droplet on the Solupor separator, indicating that the LP40 
electrolyte could readily be soaked up by the CC separator. This indicates that 
the battery assembly process could be facilitated with the CC separator. 

         
Figure 9. Electrolyte wettability (left) and thermal stability (right) tests involving 
CC and Solupor separators. Reprinted with permission from [23]. Copyright (2016) 
Elsevier. 

Another major problem with commercial polyolefin separators is their poor 
thermal stabilities, which can lead to short-circuits and thermal runaway if 
substantial thermal shrinkage of the polyolefin separators takes place. Ther-
mally stable separators are becoming very important due to the need for bat-
teries with high energy and power densities that may operate at higher tem-
peratures than those reached in portable devices. Figure 9 demonstrates the 
thermal stability of the CC and Solupor separators. A stark difference was seen 
regarding their behaviors as the CC separator showed no observable shrinkage 
at the studied temperatures, whereas the Solupor separator was totally de-
formed after the test. The excellent thermal stability of the CC separator 
should hence facilitate the development of safer LIBs, especially if the LIBs 
are to be operated at elevated temperatures. 
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Electrochemical stability 
Prior to evaluating the performance of the CC separator in Li/LFP cells, the 
electrochemical stability of the CC separator was studied with CV. This is 
important as electrochemical degradation of the separators can lead to loss of 
performance and even safety hazards in LIBs.  

 
Figure 10. Electrochemical stability evaluation of the CC and Solupor separators in 
two potential regions (i.e. 0 – 2.5 and 2.5 – 5 V vs. Li+/Li). Reprinted with permis-
sion from [23]. Copyright (2016) Elsevier. 

Figure 10 depicts cyclic voltammograms for Au/Li cells containing CC or 
Solupor separators cycled in two different potential regions. In the potential 
region between 0 and 2.5 V vs. Li+/Li, very small currents were observed for 
both cells, apart from the peaks due to the lithium-gold alloying/de-alloying 
reactions seen below 0.2 V vs. Li+/Li [96, 97]. In the potential region between 
2.5 and 5 V vs. Li+/Li, both cells gave rise to voltammograms with similar 
shapes, and the anodic current beyond 3.7 V vs. Li+/Li was ascribed to elec-
trolyte decomposition. It was therefore concluded that the CC separators were 
electrochemically stable in the studied potential windows. 
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Mechanical properties 
During the winding process in the battery assembly, the separator needs to 
withstand the applied tension[98]. The requirement imposed by the US Ad-
vanced Battery consortium is that the separator should exhibit <2% defor-
mation at 1000 psi (i.e. 6.89 MPa)[28]. According to Figure 11, the CC sepa-
rator showed 0.11% deformation at 1000 psi, while the corresponding value 
for Solupor was 0.47% in the x-direction and 0.62% in the y-direction, con-
firming that both the CC and Solupor separators were sufficiently stable from 
a mechanical point of view. 

 
Figure 11. Stress-strain curves from the tensile tests of the separators. The Solupor 
separator was tested in both the x- and y-directions due to its anisotropy stemming 
from the production. Reprinted with permission from [23]. Copyright (2016) Else-
vier. 

Pore structure and ionic conductivity 
The pore structures of the CC and Solupor separators were evaluated with 
various techniques. Figure 12 shows SEM images of the CC and Solupor sep-
arators demonstrating that the CC separator featured a uniform structure with 
randomly distributed and intertwined CC fibers, while the Solupor separator 
displayed a more aligned structure with fibers of different thicknesses. It was 
also noted that the CC separators had smaller and more homogenous pores 
than the Solupor separators. This is believed to be beneficial to prevent Li 
dendrite formation in LMBs.  

The pore structures of the CC and Solupor separators were quantitatively 
characterized by nitrogen sorption and mercury intrusion techniques (Figure 
13Figure 13. ). The results were in good agreement with the SEM observa-
tions, as the CC separator showed a smaller average pore size (i.e. 20 vs. 100 
nm) and a narrower pore size distribution than the Solupor separator. The CC 
separator mainly possessed mesopores (2 - 50 nm), while the Solupor separa-
tor predominantly contained macropores (> 50 nm). This is interesting as 
smaller pores should be more efficient in preventing short-circuits and the 
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self-discharge of LIBs. The thicknesses of the CC and Solupor separators used 
in Paper I were 35 and 12 µm, and the calculated porosities for the CC and 
Solupor separators were 46% and 20%, respectively. When the separators 
were soaked with LP40 electrolyte, their ionic conductivities were found to be 
0.4 and 0.13 mS cm-1 for the CC and Solupor separators, respectively. The 
higher porosity and ionic conductivity for the CC separators are favorable for 
LIB separators, since these give rise to a decreased cell resistance that is es-
sential to the battery performance. 

 
Figure 12. SEM images of the CC (a, c) and Solupor (b, d) separators. Reprinted 
with permission from [23]. Copyright (2016) Elsevier.  

 
Figure 13. The pore size distributions of the CC and Solupor separators obtained 
from nitrogen sorption (a) and mercury intrusion (b) measurements. Reprinted with 
permission from [23]. Copyright (2016) Elsevier. 
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Electrochemical performance in half-cells 

The performance of the CC separator was investigated in Li/LFP cells and was 
also compared with that of analogous cells containing Solupor separators. Fig-
ure 14a, b show the cycling performances of the cells containing the two types 
of separators at a cycling rate of 0.2 C. It can be observed that the cell with 
the CC separator generally showed a higher degree of polarization (i.e. differ-
ence between the potentials of the plateaus for the charge and discharge 
curves, Figure 14a) during the first 50 cycles. The obtained capacities for the 
cell with the CC separator were thus constantly lower than those for the cell 
with the Solupor separator (Figure 14b). The capacity differences were even 
more pronounced at higher cycling rates (Figure 14c), particularly at 1 C, 
where the cell containing a Solupor separator showed a discharge capacity of 
about 135 mAh g-1 while the cell with a CC separator exhibited a capacity of 
110 mAh g-1.  

