
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2053

Probing Critical Interfaces in Dual-
Ion Batteries

The Road Towards Performant Graphite Cathodes

ANTONIA KOTRONIA

ISSN 1651-6214
ISBN 978-91-513-1238-5
URN urn:nbn:se:uu:diva-446517



Dissertation presented at Uppsala University to be publicly examined in Polhemsalen,
Ångströmlaboratoriet, Lägerhyddsvägen 1, Uppsala, Friday, 10 September 2021 at 09:00 for
the degree of Doctor of Philosophy. The examination will be conducted in English. Faculty
examiner: Professor Tobias Placke (University of Münster).

Abstract
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Transitioning into a zero-emission society will require massive efforts with respect to the
harnessing and storage of renewable energy resources. The development of large-scale,
electrochemical energy storage systems based on abundant and environmentally benign
compounds is seen upon as a key factor for guaranteeing a successful outcome. On these
grounds, research into post lithium-ion battery technologies has become increasingly important.
Among emerging concepts is that of dual-ion batteries (DIBs); the operational mechanism of
which uses both the cation and anion in the electrolyte. DIBs offer some unique advantages
compared to other cell chemistries, owing to the unconventional materials combinations they
enable. Graphite versus graphite cells constitute a cell chemistry which results in high average
voltage (> 4.5 V), decent specific capacity (~100 mAh g-1) and which eliminates transition
metals from the cathode.

Despite considerable merits, graphite versus graphite dual-ion cells have proven difficult
to realize, mainly due to the instability of the cathode electrolyte interface (CEI) at
high potentials. This thesis explores critical interfaces in both Li- and K-based DIBs and
considers strategies to mitigate these instabilities, based on a combination of electrode and
electrolyte engineering. The influence of the electrolyte salt and solvent on the CEI is studied
through electrochemical characterization methods and X-ray photoelectron spectroscopy
(XPS). Conventional LiPF6-based electrolytes are contrasted to formulations using high
concentrations of lithium imide salts such as lithium bis(fluorosulfonyl)imide (LiFSI) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The impact of incorporating functional
additives and precycling protocols to reduce electrochemical irreversibility is discussed for
Li4Ti5O12#graphite and MoS2-graphite cells tailored for Li- and K-based DIBs, respectively. In
addition, a ternary ionogel is introduced as a novel electrolyte platform for DIBs due to its
promising ionic conductivity, oxidative stability and mechanical properties. Finally, the impact
of different electrode binders on the surface chemistry and electrochemical performance of the
graphite cathode is elucidated.

In summary, this work indicated that a passivating, anion conducting CEI is key to
enabling dual-ion batteries. Despite the cumbersome nature of this task, ways forward were
highlighted both in terms of concrete examples, such as the construction of DIBs incorporating
functional additives (e.g. triallyl phosphate) and binders (e.g. poly(vinylidene fluoride-co-
hexafluoropropylene)), and in terms of methodology, including the design of reliable cycling
protocols to evaluate DIB-performance.
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1. Introduction 

1.1 A note on green energy storage technologies  
Climate change induced from industrial activity has become a most critical 
challenge in the 21st century, tightly tethered to the future of human civiliza-
tion. The growing population and rising energy demands indicate that green-
house gas emissions will increase further in the decades to come.1 At the same 
time, large-scale strategic initiatives begin to emerge, aiming to formulate 
green policies at a national2 and international level,3-5 thereby enabling the 
smooth transition from fossil fuels to clean energy sources, based on solar, 
wind and tidal power. However, in order to achieve a paradigm shift towards 
a zero-emission society, it is imperative that the uninterrupted supply of en-
ergy is guaranteed. This requirement implies that generators based on inter-
mittent energy sources must be used in conjunction with suitable energy stor-
age technologies, forming a “smart grid” which will exhibit high efficiency 
and quick response times.6 It is currently envisaged that the smart grid will 
rely on both potential and electrochemical storage methods such as pumped 
hydroelectric energy storage (PHES), flywheels, compressed air energy stor-
age (CAES), fuels cell and batteries.7-9 Batteries exhibit potential to comple-
ment other energy storage technologies in future smart grids owing to the di-
versity of available cell chemistries and their usually high internal efficien-
cies.10-11  

A contemporary success story for electrochemical energy storage systems 
is the commercialization of lithium-ion batteries (LIBs) which have, since 
their market entry in 1991, experienced remarkable growth within the sectors 
of portable electronics and transportation.12 LIBs owe their success to the in-
trinsic characteristics of lithium, which 1) exhibits the lowest electrochemical 
potential (-3.04 V vs. the standard hydrogen electrode, SHE) and 2) is light-
weight (0.53 g cm-3), a property that translates to high gravimetric capacities. 
The energy density is an important figure of merit for all electrochemical cells, 
defined as the product of cell voltage and capacity per gravimetric or volu-
metric unit. LIBs fulfill both conditions for attaining high energy densities, 
which is why they have, thus far, outcompeted other battery chemistries. An-
other important performance metric for an electrochemical cell is its power 
density, meaning the rate of energy transfer per unit volume, expressed in 
W m-3.  Several LIB systems have exhibited excellent rate capability, render-
ing them attractive for applications related to transportation.13 However, 
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global Li-reserves are scarce (estimated to 14.3 Mt)14 compared to other ele-
ments and unevenly distributed globally, which implies that LIBs may be re-
stricted to the transportation sector, where they are needed the most. In addi-
tion, other elements which are essential for several LIB-chemistries, such as 
Co and Ni, may not be able to meet the market demand.15-17 This leaves vital 
space for developing alternative, post lithium-ion technologies targeting large-
scale, stationary energy storage. For such voluminous devices, the most im-
portant characteristics include active material availability and cost, safety and 
life-length, as summarized in Fig. 1a.10-11  

 

 

Figure 1: In a), Venn diagram illustrating key features for electrical power storage 
systems and electromobility applications.  Redrawn from Jeong et al.18 In b), energy 
density of mature cell chemistries compared to prototype dual-ion devices. Redrawn 
from Placke et al.,19 incorporating data from Linden’s handbook of batteries.20 In c) 
and d), elemental abundance and corresponding market prices of elements frequently 
encountered in batteries. C* refers to carbon in the form of natural graphite (including 
amorphous, flake and lump/chip graphite).21-24 
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Hence, while Li-based cell chemistries may remain unmatched with respect to 
their gravimetric and volumetric energy density (see Fig. 1b), they do not nec-
essarily have to be the best option. Depending on the targeted application, 
other factors may be decisive, such as material availability and price (see Fig. 
1c-d). Several electrochemical storage concepts with breakthrough potential 
within stationary applications are currently under development. For instance 
Na- and K-ion based chemistries are being widely researched, due to the lower 
costs associated with the use of sodium and potassium salts, the possibility of 
exchanging the Cu-current collector on the negative side with Al and the avail-
ability of inexpensive cathode materials, such as Prussian blue and its ana-
logues.25-26 Endeavors to further increase environmental friendliness have 
forced the use of more common electrode materials and inspired chemistries 
such as that of rechargeable seawater batteries (SWBs) which, as their name 
suggests, employ seawater as the positive electrode.27-29 

