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Abstract
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Lithium-ion batteries have dominated the market since their inception in 1991 due to their
unparalleled energy and power densities, but are now faced with new challenges. Growing
demand for battery materials for energy intense applications and large-scale interim energy
storage have emphasized the need for safe and sustainable battery electrolytes. In this context,
non-flammable solid polymer electrolytes (SPEs) are a promising alternative to address the
shortcomings of conventional liquid electrolytes. Despite its significance, little research has
thus far been devoted to understanding the electrochemical stability of SPEs under the harsh
conditions exerted by next-generation electrode materials.

In this thesis, the stability and ramifications of interfaces in polycarbonate- and polyester-
based SPEs have been investigated. The polycarbonate exhibited severe degradation upon
contact with lithium compared to its ester counterpart. Volatile species stemming from
polycarbonate and salt decomposition were observed independent of irreversible current
response, thus also highlighting the limitations of voltammetry techniques to determine the
electrochemical stability. Two novel techniques were thus devised to evaluate electrochemical
stability of SPEs under more realistic conditions. Characterization of the electrode−polyester
interface revealed formation of highly resistive interfacial layers composed of polymer, salt and
impurity derivatives. The emergence of a detrimental resistance emanating from the polymer
−polymer interface was also observed, thus identifying a crucial hurdle for double-layer SPEs
as a strategy to extend the stability window.

The application of polycarbonate/polyester-based polymer electrolytes for sodium-ion
batteries was also studied. Sodium is far more abundant than lithium, and thereby an excellent
chemistry platform to develop new sustainable battery materials. The polycarbonate exhibited
an exceptional ability to dissolve large quantities of sodium salt without compromising the
mechanical stability. Spectroscopic and thermal measurements revealed the emergence of an
alternative ionic transport mechanism at concentrations within the polymer-in-salt regime,
which was decoupled from the segmental motion of the polymer chains. By incorporating
flexible polyester moieties in polycarbonates, an SPE with better transport properties compared
to its individual subunits, and polyether counterparts, was obtained. Optimal salt concentration
in this copolymer was dependent on the degree of crystallinity, determined by the portion of
polyester. Finally, the practical application of these polymer electrolytes was demonstrated in
solid-state sodium-ion batteries.
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1. Introduction 

1.1 The integral role of renewable energy storage during 
the anthropocene era 
A global initiative to halt climate change began on December 12th 2015, when 
196 nations signed the Paris Agreement at the UNFCCC COP21 in Paris.1 The 
mission of the Paris agreement is to curb greenhouse gas (GHG) emissions 
and thereby prevent global temperatures from rising 1.5 °C above pre-indus-
trial temperatures.1,2 Despite pivotal implementations and increased aware-
ness since the Paris Agreement, the United Nations published a report in No-
vember 2018 titled “The Emission Gap Report”, advising that efforts needed 
to be increased fivefold in order to avoid overshooting the 1.5 °C-threshold 
set by the IPCC.3 The same year, according to an international consortium of 
scientists called the Global Carbon Project, an estimated 37.1 billion tons of 
CO2 – the primary contributor to anthropogenic climate change – was released 
into Earth’s atmosphere; the highest ever recorded.4,5 At that point, the atmos-
pheric concentration of CO2 was approximately 45 % higher relative to pre-
industrial levels.5 This is cause for great concern considering that the global 
population is expected to increase and so also GHG emissions.6 In 2019, the 
global mean temperature was estimated to 1.28 °C above pre-industrial levels, 
and is expected to increase further to 2.8 to 3.2 °C by 2100 following current 
policies.7-9 Following the current trajectory, our dependency on fossil fuels is 
not only a threat to the environment but also endangers the social, economic, 
and political welfare of future generations to come.10 Currently, 126 nations 
(responsible for 51 % of global GHG emissions) are committed to achieving 
net-zero GHG emissions by 2050.11 

According to the International Energy Agency, the largest contributor to 
GHG emissions is electricity and heat production (49.04 %), followed by the 
transport sector (20.45 %).7 Hence, vast amounts of resources are being dedi-
cated to developing renewable energy sources e.g. solar panels and wind tur-
bines, to replace existing conventional fossil fuel energy sources.12However, 
solar panels, wind turbines rely on sunshine and wind to produce electricity 
and therefore require some kind of interim energy storage, preferably one 
which is environmentally and economically sustainable.13-15 In the context of 
reducing GHG emissions in the transport sector, the energy storage technol-
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ogy has to be lightweight and capable of rapidly storing and delivering tre-
mendous quantities of energy, in addition to the aforementioned demands.A 
promising candidate which encompasses all of the requirements is the Lith-
ium-Ion Battery (LIB).16-19 

The commercial LIB was first introduced in 1991 by Sony.20-22 With higher 
energy and power density compared to existing alternatives such as lead–acid, 
nickel–cadmium and nickel–metal hydride batteries, see Figure 1, it did not 
take long before the majority of portable electronics was powered by 
LIBs.17,21,23 Since their introduction, the energy storage capabilities of LIBs 
have more than doubled,14 and the average retail cost is expected to decrease 
from today’s ~350 $ kWh−1 to 100 $ kWh−1 by 2030.24-26 In terms of technol-
ogy maturity, this means that LIBs are now suitable for large-scale interim 
energy storage and Battery Electric Vehicles (BEVs) applications.13,14,18 LIBs 
will undoubtedly play an integral role during the Anthropocene age.* 

 
Figure 1. Specific and volumetric energy densities for different battery technolo-
gies. Reprinted from reference 27 with permission from the authors. 

  

                               
* For readers who are unfamiliar with the basic components of a LIB and how it works, it is 
recommended to read the section “Fundamentals of solid-state lithium-ion batteries” before 
proceeding.  
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1.2 Lithium-ion battery shortcomings: Safety problems 
and lithium shortage 
In October 2001, Dell and Compaq were forced to recall 82,000 LIB-powered 
laptops following reports of computers spontaneously catching fire.28 This 
was not an isolated incident; the LIBs on board Boeing’s brand new 787 
Dreamliner airplane also caught fire on four separate occasions in 2013.29 In 
2016, owners of Samsung’s flagship cell phone Galaxy Note 7 were banned 
from bringing their cell phones on board passenger flights due to the potential 
fire hazard.30 More recently, Hyundai is set to replace LIB systems in 82,000 
BEVs over fire risks.31 These four cases exemplify one intrinsic flaw with the 
commercial LIB design – the flammable organic liquid electrolyte.16,32-35 If the 
battery is handled inappropriately (charged or discharged too quick or exposed 
to extreme temperatures), is poorly constructed or physically damaged, an in-
ternal short circuit can occur.36 The build-up of heat arising from the short-
circuit can eventually ignite the liquid electrolyte and evolve into a volatile 
chemical reaction called thermal runaway. Following the onset of thermal run-
away, temperatures quickly rise above 260 °C. Eventually the internal pres-
sure build-up ruptures the battery casing, allowing toxic gases to escape.37 
These fires can quickly spread to neighbouring cells in the battery pack and 
are especially difficult to extinguish since the battery contains all the compo-
nents needed to maintain the fire (oxygen, heat and fuel).38 Exacerbating the 
problem, manufacturers are continuously trying to outperform their competi-
tors by rapidly churning out new batteries with higher energy and power den-
sities for lower prices. Inevitably, packing a tremendous amount of energy 
into a smaller space while maintaining extreme production rate comes at the 
expense of the quality control and safety margins. Compounding the risk fur-
ther, LIBs are often located in close proximity to the user, and may pose a 
serious danger if the LIB fails. 

To mitigate the fire hazards, battery manufacturers typically integrate aux-
iliary sensors, cooling systems, pressure release valves, flame retardant addi-
tives in the electrolyte and reinforce the battery pack.21,35,36,39-41 Consequently, 
this makes batteries heavier (which negatively affects the range of electric ve-
hicles) and more expensive to manufacture. 

According to analysts, the annual global production demand is expected to 
increase to 250–1100 GWh by 2028 for BEV applications alone.42 This is 
equivalent to roughly 3–14 million BEVs (assuming your average BEV has 
an 80 kWh LIB pack), or 3–14 million metric tonnes of lithium (assuming a 
LIB pack contains about 0.08 kg lithium per kWh). This is approximately 0.1–
0.5 % of the estimated global lithium reserves (17 million metric tonnes).43 
This may not sound significant, but bear in mind that this is on an annual basis, 
and does not include the foreseen demand in other energy storage sectors. 
Subsequently, there is little doubt that the lithium price will increase in the 
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future.44-46 Relying entirely on lithium-based energy storage is a risky strategy 
and can even be the root of geo-political tensions in the future.46  

1.3 Solid-state electrolytes: Advantages and 
disadvantages 
The risk of thermal runaway can be significantly reduced by replacing the liq-
uid electrolyte with a solid-state electrolyte, either ceramic or polymeric.47 In 
addition to fulfilling the same function as liquid electrolytes, solid-state elec-
trolytes are non-flammable, less reactive, and provide mechanical barriers be-
tween the electrodes, thereby significantly lowering the risk for a thermal run-
away. By doing so, it is possible to get rid of said safety countermeasures and 
thereby significantly reduce the weight, cost, and overall complexity of the 
battery. This makes solid-state electrolytes highly attractive, despite lower 
ionic conductivities at room temperature in comparison to liquid electrolytes. 

There are many arguments in favor of ceramic electrolytes (CEs), chief 
among which is the combination of high ionic conductivity, transport selec-
tivity of the ionic species, and wide Electrochemical Stability Window (ESW). 
Recent breakthroughs have achieved ionic conductivities bordering, if not ex-
ceeding, that of liquid electrolytes at room temperature.48,49 However, these 
electrolytes often contain sulfides which form toxic H2S gas when the material 
is exposed to air, or SO2 gas when the solid electrolyte is oxidized.50 An alter-
native to sulfide-based CEs is to use more stable garnet-type oxides; however, 
these are not mechanically soft which makes it more difficult to achieve good 
contact with the electrode active materials.51 Paradoxically, it has also been 
shown that a high mechanical bulk modulus and wide ESW, qualities often 
associated with and sought-after in ceramic electrolytes, actually promote fast 
growth of slim unidirectional lithium dendrites.52 To elaborate, the wide ESW 
of ceramic oxides ensures that fewer charge carriers are consumed by side-
reactions but are then available to partake in the formation of dendrites. The 
ceramic’s mechanical rigidity confines dendrite growth to narrow needles 
with large geometric curvatures which enhances the electric field in the near 
vicinity, thus catalyzing dendritic growth. Exacerbating the problem further, 
these slim dendrites are adept at propagating along the “thermodynamically 
hospitable” grain boundaries in ceramic electrolytes,53-55 which increases the 
chances of short circuit.  

CEs are also single-ion conductors, i.e. selectively transporting only posi-
tive ions, which means that transport kinetics are not slowed down by the for-
mation of salt concentration gradients in the electrolyte. In theory, this should 
allow higher power densities (quicker charge and discharge times).56 Moreo-
ver, ceramic electrolytes have a wider ESW than liquid electrolytes, which 
means that they are compatible with next-generation high-voltage cathodes. 
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Hence, the energy density can be increased by as much as 20% when switch-
ing from a 4.2 V to a 5.0 V cathode material, despite using an electrolyte with 
a higher density.57 However, this is little in comparison to the gain in energy 
density when conventional graphite anode material substituted with lithium 
metal (the specific capacity for graphite and lithium is 372 mAhg−1 and 3800 
mAhg−1, respectively, and the redox potential of graphite and lithium is 
−2.94 V and −3.04 V vs. the Standard Hydrogen Electrode (SHE), respec-
tively).41,57 Unfortunately, the majority of CEs are thermodynamically unsta-
ble towards lithium metal,58-60 similarly to liquid electrolytes. Finally, in the 
context of commercialization: CE-based Li-batteries are still in their in-
fancy.61,62  

In contrast to CEs, the commercialization of solid polymer electrolytes 
(SPEs) and the use of a lithium metal anode has already been successfully 
demonstrated in Bolloré’s Bluecar which operates on a lithium metal polymer 
(LMP) battery.63 Like most polymer electrolytes, the poly(ethylene oxide) 
(PEO)-based electrolyte in Bolloré’s car requires elevated temperatures (60 
°C and above)64-66 to achieve ionic conductivities on-par with liquid electro-
lyte and CEs.48 This is problematic since PEO then loses all of its mechanical 
stability. The subpar ionic conductivity of SPEs at room temperature has pro-
moted the concept of GPEs, also known as “quasi-solid state polymer electro-
lytes”, which in part merges the properties of SPEs and liquid electrolytes.67 
GPEs consist of a polymer swollen with liquid electrolyte, were the polymer 
primarily provides structural support (much like a conventional separator) and 
the liquid electrolyte provides fast ionic transport. Consequently, GPEs suffer 
from the same pitfalls as conventional liquid electrolytes, i.e. reactivity to-
wards lithium metal, poor stabilization of the interphase layers, low transfer-
ence numbers, 66,68-70 and are therefore generally not suitable for LMP batter-
ies. Despite the limited ionic conductivity at ambient temperatures in compar-
ison to CEs and liquid electrolytes, SPEs remain highly attractive due to their 
low cost, facile processing and tailorability.71 

As compared to CEs, the lower conductivity at ambient temperature is 
partly compensated by the better wetting properties of SPEs. Unlike the rigid 
particles of CEs, SPEs can easily infiltrate the porous electrode and form a 
good contact with the electrode’s active material by casting directly on top of 
the porous electrode.72 Furthermore, many of the electrode active materials 
expand and contract during charge and discharge which can induce cracking 
in the rigid CEs, and with time, loss of contact and capacity fading which 
shortens the lifetime of the battery.73 This is less of an issue for SPEs that can 
more easily accommodate volumetric changes and may even prove to be com-
patible with next-generation silicon alloy anodes that can store a massive 3579 
mAhg−1 but expands 280 % when fully lithiated.74 
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1.4 A sustainable alternative to lithium 
Producing enough batteries to sustain future energy demands is no small chal-
lenge and will certainly require a diversification of existing battery chemis-
tries. Sodium is far more abundant in comparison to lithium (the average con-
centration of sodium and lithium in the Earth’s crust is 23,000 ppm and 20 
ppm respectively)75 and can easily be sourced from minerals and brine.43,76 
Sodium is similar to lithium in terms of electrochemical properties, which 
means substituting lithium with sodium does not require extensive changes to 
the battery architecture.  Sodium does not have the same energy density as 
lithium;77 not only is sodium heavier (23 g mol−1 and 7 g mol−1 for sodium and 
lithium, respectively), but it is also slightly larger (1.02 Å and 0.76 Å for so-
dium and lithium, respectively),78 possess a higher redox potential (−2.71 V 
for sodium and −3.04 V for lithium, both vs. SHE),79,80 and lower specific 
capacity (1166 mAhg−1 for sodium and 3800 mAhg−1 for lithium).41,81 How-
ever, energy density is not such a critical factor when it comes to large-scale 
energy storage applications. Price, on the other hand, is. Unlike lithium, so-
dium does not alloy with aluminum,82 which means aluminum anodic current 
collectors can be used in lieu of copper. Aluminum is both cheaper and lighter 
than copper, which means that the total cost of a battery pack can be reduced 
by 4.3 %.80 Furthermore, since aluminum can be used as current collector on 
both the anode and the cathode side, additional cost and volume reduction can 
be achieved by bipolar stacking83. Unlike LIBs, sodium-ion batteries (SIBs) 
can be fully-discharged without damaging the electrode materials and can 
therefore safely be stored and transported without the risk of battery fires,80 a 
necessity considering that batteries for energy grid applications will be kept 
en masse in large volumes. However, the safety risk remains once the battery 
is charged and the use of SPEs would therefore again be beneficial. 