 
Figure 14. Comparison of the electrochemical performance of Li/LFP cells contain-
ing CC and Solupor separators, respectively. (a) Selected charge/discharge curves 
obtained at a rate of 0.2 C. (b) Charge/discharge capacities for the first 50 cycles at 
a rate of 0.2 C. (c) Rate capabilities at rates between 0.1 and 1 C. (d) Nyquist plots 
for cells with CC and Solupor separators before and after 20 cycles at a rate of 1 C. 
Reprinted with permission from [23]. Copyright (2016) Elsevier. 

As mentioned earlier, the 35 µm thick CC separator had a higher ionic con-
ductivity (0.4 mS cm-1) compared to the 12 µm thick Solupor separator (0.13 
mS cm-1), indicating that the cell resistance should be similar for the cells with 
the CC and Solupor separators. This is consistent with the data in Figure 14d, 
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demonstrating that the highest frequency points of the Nyquist plots of the two 
cells featured similar real component values. However, it was also noted that 
the charge transfer resistance (see the semicircles in the Nyquist plots) of the 
cell with the Solupor separator decreased dramatically after 20 cycles, while 
that of the cell with the CC separator remained high. The decreased charge 
transfer resistance for the cell with a Solupor separator could be explained by 
the poor wettability of the Solupor separator, as the electrolyte may gradually 
spread out in the Solupor separator during the cycling. The lower charge trans-
fer resistance of the cell with the Solupor separator compared to that of the 
cell with the CC separator may be caused by a stronger interaction between 
the cellulose surface and the Li+ ions in the electrolyte than between the poly-
ethylene surface and the Li+ ions. Therefore, approaches to decrease the cell 
resistance and charge transfer resistance should be further studied to enhance 
the cell performance with CC separators. 

Summary 
The properties of the Cladophora cellulose and CC separators were studied to 
evaluate their feasibilities in Li-battery systems. Thanks to the high crystallin-
ity of the Cladophora cellulose, the as prepared CC separator showed no sig-
nificant moisture residues or side reactions in the test cells. The as-prepared 
CC separator has a high porosity and a homogeneous distribution of meso-
pores, which are favorable properties for separator applications. The CC sep-
arator also showed good electrolyte wettability, thermal stability and mechan-
ical stability, which are equally important for stable and safe battery operation. 
The study confirmed that the Cladophora cellulose fibers can be used in bat-
tery applications and that CC can be a potential separator for Li-batteries. 

Redox-active separators 
Conventional separators, e.g. polyolefin microporous separators and glass-fi-
ber separators, are composed of electrochemically inactive materials so that 
their dimensional and mechanical integrity can be maintained during their use 
as separators. Due to material and processing limitations, commercial separa-
tors for LIBs are usually in the order of tens of micrometers thick, which 
means that they actually contribute significantly to the battery weight and vol-
ume[99]. However, this hinders the pursuit for high energy density storage 
systems, in which the amount of inactive materials should be minimized. 
While simply making the separator very thin is not viable due to mechanical 
limitations and safety concerns, the method of making a redox-active bi-lay-
ered separator appears to be a promising alternative strategy.  
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The design of these bi-layered redox-active separators is based on the use 
of an ultrathin insulating layer acting as a real separator, and a thick redox-
active layer proving mechanical strength and behaving as an extension of the 
actual electrodes (Figure 15). Depending on the redox-active materials ap-
plied, there may be three types of redox-active separators, i.e. cathodic redox-
active separator, anodic redox-active separator and a combination of the two. 
In this study, the first two types of separators were designed, manufactured 
and presented in Papers II and III, respectively.  

 
 
Figure 15. The design concept of redox-active separators used to reduce the inactive 
material and increase the battery energy density. Reprinted with permission from 
[72]. Copyright (2017) John Wiley and Sons. 

Polypyrrole-based redox-active separators 
In Paper II, a flexible redox-active separator based on PPy and Cladophora 
cellulose fibers was designed for high energy/power density LIBs. The redox-
active separator was composed of a 3 µm thick NCFs layer and a 7 µm thick 
redox-active PPy-containing layer. The very thin NCFs layer acted as a sepa-
rator in the conventional sense, separating the cathode and the anode, while 
the thicker PPy-containing layer provided mechanical support to the NCFs 
layer as well as extra capacity to the LIBs. Compared to the thickness of a 
conventional separator (e.g. 25 µm), the inactive separator thickness could 
hence be decreased to 3 µm. Since the redox-active potential region of PPy is 
similar to that of conventional cathode LIB materials[100-102], the as-pre-
pared redox-active separator was placed in such a way that the redox-active 
side was in contact with the actual cathode, e.g. LFP.  

Working principle 
The working principle of the PPy-based redox-active separator is such that 
when the actual cathode is being oxidized (i.e. delithiated) during the charging 
process, PPy is being oxidized at the same time. During the oxidation, the PPy 
backbone becomes positively charged, and anions (e.g. PF6

-) are then attracted 
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to the backbone to maintain the charge neutrality. On the negative electrode 
(e.g. metallic Li), Li-ions are being reduced to elemental Li. Therefore, the 
capacity of the cell becomes the sum of the capacities of the actual cathode 
and PPy. The reverse reactions take place during the discharging step which 
involves a reduction (i.e. lithiation) of the cathode as well as a reduction of the 
oxidized PPy, while the metallic Li electrode undergoes oxidation (Figure 16). 
As the Li electrode should not be capacity limiting, the capacity of the cell 
therefore becomes determined by the sum of the capacities of the actual cath-
ode and the PPy. 

 
Figure 16. The working principle of the PPy-based redox-active separator. Adapted 
with permission from [72]. Copyright (2017) John Wiley and Sons. 

Proof-of-concept 
To demonstrate the advantages of the redox-active separator, Li/LFP cells 
equipped with different separators were assembled and their performances 
were compared as is demonstrated in Figure 17.  