Amongst the emerging energy storage technologies is that of dual-ion bat-
teries (DIBs), which is also the topic of this thesis. DIBs will, alike capacitors, 
make use of both the anion and cation species in the electrolyte to store energy. 
However, similarly to conventional Li-ion batteries, the redox activity of DIBs 
is not surface-confined, but rather based on bulk phenomena, such as interca-
lation, conversion and alloying reactions. The multitude of unusual material 
combinations enabled by the DIB concept, along with the generally high po-
tentials required for anion insertion in various host matrices, result in promis-
ing energy densities for DIB devices. Salts based on cations other than Li+ can 
be used (i.e. Na+, K+, Mg2+, Ca2+)30-42, and the rare transition metals frequently 
employed in LIBs (Co, Ni) can be removed from the equation. Storage and 
handling of active materials in DIBs may prove to be more convenient com-
pared to LIBs, as dual-ion cells are assembled in the fully discharged state. In 
addition, symmetric dual-ion cells (such as graphite vs. graphite) display an 
extra safety feature in terms of their switchable polarity, which means that the 
two electrodes may be used interchangeably as either the anode or the cath-
ode.43 Having overviewed the basic advantages associated with DIBs, the fol-
lowing sections present in greater detail specific dual-ion chemistries explored 
within the framework of this thesis. 

1.2 Dual-ion batteries  

1.2.1 Practical aspects 
The differences in the operational mechanism of LIBs and DIBs bear signifi-
cant implications on both a materials and a device level.19 A schematic com-
parison of the LIB and DIB systems is provided in Fig. 2, while the rest of this 
section is devoted to a discussion of key aspects of dual-ion cells. 
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Figure 2: To the left, operational principle of a typical LIB and to the right, corre-
sponding processes for a DIB. The most significant differences regarding materials’ 
choice and cell design are summarized underneath the schematic. Adapted from 
Placke et al.19  

The major difference between conventional ‘rocking-chair’ batteries and dual-
ion batteries is that the latter use both the cation and anion species in the elec-
trolyte for their operation. Since both electrodes in a dual-ion cell are initially 
at the fully discharged state, the electrolyte accounts for the entire ion reser-
voir and must hence be considered part of the active material. This is in con-
trast to LIBs, where the electrolyte is solely an ion conductor. It follows that 
DIBs require high electrolyte amounts to function, which are usually stored in 
thicker separators compared to LIBs. Ultimately, this has a negative impact 
on the energy density of the full dual-ion cell, which is most often dealt with 
via the use of highly concentrated electrolytes (HCEs).37, 44-48 In principle, 
smaller volumes of HCEs should be required for optimal performance, as 
compared to more dilute electrolytes. The smaller electrolyte volume should, 
in turn, also result in a reduced separator thickness. However, the separator 
porosity and wetting properties become critical factors in cells using HCEs, 
as the latter are known to be viscous and cumbersome to infiltrate. 

1.2.2 Negative electrode materials 
A wide choice of negative electrode materials may be employed in DIBs, in-
cluding anodes of the insertion, conversion and alloying type. Since a com-
prehensive review of these lies outside the scope of the thesis, this section is 
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restricted to the description of anodes used in the studied Li- and K-based 
dual-ion cell chemistries. 
 
Metallic anodes (Li, K). Negative electrodes consisting of either metallic Li 
or K were used in all conducted studies (Paper I-V), where they served mainly 
as a combined counter and reference electrode in half-cell tests. For metallic 
anodes, electrochemical plating and stripping occurs upon charge and dis-
charge, respectively. As an example, Li plating and stripping is expressed as 
follows: 
 
𝐿𝑖 𝑒 → 𝐿𝑖 (plating) 
𝐿𝑖 → 𝐿𝑖 𝑒  (stripping) 
 
Previous works have pursued the incorporation of Li-49-50 and K-metal37 neg-
ative electrodes in DIBs. The low standard potentials of Li+/Li (-3.040 V vs. 
SHE) and K+/K (-2.936 vs. SHE) could, in combination with e.g. a graphite 
cathode lead to extremely high cell voltages, thereby maximizing the energy 
density. Full cells incorporating metallic anodes should, in addition, use only 
a small amount of excess Li/ K, as the rest will be plated from the electrolyte. 
Effectively, this reduces the cell weight and volume, further improving the 
energy density. It is nonetheless generally known that metallic Li/ K anodes 
involve severe safety risks due to inhomogeneous metal deposition and den-
drite formation. The increasing surface area of these highly reactive metals, 
enabled by mossy deposits, induces parasitic side-reactions and accelerated 
electrolyte degradation.51 While solutions are being devised for Li,51-52 K 
metal anodes will likely never be employed in practical cells due to their much 
higher reactivity.53  

In the context of this work, it must be kept in mind that the metallic anodes 
are employed in large excess in two- and three-electrode half-cells – which to 
a certain extent justifies their role as reference electrodes – since they should 
in principle be able to maintain a stable potential. Even though this is common 
practice within the battery field, it is important to point out that this approach 
is not straightforward, as the potential depends on the electrode-solvent inter-
action (type of solvent, salt concentration, etc.).54 Due to this reason, caution 
must be exercised when comparing the different systems studied in the thesis.  
 