Coincidentally, switching to the slightly bulkier sodium ion may also have 
desirable effects in SPEs. Sodium salts often have a relatively low solvation 
energy and therefore have a weaker interaction with the salt anions and ad-
joining complexes. In the context of SPEs, this could mean improved mobility 
of positive ions and also higher concentrations of free positive charge carriers, 
resulting in improved rate performance.84 Moreover, it has been shown that 
the solid electrolyte interphase (SEI) dissolves into the liquid electrolyte at a 
quicker rate in SIBs than LIBs, thereby shortening the life-span of the bat-
tery.85 Being solid, SPEs may slow this degradation process down signifi-
cantly, if not entirely. Finally, likewise to LMP batteries, SPEs could enable 
the safe application of sodium metal anodes. Combining sodium and SPEs 
seems to be mutually beneficial and may bring us one step closer towards re-
alizing cheap, safe, and sustainable solid-state SIBs capable of operating at 
ambient temperature in the foreseeable future.  
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1.5 Fundamentals of solid-state lithium-ion batteries 
The solid-state lithium-ion battery (LIB) functions by the same electrochemi-
cal principle as liquid-electrolyte LIBs and shares the same architecture, with 
one major exception; the electrolyte is solid instead of liquid. A solid-state 
LIB cell is made up of five different components; an electrolyte, an anode, a 
cathode and two current collectors; see Figure 2. When lithium metal is used 
as an anode, the LIB is referred to as a Lithium Metal Battery (LMB). Multiple 
cells can be arranged in larger battery packs to increase the voltage and power 
output. The solid-state electrolyte facilitates transport of lithium ions between 
the electrodes, while preventing electrical contact between the two. In a com-
mercial LIB, this is achieved with a liquid electrolyte, and a microporous 
membrane, called a separator, which prevents cathode-anode contact. The pri-
mary role of the metal current collectors is to provide an electronic connection 
to the electrodes which are responsible for storing the energy. The solid-state 
electrolyte and the current collectors also provide overall mechanical support 
to the battery pack. 

 
Figure 2. Battery architecture of a solid-state Lithium Metal Battery. Inset of 
cathode composite is not drawn to scale. 

When an external load, such as an electric motor or a light-emitting diode, is 
connected to the battery, the battery is discharged and positively charged lith-
ium ions migrate from the anode to the cathode via the solid-state electrolyte. 
The process of lithium insertion into the cathode during discharge is termed 
“lithiation”. Meanwhile, negatively charged electrons move from the anode to 
the cathode via the external circuit generating an electrical current. The driv-
ing force behind the spontaneous migration of lithium ions during discharge 
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is due to the difference in electrochemical potential of faradaic reactions oc-
curring at the anode and cathode. The process can be reversed by applying a 
current in the opposite direction, essentially charging the battery. 

In order for the Faradaic reactions to take place, electrons and lithium ions 
have to have a path to the redox-active material. This means that the redox-
active particles (green spheres in Figure 2) have to be in contact with the elec-
trolyte as well as the current collector, otherwise they merely become dead 
weight. Electronic contact is achieved by mixing in electronically conductive 
material (black spheres in Figure 2), which is held together by a non-conduct-
ing binder (shaded in yellow in Figure 2). Unlike liquid electrolytes, solid-
state electrolytes are less adept at infiltrating all the crevices in the porous 
electrode. However, one advantage with SPEs is that they can be used as 
binder as well, thereby improving the electrode–electrolyte contact. 

The amount of energy that can be stored in a battery (energy density) is 
governed by two factors; the output potential of the cell and the capacity that 
can be stored.19 The electrochemical potential of a cell is governed by the dif-
ference in electrochemical potential between the cathode and the anode. For 
example, lithium iron phosphate (LiFePO4) has a reduction potential of about 
0.41 V vs. SHE. If it is paired with a lithium metal anode with a reduction 
potential of −3.04 V vs. SHE, the output potential of the cell is 3.45 V. It is 
therefore desirable to maximize this range by choosing an anode with a very 
low electrode potential and a cathode with a high electrode potential, but this 
places greater demands on electrode and electrolyte stability. The capacity of 
a battery is determined by how much charge can be inserted and removed from 
the electrode active material. For example, LiFePO4 has a theoretical specific 
capacity of about 170 mAhg−1. The specific capacity (capacity normalized by 
the weight of the electrode active material) and redox potentials for different 
electrode materials can be seen in Figure 3. 

 
Figure 3. Specific capacities and redox potentials for different LIB cathodes and an-
odes. Reprinted by permission from reference 23. Copyright 2010, Springer Nature. 
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1.6 Fundamentals of solid polymer electrolytes 
1.6.1 Essential qualities of electrolytes 
Despite their differences, liquid electrolytes, CEs, and SPEs share the same 
requirements. Xu compiled a set of general requirements for liquid electro-
lytes in LIBs,86  which can also be applied to solid polymer electrolytes. The 
electrolyte should (be): 

i) chemically stable and should not react with any of the components 
in the battery; 

ii) have a wide ESW, i.e. should not undergo redox decomposition 
reactions with the electrodes; 

iii) thermally stable, i.e. the electrolyte should not undergo any phase 
transitions in temperature operating window;  

iv) highly ionically conductive and electronically insulating to pre-
vent short circuits and self-discharge; 

v) non-toxic to people and the environment; 
vi) composed of sustainable materials, i.e. composed of common el-

ements, the synthesis should have a low carbon footprint, and they 
should be recyclable; and 

vii) cheap to manufacture and assemble in batteries on the large scale. 
 
In the case of SPEs, there are an additional four requirements which should 
be added to the list:87 
 
The electrolyte should (be): 

viii) mechanically rigid to function as a separator and prevent den-
dritic growth;88-90 

ix) have good wetting qualities to ensure good contact with the elec-
trode active material;  

x) thin enough to minimize the impact of lower ionic conductivities 
while maintaining separation of the cathode and anode; and 

xi) Support rapid transfer of high numbers of cations per faraday of 
charge with negligible concentration gradient formation.91 
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1.6.2 Description of the ionic conduction mechanism in SPEs 
and important parameters 
The first use of SPEs in LIBs was demonstrated by Armand et al. in the late 
1970’s.92 Since then, the field has been largely dominated by polyether-based 
polymer electrolytes. As such, our understanding and models of the ionic con-
duction or transport in SPEs is largely based on observations made in PEO 
systems with moderate alkali metal salt concentrations.66 

 
Figure 4. Visualization of ionic transport in PEO. Redrawn from reference 93 by per-
mission from The Royal Society of Chemistry. 
Article link: https://doi.org/10.1039/C9ME00038K 

A typical SPE consists of an alkali metal salt e.g. LiX, dissolved in a poly-
meric matrix. In PEO, the positive lithium ions are complexed by three to six 
ether oxygens; see Figure 4 above.94,95 The collective random movement of 
these coordination sites, enabled by the segmental motion of the polymer 
backbones, allows the lithium ions to transition from site to site. Hence, the 
transport of ions is largely dependent on the freedom of movement of the pol-
ymer chains and can thus be described using free volume theory. This means 
that typical polymer electrolytes exhibit Vogel–Fulcher–Tammann (VFT) be-
havior, unlike the Arrhenius behavior seen in liquid electrolytes and CEs. VFT 
behavior can be modeled using the equation below:96 
 

𝜎 𝜎 𝑒  
 
where σ is the total ionic conductivity, σ0 is the pre-exponential factor, B is the 
activation energy for ionic movement, T is the temperature, and T0 is the ‘Vo-
gel’ temperature which is related to Tg (typically ~50 K below Tg). The pre-
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exponential factor is also temperature-dependent and can sometimes be ex-
pressed as σ0=AT−1/2, however, in practice this dependence is often left out.97 
The complex ionic bulk conduction mechanism in SPEs is dependent on a 
series of parameters. In physical terms, the total ionic conductivity, σ, can be 
described using the equation below: 

 

𝜎 𝑛 𝑞 𝜇  

 
where ni is the concentration of dissociated/free charged species, qi is the 
charge of the species, and µi is the mobility of the charged species.64 In gen-
eral, the degree of salt dissociation in a medium is dependent on temperature 
and the dielectric constant (which is relatively low in polymeric systems). In 
macromolecular systems, however, the dissolution is also assisted by the com-
plexation of ions by consecutive coordination groups on the same chain.98 In 
the context of battery chemistries, due to its lower charge density, sodium has 
a weaker interaction with the anion compared to lithium (about 80 %), which 
leads to a higher degree of salt dissociation.99 The total ionic conductivity can 
be calculated using the equation below:  

 

𝜎
𝑙
𝑅𝐴

 

 
where σ is the total ionic conductivity, l is the thickness of the sample, R is the 
resistance of the polymer electrolyte and A is the cross-sectional area of the 
sample. The resistance of the polymer electrolyte sample can be experimen-
tally determined using Electrochemical Impedance Spectroscopy (EIS).97,100 
Another important parameter is the glass transition temperature, Tg, which cor-
responds to the temperature threshold in which the polymer goes from a hard 
and brittle to a rubbery state. At temperatures below Tg, the viscosity ap-
proaches infinity and the polymer chains are immobilized.101,102 As previously 
mentioned, the conduction of ions is largely dependent on the movement of 
polymer chains, and it is therefore generally accepted that a low Tg is a neces-
sary condition for high conductivities. In lithium-ion systems, it has also been 
shown that the bulky TFSI anion has a plasticizing effect, but it does not seem 
to have the same effect in sodium systems.103,104 Tg is determined from heating 
scans obtained using Differential Scanning Calorimetry (DSC).  

Another parameter also related to the structural morphology of the polymer 
is the melting point, Tm. In for example PEO-based systems, it has been shown 
that higher ionic conductivities are observed in the amorphous phase rather 
than the crystalline phase (with a few exceptions).93,97,105-109 From a practical 
standpoint, it is inconvenient if the electrolyte melts as it may result in inho-
mogeneous ionic conductivity and poor mechanical properties.110 Like Tg, the 
Tm can be obtained from DSC heating scans. 
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One disadvantage with measuring the total ionic conductivity is that it does 
not distinguish between conduction of singular alkali metal cations, salt ani-
ons, or clusters. Hence, another technique (known as the Bruce–Vincent 
method) is commonly employed to determine what fraction of the current is 
carried by the cations relative to the anions, also known as the transference 
number, T+.111,112 T+ is defined as the number of moles of positive ions trans-
ferred by migration per faraday of charge; a high T+ means that majority of the 
current is carried by the positive ions and vice versa for low T+ values. Ideally, 
the T+ of an electrolyte in an LIB and SIB is equal to unity, since only the 
positive alkali ions partake in the redox reactions. The Bruce–Vincent method 
is based on three assumptions: (i) the salt ions are completely dissociated and 
do not form clusters, (ii) there is negligible interaction between ions in the 
electrolyte (only true for salt concentrations lower than 0.01 M), and (iii) the 
electrodes are blocking for the anions. Unfortunately, the former two assump-
tions are rarely fulfilled in reality, and the T+ measured is arguably not the true 
transference number. Nevertheless, the measurement is reliable enough to 
make comparisons between different electrolyte systems.66 The transference 
number can be experimentally determined using the equation below: 

 

𝑇
𝐼 ∆𝑉 𝐼 𝑅
𝐼 ∆𝑉 𝐼 𝑅

 

 
where ΔV is the applied potentiostatic bias, Iss is the current at steady-state, I0 
is the initial current, R0 and Rss is the electrolyte-electrode interface resistance 
at start and at steady-state, respectively. There are alternative methods of de-
termining the transference number, such as the Pulsed Field Gradient NMR 
measurements or the Hittorf method,113,114 but these are either based on the 
same assumptions or are relatively less straightforward to employ. Comple-
mentary to ionic conductivity and transference number measurements is the 
limiting current technique which was recently proposed by Balsara et al..115 
The limiting current is defined as the current density threshold  at which the 
salt concentration at the cathode is zero and the ionic conductivity decreases, 
essentially indicating how quickly a cell can be charged/ discharged. 