Owing to the high ionic conductivity, the cell with the redox-active sepa-
rator showed lower polarization at a rate of 0.2 C (Figure 17a) than the cells 
with the other types of separators. Moreover, due to the presence of the redox-
active PPy-containing layer, the cell with the redox-active separator featured 
two sloping regions before and after the characteristic LFP plateau around 
3.45 V vs. Li+/Li, which resulted in an enhanced capacity. This finding is in 
agreement with the shapes of the voltammograms curves seen in Figure 17b, 
as the cell with the redox-active separator showed broader peaks and larger 
peak areas. Based on the comparison of the rate capabilities of the cells with 
different separators shown in Figure 17c, it is also clear that the cell with the 
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redox-active separator exhibited higher capacities at all rates up to 2 C. This 
can be attributed to the high ionic conductivity of the redox-active separator 
and the capacity contribution due to the PPy. The cell with the redox-active 
separator also showed stable cycling with high CEs (Figure 17d). 

 
Figure 17. Battery performance for Li/LFP cells comprising different separators. (a) 
Charge/discharge profiles obtained at a rate of 0.2 C. (b) Cyclic voltammograms 
recorded at a scan rate of 0.2 mV s-1. (c) Discharge capacity as a function of the cy-
cling rate. (d) Capacity and CE as a function of the cycle number for the cell 
equipped with a PPy-based redox-active separator. Adapted with permission from 
[72]. Copyright (2017) John Wiley and Sons. 

To clearly show the capacity enhancement obtained when using the PPy-based 
redox-active separator, gravimetric/volumetric capacity comparisons were 
made for proof-of-concept Li/LFP cells equipped with different separators 
(Figure 18). For a cell containing a 255 µm thick GF separator, a volumetric 
capacity of merely 1.8 µAh cm-3 was obtained after normalization with respect 
to the total volume of the separator and cathode. With a conventional 25 µm 
PE separator, a capacity of 18 µAh cm-3 was, on the other hand, achieved, 
whereas the cell equipped with a 10 µm PPy-based redox-active separator ex-
hibited a much higher volumetric capacity (67 µAh cm-3). Analogously, a 
gravimetric discharge capacity of 81 mAh g-1 could be obtained for the cell 
with the PPy-based redox-active separator, while those for the cells containing 
the PE and GF separators were 26 mAh g-1 and 8 mAh g-1, respectively.  
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Figure 18. (a) Schematic description of the proof-of-concept LFP/Li cells equipped 
with different types of separators. (b) Gravimetric/volumetric capacity as a function 
of the weight/volume of the separator and cathode for the different Li/LFP cells. 
Adapted with permission from [72]. Copyright (2017) John Wiley and Sons. 

Polydopamine-based redox-active separators 
While the PPy-based redox-active separator added capacity to the cathode in 
Paper II, in Paper III a polydopamine (PDA)-based redox-active separator 
(PRA) was designed to add capacity to the anode, e.g. LTO, using a similar 
concept. The PRA also had a bi-layered structure with a 2 µm thick electrically 
insulating NCF layer and an 18 µm thick PDA and CNT containing redox-
active layer, which was readily produced with a paper-making process. The 
PDA was present in the form of nanospheres dispersed in a porous and con-
ductive matrix of CNT and NCF so that the capacity of the non-conductive 
PDA could be accessed easily. The redox-active layer was also mechanically 
robust to provide mechanical support to the thin NCF layer, which served as 
the true separator layer and merely represented 8% of the volume occupied by 
a conventional 25 µm thick polyolefin separator.  

Working principle 
PDA has been proposed as cathode and anode materials for both Li- and Na-
based batteries[103, 104],  most likely due to its redox-activity originating 
from the catechol groups in its molecular structure. However, due to the com-
plexity of the dopamine polymerization process, the actual chemical structure 
and composition of the PDA product obtained after the self-polymerization 
step remains unclear[105], making the interpretation of charge storage mech-
anism difficult. Nevertheless, the redox activity and capacity of the PDA can 
be verified and estimated by electrochemical measurements (Figure 19). It 
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can be seen that in the potential region between 0.1 and 3.0 V, which is com-
patible with conventional LIB anode materials, the PDA could provide a sub-
stantial capacity (~200 mAh g-1) at 180 mA g-1 for more than 250 cycles, and 
still 100 mAh g-1 at 360 mA g-1. When using the PRA separator, the redox-
active layer was facing the actual anode so that both the capacities of the PDA 
and the anode could be utilized upon the cycling. 

 

 
Figure 19. Electrochemical performance of the PRA separator in the potential win-
dow between 0.1 and 3.0 V vs. Li+/Li. The measurements were carried out in a Li/PRA 
cell, where the redox-active layer acted as an electrode. (Adapted from Paper V) 

Proof-of-concept 
To demonstrate the possibility of using the PRA separator to increase the an-
ode capacity, the PRA separator was tested in conjunction with LTO anodes 
in Li/LTO half-cells. For comparison, analogous experiments were also car-
ried out with cells equipped with commercial PE separators. It was found that 
the specific capacity of the cell with the PRA separator exhibited a capacity 
constantly higher than 170 mAh g-1 during more than 150 cycles at 1 C, which 
was higher than the theoretical capacity of the LTO, while that of the cell with 
the PE separator was about 150 mAh g-1 (Figure 20a). Since the mass of LTO 
was used for calculating the specific capacity, the excess capacity must have 
come from the PRA separator. This demonstrates the usefulness of the PRA 
separator. When reviewing the voltage-capacity curves (Figure 20b), it is seen 
that apart from the plateau regions typical for LTO, the cell with PRA separa-
tor also showed sloping regions before and after the plateau, which repre-
sented the extra capacity. It is also clear that the cell with the PRA separator 
showed a lower degree of polarization which indicated that the redox-active 
layer was porous enough to ensure facile ionic transport. The PRA separator 
also had a low electrolyte resistance, which is beneficial for obtaining good 
rate capabilities for batteries. The rate capabilities of the Li/LTO cells 
equipped with different separators are shown in Figure 20c. It is observed that 
the rate capability of the cell with the PRA separator was significantly better 
than for the cell containing a PE separator. The PRA cell could deliver a ca-
pacity of ~110 mAh g-1 at 5 C, compared to 70 mAh g-1 for the PE cell. The 
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rate capability of the PRA cell in the potential region between 1 and 3 V vs. 
Li+/Li is shown in Figure 20d. It is noticed that the capacity in this potential 
region was lower than that in the potential region between 0.1 to 3 V (Figure 
19b), which is reasonable and consistent with Figure 20d. 