Lithium titanate (Li4Ti5O12, LTO). The redox mechanism of Li4Ti5O12 is 
based on the Ti4+ /Ti3+ couple. Li-ions can insert reversibly in the LTO-struc-
ture up to a Li7Ti5O12 stoichiometry, which corresponds to a gravimetric ca-
pacity of 179 mAh g-1 (615 Ah L-1).55 The working potential of LTO is found 
at 1.55 V vs. Li+/Li, which implies that the insertion reactions take place 
within the electrochemical stability window (ESW) of most frequently em-
ployed carbonate electrolytes.56 This is equivalent to substantially less para-
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sitic reactions, increased operational safety and superior kinetics at the elec-
trode-electrolyte interface, as no significant SEI layer formation is expected.55 
Moreover, this operational potential enables the use of an Al current collector 
(instead of Cu), which would contribute to significant cost reductions.55 

On the other hand, the high operational potential of LTO is also the root of 
one serious issue: the inability to achieve competitive energy densities when 
pairing it with standard cathode materials such as LiFePO4, since the cell volt-
age becomes limited to ~ 2V.57 This should however not pose a severe prob-
lem when LTO is used in a dual-ion cell configuration, thanks to the high 
operational potential of the graphite cathode. Indeed, several works have 
demonstrated that coupling LTO with graphitic cathodes leads to decent en-
ergy densities, high rate capabilities and long cycle life in environmentally 
friendly setups.58-61 

LTO has been used throughout this thesis (Paper I, II and IV) mostly due 
to its intermediate working potential. The majority of side-reactions occurring 
in LTO vs. graphite cells can be attributed to the cathode side, an assumption 
which is unrealistic in Li vs. graphite cells. In addition, LTO lithiated to half 
of its attainable capacity was used as a reference for certain experiments in 
Paper I, to cross-validate the more frequently used Li-reference. 
 
Molybdenum disulfide (MoS2). MoS2 is a layered transition metal dichalco-
genide (TMDC) with large interlayer spacing (~6.15 Å), which allows for the 
electrochemical intercalation of diverse alkali cations, including Li+, Na+ and 
K+.62-63 In this thesis, MoS2 constituted the anode of choice for KDIBs (Paper 
III and V) and consequently, the following description pertains to K+-interca-
lation.  

In bulk MoS2, Mo4+ is covalently bonded to S, forming a trilayered struc-
ture with Mo in the middle layer and an S-containing layer on either side. 
Similarly to graphite, the symmetry is hexagonal and the stacking along the c-
axis in 2H-MoS2 is of the ABAB-type. The interaction between consecutive 
trilayers is based on weak van der Waals forces which result in facile interca-
lation and extraction. It has previously been suggested that the 2H-MoS2 phase 
can host K+ reversibly up to a stoichiometry of K0.4MoS2, which often results 
in a practical capacity of ~70-80 mAh g-1. K+-intercalation increases the inter-
layer spacing in 2H-MoS2 to 8.28 Å, an expansion which is not considerable 
compared to that of other K+ hosts, such as graphite. Potassiation beyond the 
K0.4MoS2 stoichiometry has been reported to lead to an intermediate KxMoS2 

phase with the gallery height further expanded to 8.99 Å; however, evidence 
of an irreversible conversion reaction resulting in the formation of metallic 
Mo and KxS species has been provided in connection with this phase.64 In 
addition, studies on lithiated and sodiated MoS2 have indicated that a phase 
transition to tetragonal 1T MoS2 is possible at high intercalate concentrations 
(x ≥ 0.5).65-66 Structural representations of the 1T and 2H polymorphs typical 
of TMDCs are provided in Fig. 3.67   
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Figure 3: Illustration of the 1T, 2H and 3R polymorphs commonly encountered in 
TMDCs. MoS2 typically assumes the 2H-structure, in which a trigonal prismatic metal 
coordination prevails. Shifting to the 1T-structure implies a change towards a config-
uration where the metal coordination becomes octahedral. Reproduced with permis-
sion from reference [67].  

1.2.3 Positive electrode materials 
On the positive side, graphitic carbons and organic alternatives have been 
prevalent thus far.68-69 Recent efforts have expanded the materials’ choice to 
MoS2

70, metal-organic frameworks (MOFs),71 sodium manganese oxides 
(NMOs)72 and mesoporous Cu2O.73 In this thesis, focus is solely on graphite, 
which is mainly motivated by the higher energy density offered by this cath-
ode. 
 
Graphite and anionic intercalation compounds. The redox amphotericity 
of graphite enables it to host both cations and anions, depending on the con-
ditions applied in the electrochemical cell. Chemically-formed graphite inter-
calation compounds (GICs) with anion intercalants were firstly reported in the 
mid-1800s, in the works of Schafheutl and Brodie.74 There, the addition of a 
minute amount of nitric acid to a suspension of graphite in sulfuric acid was 
found to change the graphite color from black to “steel-blue lustre” in reflected 
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light. This phenomenon was attributed to the formation of an ionic compound 
comprised of graphite and SO  anions and inspired further research into 
graphite salts. Later works conducted by Hofmann and Rüdorff and by Thiele 
reported the formation of a graphite-sulfuric acid compound via the use of 
different oxidizing agents and also via anodic oxidation.75 The utilization of 
graphite as an actual cathode material in DIBs would then wait until 1989, 
when it was firstly patented by McCullough et al.76 The succeeding, pioneer-
ing works by Carlin et al. and by Santhanam and Noel on the intercalation of 
various anions in graphite (AlCl4

-,77-78 BF4
-,77, 79 PF6

-,77 CF3SO3
-,77 C6H5CO2

-77 
and ClO4

-79) set the foundation for the currently rapidly expanding field of 
DIBs.  

Since then, the anion intercalation process has been studied extensively 
with respect to the salt concentration, choice of anion and solvent type.80 It 
has been demonstrated that the mentioned parameters heavily influence the 
reaction overpotentials, achievable capacity and intercalation reversibility. 
Apart from the redox potential of graphite itself, both the desolvation and the 
intercalation energy of the anion will contribute to the observed intercalation 
voltage. In particular, intrinsic characteristics of the anion, such as its charge 
density, size, stereochemistry and degree of coordination to the solvent will 
be decisive.81 Solvents which coordinate extensively to the anion, such as eth-
ylene carbonate (EC), gamma-butyrolactone (GBL) and sulfolane (SL) lead 
to suppressed intercalation compared to non-coordinating ones (i.e. propylene 
carbonate (PC) and ethyl methyl carbonate (EMC)), which is ultimately re-
flected in the achieved capacity.82-84 The combination of anion, solvent and 
concentration determines, in addition, the electrochemical stability window of 
the electrolyte, affecting both capacity and reversibility. Oxidatively stable 
solvents are highly desired in DIBs, while high salt concentrations (> 4 M) are 
already used as a means of enhancing both the stability and energy density. 