Another factor which has significant influence on the conduction mecha-
nism is the concentration of salt. Adding salt initially increases the concentra-
tion of charge carriers (ni), which increases the conductivity. As more salt is 
added, the ions will bridge coordination sites and form physical cross-links, 
thereby hindering the segmental motion of the polymers, and as a result the Tg 
increases. Eventually, the extent of cross-linking causes the conductivity to 
drop, despite a higher concentration of charge carriers.116,117 The “de-coupling 
index”, Rτ, describes the ratio between structural relaxation time of the poly-
mer (similar to viscosity), τs, and the conductivity relaxation time, τσ; see equa-
tion on next page.118-120 
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𝑅
𝜏
𝜏

 

 
At moderate salt concentrations, also known as the Salt-In-Polymer Electro-
lyte (SIPE) domain, the ionic conductivity is coupled to the segmental motion 
of the polymer backbones and Rτ is therefore smaller than 1. However, at a 
certain salt concentration threshold, salt ions will begin to aggregate and form 
clusters which eventually form a continuous network, also known as the Pol-
ymer-In-Salt Electrolyte (PISE) domain.93,101,121,122 At this point the conduc-
tion mechanism is de-coupled (Rτ>>1); instead of transitioning from coordi-
nation site to coordination site assisted by segmental motion, ions can now 
percolate along the network and thereby allowing much faster transport.123 
Unfortunately, the higher ionic conductivities in PISEs comes at the expense 
of decreasing Tg to the point where the material no longer has useful mechan-
ical properties as well as accelerated ageing effects in battery cells.124,125 

1.6.3 Electrochemical stability window 
As previously mentioned, maximizing the electrochemical potential differ-
ence between the cathode and anode is an effective strategy to increase the 
energy density of LIBs. However, none of the commercial liquid electrolytes 
are thermodynamically stable in such a large potential range and as a result 
undergo reduction at the anode and oxidation at the cathode; see Figure 3 be-
low. Eventually, continuous degradation will consume the electrolyte and de-
plete the lithium inventory. In commercial LIBs, this problem has been solved 
by engineering the liquid electrolyte to form a stable passivation layer when 
it degrades, which effectively extends the ESW by kinetically slowing down 
further degradation; see Figure 3.126 The passivating layer is called solid elec-
trolyte interphase (SEI) on the anode and cathode electrolyte interphase (CEI) 
on the cathode. In addition to passivating the electrode surfaces, an SEI and 
CEI also have to exhibit mechanical stability (i.e. not delaminate, crack or 
dissolve) and be permeable to lithium ions. Without proper SEI and CEI for-
mation, the LIB will eventually cease to function. SPEs, which exhibit similar 
ESWs as liquid electrolytes, are no exception to this phenomenon.66 

The archetypical SEI and CEI in both liquid and solid electrolyte systems 
consist of a mosaic of different decomposition species.127 The morphology and 
composition of the interphases is largely determined by the constituents of the 
electrolyte (e.g., solvent, salt, additives and impurities such as water) and the 
electrode (e.g., redox active material, binder and electron-conductive addi-
tive), but also the operating conditions (e.g., temperature and cycling rate). To 
a large extent in scientific work, the understanding of SEI and CEI formation 
in liquid-electrolyte LIBs has been directly applied to solid-state LIBs.128 
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However, the effect of macromolecules on interphase mechanisms (e.g., for-
mation, convection, dissolution, cross-talk, volatile gas formation and current 
collector corrosion), in contrast to solvent molecules in liquid electrolytes, re-
mains relatively unexplored.128 † 

 
Figure 3. Visualization of thermodynamically unstable electrolyte (left) and practi-
cally (kinetically) stable electrolyte (right).  

1.6.4 Three types of polymer electrolytes: PEO, PTMC, and PCL  
As previously mentioned, PEO has dominated the field of SPEs since its in-
ception partly because of its compatibility with lithium metal and the low Tg 
of −60 °C.66 However, the polyether-based material has three drawbacks; 
firstly, PEO is adept at dissolving salts due to multiple coordination sites along 
the same polymer chain; however, the very same mechanism also hinders the 
release of these cations during transport. As a result, the cation transference 
numbers are typically very low.66,129 Secondly, PEO is hygroscopic and resid-
ual water has proven detrimental for battery performance.130,131 Lastly, PEO is 
semi-crystalline at room temperature (75–80 % crystalline),132 as are most 
PEO-salt compositions, which means ionic conductivities are limited to <10−6 
S cm−1 at room temperature. It is not until temperatures above Tm (~60 °C), 
when the material becomes amorphous, that practical conductivities (10−3 S 
cm−1) are obtained.64,133 

An alternative to the polyethers are polycarbonates and polyesters. Simi-
larly to PEO, the polyester poly(caprolactone) (PCL) has a low Tg of −60 °C, 
but is semi-crystalline (~50%) and loses much of its mechanical stability at 
temperatures above Tm (58 °C).66,134-136 In contrast, poly(trimethylene car-

                               
† For more information regarding different characterization techniques commonly used to study 
electrolyte–electrode interfaces in solid-state LIBs, the reader is referred to the review article 
titled “Probing the interfacial chemistry of solid-state lithium batteries”, written by Sångeland, 
C., Mindemark, J., Younesi, R. and Brandell, D., published in Solid state Ionics in 2019. 
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bonate) (PTMC) is amorphous and has Tg of −16 °C. By copolymerizing ca-
prolactone and trimethylene carbonate – a monomer which resembles the 
common organic solvent ethylene carbonate –it is possible to disrupt the crys-
talline structure of PCL while retaining a low Tg of −57 °C.137,138 As a result, 
poly(caprolactone-co-trimethylene carbonate) (PCL–PTMC) can support 
ionic conduction at much lower temperatures compared to PEO, PCL and 
PTMC. Moreover, the carbonyl groups do not bind as hard to the cations as 
the ether oxygen in PEO, resulting in higher transference numbers.131,139,140 
Table 1 compares the bulk attributes of PEO, PTMC, PCL and PCL–PTMC 
with lithium and sodium salts. EC:DMC liquid electrolyte has also been in-
cluded for comparison. The estimated ESWs of PEO, PTMC, PCL and PCL–
PTMC with lithium and sodium salts are listed in Table 2.
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2. Scope of this thesis 

Increased demand for battery materials intended for high-power applications 
and large-scale interim energy storage have placed greater focus on finding 
safer and more sustainable battery electrolytes that are compatible with next-
generation electrodes. Non-flammable polycarbonate/polyester-based poly-
mers have exhibited promising qualities as polymer electrolytes in solid-state 
LIBs, but little is understood about their electrochemical stability in practice, 
or their sodium analogues. The ambition of Papers I through V, encompassed 
in this thesis, is to explore the stability of polycarbonate/polyester-based pol-
ymer electrolytes, as well as the formation of interfacial species and their im-
plications for LIBs. Furthermore, the application of polycarbonate/polyester-
based polymers as solid polymer electrolytes for SIBs is explored in Paper VI 
and VII. 

In Paper I, the initial reaction between pristine lithium and solid polymer 
electrolytes at ambient temperatures is investigated. Lithium was evaporated 
onto polymer films consisting of PTMC, PCL and PEO, with and without lith-
ium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. Chemical composition 
of subsequent interfacial species was characterized using synchrotron X-ray 
photoelectron spectroscopy (XPS) under ultra-high vacuum (UHV) condi-
tions. 

Paper II examines the evolution of volatile species during reduction and 
oxidation of PTMC with LiTFSI salt using on-line electrochemical mass spec-
troscopy (OEMS). Results are compared to an ethylene carbonate/diethyl car-
bonate-based liquid electrolyte analogue. 

Paper III presents two alternative electrochemical techniques: staircase 
voltammetry (SV) and cut-off increase cell cycling (CICC), to address the 
limitations of conventional sweep voltammetry techniques commonly em-
ployed to determine the ESW of polymer electrolytes. The oxidative stability 
of PTMC and PEO with LiTFSI salt was evaluated using SV and CICC, and 
are compared with results obtained using sweep voltammetry. 

In Paper IV, the electrochemical stability window of PCL with LiTFSI salt 
is evaluated using SV. The morphology, composition and resistance of subse-
quent interfacial layers at potentials exceeding the ESW were characterized 
using electrochemical impedance spectroscopy (EIS), XPS and scanning elec-
tron microscopy (SEM).  
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Paper V analyzes the ionic resistance of polymer−polymer interfaces in 
double-layer solid polymer electrolytes (DLSPE). DLSPEs consisting of dif-
ferent combinations of three polymer electrolytes: PEO, PCL and PTMC, 
were assembled via hot pressing and characterized using EIS at different tem-
peratures. Finally, the salt concentration was doubled to study its effect on 
polymer−polymer interface resistance.  

In Paper VI, PTMC was combined with a range of sodium bis(fluorsul-
fonyl)imide (NaFSI) salt concentrations to explore the ion-conduction behav-
iour in both the SIPE and the PISE domains. The practical application of the 
polymer electrolyte system was evaluated in solid-state SIBs with sodium 
metal anodes and Prussian blue cathodes. 

Paper VII investigates the influence of NaFSI salt concentration and pol-
yester content in PCL-PTMC on glass transition temperature and ionic con-
ductivity. Similar to Paper VI, the polymer electrolyte was assembled with 
Prussian blue cathodes and cycled at ambient temperatures to demonstrate its 
practical application. Both Papers VI and VII compare and discuss differ-
ences to lithium-ion analogues published in literature. 

Collectively, the papers in this thesis complement and build upon our un-
derstanding of the origin and implications of different interfacial layers in pol-
ycarbonate/polyester-based solid polymer electrolytes. Furthermore, the last 
papers offer insight into the dynamic interaction between sodium salts and 
polycarbonate/polyester-based polymers and what it entails for bulk polymer 
electrolyte properties. Lastly, the application of these materials was demon-
strated in solid-state SIBs. 
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3. Summary of key results and discussions 

The following section summarizes the key results from Paper I to VII. The 
summary has been divided into the following sections: 
 

3.1 Initial interfacial reactions between SPEs and lithium 
3.2 Formation of volatile species at the SPE−electrode interface 
3.3 Alternative electrochemical techniques for ESW determination 
3.4 ESW of PCL:LiTFSI: Resistance, composition and morphology 
of interphases  
3.5 Double-layer SPEs: Polymer−polymer interface resistance 
3.6 SIPE and PISE domains in PTMCnNaFSI: Behavior of ionic 
conductivity 
3.7 Ionic conductivity in PCL–PTMC: Na+ vs. Li+ 
3.8 Instability of PISEs and room temperature cycling of solid-state 
sodium-ion batteries 

 
Sections 3.1 through 3.8 explore phenomena transpiring at the surface and 
bulk in polymer electrolytes for battery applications. Sections 3.1 through 3.4 
(based primarily on Paper I–IV) explore degradation reactions taking place 
at the SPE–electrode interface. Alternative techniques are proposed to address 
the limitations of existing voltammetry techniques commonly used to deter-
mine electrochemical stability limits of SPEs. Section 3.5 (based on Paper V) 
investigates the implications of polymer−polymer interface in double-layer 
SPEs. Sections 3.6 through 3.8 then explore future battery concepts, focused 
on Na+ as the main ionic charge carrier instead of Li+ and primarily related to 
Paper VI and VII. Sections 3.6 and 3.7 explore the effect of sodium on the 
properties of the bulk polymer electrolyte. Finally, the practical application of 
sodium-based SPEs are evaluated in section 3.8.  
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3.1 Initial interfacial reactions between SPEs and 
lithium 
Implementation of lithium metal anodes, with higher specific capacity and 
lower redox potential compared to graphite, would enable LIBs with far higher 
energy densities.71 However, few SPEs would be thermodynamically stable 
towards lithium metal. Consequently, SPEs would then form a resistive SEI 
upon contact with lithium metal.136,154-159 Ideally, the SEI should protect the 
SPE from further degradation while facilitating rapid transport of lithium ions 
to and from the electrode. The performance and longevity of the LIB is to a 
large extent determined by the ability of the SEI to fulfill these two crite-
ria.52,128,154,155,160 Hence, comprehensive understanding of the degradation 
pathways occurring at the electrolyte−electrode interface is essential for the 
successful implementation of lithium metal anodes. Characterization of SEI 
and CEI layers in liquid electrolytes has previously been done using soft and 
hard X-ray photoelectron spectroscopy (SOXPES, HAXPES).161,162 In con-
trast, relatively few studies have been published on the interphases in SPE 
systems.128 Coworkers from Uppsala University have previously character-
ized the interfacial layers between PEO:LiTFSI and PTMC:LiTFSI and lith-
ium metal (in addition to graphite and LiFePO4).130,131 Moreover, Ebadi et al. 
recently investigated the initial degradation of oligomeric PEO, PCL and 
PTMC (among other polymers) upon contact with lithium metal, using density 
functional theory (DFT) and ab initio molecular dynamics (AIMD).163 Higher 
charge distribution, smaller HOMO−LUMO gap and strong interaction be-
tween the lithium metal surface and the carbonate and ester functional groups, 
suggested that PTMC and PCL were prone to decomposition. DFT calcula-
tions predicted that breaking of the Cethereal−Oethereal and Ccarbonyl−Oethereal bond 
in PTMC and PCL, respectively, was thermodynamically favored. The former 
would result in the formation of carbonates, whereas the latter would result in 
alkoxides. In comparison, PEO exhibited a relatively limited tendency to de-
compose upon contact with lithium metal. However, further computational 
work has demonstrated a tendency of PEO to form Li2O following chain re-
duction and C2H2 and H2 formation.164 Furthermore, significant narrowing of 
the ESW can be expected when including the salt.150 

Experimental confirmation of these findings is challenging due to the reac-
tivity of lithium metal which quickly forms a native passivation layer. In this 
regard, Janek et al. studied the initial reaction between lithium and a ceramic 
electrolyte by means of lithium sputter deposition followed by in situ XPS 
analysis.165 Opting for a similar approach in Paper I, lithium was evaporated 
onto polymer films by resistively heating a lithium getter. The initial reaction 
between lithium and PEO, PCL and PTMC, with and without LiTFSI salt, was 
characterized using synchrotron XPS under ultra-high vacuum. Measurements 
were carried out at Helmholtz-Zentrum Berlin für Materialien und Energie in 
Germany. 
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In summary, all pristine samples exhibited a peak belonging to adventitious 
carbon, in addition to peaks belonging to the respective polymer hosts and 
LiTFSI, see Figure 2, 3 and 5 in Paper I. Following lithium deposition for 5 
min corresponding to a few nm, PEO exhibited lithium alkoxide (RO–Li) for-
mation, whereas LiF, Li3N and LixSyOz in addition to  RO–Li were observed 
at the PEO:LiTFSI surface, see Figure 2 in Paper I. Since PEO:LiTFSI is 
typically cycled at elevated temperatures, the degradation observed in Paper I 
at ambient temperatures could become be much severe in practice. In agree-
ment with DFT predictions, lithium alkoxide (RO−Li) species were observed 
at the PCL surface after lithium deposition. Similar to PEO:LiTFSI, Li3N, 
LixSyOz were also observed at the PCL:LiTFSI surface, see Figure 3 in Pa-
per I. However, instead of LiF, traces of Li2O and Li2S were observed. Inter-
estingly, TFSI decomposition was less severe in PCL:LiTFSI compared to 
PEO:LiTFSI, whereas polymer host degradation was less severe in 
PEO:LiTFSI compared to PCL:LiTFSI. This suggests that polymer degrada-
tion can prevent salt degradation or vice versa. From an ion transport perspec-
tive, salt decomposition should be preferred since salt molecules can be re-
plenished, in contrast to polymer chains which are significantly less mobile. 