 
Figure 20.The electrochemical measurements using the proof-of-concept cells 
equipped with either a PRA or PE separator. (Adapted from Paper V) 

Summary 
The redox-active separator constitutes a novel type of battery separator, which 
was first proposed in this thesis work. The redox-active material requirements 
are actually quite strict as a well-functioning redox-active separator should be 
obtained without compromising the two basic functions of a conventional sep-
arator. It should also be noted that the significance of the capacity contribution 
due to the redox-active separator largely depends on the ratio between the 
mass of the redox-active material in the separator and that of the actual elec-
trode. In practice, the obtained capacity increase may not be as significant as 
in the study. However, the results from the proof-of-concept cells clearly 
demonstrate that the redox-active separator approach is promising for use in 
high energy density LIBs and possibly also other electric energy storage sys-
tems. 
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Current distribution and battery performance 
As demonstrated in the previous study, the separators formed by filtrating 
Cladophora cellulose fibers featured a homogeneous distribution of meso-
pores, which could lead to a homogeneous current distribution when the bat-
tery is equipped with such a separator. It is worth noting that the homogeneous 
pore distribution of a separator concerns both the size and spatial distribution 
of the pores, as pores with identical size can be distributed heterogeneously. 
Therefore, a combined morphological and pore size distribution study is 
needed. 

In this thesis, different types of cellulose-based separator with homogene-
ous pore distributions were designed, manufactured and used. In Paper IV, a 
sandwich-structured separator (denoted the CPC separator) with two cellulose 
fiber-based surface layers (2.5 µm) and a commercial PE separator intermedi-
ate layer was used. In Paper V, another type of sandwich-structured separator 
(denoted the CGC separator) with two cellulose fiber-based surface layers (2.5 
µm) and a glass-fiber/cellulose composite middle layer was used. In Paper 
VI, a pure Cladophora cellulose fiber-based separator (denoted the NCF sep-
arator) was used. The microscopic morphologies and pore size distributions 
of all separators used in this thesis are shown in Appendix A. 
 
So how does a homogeneous current distribution affect the performances of 
Li-based batteries? 

On the metallic Li anode 
The dendritic growth of Li upon deposition and the accumulation of dead Li 
during the oxidation of Li (stripping) are two problems that need to be solved 
before Li metal can be used in secondary LMBs. As it is well-known that these 
problems are even more pronounced at high current densities[106, 107], a 
lowering of the effective current density can mitigate these problems. One way 
to achieve this in a battery is to generate a homogeneous current distribution 
by using a separator with a homogeneous pore distribution. In this way, the 
whole Li metal electrode surface can be activated with respect to the Li depo-
sition and stripping processes.  

As is schematically illustrated in Figure 21, a homogeneous current distri-
bution can generate a large number of homogeneously distributed Li nucleus 
in the initial stage of the Li deposition process. Consequently, the Li growth 
can take place at a lower effective current density, and the resulting Li deposits 
can have similar sizes and be packed more densely on the electrode surface. 
On the contrary, when using a separator with heterogeneously distributed 
pores, the obtained Li deposits are likely to have a porous structures as well 
as different sizes. It is obvious that the more compact Li structure is favorable 
for the attainment of higher efficiencies in the stripping process, since less 
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elemental Li would be consumed in SEI forming reactions and as a compact 
structure should limit the formation of dead Li. The effect of separator pore 
distribution on the efficiency of Li deposition/stripping and the lifetime of 
metallic Li electrodes has been studied in Papers IV, V and VI. 

 

 
Figure 21. Schematic illustration of the influence of the separator pore distribution 
on the Li deposition behavior: (left) a heterogeneous pore distribution and (right) a 
homogeneous pore distribution. Reprinted with permission from [27]. Copyright 
(2018) John Wiley and Sons. 

Cu/Li studies 
As a commonly-used method, Cu/Li cells with different separators were em-
ployed to study the effect of the separator pore distribution on the Li deposi-
tion morphology (Papers IV and V) and Li deposition/stripping efficiency 
(Paper V) using Cu substrates.  

As can be observed from Figure 22, the Li deposition morphology was in 
agreement with that schematically proposed in Figure 21. The PE separator 
with a heterogeneous pore distribution (see Figure 12 and Figure 13) resulted 
in Li deposits with various sizes and rather porous structures. The effect was 
even more pronounced when increasing the current density from 1.5 to 3.8 
mA cm-2. However, for the Cu/Li cell equipped with a CPC separator, uni-
formly small Li deposits were found which were tightly packed for a current 
density of 1.5 and 3.8 mA cm-2, respectively. Since the only difference be-
tween the two types of cells was the separator, it is reasonable to conclude that 
the different pore distribution can significantly affect the Li deposition, and 
that a homogeneous pore distribution is beneficial for the attainment of a com-
pact and smooth Li deposition layer (see Paper IV). 
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Figure 22. Postmortem SEM images of the Li deposits on the Cu electrodes from 
Cu/Li cells equipped with either a CPC or PE separator. The Li depositions were 
carried out at different current densities and the cells were disassembled after cell 
failure indicated by a sudden voltage drop. Adapted with permission from [27]. 
Copyright (2018) John Wiley and Sons. 