Equally important for the performance is the choice of the graphite active 
material. As for cation intercalants, anion insertion in graphite does not pro-
ceed uniformly, but rather through a staging mechanism. Two opposing forces 
give rise to the staging behavior: (1) the attractive van der Waals forces be-
tween consecutive graphene layers and (2) the Coulomb repulsion present 
within the same and between different anion layers. Depending on the con-
centration of the anion intercalant in the graphite, optimized structural config-
urations (stages) will form, for which the stage number corresponds to the 
graphene layers present in-between consecutive intercalate layers. Crucial fac-
tors for the intercalation process include the degree of graphitization (DoG) 
and the crystal perfection (CP) of the graphite host.85 DoG measures graphite 
crystallinity; a high DoG is most often encountered in natural graphite, pyro-
lytic graphite, synthetic graphite flakes and kish graphite. CP quantifies the 
amount of defects present in graphite, including features such as basal and 
non-basal edge dislocations, prismatic screw and edge dislocations and dopant 
elements.85 Studies focused on structural-electrochemical correlations have 
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culminated in that a high DoG and CP are key in enabling performant graphite 
cathodes.86  

Within this thesis, three different graphite cathodes have been tested: mon-
olithic, highly ordered pyrolytic graphite (HOPG) in Paper I, synthetic mi-
crocrystalline graphite (KS6) in Paper I & V and natural flake graphite 
(Tedpella) in Paper II-IV (see Fig. 4).  

 

 

Figure 4: In a), top-view of an HOPG monolith and photograph of an HOPG elec-
trode. In b) and c), composite coatings with natural flake graphite and synthetic KS6 
graphite, respectively. Note the different scale bars between a-b) and c). 

The graphite performance will, in addition, rely on morphological aspects 
such as particle shape and size. Improved discharge capacities have been re-
ported for smaller particles (4-6 μm)87-88 for cases where the size reduction 
does not compromise the graphite quality. Harsh methods of particle size mod-
ification (such as ball-milling) may prove counter-productive if, for example, 
the flake edges, or general CP are damaged. On the contrary, gentler methods 
such as sonication have been suggested as a means of obtaining a small parti-
cle size with high CP.89 It must however be kept in mind that small particles 
will also be associated with aggravated side-reactions, as the total surface area 
exposed to the electrolyte increases. A discussion on the significance of stabi-
lizing critical interphases in the cell is hence provided in the following section. 

1.3 Electrode-electrolyte interfaces 
The solid-electrolyte interface (SEI) layer formed on graphite is well-studied 
for non-aqueous cell chemistries. While SEI-formation is not the main topic 
of this thesis, the literature concerned with it is highly relevant for the engi-
neering of a similar, cathode-electrolyte interface (CEI) layer on the graphite 
positive electrode. 

The SEI is composed of electrolyte decomposition products (from the salt, 
solvent and if applicable, additives) deposited on the negative electrode and 
will form under circumstances where the electrolyte is reductively unstable 
(see Fig. 5a). Peled’s proposed model of the SEI layer90 in 1979 drastically 
changed earlier views on the interaction of the negative electrode and the elec-
trolyte proposed by Brummer and Newman, who advocated in favor of a non-
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passivating anode.91 The works by Peled showed that the SEI could prevent 
further electrolyte decomposition and ensure the stable operation of the elec-
trochemical cell, given that it fulfilled certain criteria. According to Peled, a 
functional SEI should 1) be electronically insulating to avoid further decom-
position and self-discharge, 2) selectively transport the desired ion species 
across it and block solvent molecules and 3) be insoluble and stable from a 
mechanical and chemical point-of-view, as to prevent its continuous refor-
mation.91-92 

Since its discovery, the SEI has been treated in numerous publications, 
aiming to understand its composition, growth mechanism and influence on 
cell performance. Thus far, the SEI formed on graphite from “dilute” (1-2 M) 
electrolytes (mostly based on formulations involving the use of LiPF6 in EC-
DEC), has proven to be a mosaic of heterogeneous domains in the order of 
~1 μm. Contemporary models agree on an “inner SEI” (closest to the graphite 
particle) comprised of fully reduced anions such as F  and O  and an “outer 
SEI” consisting of partially reduced compounds including polyolefins, 
Li CO , LiRCO , LiOH and LiF (see Fig. 5b). Recent studies also show that 
the SEI will be largely dependent on the electrolyte type and salt concentra-
tion. For instance, thinner SEI formation has been reported in HCEs, with the 
SEI compounds being mainly anion-derived.93  

Moreover, the operational potentials of the graphite positive electrode in 
DIBs are far beyond the ESW of most electrolytes, meaning that oxidative 
degradation is a serious issue.94-96 Employing HCEs37, 47-48, 96-99 and ILs58, 100-

102 in DIBs constituted a significant step towards the kinetic stabilization of 
the reactive cathode-electrolyte interface. The minimal amount of solvent pre-
sent in HCEs and its highly coordinated nature towards Li+ enhances stability 
and suppresses parasitic reactions. For instance, solvent co-intercalation in 
graphite electrodes is reduced and the corrosion/dissolution of the Al current 
collector is slowed down.93, 103-106 Recent publications have demonstrated that 
the performance of DIBs may be further improved via the use of functional 
additives and coatings with passivating properties. For instance, Read et al. 
enabled a dual-graphite full-cell via an electrolyte based on 1.7 M LiPF6 in 
monofluoroethylene carbonate (FEC)-EMC (4:6 w/w) with 5 mM tris(hex-
afluoro-iso-propyl)phosphate  (HFIP).107 Although the additive role was not 
elucidated, promising performances were obtained in both half- and full-cells; 
however, the latter suffered from aggravated capacity fading attributed to 
cross-talk. The beneficial effect of adding 5 wt % FEC in a 3 M LiPF6 in EMC 
electrolyte was clarified by Wang et al.108  FEC was found to suppress exces-
sive decomposition of the PF6

- anion and to promote the growth of a thin and 
uniform CEI, resulting in a capacity retention of 85.1 % after 5000 cycles (cy-
cling at 500 mA g-1 and between 3.0 and 5.1 V vs. Li). The oxidative decom-
position of vinylene carbonate (VC) > 4.6 V vs. Li+/ was highlighted by 
Heidrich et al., indicating its potential as a CEI-former.109 Inspiration from 
coating strategies applied on high-voltage cathodes (i.e. LiNi0.5Mn1.5O4) gave 
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rise to the application of an LTO-coating on the surface of the graphitic cath-
ode particles in the study by Han et al.110  The LTO coating was claimed to 
induce the breakdown of sulfolane in the electrolyte (1 M LiPF6 in EMC-SL 
(1:4 vol: vol)) and the deposition of polymeric species rich in oxidatively sta-
ble sulfonyl groups. This route led to a capacity retention of 85.1 % after 2000 
cycles (cycling at 100 mA g-1 and between 3.0 and 5.4 V vs. Li). A similar 
reasoning was used by Li et al., in a study where the protective nature of an 
Al2O3-coating on graphite was tested and in which a promising capacity re-
tention of 80.6 % was demonstrated after 1000 cycles (cycling at 200 mA g-1 
between 3.0 and 5.0 V vs. Li).111 Variations of an alternative strategy targeting 
CEI formation are found in further studies by Li et al.112 and Wang et al.43, in 
which a SEI layer was pre-formed on the cathode at low potentials and subse-
quently used as a CEI. Furthermore, several additives targeting the passivation 
of the Al current collector have also been evaluated in DIBs by Beltrop et al.102 
including LiPF6, LiBF4, methyl difluoroacetate (MDFA) and lithium difluo-
rooxalatoborate (LiDFOB), with the three first exhibiting a performance en-
hancement compared to the baseline electrolyte (0.3 M LiFSI in Pyr14FSI). 