Based on the area of the peaks belonging to the pristine polymer relative to 
the interfacial species, PTMC:LiTFSI exhibited much more severe degrada-
tion in comparison to the other two SPEs, see Figure 5 in Paper I. Large quan-
tities of LiF, Li–O–R, Li2O, Li3N, LixSyOz and Li2S were observed. Notably, 
lithium metal was exclusively observed at the PTMC:LiTFSI surface. The 
peak corresponding to lithium metal was no longer visible when the sample 
was analyzed again after 20 hours, suggesting that the lithium metal reacted 
to form more stable interfacial species. Unfortunately, PTMC without any salt 
could not be analyzed due to significant charging. 

Based on the results in Paper I, it is evident that polyether-, polyester- and 
polycarbonate-based SPEs are all prone to degradation in the presence of pris-
tine lithium, but especially so in the case of PTMC:LiTFSI. This degradation 
region can function as a passivation layer and protect the SPE from further 
degradation, but will likely also constitute a barrier for Li+. The degradation 
species observed at the surfaces of PEO:LiTFSI, PCL:LiTFSI and 
PTMC:LiTFSI following lithium deposition in Paper I have been summa-
rized in Figure 5. 
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Figure 5. Schematic of the initial degradation species formed at the polymer electro-
lyte surfaces following lithium deposition. SPEs and the interfacial layers are illus-
trated in green and purple, respectively.  Shading of interfacial layer indicates degree 
of decomposition. 

3.2 Formation of volatile species at the SPE−electrode 
interface 
In Paper II, the formation of volatile species during reduction and oxidation 
of PTMC with 22 wt% LiTFSI (PTMC:LiTFSI) was monitored using On-line 
Electrochemical Mass Spectrometry (OEMS). This was achieved with the in-
strument set-up seen in Figure 6.166,167 Briefly explained, OEMS identifies vol-
atile gases by first ionizing the gas molecules generated in the cell, after which 
the gas fragments are separated based on their individual mass charge ratio 
(m/z) and lastly detected using an ion detector.166 Based on the mass spectrum 
it is possible piece together which gases have formed. OEMS measurements 
are typically done at pressures below 10−5 mbar in order to avoid ion interac-
tions. From a practical standpoint, the low-pressure conditions mean that liq-
uid electrolytes evaporate over time. Hence, OEMS analysis on liquid electro-
lytes is limited to intermittent sampling or shorter measurements.166 This prob-
lem does not apply to SPEs. The OEMS measurements in Paper II were con-
ducted at Paul Scherrer Institute in Switzerland. 

 
Figure 6. Schematic of cell set-up used to monitor evolution of volatile gases during 
reduction and oxidation of PTMC:LiTFSI. Reprinted from reference 167. Copyright 
2021, Wiley-VCH. 
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The evolution of gaseous species observed during reduction of PTMC:LiTFSI 
can be seen in Figure 7a. In summary, the onset of reduction was marked by 
the formation of CO2 at 1.75 V vs. Li+/Li. The observation of CO2 (and ab-
sence of CO) confirms the degradation route previously suggested by 
Sun et al. and Ebadi et al.; under reducing conditions, the cleavage of Ccarbonyl–
Oethereal bonds of neighboring TMC units generates PTMC-Li-carbonate, 
which in turn gives off CO2 via decarboxylation and produces PTMC-Li-
alkoxide. 131,163  As seen in Figure 7a, CO2 evolution steadily increased until 
0.75 V, followed by rapid decline coinciding with the evolution of H2. Based 
on previous OEMS studies on liquid electrolytes, we know that H2 formation 
stems from the reduction of residual H2O.168-170 Accompanying OH− formation 
can initiate a secondary reaction with CO2 to form Li2CO3, a common SEI 
species.131,171,172 

 
Figure 7. Evolution of CO2 (m/z=44), H2 (m/z=2), C2H4 (m/z=27), CO (m/z=28*) and 
SO2 (m/z=64) during a) reduction from 2 to 0 V vs. Li+/Li and b) oxidation from 3 to 
5 V vs. Li+/Li at 0.025 mV s−1 at 50 °C. Mass traces belonging to CO were calculated 
by subtracting 14% of the m/z=44 signal from m/z=28 to consider overlapping signal 
originating from CO2; see Experimental Section in Paper II for details. Adapted from 
reference 167. Copyright 2021, Wiley-VCH. 

According to the voltammogram, PTMC:LiTFSI began oxidizing at approxi-
mately 3.8 V vs. Li+/Li, but it was not until 4.25 V that CO2 formation was 
observed; see Figure 7b. In comparison, CO2 evolution stemming from 
poly(propylene carbonate):LiTFSI was reported at 3.5 V vs. Li+/Li, albeit 
against a redox active working electrode as supposed to the carbon cloth used 
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in Paper II.173 At 4.4 V, SO2 formation was observed, indicating TFSI− deg-
radation. Salt-derived radicals can initiate secondary reactions as exemplified 
by the H2 formation also observed at 4.4 V, and the presence of salt residues 
at the cathode interface reported previously.64,131,174-176 In addition, minor 
traces of propane were also observed; see Figure S3a in Paper II. Interest-
ingly, the erratic current behavior observed at 4.6 V and above was not re-
flected in the gas profiles, indicating non-gaseous reactions at high potentials.  
For comparison, gas evolution during reduction and oxidation of 1M LiTFSI 
in ethylene carbonate/diethyl carbonate (EC/DEC) was also studied. Three 
major differences were observed in the liquid electrolyte analogue. Firstly, 
EC/DEC:LiTFSI exhibited greater quantities of gas formation overall, despite 
the lower measurement temperature. Naturally, this can be explained by the 
larger electrolyte−electrode contact area in the case of the liquid electrolyte. 
Secondly, H2 evolution indicative of H2O reduction was observed much ear-
lier at 1.4 V vs. Li+/Li. This could be explained by the liquid electrolyte also 
coming in contact with the steel mesh; see Figure 6, which has a higher elec-
trocatalytic activity for H2 evolution than the carbon cloth.177 Lastly, instead 
of CO2, large quantities of C2H4 were observed during reduction, stemming 
from EC decomposition. 

As demonstrated in Paper II, OEMS provides new insights into the reac-
tions occurring at the electrolyte−electrode interface that complements our ex-
isting understanding established using XPS and computational studies. Fur-
thermore, OEMS detected formation of volatile species independent of current 
response, thus highlighting the limitations of sweep voltammetry techniques 
to study the electrochemical stability of SPEs. 

3.3 Alternative electrochemical techniques for ESW 
determination 
Typically, the ESW of SPEs is determined using sweep voltammetry, either 
linear sweep voltammetry (LSV) or cyclic voltammetry (CV), in which the 
oxidation or reduction current response is measured as the potential is gradu-
ally changed with a constant scan rate. Based on the cyclic voltammogram, it 
is possible to identify at what potential non-reversible (as well as reversible) 
processes occur and whether or not they passivate the electrode surface. How-
ever, as illustrated by Paper II, there appears to be a disconnect between evo-
lution of gaseous species and current–voltage response. Furthermore, there 
exists no consensus on how this degradation onset is defined or what working 
electrodes and potential scan rate should be used.178,179 Frequently, the exper-
iment conditions (e.g., the working electrode and scan rate) share little resem-
blance to the real conditions in a battery, which challenges the method’s va-
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lidity. Nevertheless, CV or LSV remain the most frequent methods to deter-
mine ESW of SPEs, probably due to their relative accessibility, and still allow 
for some comparison between different polymer electrolyte systems. 

In Paper III, two new techniques to address the limitations of sweep volt-
ammetry are presented: staircase voltammetry (SV) combined with EIS, and 
cut-off increase cell cycling (CICC) combined with Intermittent Current In-
terruption (ICI). These methods (including CV), were used to evaluate the ox-
idative stability of PTMC:LiTFSI and PEO:LiTFSI as reference SPEs. 

The chronoamperometric response of PTMC:LiTFSI and PEO:LiTFSI dur-
ing the LSV measurements can be seen in Figure 8a and b. The oxidation onset 
was determined by taking the tangent of the baseline and the degradation re-
gion of the current–voltage curve, identifying the intercept between the two 
and extrapolating a vertical line to identify x-intercept (An example is pro-
vided in Figure 8a).180 However, the positioning of the tangents is subjective 
and thus undermines the validity of the oxidation onset.179 Based on the LSV 
measurements with a scan rate of 0.1 mV s−1, the oxidation onset for 
PTMC:LiTFSI and PEO:LiTFSI was observed at 4.25 and 4.75 V vs. Li+/Li, 
respectively, see Figure 1c and d Paper III. According to CV measurements, 
the oxidation response decreased with each cycle in both PTMC:LiTFSI and 
PEO:LiTFSI, suggesting gradual passivation of the working electrode inter-
face, see Figure  S3 in the Supporting Information to Paper III. 

To address the ambiguity of the oxidation onset definition, Li et al. recently 
published an alternative electrochemical capacity-based method, in which the 
upper potential cut-off (or vertex potential) is increased each cycle.179 The ox-
idative stability limit was ascertained by studying the ratio between anodic 
and cathodic charge for each cycle; once the ratio exceeded 1 %, the authors 
deemed (somewhat arbitrarily) that the SPE was no longer stable. The oxida-
tion stability limit reported for PEO:LiTFSI using this method was 3.6 V vs. 
Li+/Li, which was validated by size exclusion chromatography. Measurements 
showed that the average molecular weight of PEO decreased by a factor of 11 
from 3.6 to 4.2 V vs. Li+/Li, suggesting polymer chain scission due to oxida-
tion. However, similar to LSV and CV measurements, the potential is still 
ramped and as such does not consider mass transport limitations in the SPE, 
nor accurately reflects the true potential conditions during battery operation. 
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Figure 8. Current–voltage response of a) PTMC:LiTFSI and b) PEO:LiTFSI during 
LSV at different scan rates. c) Current–voltage response of PTMC:LiTFSI and 
PEO:LiTFSI during SV. Voltage profiles of LFP half-cells with d) PTMC:LiTFSI and 
e) PEO:LiTFSI during CICC. f) Coulombic efficiencies (C.E.) of LFP half-cells with 
PTMC:LiTFSI and PEO:LiTFSI during CICC. Bulk polymer resistance (RPTMC/PEO) 
and interfacial resistance (Rint.) determined using EIS, and the internal cell resistance 
from ICI (RLFP cell) for g) PTMC:LiTFSI and h) PEO:LiTFSI at potentials ranging from 
3–5 V vs. Li+/Li. RPEO has been multiplied by 10 to improve legibility. All measure-
ments were done at 60 °C. 
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In SV, the potential was slowly increased in 100 mV steps from OCV to 5 V 
vs. Li+/Li, while measuring the current response. Each potential step was held 
for one hour. The oxidation threshold was ascertained when the relaxation 
current deviated from the baseline. In addition, each potential step was fol-
lowed by a 1 hour pause and thereafter EIS, in order to measure changes in 
cell resistance. As seen in Figure 8c, oxidation of PTMC:LiTFSI was observed 
at 3.8 V vs. Li+/Li, whereas PEO:LiTFSI began oxidizing at 3.5 V vs. Li+/Li. 
In contrast to LSV and CV measurements, PTMC:LiTFSI and PEO:LiTFSI 
exhibited similar oxidation currents despite having different ionic conductiv-
ities. Based on the EIS measurements, the interfacial resistance (Rint.) in both 
PTMC:LiTFSI and PEO:LiTFSI exhibited similar behavior; initially, Rint. in-
creased slowly followed by a slight decrease (perhaps linked to polymer chain 
scission). Shortly thereafter, the interfacial resistances increased, see Figure 
8g and h. Based on the EIS measurements, it also evident that Rint. in 
PEO:LiTFSI constitutes a significant portion of the total resistance (albeit still 
lower compared to PTMC:LiTFSI), whereas Rint in PTMC:LiTFSI is of 
roughly the same magnitude as the polymer electrolyte resistance. 

In contrast to CV measurements, in which the potential increases at a con-
stant rate, holding the potential for an extended time ensures that the capaci-
tive contribution to the current response is minimal, and that interfacial reac-
tions are not limited by mass transport in the SPE. Furthermore, holding the 
potential also mimics the conditions during battery cycling, e.g., during a re-
dox plateau. However, similar to LSV and CV measurements, the use of a 
stainless steel working electrode omits the influence of a realistic battery elec-
trode that has a direct effect on the electrochemical stability.152,178,179,181-183 In 
this regard, another technique similar to SV, called electrochemical floating 
test, utilizes a cathode as the working electrode instead of an inert elec-
trode.184,185 

To study the effect of the working electrode surface, the oxidative stability 
of PTMC:LiTFSI and PEO:LiTFSI was also evaluated using CICC. In CICC, 
the voltage profiles and coulombic efficiencies (C.E.) were monitored as the 
upper cut-off potential was increased by 100 mV every 5 cycles during cycling 
with different cathodes. In Paper III, the following cathode materials were 
used based on their distinct redox potentials and voltage profiles: LiFePO4 
(LFP), LiNi1/3Mn1/3Co1/3O2 (NMC) and LiNi1/2Mn3/2O4 (LNMO). In addition, 
CICC was combined with ICI to monitor the total cell resistance.186 Unlike 
EIS, ICI does not require the cell to reach an equilibrium and can therefore be 
measured in operando. 