To show that a compact Li layer is more beneficial during the Li stripping 
step, the coulombic efficiencies (CEs) for Cu/Li cells were studied in Paper 
V. The Cu/Li cells were galvanostatically cycled with both potential and ca-
pacity limits, starting with Li deposition on the Cu electrodes. As can be seen 
from Figure 23, the cell with the CGC separator showed much better perfor-
mance than the cell with the Celgard separator, both in terms of a more stable 
cell overvoltage and higher CE values. The Li deposition potential for the Cel-
gard cell started to increase already after 15 cycles, and after less than 30 cy-
cles, the cell showed signs of internal short-circuits. The CE for the Celgard 
cell also began to fluctuate significantly after 30 cycles. On the contrary, the 
Li deposition potential of the CGC cell stayed almost stable during 70 cycles, 
while the CE value remained high for more than 90 cycles. The post-mortem 
SEM image show the same difference as observed after the Li deposition tests, 
the deposition/stripping product was much more porous and heterogeneous 
for the Celgard cell than for the CGC cell. The faster increase in the Li depo-
sition potential was also a clear sign that the porous residue layer (SEI and 
dead Li) on the Cu electrode was formed much quicker in the Celgard cell 
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than in the CGC cell[108, 109]. As the latter layer constitutes a Li-ion diffu-
sion barrier during the deposition step, it is clear that a more favorable depo-
sition mode was obtained with the CGC separator.  

 
Figure 23. The cell voltage (a) and CE (b) as a function of the cycling time or cycle 
index for Cu/Li cells equipped with either a Celgard or CGC separator. The Li dep-
osition step was carried out for one hour at a current density of 0.65 mA cm-2, while 
the Li oxidation step either was carried out at 0.65 mA cm-2 for one hour or until the 
cell voltage reached 1 V. The postmortem SEM images of the Li deposits obtained 
on the Cu electrodes in the cells equipped with the Celgard (c) and CGC separator 
(d) after cell failure as shown in panel (a), respectively. Reprinted with permission 
from [110]. Copyright (2019) Elsevier. 

Li/Li studies 
The Li deposition morphology and efficiency can be substrate dependent, as 
some substrates are prone to be wetted by Li while others are not[20]. There-
fore, a Li deposition/stripping study with Li metal as the substrate was con-
ducted, representing a more realistic LMB scenario. 
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Figure 24. (a) Charge/discharge curves recorded for Li/Li symmetric cells equipped 
with either a CPC or PE separator. The current density was 0.65 mA cm-2 and the 
charge/discharge was allowed either for one hour or until the potential reached its 
upper/lower limit, i.e. ±0.5 V. Nyquist plots obtained after the indicated number of 
cycles with the (c) PE and (d) CPC cells. Reprinted with permission from [27]. Cop-
yright (2018) John Wiley and Sons. 

Figure 24 shows the results from Paper IV, where Li/Li symmetric cells 
equipped with either a PE or CPC separator were cycled at a current density 
of 0.65 mA cm-2, and the Li deposition/stripping was continued for one hour 
or until the potential reached its upper/lower limit, i.e. ±0.5 V vs. Li+/Li. It is 
clear that the cell voltage of the PE cell increased rather quickly after less than 
200 hours (i.e. 100 cycles) and that the cutoff values were reached after less 
than 300 hours. Finally, indications of short-circuiting were seen after 300 
hours. The impedance development (Figure 24b) indicated that the cell im-
pedance increased dramatically after 90 cycles, in correlation with the voltage 
increase seen in Figure 24a (blue curve). In stark contrast to these results, the 
cell with the CGC separator maintained a stable voltage profile for about 350 
hours, which was also reflected in the EIS results (Figure 24c). When scruti-
nizing the post-mortem SEM images of the Li electrodes (Figure 25), it was 
found that the Li electrode that was oxidized at the end of the electrochemical 
cycling in the CPC showed more a homogeneous and interconnected pitting 
pattern compared to the electrode used in the PE cell. This clearly indicates 
that a more even utilization of the whole electrode area was obtained in the 
CPC cell due to the homogeneous distribution of mesopores in the CPC sepa-
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rator. In addition, the SEM images of the Li electrodes that underwent depo-
sition process at the end of test showed the same trend as discussed in the 
Cu/Li study, confirming the effectiveness of the CPC separator in improving 
the Li deposition structure to enable the attainment of higher CE values and 
less formation of dead Li. 

 
Figure 25. Post-mortem SEM images of Li electrodes used in the Li/Li tests together 
with either a (a, c) CPC or (b, d) PE separator. Images a and b depict the oxidized 
(i.e.stripped) Li electrodes, while images c and d depict the Li electrodes after the 
deposition step. Reprinted with permission from [27]. Copyright (2018) John Wiley 
and Sons. 

The drastic differences observed in the previously discussed experiments 
show that the current distribution can affect the deposition/stripping efficiency 
and lifetime of the Li-metal anode. The presence of a homogeneous current 
distribution, generated by a separator with a homogeneous pore distribution, 
can consequently yield Li-metal electrodes that can cycle more efficiently and 
for longer times. It should, however, be recognized that the Li metal electrode 
in the CPC cell still failed after about 200 cycles, most likely due to a short-
circuit. The latter suggests that the homogeneous current distribution strategy 
has to be combined with other approaches [111, 112]in order to enable the 
realization of a highly reversible and durable Li-metal electrodes. One such 
approach is described in Paper VI, which will be further discussed below. 

On the cathode reaction 
The ability to exploit the capacity of the cathode during the battery operation 
depends on many factors, e.g. the electronic conductivity of the cathode, the 
ionic conductivity of the active materials, the porosity of the electrode and the 
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battery operating conditions. In a well-optimized electrode, it is often the low 
ionic and electronic conductivities of the active materials that limit the attain-
able capacity. This effect can be even more pronounced at high cycling rates, 
which is why down-scaling of the particle size of the active materials, doping 
and conductive additive coatings often have been used to improve the perfor-
mance of the cathode materials[4, 6, 7, 113]. It should also be recalled that 
when the cathode material is working (e.g. when the cathode is being lithi-
ated), the Li-ions travels from the anode side, through the separator, into the 
pores of the cathode electrode, and eventually into the active materials. It is 
hence obvious that the transport of the Li-ions through the separator also may 
affect the performance of the cathode. It has been pointed out that a homoge-
neous current distribution on the electrode can improve its performance as the 
part of the active material exposed to a high current density have to work 
harder than those exposed to a low current density[9].  