While SEI-studies on negative graphite electrodes and CEI-studies on high 
voltage cathodes may provide a solid ground to start from, the results may not 
be directly transferable to the case of the graphite cathode. The high potentials 
employed in combination with the graphitic substrate can lead to a CEI with 
a substantially different composition. In addition, the performance of additives 
in the HCEs and ILs containing salts other than the commonly used LiPF6 is 
expected to vary. The large and anisotropic volumetric changes of the graphite 
cathode during intercalation and de-intercalation (for instance, doubling of the 
interlayer spacing upon TFSI-intercalation)113 put significant requirements on 
the mechanical resilience of the CEI. The use of a graphite cathode imposes 
further constrictions on the chemical nature of the CEI, as the formation of 
dense, inorganic phases (such as LiF) may not hinder the passage of Li+, but 
will instead significantly restrict the movement of the bulkier anion species.114-

115 Last but not least, the majority of the studies treating interphase-formation 
in DIBs have mainly encompassed cycling at high specific currents. While a 
good rate capability is definitely a worthy attribute to pursue, testing solely at 
high rates encompasses significant dangers as parasitic reactions may go un-
noticed under such conditions.  
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Due to these reasons, separate studies on the stabilization of the CEI are 
needed for DIBs employing a graphite cathode, and such considerations have 
heavily influenced the work in Paper I-V.  

 

Figure 5: In a), illustration of the electrolyte stability window. Redrawn from refer-
ence [115]. The electrolyte in question is clearly not stable on neither electrode, caus-
ing its continuous reduction and oxidation on the negative and positive sides, respec-
tively. Inset b) demonstrates the typical structure and composition of the conformal, 
passivating SEI layer typically formed on negative graphite electrodes, upon cycling 
in conventional electrolytes (e.g. LP40).  Redrawn from reference [90].  
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2. Scope of this thesis 

As highlighted, dual-ion batteries operate based on a unique energy storage 
mechanism, which entails the use of harsh cycling conditions. The potentials 
required for anion intercalation challenge the oxidative stability of several cell 
components, including the electrolyte, graphite cathode, binder and current 
collector. Thus far, highly concentrated electrolytes have been employed in 
well-performing DIBs, since they exhibit superior stability as a result of ex-
tensive solvent coordination towards Li+. However, the low Coulombic effi-
ciencies and high self-discharge rates observed in many DIB chemistries in-
dicate that further action must be taken in order to stabilize the reactive cath-
ode-electrolyte interface. 

On these grounds, this thesis delves into the study of phenomena occurring 
at the interface between the graphite positive electrode and the electrolyte. In 
Paper I, the influence of the electrolyte salt (LiPF6, LiTFSI, LiFSI) on cell 
performance is evaluated electrochemically, while a systematic study of the 
CEI-layer built on graphite positive electrodes is performed through XPS. In 
Paper II and III, engineering of the CEI layer is attempted through the use of 
promising additives (FEC, VC, LiBOB, LiDFOB and triallyl phosphate 
(TAP)) both in Li- and K-based dual-ion configurations. Paper IV addresses 
the same issue from yet another angle; treating the binder as a pre-formed, 
artificial CEI and comparing the passivating ability of the frequently em-
ployed PVdF-HFP and CMC polymers. A combination of electrochemical 
characterization, XPS and operando pressure monitoring enables new insights 
into the interplay between binder and graphite cathode. Finally, Paper V ex-
plores an alternative electrolyte platform for KDIBs, in the form of ternary 
ionogel electrolytes (t-IGEs). The t-IGEs are studied on merit of their high 
conductivities and quasi-solid-state nature, which bear the promise of sustain-
ing a decent performance while suppressing parasitic side-reactions, such as 
Al current collector oxidation and graphite exfoliation. 

Ultimately, the collective aim of these studies is to contribute towards an 
enhanced understanding of how a stable, anion-conducting CEI may be 
formed in the potential regime suitable for the operation of the graphite cath-
ode (3.0-5.0 V vs. Li+/Li). 



 14 

3. Methods 

This chapter provides a synopsis of the techniques used to evaluate the mate-
rial properties and electrochemical performance of the studied systems. 

3.1 Electrochemical characterization  
Electrochemical performance is typically evaluated with respect to energy and 
power density, reaction reversibility, rate of self-discharge and cycle life. As 
mentioned in the introduction, the energy density is defined as the product of 
cell voltage and capacity. The capacity quantifies a material’s capability to 
store charge, and is often reported normalized by either the weight (gravimet-
ric) or the volume (volumetric) of the material.  If the stoichiometry of a reac-
tion is known, the gravimetric capacity may be calculated through Faraday’s 
law: 

                                            𝑄                              (Eq. 1) 

In this equation, n stands for the number of charge carriers, F is Faraday’s 
constant (96 485 C mol-1) and Mw is the molar mass of the host material. The 
unit of 𝑄  in this case is mAh g-1. The energy density may be subsequently 
calculated in the following manner: 

                                  𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝐸 𝑄               (Eq. 2) 

The power density is derived from the experimentally obtained energy density 
multiplied by the cycling rate (C-rate) used and provides a means of under-
standing how quickly the charge in a certain material may be accessed. The 
reversibility of electrochemical reactions is expressed in terms of Coulombic 
efficiency (CE) when a single cycle is considered and is calculated as the frac-
tion between the discharge capacity (output) and the charge capacity (input). 
In order to assess the long-term performance of the cell, the metric of capacity 
retention is used instead, which is the percentage of remaining capacity after 
x number of cycles. Common methods to extract such information are detailed 
in the following sections. 
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3.1.1 Chronopotentiometry (galvanostatic cycling) 
Galvanostatic cycling with potential limitation is a controlled current tech-
nique that allows the cell to cycle between two pre-determined voltage limits. 
The upper and lower cut-off voltages serve as a way of avoiding/restricting 
the occurrence of irreversible, parasitic reactions. The current used to charge/ 
discharge the cell is, depending on the situation, reported either as “specific 
current” (normalized to i.e. the weight/ volume of active material) or as a “C-
rate” (total capacity equivalents divided by the number of cycling hours). In 
cases where the theoretical capacity is not known, the first method is preferred. 