The voltage profiles and Coulombic efficiencies for PTMC:LiTFSI and 
PEO:LiTFSI against LFP can be seen in Figure 8d and e. As seen in Figure 
8e, the Li|PEO:LiTFSI|LFP cell exhibited rapid decline in Coulombic effi-
ciency once the voltage cut-off reached 4.3 V vs. Li+/Li. In the voltage pro-
files, the rapid oxidation of PEO:LiTFSI manifests as an ongoing redox plat-
eau, see Figure 4d in Paper III. Simultaneously, ICI measurements revealed 
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a subtle decrease in cell resistance at 4.1 V vs. Li+/Li, followed by an abrupt 
increase at 4.5 V vs. Li+/Li, in agreement with the behavior observed in EIS 
measurements. Similar resistance behavior was observed in PTMC:LiTFSI, 
albeit less sudden. PTMC:LiTFSI began oxidizing at 3.8 V vs. Li+/Li as evi-
denced by the presence of a secondary redox plateau, see Figure 4c in Pa-
per III. This plateau was absent in the following cycle, suggesting that the 
electrode surface was passivated. However, the discharge capacity increased 
with each cycle owing to the gradual infiltration of the SPE into the porous 
electrode.137  

Unlike the CV measurement, CICC revealed that PEO:LiTFSI oxidation 
did not passivate the electrode, thus demonstrating the effect of working elec-
trode. However, the criteria used in CICC to determine the oxidation onset is 
also somewhat subjective. Additionally, CICC assumes that the cathode ma-
terials exhibit negligible ageing and that the counter electrode is stable during 
the measurement. Another indirect limitation of CICC is that electrolytes with 
large differences in ionic conductivity inevitably generate different overpo-
tentials. Hence, one could argue that PTMC:LiTFSI lingers for a shorter time 
than PEO:LiTFSI at a certain potential before reaching the voltage window 
cut-off, thereby experiencing less decomposition. This could simply be 
avoided by lowering the charge/ discharge current, but at the expense of longer 
measurement times.   

The oxidation stability limits of PTMC:LiTFSI and PEO:LiTFSI according 
to LSV, SV and CICC measurements have been summarized in Table 3. De-
spite the efforts summarized in Paper III, these techniques still suffer from a 
certain degree of ambiguity in regards to the oxidation onset. However, they 
do provide insight into the stability of SPEs under more relevant test condi-
tions than conventional alternatives. As exemplified LSV, SV and CICC 
measurements, neither PTMC:LiTFSI or PEO:LiTFSI exhibited consistent 
oxidation stability limits, suggesting that the stability of SPEs is highly de-
pendent on the experiment conditions. Still, these experiments reveal little 
what is actually happening at the SPE−electrode interface, the exact origin of 
the oxidation stability limit, failure mechanisms, and clues on how it may be 
prevented. 
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Table 3. Experiment conditions for LSV, SV and CICC measurements in Paper III. 
Oxidative stability of PTMC:LiTFSI and PEO:LiTFSI at 60 °C according to LSV, SV 
and CICC. 

Technique Working 
electrode 

Potential 
range 

Scan rate PTMC:LiTFSI PEO:LiTFSI 

  V vs. Li+/Li  V vs. Li+/Li V vs. Li+/Li 

LSV Stainless steel 3−5 10 mV s−1 4.4 4.7 

 ” ” 1 mV s−1 4.5 4.8 

 ” ” 0.1 mV s−1 4.3 4.8 

SV ” ” 100 mV step h−1 3.8 3.5 

CICC LFP 2.7–3.7…5 C/20 3.8 4.3 

 NMC 3.5–4.2…5 C/20 4.6 4.5 

 LNMO 3.5–4.6…5 C/20 4.8 4.7 

3.4 ESW of PCL:LiTFSI: Resistance, composition and 
morphology of interphases 
As demonstrated by Mindemark et al., by copolymerizing PTMC and PCL, it 
is possible to obtain an SPE host which displays high ionic conductivity at 
ambient temperatures.138,147 Using PCL–PTMC:LiTFSI, a LiFePO4 half-cell 
was cycled between 2.7 to 4.2 V vs. Li+/Li at room temperature with minimal 
capacity fading.147 However, when this material is tested against high-voltage 
cathodes, an ongoing oxidation current indicative of electrolyte oxidation is 
typically observed. Hence, the electrochemical stability limits of PCL–
PTMC:LiTFSI, and subsequent SEI and CEI formation outside of the ESW, 
still needs to be understood. The adhesive quality of PCL–PTMC:LiTFSI 
makes separation of the battery components for post mortem analysis diffi-
cult.128 Fortunately, this is not as severe in the individual polycarbonate and 
polyester SPEs. The electrochemical stability of the polycarbonate-based 
component has already been studied using LSV and post mortem XPS by Sun 
et al.131,137 According to LSV measurements, the oxidation stability limit of 
PTMC:LiTFSI was observed at 5 V vs. Li+/Li. The reduction stability limit 
was difficult to discern since lithiation of nickel oxide, found on the working 
electrode, interfered with the current response.130 Post mortem XPS of the 
PTMC:LiTFSI−graphite interface following discharge to 0.01 V vs. Li+/Li, 
revealed an SEI consisting predominantly of ROLi, ROCO2Li, Li2O and salt-
derived decomposition species (LiF, Li3N, Li2S, Li2SO3 and Sx).131 Further-
more, less H2O impurities led to notably less LiOH and Li2CO3 formation in 
comparison to the PEO:LiTFSI−graphite interface.130 In agreement with the 
LSV measurement, the PTMC:LiTFSI−LiFePO4 interface exhibited minimal 
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degradation following the first discharge to 3.7 V vs. Li+/Li.‡ Continuing these 
investigations, the reduction and oxidation stability limits of the polyester 
component (PCL:LiTFSI) were investigated in Paper IV. These results, to-
gether with previous studies, provide further insight into the stability of PCL–
PTMC:LiTFSI. 

In Paper IV, the electrochemical stability of PCL:LiTFSI was studied us-
ing the SV methodology explained in section 3.3, followed by post mortem 
XPS, SEM and EDS analysis to characterize the composition and morphology 
of PCL:LiTFSI−electrode interfacial layers. In summary, the current response 
was monitored as the working electrode potential was stepped from open-cir-
cuit voltage (OCV) (~2.7 V vs. Li+/Li) to −1 or 6 V vs. Li+/Li in 100 mV in-
crements at 40 °C, see Figure 2a in Paper IV. Here, the frequency–impedance 
response of the working electrode was isolated using a ring-shaped reference 
electrode embedded in the PCL:LiTFSI membrane, see Figure 9. 

 
Figure 9. a) Schematic of three-electrode cell used in Paper IV to isolate the imped-
ance response of the working electrode. The cell consisted of a lithium metal counter 
electrode (1), carbon-coated working electrode (2), PCL:LiTFSI membrane (3) and a 
reference ring electrode (4). Working electrodes with a thin carbon coating were se-
lected in order to resemble the electrode surfaces typically found in LIBs. b) Picture 
of a reference electrode embedded in a PCL:LiTFSI membrane. To construct the ref-
erence electrode, a LiFePO4 ring electrode (coated on both sides) was delithiated half-
way, washed, dried and lastly hot-pressed between two sheets of PCL:LiTFSI together 
with an aluminum current collector tab; see Experimental Section in Paper IV for 
details.  

Based on the current response, PCL:LiTFSI did not undergo any decomposi-
tion between 1.5 to 4 V vs. Li+/Li, see Figure 2a in Paper IV. As seen in 
Figure 10a, the relaxation current for each potential step (Ifinal) began deviating 
from 0 at approximately 1.5 V vs. Li+/Li, marking the beginning of reduction. 
The reduction onset coincides well with the limit determined using atomic 

                               
‡ 3.7 V vs. Li+/Li is a relatively low oxidation potential; hence, the reader should bear in mind 
that more severe decomposition can be expected going to higher oxidation potentials. 
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scale modelling (1.2 vs. Li+/Li), and likely corresponds to the cleavage of the 
Ccarbonyl−Oetherial bond in PCL.150,163 The reduction current continued to increase 
until 0.6 V, after which it dips. Interestingly, this decrease coincides roughly 
with the onset of H2 formation, synonymous with reduction of H2O, observed 
at 0.75 V vs. Li+/Li in Paper II. Below 0 V, the current increased dramatically, 
following the onset of lithium plating. According to CV measurements, the 
deposition reaction was partially reversible, see Figure 2b in Paper IV. As 
seen in Figure 10a, PCL:LiTFSI began oxidizing at approximately 4 V vs. 
Li+/Li. The oxidation profile appeared to be divided into two processes rang-
ing from 4 to 5 V and from 5 to 6 V, corresponding to SPE oxidation and 
corrosion of the aluminum current collector, respectively.167,187,188 CV meas-
urements revealed that both reduction and oxidation currents, decreased dur-
ing subsequent cycles, suggesting gradual passivation of the electrode surface 
or depletion of reactant species, see Figure 2b in Paper IV. 

The CEI and SEI resistance (R) and pseudo capacitance (C) was extracted 
via equivalent circuit fitting, see Figure 10b. Overall, the resistance of the 
cathode electrolyte interphase (RCEI) increased from 5 to 13 kΩ from 4 to 6 V 
vs. Li+/Li. From 1.5 to 0 V, the resistance of the solid electrolyte interphase 
(RSEI E>0) increased from 7 to 23 kΩ. However, the interphase resistance below 
0 V (RSEI E<0) rapidly decreased back to 7 kΩ once lithium plating began, in-
dicating that the low conductive SEI was (partially) replaced by an interphase 
with lower resistance. This was corroborated by the observed decrease in 
charge transfer resistance (Rct). Based on C, the CEI and SEI interphase thick-
ness (d) was calculated, see Figure 10c. The CEI grew from 21 to 82 nm from 
4 to 6 V vs. Li+/Li. Similar thicknesses have been reported for the interphase 
between PEO:LiCF3SO3 and a V6O13 cathode.189 In comparison, the SEI grew 
from 73 to 336 nm from 1.5 to 0 V, indicating extensive degradation. As de-
picted in Figure 10c, d correlated with the cumulative capacity (Q), suggesting 
that the redox currents seen in Figure 10a originated from interphase-forming 
reactions. Below 0 V, the SEI thickness increased from 407 nm to 1.68 μm. 
Finally, the average ionic conductivity was calculated using Equation 3 in Pa-
per IV. The ionic conductivity of the CEI and SEI (above 0 V) was 3.5×10−9 
and 1.0×10−9 S cm−1, respectively. Below 0 V, the average SEI ionic conduc-
tivity increased to 1.4×10−8 S cm−1. In comparison, the ionic conductivity of 
the interphase between PEO:LiTFSI and lithium metal was 3×10−8 S cm−1 at 
90 °C.155 Overall, the ionic conductivity of the CEI and SEI was much lower 
in comparison to the ionic conductivity of PCL:LiTFSI (2.6×10−6 S cm−1 at 
40 °C), see Figure S3b in the Supporting Information to Paper IV. 
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Figure 10. a) Initial and final current value (I) for each potential step during SV meas-
urements. The oxidation current has been multiplied by a factor 100 to improve legi-
bility. b) Resistance (R) and pseudo capacitance (C) of SEI and CEI at different po-
tentials based on the frequency–impedance response. Equivalent circuits used to re-
trieve parameters can be found in Table S1 in the Supporting Information to Pa-
per IV. C was calculated using Equation 1 in Paper IV. c) Estimated thickness (d) of 
SEI and CEI, and accumulative redox capacity (Q). d was calculated using Equation 
2 in Paper IV. Shaded areas represent the propagated errors from equivalent circuit 
fitting. Separate measurements were done to determine reduction and oxidation sta-
bility limits. 
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In conjunction with voltammetry and impedance measurements, the composi-
tion and morphology of the PCL:LiTFSI−electrode interface was studied us-
ing post mortem XPS and SEM. In order to facilitate separation of the 
PCL:LiTFSI membrane from the working electrode without damaging the in-
terface, the salt concentration was limited to 20 wt% to maintain mechanical 
stability, and PCL:LiTFSI was not cast on top of the electrode to prevent ex-
tensive infiltration. Moreover, the measurement temperature was limited to 40 
°C to prevent the electrolyte from melting and sticking to the electrode and 
minimal stack pressure was applied. In agreement with SV measurements, 
only minor changes in interfacial composition were observed between 1.5 to 
4 V vs. Li+/Li using XPS, see Figure S8, S9, S12 and S13 in the Supporting 
Information to Paper IV. Similarly, no decomposition was observed when 
PCL:LiTFSI was left in contact with the electrodes for 72 hours at 40 °C. Be-
tween 1.5 and 0.5 V vs. Li+/Li, XPS peaks belonging to TFSI− and polymer-
derived species were observed at the polymer−electrode interface; see Figure 
7 in Paper IV. 

At 0 V vs. Li+/Li, XPS peaks corresponding to RO−Li were observed, con-
firming the cleavage of the Ccarbonyl−Oester bond in PCL under strongly reducing 
conditions, as predicted in ab initio molecular dynamics simulations by Ebadi 
et al.190 Moderate quantities of Li2CO3 were also observed at the electrode 
surface. In relation to the impedance measurements, it was evident that the 
formation of aforementioned species resulted in a large interfacial resistance. 
However, based on CV measurements, it seemed that these species also pro-
tected the PCL:LiTFSI from further degradation. 

Below 0 V vs. Li+/Li, additional RO−Li was observed, as well as small 
amounts of LiF and Li3N, where the latter suggested further salt decomposi-
tion. At the PCL:LiTFSI surface adjacent to the electrode, significant quanti-
ties of LiOH were observed, see Figure 8 in Paper IV. It has been shown 
previously that TFSI is susceptible to decomposition in the presence of H2O, 
which also supports the presence of LiOH, LiF and Li3N at the polymer−elec-
trode interface in Paper IV.191,192  

SEM micrographs and EDS mapping revealed dendrite-like structures in 
the μm-range, consisting predominantly of oxygen, see Figure 6 and Figure S6 
in Paper IV. However, it is improbable that these structures consist solely of 
LiOH. The H2O content in PTMC:LiTFSI was less than 40 ppm using the 
same synthesis, casting and drying method as in Paper IV, hence limited 
LiOH formation can be expected.131 Unfortunately, no signal originating from 
lithium metal was detected using XPS, perhaps due to its reactivity. Remark-
ably, these structures are completely absent after three plating-stripping cycles 
– suggesting a certain degree of reversibility as also indicated by CV meas-
urements – and have been replaced with what appears to be perforations in the 
PCL:LiTFSI membrane and small oxide particles, see Figure 6 and Figure S6 
in Paper IV. Extensive dendrite growth can eventually cause an internal short 
circuit, and may explained why PCL:LiTFSI half-cells could not be cycled for 
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more than 16 cycles at  60 °C.152,153,193 This issue can be resolved by integrat-
ing a polystyrene or benzyl methacrylate block that stiffens the polymer mem-
brane and prevents lithium dendrite penetration.153,194 

In contrast, no significant changes were observed at the polymer−electrode 
interface between 4 to 5 vs. Li+/Li. This is perhaps not so surprising given the 
low oxidation currents observed during voltammetry measurements. XPS 
analysis revealed the presence of carbonaceous species along with small quan-
tities of TFSI, see Figure S12 and S13 in the Supporting Information of Pa-
per IV. In addition, small amounts of –CF2 and sulfide-based species were 
observed, indicating TFSI degradation. At 6 V vs. Li+/Li, a peak belonging to 
AlF3 was observed, suggesting aluminum corrosion.195,196 The absence of ma-
jor interfacial degradation during oxidation was also reflected in the SEM mi-
crographs, in which only minor polymeric residues were observed at the elec-
trode interface, see Figure 6 and S6 in Paper IV. These results are in sharp 
contrast to EIS measurements, which indicated moderate CEI formation. Ox-
idation of PCL:LiTFSI may have created a region with low ionic conductivity 
near the working electrode that closely resembles the bulk electrolyte and 
which is therefore indistinguishable using XPS. 