 

 
Figure 26. Simplified illustration of the effect of a homogeneous current distribution 
on the performance of a composite electrode (both cathode and anode). Adapted 
with permission from [110]. Copyright (2019) Elsevier. 

A conceptual illustration of the effect of a homogeneous current distribution 
on the performance of a conventional composite cathode can be seen in Figure 
26. Although this schematic describes a lithiation process, a corresponding 
phenomenon should also be present during the delithiation process. When the 
current is heterogeneously distributed on the electrode surface, some of the 
active particles will experience a higher Li+ flux from the liquid electrolyte 
while the mass transport to the other (shielded) parts of the electrode mainly 
would involve solid-state diffusion. In the case of a perfectly homogeneous 
current distribution, the mass transport of Li+ to all the active particles should 
be the same, which should facilitate an improved utilization of the capacity of 
the electrode. 

In a typical galvanostatic test, the potential window is predefined, and the 
time needed to reach the cutoff voltage is determined by the cell capacity. In 
the case of non-uniform current distribution, the lithiation of the active parti-
cles in direct contact with the liquid electrolyte will be straightforward, while 
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the ionically ‘insulated’ particles only would have time to become partially 
lithiated, yielding a lower overall lithiation capacity. After reaching the lithi-
ation voltage cutoff, the Li+ in the previously lithiated particles can then dif-
fuse into the non-lithiated or partially lithiated particles, which means that the 
potential of the electrode relaxes to a higher value than the predefined lithia-
tion cutoff that was previously reached. A corresponding effect would also be 
present during the delithiation step, as the particles in direct contact with the 
electrolyte can readily be delithiated, while ionically ‘insulated’ particles only 
undergo a partial delithiation, resulting in a lower delithiation capacity. When 
these processes are repeated during electrode cycling, the capacity of the elec-
trode drops quickly[114, 115]. Due to the influence of solid-state diffusion, 
the effect should also be much more pronounced at high cycling rates. The 
influence of a more homogeneous pore distribution on the performance of the 
cathode was studied in Papers IV, V and VI, the results of which are summa-
rized as below. 

Li/LFP two-electrode study 
In the lab-scale two-electrode Li/LFP cells equipped with different separators, 
the capacity limiting electrode was assumed to be the LFP cathode, as the Li 
electrode usually has a much higher capacity. Figure 27 shows the results of 
the rate capability test for Li/LFP cells containing a Celgard or CGC separator 
(see Paper V).  

 
Figure 27. (a) The rate capability test of Li/LFP cells with a Celgard or CGC sepa-
rator. (b) The cell voltage as a function of the specific capacity for the first and fifth 
cycles of the two cells obtained at a rate of 5 C. Adapted with permission from 
[110]. Copyright (2019) Elsevier. 
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It can be seen that at low cycling rates (e.g. 0.2 C, 0.5 C), the charge and 
discharge capacities were rather similar for the two cells and also close to the 
theoretical value for the LFP cathode. However, at high cycling rates (e.g. 2 
C, 5 C), the capacity of the CGC cell was significantly higher than that of the 
Celgard cell. Moreover, the cycling stability at 5 C was rather different for the 
two cells (Figure 27a). When plotting the voltage vs. the specific capacity for 
the first and fifth cycles of the two cells at 5 C, it was found that the polariza-
tion of the Celgard cell was higher than that of the CGC cell, but also that the 
polarization remained rather constant during the five cycles for both cells. This 
indicates that the capacity decay (at 5 C) for the Celgard cell mainly came 
from the shortened plateau, indicating a significant decrease in the available 
LFP material in only five cycles at this high cycling rate. However, in the 
subsequent low rate cycling, i.e. at 0.5 C, the capacity was recovered to yield 
a value close to theoretical value, indicating that the LFP particles had not 
degraded during the previous 5 C cycling. In contrast, the CGC cell exhibited 
a rather stable capacity at 5 C, even though the capacity was lower than those 
seen at the lower cycling rates. The latter is, however, not surprising as the 
higher iR drop at the higher C rate should decrease the usable potential win-
dow. Here, it should be recalled that the only difference between the two cells 
is the separator, and that the largest differences between the two separators are 
the pore distribution and resistance after soaking with the electrolyte. To con-
firm that it was the pore distribution that affected the high rate capacity and 
stability of the LFP cathode, three-electrode Li/LFP/Li cells equipped with 
different separators, in which the influence of the iR drop effect was elimi-
nated, were studied. 

Li/LFP/Li three-electrode studies 

The Li/LFP/Li three-electrode cells, containing a Li reference electrode (de-
noted Li_RE), were configured as described in Figure 28a. The Li_RE and 
LFP electrodes were separated by a Celgard separator in both cells, while the 
LFP electrode and Li counter electrode (Li_CE) were separated by either a 
Celgard or a CGC separator. In this way, the uncompensated electrolyte re-
sistance should be the same regardless of the separator used between the LFP 
and Li_CE electrodes, while the influence of the pore distribution of the sep-
arator should still be present as the current would pass between the LFP and 
Li_CE electrodes.  

The galvanostatic tests were carried out at a relatively high rate (i.e. 3 C) 
to facilitate the evaluation of the effect of the pore distribution on both the 
battery capacity and stability, as previously discussed in the two-electrode sec-
tion. It was found that the capacity of the CGC cell was higher than that of the 
Celgard cell, and that the cycling stability of the CGC cell likewise was better 
than that of the Celgard cell. The capacity decay rates of the CGC and Celgard 
cells were 0.1 mAh g-1 and 0.3 mAh g-1 per cycle, respectively (Figure 28b). 
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When scrutinizing the voltage profiles of the LFP electrodes (Figure 28c, d), 
it was noticed that the LFP electrode in the Celgard cell exhibited larger po-
tential variations during both charge and discharge, and that the plateaus also 
were significantly shortened, compared to those seen for the LFP electrode in 
the CGC cell. Since the influence of the iR drop was eliminated with the three-
electrode configuration, the observed capacity and cycling stability can only 
be ascribed to the pore size distribution of the two separators. The latter can 
be explained based on the model proposed in Figure 26. Differences regarding 
capacity and cycling stability could also be seen in Papers IV and VI for cells 
equipped with separators with different pore distributions. 