 Useful information that can be extracted from galvanostatic measurements 
includes the charge and discharge capacities, reaction potentials, reaction re-
versibility and rate capability; some of which are shown in Fig. 6. The shapes 
of the voltage-capacity profiles are also of great interest, as they are indicative 
of the type of reactions occurring in the electrochemical cell. For instance, in 
the case of GICs, the observed plateaus arise due to the staging mechanism. 
Each plateau corresponds to the coexistence of two different phases which are 
in equilibrium. At the end of the plateau, one of the phases becomes depleted 
and the potential jumps to a next “step”, where a new equilibrium is estab-
lished. The distinct potentials at which this transition occurs are most easily 
extracted by differentiating the voltage-capacity profiles and plotting these as 
a function of potential. 

 

Figure 6: Typical voltage vs. capacity profiles obtained through galvanostatic cycling 
of a graphite cathode vs. a Li counter electrode. The charge process corresponds to 
graphite anionation and Li-plating, while the discharge implies de-anionation and Li-
stripping. Important features, including reaction plateaus (I-IV), values of charge and 
discharge capacities, as well as irreversible losses are highlighted on the plot. 
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3.1.2 Cyclic voltammetry  
In cyclic voltammetry (CV), the potential of the working electrode is swept 
with a constant scan rate to an upper cut-off value where the scan direction is 
reversed and the scan is continued until a lower cut-off value. During the po-
tential sweep, the current response is recorded. Reversible redox reactions can 
be identified as pairs of peaks (one in the anodic and one in the cathodic scan) 
which are of equal magnitude and which usually exhibit small overpotentials. 
Following the current response obtained at varying scan rates enables the de-
termination of reaction potentials and reaction reversibility and at the same 
time provides valuable information regarding charge and mass transfer kinet-
ics. As a consequence, CV measurements are frequently employed in order to 
identify mechanistic aspects of electrochemical systems.  

 

 
Figure 7: CV plot of a three-electrode (LTO vs. graphite with a Li reference) cell 
cycled between 3.0-5.0 V vs. Li+/Li. Examples of both reversible (peaks marked with 
A) and irreversible redox reactions may be observed in the CV. The limitation of the 
electrolyte’s ESW starts becoming visible at higher potentials (> 4.8 V), where oxi-
dative currents are observed during both the anodic and cathodic scans.   

In the studies related to this thesis, CV was mainly employed to identify the 
ESW of various electrolytes used and the point where oxidative degradation 
of the Al current collector is initiated. To ensure the reliability of such tests, 
low scan rates were used (0.050 mV s-1). All CV data was collected with the 
aid of Biologic MPG2 and VMP2 potentiostats. 
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3.1.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a non-steady state tech-
nique developed to probe the dynamics of electrochemical processes occur-
ring in different frequency domains. During an EIS-experiment, the baseline 
potential is subjected to a sinusoidal perturbation, which may be expressed as 
follows: 
 

𝑉 𝑡 𝑉 sin 𝜔𝑡  
 
V0 denotes the oscillation amplitude, which should be kept small (typically 5-
10 mV) in order to ensure a linear current response of the following character: 

 
𝐼 𝑡 𝐼 sin 𝜙 𝜔𝑡  

 
The term ϕ corresponds to the phase shift observed in the current response. 
Varying the frequency ω allows to probe processes in the system which have 
different time constants. The impedance of the system can be described with 
a modified version of Ohm’s law: 

𝑍 𝑡
𝑉 𝑡
𝐼 𝑡

|𝑉 |sin 𝜔𝑡
|𝐼 |sin 𝜙 𝜔𝑡

|𝑍 |
sin 𝜔𝑡

sin 𝜙 𝜔𝑡
 

Re-writing this expression in terms of the complex vector Z(ω) allows to split 
the contributions into purely ohmic resistances (real part, frequency-independ-
ent) and capacitive elements (imaginary part, frequency-dependent): 
 

𝑍 𝜔 |𝑍|𝑒 𝑍 𝑖𝑍  
 
The impedance spectrum of the cell is possible to fit to an equivalent electrical 
circuit (using elements such as resistors, capacitors and inductors), which may 
provide insight into physical processes taking place at the electrodes. Spec-
trum fitting is however tedious and requires extensive knowledge of the sys-
tem in order to devise an accurate model. EIS has thus in this thesis been used 
mostly in a comparative manner in order to explore similarities and differ-
ences between DIB systems incorporating various additives (Paper II) and 
binders (Paper IV). Fitting was solely performed in Paper V in order to de-
termine the resistance and consequently the conductivity of ternary ionogel 
electrolytes, where the Debye model was employed. 
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3.1.3 Cell assembly  
Composite electrodes were prepare via ball-milling of the active material to-
gether with the conducting additive, the binder and an appropriate solvent (9:1 
water: ethanol when casting with sodium carboxymethylcellulose (CMC) 
binder or N-methylpyrrolidone when using polyvinylidene difluoride hex-
afluoropropylene (PVdF-HFP) binder). The compositions of all electrodes are 
listed in Table 1. 

Table 1. Summary of electrode compositions encountered in Paper I-V. 

Paper Active material Conductive additive Binder Weight ratios 

I, II LTO SuperP CMC 85: 10: 5 
I, V KS6 graphite SuperP CMC 90: 6: 4 
II, III Natural graphite SuperP CMC 90: 5: 5 
III, V MoS2 SuperP CMC 90: 5: 5 

IV Natural graphite - CMC 90: 10 

IV Natural graphite - PVdF-HFP 90: 10 

V Natural graphite SuperP CMC 9: 5: 5 

 
To prepare electrode coatings, the slurry was coated onto carbon-coated Al 
foils using a bar-coater and dried at ambient condition. Electrodes with diam-
eters ranging from 13 to 18 mm were punched and transferred to a glove-box, 
were they were dried further under vacuum at 120 ℃. Metallic electrodes 
(used as counter or pseudoreference electrodes) were prepared for both Li- 
and K-based cell chemistries. Li-disks/stripes were punched/cut out of a Li-
foil. K-electrodes were prepared by soaking a K-block in anhydrous hexane 
as to rinse oil residues, removing surface oxides with a scalpel and pressing 
the clean metal on Al-foil. K-disks with a diameter of 13 mm were punched 
after that. 