The key findings from Paper IV are summarized in Figure 11. Based on 
these, and those reported for PTMC:LiTFSI in previous experimental and 
modelling studies, the oxidation stability of PCL–PTMC:LiTFSI is most 
likely limited by the PCL component and the lithium salt.131,150,163 On the other 
hand, the reduction stability of PCL–PTMC:LiTFSI is likely limited by the 
PTMC component and the lithium salt. Outside of the ESW, the formation of 
the following interfacial species can be anticipated: RO−Li stemming from 
polymer host decomposition, LiOH and Li2CO3 associated with H2O impuri-
ties, and lastly LiF, Li3N, –CF2 and sulfide-based species originating from 
LiTFSI decomposition. Salt-derived species could accelerate decomposition 
of the polymer host further. 

Going to plating potentials, further electrolyte degradation can be expected. 
Furthermore, as demonstrated in Paper IV, PCL:LiTFSI was unable to pre-
vent dendritic growth. However, this could very well be a consequence of poor 
electrolyte−electrode contact, combined with low ionic conductivity, that 
were intended to facilitate layer separation for post mortem analysis. Never-
theless, PCL–PTMC:LiTFSI has relatively lower mechanical stability, but 
higher ionic conductivity and better wetting properties in comparison to 
PCL:LiTFSI, making it difficult to predict if dendrites growth will pose a 
problem in PCL–PTMC:LiTFSI as well. Of course, other factors, e.g., tem-
perature and charge/ discharge currents, also have to be taken into considera-
tion.  



 36 

 
Figure 11. Schematic of the PCL:LiTFSI−electrode interface at different reduction 
and oxidation potential ranges. 

3.5 Double-layer SPEs: Polymer−polymer interface 
resistance  
As mentioned in the introduction, the energy density of LIBs is partially de-
termined by the difference in electrochemical potential between the anode and 
the cathode. Thus, it is preferential to maximize the potential difference be-
tween the anode and the cathode, to achieve a high cell voltage. However, no 
known SPE exhibits stability in the wide potential range desired; SPEs there-
fore suffer from detrimental degradation. A promising strategy to overcome 
this issue is to laminate two different SPEs, thereby attaining a double-layer 
SPE (DLSPE) that simultaneously exhibits stability towards the lithium metal 
anode and high-voltage cathode.197 However, in doing so, a new interface is 
introduced in the LIB, namely the polymer−polymer interface. In Paper V, 
the resistance of such polymer−polymer interfaces in PEO–PCL, PEO–PTMC 
and PCL–PTMC with 25 wt% LiTFSI was characterized using EIS. The 
DLSPEs in Paper V were assembled via hot pressing. As exemplified by 
PEO–PCL with 25 wt% LiTFSI (PEO–PCL:25), when studying the fre-
quency–impedance response of DLSPEs we observed a new feature at lower 
frequencies which was not present in the single layer SPEs; see  
Figure 12a–f. Hence, the low frequency feature was ascribed to the poly-
mer−polymer interface. Furthermore, this feature was not observed in 
DLSPEs consisting of the same SPEs, e.g., PEO–PEO:25 and PCL–PCL:25, 



 37

thereby demonstrating that the new feature originated from the polymer−pol-
ymer interface between two different SPEs; see Figure S2 in the Supporting 
Information to Paper V. 

 
Figure 12. Nyquist plots of a) PEO–PCL:25, b) PEO:25 and c) PCL:25 at 40 and 60 
°C. In the Nyquist plots, the semi-circles belonging to the bulk and polymer−polymer 
interface have been labeled with a I and II, respectively. Bode plots of d) PEO–
PCL:25, e) PEO:25 and f) PCL:25 at temperatures ranging from 25 to 80 °C. In the 
Bode plots, the local maxima corresponding to the geometric capacitances and the 
polymer−polymer interface capacitances have been labeled Cg and Cpi, respectively. 
At certain temperatures, the features associated with the bulk SPE and the poly-
mer−polymer interface are indistinguishable. g) Schematic of equivalent circuit A and 
B used to model the impedance response of SPEs and DLSPEs, respectively. Using 
PEO:25 as an example, RPEO represents the bulk resistance of PEO:25, CPEdl repre-
sents the double layer capacitance at the polymer–electrode interface and CPEg,PEO 
represents the geometric (dielectric) capacitance of PEO:25. Above the melting tem-
perature of semi-crystalline PEO:25, circuit A is reduced to RPEO in series with CPEdl. 
In circuit B, Rpi and CPEpi represent the resistance and capacitance of the poly-
mer−polymer interface between PEO:25 and PCL:25, respectively. Similarly, CPEg 
was omitted at temperatures above the melting point of the DLSPEs. h) In-lens SEM 
micrograph of PEO–PCL:25 cross-section. Adapted with permission from reference 
198. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00366 
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Using the equivalent circuits seen in Figure 11h, it was possible to extract the 
total resistance of the SPEs and DLSPEs and calculate the total ionic conduc-
tivities; see Figure 13a. In the case of PEO–PTMC:25, the time constants as-
sociated with PEO:25 and PTMC:25 did not overlap; see Figure 1b and e in 
Paper V. Hence, circuit C was used instead; see Figure 2 in Paper V. With 
the exception of PCL–PTMC:25, all DLSPEs exhibited significantly lower 
ionic conductivities compared to the single layer SPEs, again demonstrating 
the additional resistance originating from the polymer−polymer interface; see 
Figure 13a. In fact, when the polymer−polymer interface resistance (Rpi) was 
compared to the (hypothetical) bulk resistance of a 10 μm thick DLSPE (Rt), 
it became evident that Rpi constitutes a significant portion of the total re-
sistance; see Figure 3b in Paper V. However, unlike PEO–PCL:25 and PEO–
PTMC:25, the ionic conductivity of PCL–PTMC:25 lies in between PCL:25 
and PTMC:25; see Figure 13a. This suggests that the limiting component is 
not the polymer−polymer interface, and a certain degree of compatibility be-
tween PCL and PTMC. This behavior has also been reported for a DLSPE 
consisting of poly(N‐methyl‐malonic amide)–PEO with 33 wt% LiTFSI.197 

The precise origin of the polymer−polymer interfacial resistance has yet to 
be determined. However, based on electrophoretic NMR measurements by 
Rosenwinkel et al., we know that PEO, PCL and PTMC exhibit varying lith-
ium cation coordination strengths, which could induce a detrimental concen-
tration gradient across the interface.140 Furthermore, based on DSC measure-
ments by Li et al., we also know that SPEs with moderate salt concentrations 
exhibit poor miscibility, which could also hamper lithium transport across the 
polymer−polymer interface.199 Li et al. also demonstrated that the miscibility 
could be greatly improved by increasing the salt concentration. Based on this 
notion, the salt concentration was doubled to 50 wt% in order to mitigate the 
polymer−polymer interfacial resistance. According to DSC thermal scans, 
doubling the LiTFSI concentration suppressed crystallinity in both PEO and 
PCL; see Figure S3 in the Supporting Information to Paper V. As a result, an 
increase in ionic conductivity at lower temperatures was observed; see Figure 
13a.106,133 In comparison, as evidenced by the increase in Tg (see Figure S3 in 
Paper V), PTMC:50 exhibited a decrease in ionic conductivity due to the for-
mation of cross-links between coordination sites and lithium ions that stiffen 
the SPE.116,200 Regarding the polymer−polymer interface, PEO–PCL:50 and 
PEO–PTMC:50 exhibited a 10-fold and 100-fold reduction in Rpi; see Figure 
13b. In contrast, a slight increase in Rpi was observed in PCL–PTMC:50, per-
haps related to the decrease in ionic conductivity of PTMC:50. Based on the 
findings in Paper V, it is evident that the resistance of the polymer−polymer 
interface is dependent on the chemical compatibility of the SPEs. As demon-
strated in Paper V, the suppression polymer−polymer of the interfacial re-
sistance is a crucial step towards realizing functional DLSPEs, which can only 
be achieved through proper interpretation of this phenomenon.  
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Figure 13. a) Total ionic conductivity of SPEs and DLSPEs with 25 and 50 wt% 
LiTFSI and b) polymer−polymer interfacial (Rpi) resistance at temperatures ranging 
from 25 to 90 °C. At certain salt concentrations and temperatures, the features associ-
ated with the bulk SPE and the polymer−polymer interface are indistinguishable. 
Adapted with permission from reference 198. Copyright 2021, American Chemical So-
ciety. Article link: https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00366. 

3.6 SIPE and PISE domains in PTMCnNaFSI: Behavior 
of ionic conductivity 
In Paper VI, the glass transition temperature (Tg ) and total ionic conductivity 
were measured at NaFSI salt concentrations ranging from 21<n<1 (equivalent 
to 8.7 to 67 wt%), where n is the ratio of carbonyls:Na+. As n approaches 1, 
the SPE morphology alters from a SIPE to a PISE, and so, the ionic conduction 
mechanism becomes decoupled from the segmental motion of the polymer 
chains.66 PISE electrolytes have shown remarkable ionic conductivities at 
room temperature and are therefore of immediate interest for solid-state bat-
teries.123 

As seen in Figure 14, the PTMC:NaFSI system exhibited VFT behavior in 
the moderate salt concentration range, n=21 to n=5, indicating that the ionic 
conductivity is dependent on the segmental motion of the polymer chains. In-
itially adding salt from n=21 to n=5 increases the ionic conductivity moder-
ately despite increasing Tg; see Figure 14b. This has also been observed in 
PTMC:NaTFSI electrolytes and is synonymous with increasing the number of 
charge carriers.104 At a certain concentration threshold, however, conventional 
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polyether-based SPEs exhibit a drop in ionic conductivity due to an increased 
number of transient crosslinks between salt cations and coordination sites 
which stiffens the polymer.116,117 Interestingly, this behavior is apparently ab-
sent in the PTMC:NaFSI system. Instead, the Tg drops rapidly accompanied 
by a leap in ionic conductivity when going to n=2, and particularly to n=1. 
This behavior bears resemblance to the behavior seen in poly(ethylene car-
bonate) (PEC):LiFSI, and suggests plasticization by ionic aggregates which 
increase the free volume.124,201 

 
Figure 14. a) Arrhenius plot of ionic conductivities in PTMCnNaFSI from 25 to 
100 °C. VFT fits are shown in dashed lines. b) Effect of salt concentration on glass 
transition temperature. The numbers correspond to the carbonate:Na+ ratio (n). c) 
Conductivity isotherms at 25 to 100 °C for different salt concentrations. Reprinted 
with permission from reference 202. Copyright 2019, American Chemical Society. 

The drop in Tg and additional charge carriers cannot alone explain the massive 
increase in ionic conductivity. Forsyth et al. have proposed an alternative con-
duction mechanism present in PISEs: once enough salt has been added, cati-
ons can percolate along a continuous network of salt aggregates/clusters.203,204 
The existence of a transport mechanism other than segmental motion in 
PTMC:NaFSI is also reflected in the decrease of the pre-exponential factor 
and B/T0 in the VFT equation; see the Supporting Information to Paper VI. 
The pre-exponential factor describes the amount free charge carriers, hence, a 
subsequent decrease despite higher salt content can only be explained by the 
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formation of salt agglomerates.96 B/T0 steadily decreases in conjunction with 
the onset of the percolation mechanism, which can be interpreted as a devia-
tion from ionic transport governed by segmental motion to more Arrhenius-
like behavior, controlled by ion hopping.96 The formation of salt agglomerates 
is further supported by the subtle shift of the non-coordinated (red) and coor-
dinated (blue) carbonyl peaks towards higher wavenumbers; see Figure 15 and 
Figure S2 in Supporting Information in Paper VI. According to DFT calcula-
tions and FTIR measurements by Tominaga et al. in PEC:LiTFSI, salt ions 
shield the intrinsic electronegative interaction between carbonyls and the hy-
drocarbons which results in a change from gauche to trans conformation. This 
gives rise to a shift of the FTIR peaks originating from the non-coordinated 
and coordinated carbonyl groups.201,205 What is also evident from the decon-
volution of the peaks, is that the ratio of non-coordinated to coordinated car-
bonyl groups decreases with increasing salt concentration. This would infer 
that on average less carbonyl groups coordinate the sodium cation and a 
weaker interaction between coordination sites and cations is expected, and can 
as such cause an increase in ionic conductivity. 

 
Figure 15. Broadening of the carbonyl peak for salt concentrations ranging from n=21 
to n=1 (equivalent to 8.7 to 67 wt% NaFSI). The red dash-dotted lines and blue dashed 
lines correspond to the non-coordinated and coordinated carbonyl stretching, respec-
tively. Reprinted with permission from reference 202. Copyright 2019, American 
Chemical Society. 
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3.7 Ionic conductivity in PCL–PTMC: Na+ vs. Li+ 
The premise of Paper VII originates from observations made in the PCL–
PTMC polymer system by Mindemark et al.138,147 When paired with LiTFSI, 
optimal performance was obtained at a compositional ratio of 80 and 20 mol% 
PCL and PTMC in the copolymer, respectively, and 36 wt% salt. The PCL–
PTMC SPE exhibited a respectable ionic conductivity of 4.1×10−5 S cm−1 at 
25 °C and a transference number of 0.62 at 25 °C. This made it possible to 
cycle a Li|PCL–PTMC:LiTFSI|LiFePO4 half-cell at C-rates ranging from 
C/50 to C/10 at room temperature. As mentioned on page 6, switching to a 
larger cation with a lesser charge density may benefit the ionic transport in 
SPEs. Hence, this begged the question: would the same observations be made 
for PCL–PTMC in the presence of sodium as opposed to lithium, and is there 
any improvement in performance?  