 
Figure 28. (a) The three-electrode configuration. (b) The specific capacities of the 
cells equipped with either a Celgard or CGC separator cycled at a rate of ~ 3 C 
during ~150 cycles. The voltage-time curves of the LFP electrodes in the cell con-
taining a (c) Celgard and (d) CGC separator, for the 1st and 100th cycles. Adapted 
with permission from [110]. Copyright (2019) Elsevier. 

A paper-based LMB 
In the study of the influence of the current distribution on the performance of 
metallic Li and composite electrodes, it was found that a uniform current dis-
tribution can only extend the lifetime of the metallic Li metal electrode to 
some extent, and that the capacity of the composite electrode is limited by the 
presence of accessible active particles. 

In view of this, a paper-based LMB was designed in Paper VI using NCFs, 
CNTs and CNFs (Figure 29a). The paper-based Li electrode was composed 
of NCFs and CNFs (denoted CCP), and its porous and conductive matrix 
could be used for Li deposition and stripping at a low local current density due 
to the high surface area of the electrode. The paper-based separator was made 
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of pure Cladophora cellulose fibers, i.e. using the same composition as in Pa-
per I. In Paper VI, it was, however, denoted the NCF separator. The paper-
based LFP electrode consisted of NCFs, CNTs and LFP particles, and the po-
rous structure of the electrode provided the space for particle volume changes 
during cycling as well as facile ion transport pathways so that the influence of 
solid-state diffusion could be minimized. 

 

 
Figure 29. (a) The manufacturing and structure of the paper-based LMB. (b) The 
specific capacity as a function of the cycling number for the LMBs with the indicated 
cell configurations at a rate of 2 C. Adapted with permission from [112]. Copyright 
(2019) Elsevier. 

Three cells with different configurations were tested at a rate of 2 C, i.e. the 
Li-CCP/NCF/LFP, Li/PE/LFP and Li/NCF/LFP cells, where Li-CCP denotes 
a NCF/CNF porous Li electrode obtained using a Li deposition charge of 8 
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mAh cm-2, LFP refers to the flexible NCF/CNT/LFP electrode, while Li rep-
resents a metallic Li electrode with an areal capacity of 25.7 mAh cm-2. The 
results are shown in Figure 29b. When comparing the Li-CCP/NCF/LFP and 
Li/PE/LFP cells, it is clear that the homogeneous current distribution was very 
important to the cycling stability of the metallic Li electrode, as the Li/PE/LFP 
cell exhibited irregularities after ~400 cycles and failed after ~700 cycles. 
When comparing the Li/PE/LFP and Li/NCF/LFP cells, the same conclusion 
can be drawn, as the Li/NCF/LFP cell was much more stable. When compar-
ing the Li-CCP/NCF/LFP and Li/NCF/LFP cells, it is obvious that the Li-CCP 
electrode was much more efficient than the metallic Li electrode, as the Li-
CCP only possessed a quarter of the capacity of the metallic Li electrode but 
still exhibited similar performance to the metallic Li electrode after 1000 cy-
cles. However, as it exhibited stable cycling up to 1000 cycles, it can be con-
cluded that the proposed LMB has an excellent rate capability and cycling 
stability, benefiting from the homogeneous current distribution generated by 
the NCF-based separator, the stable Li deposition/stripping due to the 
NCF/CNF matrix and the well-functioning paper-based LFP electrode. 

Summary 
In this section, it has been shown that the homogeneous pore distribution of 
the Cladophora cellulose based separators can significantly influence the bat-
tery performances, both regarding the capacity and cycling stability. This in-
sight can therefore constitute a good starting point when designing future bat-
tery separators, and it can also be used in combination with other strategies to 
synergically improve the battery performance.  
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Conclusions and future work 

The first part of the thesis was focused on the use of Cladophora cellulose as 
a separator material for LIBs and LMBs. It was noted that the high crystallinity 
of the Cladophora cellulose fibers is the key to this application, as it largely 
affects e.g. the pore structure, moisture content, chemical property, mechani-
cal properties and processability. It is therefore proposed that all cellulose re-
lated studies should include a specification of the type of cellulose used and 
its crystallinity. The CC separator was found to be a promising alternative 
separator for LIBs and LMBs, when evaluated in several ways and in compar-
ison with conventional separators. As has been demonstrated, the Cladophora 
cellulose fibers can be chemically modified to introduce different charged 
groups[116, 117]. This would enable studies of the effect of the cellulose sur-
face charge on the ionic transport property of cellulosic separators for Li-
based batteries. 

The second part of the thesis focused on the study of redox-active separa-
tors containing PPy and PDA. This is a novel separator concept aimed at in-
creasing the energy densities of LIBs and LMBs, without any need for modi-
fications of other battery components. As indicated in the discussion, the 
choice of the redox-active materials and the design of the redox-active layers 
are very important for the successful realization of this concept, as the porous 
redox-active layer also needs to be strong enough to support the thin insulating 
layer. Moreover, the whole redox-active separator should perform at least as 
good as any conventional separator in terms of electronic insulation and ionic 
conduction. Future studies could focus on other interesting materials, to in-
crease the redox capacity of the redox-active layer and to obtain better me-
chanical properties for the separator as a whole. Another interesting study 
could be to integrate the two proposed separator types and manufacture a new 
type of redox-active separator that could simultaneously increase the capaci-
ties of both the cathode and anode. In the LMB case, more attention should be 
paid to the capacity limiting cathode, as the Li anode usually has a signifi-
cantly higher capacity. Separator approaches to increase the battery safety 
property are likewise interesting, particularly if combined with the redox-ac-
tive separator concept. An early example of the latter is shown in Paper II, 
where the Li dendrite is consumed upon contact with the PPy layer so that a 
short-circuit can be avoided even if the dendrite penetrates the insulating cel-
lulose layer. Furthermore, it can be interesting to scale up the redox-active 
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separator and use it together with commercial electrodes to evaluate its impact 
on the performance of such cells. 