In electrolyte preparation, all solvents and salts were dried thoroughly prior 
to use to eliminate any trace amounts of water. Solvents were dried over mo-
lecular sieves followed by filtration and mixing with the as-received salts/ad-
ditives to the desired compositions. In cases where the salts required re-drying, 
a temperature of 120 ℃ was used for LiPF6 and LiTFSI, while LiFSI was 
dried at 80 ℃. Gel electrolytes (used in Paper V) where prepared by dissolv-
ing a conductive salt, an ionic liquid and a polyionic liquid in acetonitrile and 
homogenizing via stirring. The solutions were cast in Teflon-molds and the 
solvent was removed by drying under vacuum at 60 ℃ for a total of 60 h. A 
summary of the electrolytes used in this work is provided in Table 2. 
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Table 2. Overview of electrolyte compositions used in Paper I-V. 

Paper Electrolyte Conc./ weight ratios Additives 

I 
LiPF6 in EC-DEC (1:1, 
vol/vol) 1 M, 4M - 

I 
LiFSI in EC-DEC (1:1, 
vol/vol) 1 M, 2 M, 4 M - 

I 
LiTFSI in EC-DEC (1:1, 
vol:vol) 1 M, 2 M, 4 M - 

I LiFSI in Pyr14FSI 1 M - 
II, IV LiFSI in DMC 4 M - 
II LiFSI in DMC 4 M 1, 2 & 5 vol% VC 
II LiFSI in DMC 4 M 1, 2 & 5 vol % FEC 
II LiFSI in DMC 4 M 0.25 & 0.5 mol % LiBOB 
II LiFSI in DMC 4 M 0.5 & 1 mol % LiDFOB 
III KTFSI in DME:DMC:EC 

(1:1:1 vol/vol) 1 M - 
III KTFSI in DMC 6 mol kg-1 1, 2 and 5 wt % TAP 
V KFSI: pyr14FSI: pDDA-TFSI 28: 7: 65 wt % - 
V KFSI: pyr14FSI: pDDA-TFSI 25: 14: 59 wt % - 
V KFSI: pyr14FSI: pDDA-TFSI 23: 23: 54 wt % - 
V KFSI: pyr14FSI: pDDA-TFSI 20: 32: 48 wt % - 
V KFSI: pyr14FSI: pDDA-TFSI 18: 41: 41 wt % - 

 
Two- and three-electrode pouch cells constituted the most common experi-
mental setup for cycling. Alkali metal foils were frequently employed as ref-
erence and counter electrodes. In most cases where LTO or MoS2 were used 
as the counter electrode, the capacity of the anode was still in significant ex-
cess compared to the cathode; thus, deviating from practical full-cells. This 
was however acceptable in the context of these studies, as the majority of the 
presented investigations aimed at understanding processes related to the CEI 
formed on graphite positive electrodes and not at realizing or optimizing prac-
tical cells. Other cell types used included coin cells, which were necessary for 
the conductivity measurements on t-IGEs, and the EL-cell, a specialized setup 
for operando pressure monitoring. 

3.2 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemi-
cal analysis (ESCA) is one of the most well-established techniques for inter-
face characterization. XPS takes advantage of the photoelectric effect to ob-
tain not only the sample’s elemental composition but also information related 
to local chemical environments. The short inelastic mean free path (IMFP) of 
generated photoelectrons ensures the surface-sensitivity of this technique 
(< 10 nm in most cases) and hence its validity for studying the SEI and CEI 
layer formation in batteries. 
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More specifically, during XPS measurements, the sample is exposed to mon-
ochromatic X-rays, leading to the emission of photoelectrons from atomic 
core levels. The amount of photoelectrons emitted with a certain kinetic en-
ergy is registered by an electron analyzer. The kinetic energy of the photoe-
lectron will depend both on the energy of the incoming photon (hv) and its 
own binding energy (EB). In addition, the work function of the spectrometer ϕ 
needs to be taken into account, leading to the following expression for the 
calculation of the binding energy: 
 

                       𝐸 ℎ𝑣 𝐸 𝜙                 (Eq. 3) 
 
The binding energy at which a certain signal is observed is instrumental for 
acquiring insight into the type of compound being studied. At the same time, 
the signal intensity may be used to obtain a rough quantification of the con-
centrations of various species. The fraction of any sample constituent Cx may 
be calculated from the following equation: 

                   𝐶
∑

 = 
/

∑ /
                                    (Eq. 4) 

In this equation n stands for the number of the atoms present per cm3, I is the 
intensity and S is a sensitivity factor, which is empirically determined and tab-
ulated for various experimental setups.116 

XPS measurements included in Paper I were performed with PHI-5500 
spectrometer, using monochromatic Al Kα radiation (1487 eV) and an elec-
tron emission angle of 45°. In Paper II- IV, measurements were instead con-
ducted with a Kratos Axis Supra+ instrument, at similar conditions.  

3.3 Other characterization methods 

3.3.1 Raman spectroscopy 
Raman scattering analysis is a spectroscopic technique ideally-suited for the 
study of graphite and other carbon materials. Owing to its high sensitivity to-
wards symmetric, covalent bonds, valuable information regarding structural 
characteristics of especially graphitic samples may be obtained. For instance, 
insights regarding the degree of disorder, crystallite size and inclusion of do-
pants may be extracted from the Raman fingerprint of a sample. A typical graph-
ite spectrum with the regions of interest highlighted is provided in Fig. 8. 

The most intense feature observed at ~1581 cm-1 is the G-band, which cor-
responds to in-plane vibrational modes with E2g symmetry. A high-intensity 
G-band is indicative of highly ordered, crystalline graphite. The introduction 
of structural defects enhances instead the D-mode, located at ~1348 cm-1. This 
defect-related mode corresponds to ring breathing with A1g symmetry. These 
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bands are actually the convolution of several modes; for instance, the increas-
ing intensity of the feature denoted as D´ (~ 1598 cm-1) after cycling is indic-
ative of anion trapping in the graphite structure. The features observed at 
higher Raman shifts (2D2 and 2D1) constitute overtones of the fundamental 
modes. 

 
Figure 8: Raman spectrum of a pristine graphite electrode (black line) and a cycled 
graphite cathode (red line), showing the first- and second-order scattering bands and 
their corresponding assignments. 