Opting for a similar approach adopted by Mindemark et al., the glass tran-
sition temperature and ionic conductivity were mapped for PCL copolymer 
contents ranging from 70 to 100 mol% and NaFSI salt concentrations ranging 
from 0 to 35 wt%. Henceforth, the samples are denoted according to the fol-
lowing formula: x-y:z, were x and y is the portion of PCL and PTMC (mol%), 
respectively, and z is the NaFSI salt concentration (wt%). Without salt, Tg in-
creased from −64 to −55 °C with decreasing PCL content from 100 to 70 
mol%; see Figure 16. This was expected since the Tg of PCL is lower com-
pared to PTMC (−60 °C versus −15 °C).66,137 This is also observed when the 
portion of PTMC is increased from 20 to 80 mol% in the PCL–PTMC:LiTFSI 
system; see Figure 16.  In agreement with previous literature, the Tg gradually 
increased with increasing salt concentration due to cross-linking effects be-
tween the coordination sites and the salt ions; see Figure 16.116,117 At the max-
imum salt concentration investigated, i.e. 35 wt%, the Tg ranged from −24 to 
−11 °C. 
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Figure 16. Glass transition temperature, Tg, of PCL–PTMC and PTMC with differ-
ent sodium and lithium salts (marked in blue and red, respectively) and concentra-
tions ranging from 0 to 50 wt%. 

Overall, the Tgs were higher in the PCL–PTMC:NaFSI system compared to 
the PCL–PTMC:LiTFSI system, which ranged from −50 to −36 °C for 80-
20:20 to 80-20:36; see Figure 16.147 This can either be ascribed to the plasti-
cizing effect of the bulkier TFSI anion, or the larger radius of the sodium cat-
ion which allows more carbonyls to coordinate the cation, thereby stiffening 
the system. The former holds true when comparing PTMC:LiTFSI with 
PTMC:NaFSI, while the latter can also be concluded when comparing the Tgs 
of PTMC:LiTFSI and PTMC:NaTFSI for concentrations below 30 wt%; see 
Figure 16.104,145 Furthermore, DFT calculations have shown that sodium has a 
higher coordination number than lithium in polyethylene glycol (PEG) which 
is chemically analogous with PEO.206 The transference number of PCL–
PTMC:NaFSI was lower compared to the lithium analogue (0.47 compared to 
0.66).147 A similar observation can be made when comparing PTMC5NaFSI 
to PTMC8LiTFSI with transference numbers of 0.48 and 0.8, respectively.145 
This would indicate that the sodium cation is less mobile in comparison to the 
lithium cation, which further corroborates that the sodium cation is coordi-
nated by additional carbonyl groups in comparison to the lithium cation. Nev-
ertheless, PCL–PTMC:NaFSI still outperforms the more conventional 
PEO:NaFSI which has a transference number of only 0.16.144 Albeit overall 
higher Tg than lithium analogue systems, the ionic conductivity at 25 °C of 
PCL-PTMC:NaFSI did not suffer greatly and was on par with PCL–
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PTMC:LiTFSI. These results indicate that Na-based SPEs possess some dis-
tinctively different properties to Li+ counterparts, which is correlated to their 
coordination chemistries; as a result, Na-based SPEs exhibit overall higher 
Tgs, lower ionic conductivity and lower transference number. Looking ahead, 
it may be prudent to revisit SPEs which have been previously deemed poor 
ion conductors in respect to Li+.  

According to the Arrhenius plots in Figure 2 in Paper VII, all SPEs but 
100-0:10 and 100-0:15 exhibited VFT behavior, indicating that the ionic con-
ductivity was dependent on the segmental motion of the polymers in the amor-
phous phase. Overall, the highest conductivity at 25 °C was 1.28×10−5 S cm−1 
for 80-20:10, which was much higher compared to the value reported for 
PEO:NaFSI (~10−7 S cm−1).144 Contrary to what one may expect, an increase 
in Tg did not directly translate to lower ionic conductivities for all samples. At 
25 °C, the amorphous electrolytes 70-30 and 80-20 exhibited high ionic con-
ductivities at low salt concentrations where cross-linking effects are minimal; 
see Figure 17. The semi-crystalline 90-10 and 100-0 electrolytes, on the other 
hand, showed higher ionic conductivities at higher salt concentrations, once 
the crystalline domains were suppressed. Interestingly, the ionic conductivity–
crystallinity dependency became less evident at temperatures above the melt-
ing point of PCL (60 °C); see Figure 17b. 

 
Figure 17. Heat map of total ionic conductivity at different NaFSI salt concentrations 
ranging from 0 to 35 wt% and PCL contents ranging from 70 to 100 mol% at a) 25 °C 
and b) 80 °C in PCL–PTMC SPE systems. Note that the conductivity scales differ. 
Reprinted from reference 146, Copyright (2019), with permission from Elsevier. 
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3.8 Instability of PISEs and room temperature cycling 
of solid-state sodium-ion batteries 
Properties such as glass transition temperature, ionic conductivity, and trans-
ference numbers are often reported in literature as key indicators of SPE per-
formance. However, these describe the transport properties in the bulk elec-
trolyte and offer little insight into the compatibility of SPEs in a SIB. Hence, 
the true utility of a SPE can only be known once the SPE has been evaluated 
in its intended application. 

The earliest use of polymer electrolytes in SIBs was demonstrated by West 
et al. and Munshi et al. back in the late 1980s, but the cathode active materials 
used (amorphous MoS3, NaxCrO8, and vanadium oxide) are not practical in 
terms of specific energy.207-212 Doeff et al. published a series of studies among 
which they demonstrated Na|PEO:NaCF3SO3|NaxCoO2 and 
Na|PEO:NaCF3SO3|NaxMnO2 thin-film cells operating at 85 °C. The cells 
achieved initial capacities of ~160 and ~155 mAhg−1, respectively, but suf-
fered capacity fading which ultimately led to cell death after 60 cycles.213,214 
More recent examples include the work by Colò et al. who showcased a 
Na|PEO:NaClO4|NaFePO4 cell operating with an average discharge capacity 
of ~87 mAhg−1 for 20 cycles at 60 °C.215 One year later, Qi et al. demonstrated 
a Na|PEO:NaFSI|Na0.67Ni0.33Mn0.67O2 cell operating at 80 °C, capable of de-
livering discharge capacities of ~85 mAhg−1 for 30 consecutive cycles.144 Lo-
cally at Uppsala University, ÅABC’s first attempt at making a solid-state SIB 
with an SPE was by comparison less successful: at 60 °C, the 
Na|PTMC:NaTFSI|NaFe(Fe(CN)6) cell delivered an average discharge capac-
ity of ~110 mAhg−1 before failing after 8 cycles.104  

At first glance, a carbonyl:Na+ ratio of 1 (equivalent to 67 wt% NaFSI) in 
PTMC appeared to be the clear choice in terms of ionic conductivity (5×10−5 
and 5.7×10−4 Scm−1 at 25 and 60 °C, respectively). Unfortunately, as seen in 
Figure 18a, the Na|PTMC1NaFSI|NaFe(Fe(CN)6) half-cell exhibited erratic 
capacities and growing polarization after 20 cycles, indicating detrimental 
side-reactions. Consequently, a second identical cell was cycled at a lower 
temperature of 40 °C, but the problem of instability persisted. In a third at-
tempt, the salt concentration was drastically reduced to n=5 (equivalent to 29 
wt% NaFSI); see Figure 18b. The Na|PTMC5NaFSI|NaFe(Fe(CN)6 cell cycled 
for more than 80 cycles with an average discharge capacity of ~90 mAhg−1 at 
60 °C. This monumental improvement compared to NaTFSI SPEs could be 
due to the ability of NaFSI to form a stable SEI on sodium metal, reported by 
Hosokawa et al. in ionic liquids.216 The instability or ageing effects observed 
in the PISE domain have also been reported by Tominaga et al. and Doeff 
et al.214,217,218 This behavior can be attributed either to local salt aggregation 
when the SPE becomes over-saturated during cycling, resulting in a drop in 
ionic conductivity, or to that the ionic-liquid-like properties allow for a greater 
degree of SEI dissolution.125,203,204,214 Specific to the FSI anion, there is some 
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debate whether or not it is stable against the aluminum current collector. Most 
of these observations were, however, made in liquid electrolytes with LiFSI, 
and may thus be less applicable in SPEs.219-221 

 
Figure 18. Coulombic efficiency and discharge capacity of 
Na|PTMC:NaFSI|NaFe(Fe(CN)6 cells with a) 67 wt% NaFSI (n=1) and b) 29 wt% 
NaFSI (n=5) at 60 °C. C-rates are given relative to the active mass loading of the 
cathode (0.306 and 0.253 mg cm−2, respectively). Adapted with permission from ref-
erence 202. Copyright 2019, American Chemical Society. 

In Paper VII, the incorporation of the flexible PCL moiety in PTMC enabled 
room temperature cycling (~22 °C) of an SPE SIB; see Figure 19. Unfortu-
nately, the HC|80-20:25|Na2−xFe(Fe(CN)6 cell exhibited capacity fading over 
time. The same behavior was also observed with a liquid electrolyte 
(1 M NaPF6 in EC:DEC), indicating that the problem rather lies with the hard 
carbon anode and not the SPE; hard carbon has a notoriously poor coulombic 
efficiency.222 Nonetheless, the incorporation of a hard carbon anode in lieu of 
sodium metal means that the concept can easily be scaled up using existing 
battery manufacturing technologies. 
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Figure 19. a) Coulombic efficiency and charge-discharge capacity per cycle; b) volt-
age profiles for HC|80-20:25|Na2−xFe(Fe(CN)6 cycled at 10 µA cm−2 and ~22 °C. The 
composite mass loading of the cathode was 1.61 mg cm−2. Reprinted from reference 
146, Copyright (2019), with permission from Elsevier. 
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4. Conclusions 

This thesis work has explored phenomena which transpire at the surface and 
bulk in polyester-, polycarbonate- and polyether-based SPEs, and how they 
may come to influence the performance of solid-state LIBs and SIBs. Proper 
understanding of these phenomena is a crucial step towards realizing commer-
cial solid-state batteries. 

Analogous to conventional liquid electrolytes, reduction and oxidation of 
polycarbonate/polyester-based lithium SPEs at potentials exceeding the ESW, 
lead to the formation of polymer- and salt-derived degradation species at the 
electrolyte−electrode interface. While subsequent alteration of the SPE matrix 
in the vicinity of the electrode results in a region with high ionic resistance, 
the interfacial species also passivate the electrode and protect the SPEs from 
further degradation. With this in mind, achieving an interfacial layer with min-
imal thickness and high ionic conductivity, while retaining passivating prop-
erties, should be endeavored. In commercial liquid electrolytes, this has been 
accomplished by, for example, adding additives to the electrolyte or precon-
ditioning the batteries; however, these strategies have not been extensively 
tested beyond the addition of inorganic filler particles in polymer electrolytes. 

Interfacial degradation is not limited to the formation of solid species; vol-
atile species stemming from the polymer host, lithium salt and water impuri-
ties, have also been observed. Overall, less significant gas evolution was ob-
served in the SPE system in comparison to a liquid electrolyte analogue, sug-
gesting less severe degradation. This is of particular interest both from a man-
ufacturing and safety perspective, where gas evolution during cell assembly 
or cell failure needs to be ventilated to prevent the battery casing and internal 
components from being damaged. In regards to water impurities, it has been 
demonstrated that water has a direct impact on the stability of the electrolyte 
and composition of interfacial layers. This is an important factor to take into 
consideration since solid-state LIBs will be mass-assembled in dry-rooms 
with relatively high humidity in comparison to argon-filled gloveboxes, and 
therefore will undoubtedly contain traces of water.  

Implementation of next-generation electrodes such as lithium metal anodes 
and high-voltage cathodes will subject the electrolyte to a more corrosive en-
vironment, and as such imposes greater demands on the electrolyte−electrode 
interfacial stability. Maintaining interfacial stability regardless of temperature 
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and cycling rate, while providing fast ion transport and accommodating lith-
ium (or sodium) plating and stripping, is a challenge. Finding a single SPE 
which fulfils all these requirements is next to impossible. In this context, a 
promising strategy is DLSPEs. This seemingly simple approach allows the 
SPE to be locally tailored to ensure electrolyte−electrode compatibility. How-
ever, the introduction of yet another interface, the polymer−polymer interface, 
results in a detrimental ionic resistance. This interfacial resistance can be sig-
nificantly reduced by doubling the salt concentration, attributed to improved 
miscibility between the two SPEs, and perhaps also related to the percolation-
based transport mechanism observed at PISE salt concentrations. However, 
since PISEs can exhibit erratic cycling behaviour, doubling the salt concen-
tration in DLSPEs may not be viable strategy. Nevertheless, it should be rela-
tively easy to achieve better ion transport across the polymer−polymer inter-
face in comparison to achieving electrolyte−electrode stability across a wide 
electrochemical window using a single SPE. 

Characterizing the stability of SPEs is not without its challenges. For ex-
ample, oxidation stability limits obtained using conventional sweep voltam-
metry can be misleading. This is problematic since the claimed compatibility 
of SPEs with high-voltage cathodes is frequently based on the stability ascer-
tained using this method, and rarely ever actually demonstrated in practice. In 
an effort to address these limitations, two alternative methods are presented in 
this thesis: SV and CICC. Neither PTMC- nor PEO-based SPEs showed con-
sistent anodic stability limits using the different techniques, thus illustrating 
the dependency between oxidative stability and experiment conditions. Alto-
gether, both techniques evaluate the stability of SPEs under more realistic con-
ditions than sweep voltammetry. 