The third part of the thesis deals with the effect of a uniform pore distribu-
tion on the performance of LIBs and LMBs. The main conclusion here is that 
a separator with a uniform pore distribution can generate a homogeneous cur-
rent distribution which facilitates the Li deposition and stripping on a metallic 
Li anode so that its lifetime and efficiency can be increased. Meanwhile, for 
conventional composite cathodes, e.g. LFP composite electrodes, the homo-
geneous current distribution can improve the possibility to attain their full ca-
pacities as well as improved cycling stabilities. This conclusion should be 
valid for all composite electrodes, both cathodes and anodes. The study sheds 
new light on the structural design of separators, which can be expected to give 
rise to more interest in the development of functionalized separators. It is also 
noticed that the use of separators with homogeneous pore distributions is un-
likely to completely solve the problems associated with the use of metallic Li 
anodes. Further work should hence be carried out to identify combined strat-
egies to improve the performances of Li anodes. An example has already been 
shown in Paper VI, where a porous Li metal electrode that due to its large 
surface area resulted in a lower local current density during Li deposition and 
stripping was used in conjunction with a CC separator. The understanding 
reached regarding the limitations involving the cathode can also be applied 
further in the electrode design, as it was found that the current distribution and 
solid-state diffusion control the accessible capacity of the active materials. A 
well-performing electrode should hence provide easy access of the electrode 
material to the liquid electrolyte even when the current distribution generated 
by the separator is non-uniform. 

Future work should also be carried out to exploit and explore more ad-
vanced separator functions as summarized in the Separator section. Since 
cellulose is a chemically versatile material, there are many possibilities for 
functionalizations. 
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Sammanfattning på svenska 

Idag används litiumjonbatterier (LIB) ofta för att driva bärbara elektroniska 
enheter och elbilar, men dessa batterier är även lämpliga för att lagra energi 
från förnybara energikällor som solceller och vindkraftverk. I ett LIB finns 
vanligtvis tre komponenter, katoden, anoden och separatorn, där den senare är 
ett elektriskt isolerande poröst material indränkt med en elektrolyt. Separatorn 
är viktig för batteriets funktion, eftersom den förhindrar direktkontakt mellan 
de två elektroderna (dvs. en kortslutning av batteriet) och möjliggör jonled-
ning mellan elektroderna (via elektrolyten som finns i separatorns porer). 
Kommersiella separatorer, som är gjorda av polyolefinmaterial från petrole-
umindustrin, har dock generellt sett låg vätbarhet med avseende på elektroly-
ten, låg termisk stabilitet, och är inte heller tillverkade av förnyelsebara 
material. 

I denna avhandling används ett hållbart naturligt material, Cladophora-cel-
lulosa, för tillverkningen av LIB separatorer. Denna typ av cellulosa kan ex-
traheras från Cladophora sp. gröna alger, vilka är vanliga i övergödda (eutro-
fierade) vatten. Separatorerna av Cladophora-cellulosa, som tillverkas med 
hjälp av en papperstillverkningsprocess (Figur 1), har visat sig vara lämpligs 
för användning i LIB. Tack vare Cladophora-cellulosans egenskaper och den 
använda  papperstillverkningsprocessen har olika typer av separatorer med in-
tressanta egenskaper kunnat utformas och tillverkas i studien. 

 
Figur 1. Papperstillverkningsprocessen som använts för tillverkning av cellulosa-se-
paratorerna som använts i denna avhandling. Figuren, som är hämtad från [23], an-
vänds med tillstånd från förlaget. Copyright (2016) Elsevier. 
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Den första typen av funktionaliserade separatorer som beskrivs i detta arbete 
är den redox-aktiva separatorn. Denna typ av separatorer kan bidra med 
ladningskapacitet till batteriet till skillnad från konventionella separatorer som 
är elektrokemiskt inaktiva. De redox-aktiva separatorerna har en struktur be-
stående av två skikt med ett lager av cellulosa och ett lager av ett redox-aktivt 
material, t.ex. polypyrrol och polydopamin (Figur 2). Syftet med denna kon-
struktion är att minska separatorns inaktiva vikt och volym så att den totala 
energitätheten hos batteriet kan ökas.  

 

 
Figur 2. Strukturen för en redox-aktiv separator. Figuren är från Paper V. 

Den andra typen av funktionaliserade separatorer har förmågan att se till att 
strömfördelningen inuti batteriet blir homogen via sina likformigt fördelade 
porer (Figur 3). En homogen strömfördelning förbättrar batteriets prestanda 
när det gäller säkerhet, kapacitet och cyklingsstabilitet. 

 

 
Figur 3. Inverkan av porfördelningen i separatorn på strömfördelningen vid elektro-
derna. Figuren, som är hämtad från [27] används med tillstånd från förlaget. Copy-
right (2018) John Wiley and Sons 

Sammanfattningsvis så visar denna avhandling att Cladophora cellulosa kan 
användas som ett separatormaterial för litiumbaserade batterier. Tack vare 
sina gynnsamma egenskaper finns det många möjliga sätt att funktionalisera 
Cladophora-cellulosabaserade separatorer för att förbättra prestanda för olika 
batterier i framtiden. 
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Appendix A: Pore structures of the separators 
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Figure A 1. SEM images of the Cladophora cellulose separator and some typical 
commercial separators. 

 

 
Figure A 2. BJH pore size distributions for the Cladophora cellulose separator and 
some typical commercial separators. Note that the BJH analysis only includes micro 
and mesopores, which means that the macropores in the glass-fiber separator (GF) 
are not analyzed.  
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