Disassembling cells for post mortem analysis is also difficult, due to the 
adhesive quality of SPEs. This can be resolved by essentially using an SPE 
which is less adhesive and limiting the measurement temperature, stack pres-
sure and areal contact to a minimum, but in doing so, also deviating from real-
world conditions. Given the sensitivity of these samples, both in terms of con-
tamination and ageing, post mortem analysis is also plagued by an inherent 
unreliability. In this context, in situ or operando approaches are preferred, 
where multiple variables can be studied simultaneously in real-time, thus also 
making it easier to find interdependencies. Impedance spectroscopy has been 
an important tool in the past, and will certainly continue to be relevant. How-
ever, interpretation of impedance data can be difficult, especially when it 
comes to the multitude of reversible and non-reversible processes occurring 
simultaneously at the anode and the cathode in the battery. In this regard, the 
use of a reference electrode will come in handy as it allows the impedance 
response to be narrowed down to a single region in the battery. Last but not 
least, many of the results presented in this thesis corroborate predictions made 
using computational modelling. Multiscale modelling will no doubt help an-
swer remaining and upcoming scientific questions. 
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In the context of SIBs, polycarbonate/polyester-based SPEs demonstrate 
promising ionic transport properties at ambient temperature, especially when 
compared to polyether-based SPEs. This achievement reflects the current state 
of polymer electrolyte research, and so it is perhaps time to address other bot-
tlenecks in the solid-state battery, namely the electrode−electrode interface. 
The work encompassed in this thesis has primarily studied initial degradation 
in SPE systems; however, questions still remain regarding the long-term in-
terfacial stability and how restricted mobility of polymer chains may prevent 
SEI/CEI dissolution or cross-talk, problems which are present in liquid-elec-
trolyte LIBs and SIBs. Proper understanding and control of processes transpir-
ing at the surface and bulk in SPEs promises the next paradigm shift in energy 
storage devices. 
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5. Populärvetenskaplig sammanfattning 

Utsläpp av växthusgaser, som till exempel koldioxid, är den huvudsakliga or-
saken till klimatförändringarna. Den 12:e december 2015 skrev 196 länder på 
Parisavtalet i ett gemensamt krafttag för att minska utsläppen. Trots det så 
uppskattades jordens medeltemperatur år 2019 ligga 1,28 °C över motsva-
rande innan industriella revolutionen, och förväntas stiga till 3 °C vid nästa 
århundrade med nuvarande klimatpolitik. Om denna utveckling fortsätter in-
nebär detta allvarliga och bestående konsekvenser för både natur och sam-
hälle. Idag har 126 länder, ansvariga för ca 51 % av världens växthusgasut-
släpp, åtagit sig att bli koldioxidneutrala år 2050.  

Enligt Internationella Energimyndigheten så bidrar enbart energi- och vär-
mesektorn samt transportsektorn till sammanlagt 70 % av alla växthusgasut-
släpp. Detta innebär att det är möjligt att kraftigt reducera växthusgasutsläp-
pen genom att ersätta befintliga fossilbaserade energikällor och fordon med 
vindkraftverk, solpaneler och elbilar. Både elbilar och flera av de förnybara 
energikällorna kräver dock någon form av energilagring. En mycket lämplig 
kandidat för detta ändamål är litiumjonbatterier eftersom de kan laddas snabbt 
och kan lagra mycket energi per volymenhet.  

Litiumjonbatterier är inte en helt problemfri lösning. Den flytande elektro-
lyten, en viktig komponent i batteriet, är nämligen brandfarlig och kan antän-
das om batteriet skadas vid en olycka, eller laddas för snabbt, eller utsätts för 
extrema temperaturer. Detta har skett vid ett antal olika tillfällen, till exempel 
med Samsungs mobiltelefon Galaxy Note 7, i Boeings flygplansmodell 
787 Dreamliner, och nyligen var Hyundai tvungen att återkalla 82 000 nya 
elbilar på grund av brandrisk. Dessutom blir säkerhetsrisken alltmer påtaglig 
då batterier oftast befinner sig i vår närhet, exempelvis i mobiltelefoner. Bat-
teribränder kan vara våldsamma, bildar giftiga gaser, och är svåra att släcka, 
och skall därmed helst undvikas genom att integrera varnings- och säkerhets-
åtgärder som till exempel sensorer och extra skydd. Tyvärr innebär detta att 
batterierna blir dyrare att tillverka och väger mer, vilket till exempel minskar 
räckvidden på elbilarna. Ett annat problem är att elektroderna och elektrolyten 
i batteriet innehåller litium; priset på litium har ökat markant de senaste åren 
i samband med ökad efterfrågan på litiumjonbatterier, och flera experter har 
ifrågasatt om det finns tillräckligt med litium för att tillverka alla batterier som 
krävs.  
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Ett alternativ är att ersätta litium med natrium som har liknande elektroke-
miska egenskaper men förekommer naturligt i mycket större utsträckning. Det 
går också att ersätta den flytande elektrolyten med en mindre brandfarlig fast-
faselektrolyt som är gjord av polymerer. Dessutom kan det finnas ömsesidiga 
fördelar med att blanda polymerer med natrium: till exempel snabbare jonled-
ningsförmåga, längre batterilivslängd, och större energilagringsförmåga jäm-
fört med natriumjonbatterier innehållandes flytande elektrolyt. Tyvärr så lider 
den vanligaste typen av polymerelektrolyter av dålig jonledningsförmåga vid 
rumstemperatur och kräver därför högre temperaturer för att fungera. I detta 
avseende så har polykarbonat/polyesterbaserade polymerelektrolyter uppvisat 
lovande egenskaper, inte minst bättre jonledningsförmåga vid låga temperatu-
rer.  

För att uppnå hög energitäthet i ett litium- och natriumjonbatteri är det för-
delaktigt att maximera den elektrokemiska spänningsskillnaden mellan de två 
elektroderna: anoden och katoden. I litiumjonbatterier kan detta uppnås till 
exempel med en litiummetallanod och en högspänningskatod. Tyvärr finns det 
inga polymerelektrolyter som är elektrokemiskt stabila över ett så brett spän-
ningsintervall, vilket innebär att elektrolyten kontinuerligt borde brytas ner 
vid kontaktytan mellan elektrolyten och elektroderna. Tillåts nedbrytning ske 
oförhindrat så kommer så småningom allt litium (eller natrium) i batteriet att 
förbrukas. I kommersiella litiumjonbatterier har detta stabilitetsproblem åtgär-
dats genom att avsiktligt konstruera vätskeelektrolyten så att den bildar ett 
passiveringsskikt då den bryts ned, vilket skyddar elektrolyten från ytterligare 
nedbrytning. Utan sådan grundlig passivering av elektrodytan så kommer li-
tiumjonbatteriet att sluta fungera, och fastfaspolymerelektrolyter är inget un-
dantag till denna regel. Trots det så kan det vetenskapliga samhället förhållan-
devis lite om nedbrytningen av polymerelektrolyter vid elektrodytan och vad 
det innebär beträffande passivering, och därmed batteriernas livslängd och 
prestanda. I denna doktorsavhandling så har yt- och bulkfenomen i polykar-
bonat- och polyester-baserade polymerelektrolyter undersökts, samt hur dessa 
kan komma att påverka prestandan hos litium- och natriumjonbatterier i fast 
fas. 

I avhandlingens första artikel (Paper I) undersöktes den initiala reaktionen 
mellan polykarbonat-, polyester- och polyeterbaserade polymerelektrolyter 
vid kontakt med ångdeponerad litium-metall. Till följd av detta bildades olika 
nedbrytningsprodukter på ytan av polymerelektrolyterna. Nedbrytningslagret 
var särskilt tjockt på den polykarbonat-baserade elektrolyten, och skulle sä-
kerligen utgöra en stor resistanskälla i ett litium-metallbatteri. Till skillnad 
från den polykarbonatbaserade elektrolyten så uppvisade den polyeterbase-
rade elektrolyten relativt lite nedbrytning, vilket förklarar varför just denna 
anses vara kompatibel med litiummetallanoder inom polymerelektrolytfältet. 
I andra artikeln (Paper II) utforskades nedbrytningen av polykarbonat-base-
rade elektrolyter ytterligare genom att undersöka gasutvecklingen i samband 
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med att spänningen långsamt höjdes och sänktes. Vid låga potentialer så upp-
mättes både koldioxid och vätgas som härstammade från både nedbrytningen 
av polymeren, respektive små mängder av vattenföroreningar. Utöver koldi-
oxid och vätgas så observerades även svaveldioxid vid högre potentialer, vil-
ket indikerade att även litiumsaltet i polymeren bröts ned. Samma experiment 
utfördes även med en flytande elektrolyt med liknande molekylstruktur som 
polymerelektrolyten. Sammantaget så observerades minde mängder gas i den 
fasta elektrolyten jämfört med den flytande elektrolyten, vilket tyder på 
mindre nedbrytning i fastfaspolymerelektrolyter. Detta är av intresse eftersom 
gasutveckling kan ha katastrofala följder i ett batteri. Slutligen observerades 
gasutveckling oberoende av uppmätta strömmar förknippade med nedbrytning 
av polymerelektrolyten, vilket ifrågasätter om det verkligen går att avgöra en-
bart utifrån nedbrytningsströmmar vid vilken potential polymerelektrolyter 
faktiskt bryts ner. Detta är problematiskt, då tillvägagångsättet att uppmäta 
nedbrytningsströmmar ofta används för att förhållandevis enkelt bestämma 
den elektrokemiska stabiliteten hos polymerelektrolyter, vilket i sin tur an-
vänds som måttstock för att bedöma huruvida de är kompatibla med exempel-
vis litiummetallanoder eller högspänningskatoder. Med hänsyn till detta så 
presenterar tredje artikeln (Paper III) två nya metoder för att bestämma poly-
merelektrolyters elektrokemiska stabilitet. Både dessa metoder ämnar be-
stämma polymerelektrolyternas stabilitet under förhållanden som efterliknar 
de som förekommer i litiumjonbatterier med högspänningselektroder. I kom-
bination med dessa två metoder så genomfördes även resistansmätningar, vil-
ket gav en inblick i hur nedbrytningsströmmar gav upphov till ökad resistans 
i batterierna. Varken polykarbonat- eller polyeterbaserade elektrolyter uppvi-
sade någon konsekvent stabilitet med de olika metoderna, vilket antydde att 
denna materialegenskap är högst beroende av experimentella förhållanden.  

I fjärde artikeln (Paper IV) kartlades polymerelektrolytnedbrytningen vid 
olika potentialer för att få en inblick i vad som sker vid kontaktytan mellan 
polymerelektrolyten och elektroden. Med hjälp av en rad olika analystekniker 
tillskrevs den gradvis ökande resistansen till uppbyggnaden av olika nedbryt-
ningsprodukter vid kontaktytan mellan polymerelektrolyten och elektroderna. 
Trots att dessa mellanlager var avsevärt tunnare i jämförelse med polymer-
elektrolyten, så utgjorde de en bytande del av resistansen i systemet. Från ett 
praktiskt perspektiv är dessa mellanlager nödvändiga eftersom de skyddar po-
lymerelektrolyten från vidare nedbrytning vid höga och låga potentialer. 
Alltså måste framtida forskning fokusera på att minimera inverkan av dessa 
mellanlager. I kommersiella vätskeelektrolyter så har detta åstadkommits ge-
nom att till exempel tillsätta additiv i elektrolyten eller att förkonditionera bat-
terierna; dessa strategier har dock aldrig tillämpats på polymerelektrolyter. En 
lovande alternativ strategi för att vidga polymerelektrolytens stabilitet är att 
hopfoga två olika polymerelektrolyter, där ett polymerelektrolytlager uppvisar 
stabilitet gentemot litiummetallanoden och ett lager är stabilt gentemot hög-
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spänningskatoden. Detta tillsynes enkla tillvägagångssättet att lokalt skräd-
darsy stabiliteten är inte möjligt i vätskeelektrolyter, då två olika elektrolyter 
skulle blandas med varandra. Dock visade det sig i femte artikeln (Paper V) 
att även gränsskiktet som bildas mellan de två polymerelektrolyterna utgjorde 
en flaskhals för litiumjonerna. Genom att dubbla mängden litiumsalt var det 
emellertid möjligt att minska gränsskiktsresistansen signifikant, dock är det 
inte helt tydligt hur detta kommer påverka stabiliteten hos polymerelektroly-
terna.  

Enligt resultateten från sjätte artikeln (Paper VI) så uppvisade polykarbo-
naten en exceptionell förmåga att uppta stora mängder natriumsalt utan att få 
sämre mekaniska egenskaper. Detta är en viktig egenskap då polymerelektro-
lyten fysiskt måste hålla isär anoden och katoden för att undvika att batteriet 
kortsluts. Dessutom finns det en förhöjd risk för kortslutning associerad med 
litium- eller natriummetallanoder. Vid höga saltkoncentrationer uppstod även 
en annan typ av jonledningsmekanism i materialet vilket ledde till än högre 
jonledningsförmåga, dock visade det sig att dessa elektrolyter bröts ner efter 
bara ett tjugotal upp- och urladdningar när de undersöktes i batterier. Stabil 
drift uppnåddes först när saltkoncentrationen minskades. Med hänsyn till detta 
resultat så är det i detta fall inte lämpligt att höja saltkoncentrationen, trots att 
det kan leda till fördelaktiga effekter i elektrolytens jonledningsförmåga. 

I sista artikeln (Paper VII) så undersöktes effekten av att sampolymerisera 
olika mängder polyester och polykarbonat tillsammans med olika mängder av 
natriumsalt. Det visade sig att de amorfa polymererna, där polymerkedjorna 
ligger huller om buller istället för att vara välordnade, uppvisade hög jonled-
ningsförmåga vid låga salthalter. I de delkristallina polymererna däremot, där 
polymerkedjorna ligger delvis ordningsamt uppradade och delvis oordnade, 
så var det tvärt om. Detta beror på att jonledning i polymerelektrolyter till stor 
del styrs av polymerkedjornas rörelse i den amorfa fasen. När salt tillsätts i de 
delkristallina elektrolyterna så bryts den välordnade strukturen och blir amorf. 
Vid måttliga koncentrationer har saltet emellertid också en tvärbindande ef-
fekt, vilket förhindrar rörelsen av polymerkedjorna. Detta syntes i fallet med 
de amorfa elektrolyterna. I jämförelse med litiumsalter så gjorde natriumsaltet 
polymererna stelare, vilket påverkade jonledningsförmågan negativt. Trots det 
så var det möjligt att ladda upp och ur natriumjonbatterier med en polyes-
ter/polykarbonatbaserad polymerelektrolyt vid rumstemperatur. Detta innebär 
ett avsevärt steg framåt i utveckling av säkra och hållbara natrium-jonbatterier 
i fastfas, och kan vara av stor betydelse för framtidens storskaliga energilag-
ring. Emellertid så är det också påvisat att natriumpolymerelektrolyter lider av 
samma stabilitetsproblem som motsvarande litiumsystem. 

Tidigare har forskning inom ämnesområdet varit främst fokuserat på att 
utveckla polymerelektrolyter med hög jonledningsförmåga, dock visar resul-
taten i denna avhandling att jontransporten över gränsskikt är av samma bety-
delse, om inte till och med viktigare, för batteripresentandan. 
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