In the works comprising this thesis (Paper I-IV), Raman spectroscopy has 
been used as a tool to assess the graphite structure evolution as a result of 
repeated anionation. Measurements were performed with a Renishaw inVia 
Raman microscope, using a green laser (λ = 532 nm).  

3.3.2 Scanning electron microscopy  
Scanning electron microscopy (SEM) is an imaging technique which employs 
a focused scanning electron beam to attain a high spatial resolution. Elastic 
and inelastic scattering of the incoming electrons results in a variety of signals 
(backscattered and secondary electrons (BSE & SE) and X-rays). BSEs and 
X-rays provide insights regarding the specimen’s composition, while the SE 
signal carries topographical information. The sample morphology and ele-
mental distribution was analyzed in all conducted studies using a Zeiss Merlin 
microscope equipped with an X-Max Silicon Drift Detector for elemental 
analysis. 
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3.3.3 Transmission electron microscopy 
Transmission electron microscopy (TEM) exploits highly energetic electrons 
(30-300 keV), which are transmitted through a thin sample, to resolve features 
at the near-atomic scale. In this thesis, TEM was used to image the cathode-
electrolyte interface formed on cycled graphite electrodes in Paper I.  Sample 
analysis was performed with a 200 kV field emission JEOL® 2100F micro-
scope.  

3.3.4 Infrared spectroscopy 
IR active molecules, i.e. molecules which experience a change in dipole mo-
ment upon absorption of IR radiation, give rise to a characteristic spectrum 
through which their constituent functional groups may be identified. IR spec-
tra of ternary ionogel electrolytes were collected with a Perkin Elmer Spec-
trum One spectrometer in Paper V in order to assess their composition.  

3.3.5 Differential scanning calorimetry 
In a differential scanning calorimetry (DSC) experiment, the sample is heated 
or cooled in a controlled manner, while the sample temperature and heat flux 
are simultaneously monitored. This setup enables the detection of endother-
mic and exothermic processes, leading to the identification of e.g. freezing/ 
melting points, glass transition temperatures and more. In Paper V, a TA 
Q2000 instrument was used in order to explore potential transitions in the ter-
nary ionogels during the first two cooling/ heating cycles (-80 – 200 ℃). 

3.3.6 Thermogravimetric analysis 
Monitoring weight changes in a sample as a function of temperature reveals 
valuable information regarding its thermal stability. Thermogravimetry 
(TGA) was employed in Paper V, as a means of identifying the decomposi-
tion onset of the designed t-IGEs, highlighting their superior performance 
compared to conventional liquid electrolytes. Measurements were performed 
with a TA Q500 apparatus.  
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4 Results and discussion 

4.1 The cathode-electrolyte interface in DIBs 
Despite an increasing number of publications treating the topic of dual-ion 
batteries, works investigating interfacial phenomena related to the graphite 
positive electrode remain thus far scarce. As discussed in the introduction, 
ensuring electrolyte stability at high potentials is crucial for the advancement 
of this technology. The oxidative degradation of frequently used carbonate 
solvents is a well-documented issue; however, the lack of a general consensus 
on appropriate methodology and test conditions renders the determination of 
the oxidation onset potential rather arbitrary. As a result, merely comparative 
conclusions can be drawn, which are not easily extended beyond specific stud-
ies. For instance, LSV/CV conducted on blocking electrodes constitute 
widely-accepted methods for electrolyte stability determination. Such meas-
urements result nonetheless often in an overestimation of the ESW, an issue 
rooted both in the choice of cycling protocols and working electrode. Using 
sweep voltammetry considerably reduces the time spent at potentials where 
parasitic reactions occur, as compared to galvanostatic cycling. In addition, 
employing blocking WEs with a low surface area and reactivity (e.g. glassy 
carbon) leads to a suppressed current response relative to what can be expected 
in practical cells. In cases where the electrolyte is proven to be thermodynam-
ically unstable it is also desired to know whether sufficient kinetic stabiliza-
tion can be achieved, for instance through the build-up of passivating interface 
layers. As a result, such processes are generally evaluated through a combina-
tion of electrochemical and surface-sensitive analysis techniques.   

Paper I explored the electrolyte stability, reaction reversibility and the re-
sulting interface formation on the graphite cathode in DIBs. Experiments in-
volved two types of graphite positive electrodes: monolithic HOPG which 
served the purpose of a model system and composite electrodes of microcrys-
talline KS6® graphite, carbon black and CMC binder, which constituted a 
more realistic alternative. In addition, the dual-ion cell performance was as-
sessed in both dilute and highly concentrated electrolytes (1-4 M) based on 
typical Li-salts (LiPF6, LiFSI and LiTFSI) dissolved in EC-DEC (1:1, v/v) and 
in an ionic liquid electrolyte (1 M LiFSI in Pyr14FSI). The choice of using EC-
DEC in this study was motivated by the ability of such solvent mixtures to 
reductively decompose and form a stable passivation layer on, at least, the 
negative electrode (lithium or graphite). The polymerization of EC accounts 
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for the major part of the formed interface on the negative electrode, together 
with inorganic side-products stemming from salt degradation. DEC is used 
primarily to lower the electrolyte viscosity, which should in principle lead to 
enhanced wettability and reduced cell polarization.  

Initial testing of Al current collectors though CV performed with low scan 
rates (0.050 mV s-1) indicated that dilute electrolytes based on LiTFSI and 
LiFSI could not function at potentials beyond 4.0-4.1 V vs. Li+/Li due to se-
vere Al current collector corrosion, which was in good agreement with litera-
ture findings. The removal of the native Al2O3 layer is thought to be aggra-
vated by Cl  residues frequently present in sulfonimide salts,117-118 while the 
subsequent anodic dissolution of Al has been ascribed to the formation of 
[Al(FSI)x]3-x or [Al(TFSI)x]3-x complexes.119 Recently, the combination of 
high-voltage chemistries and LiFSI/LiTFSI-based electrolytes was enabled 
through the use of high salt concentrations, which provided enhanced stabili-
zation due to the extensive coordination of the solvent to Li+.103, 120 Increasing 
the concentration of LiFSI and LiTFSI-based electrolytes to 4 M proved to be 
an efficient measure in this case, enabling cycling without significant signs of 
current collector degradation. In contrast to sulfonimide salts, LiPF6 exhibited 
the ability to passivate the Al current collector even at low concentrations 
(1 M). Passivation in this case is achieved through the formation of an AlF3 
layer, induced by the decomposition of the PF  anion.121     

Passing onto electrochemical testing with a composite graphite electrode 
revealed that irreversibility is more severe than measurements on the current 
collectors would suggest. Performance metrics achieved through galvanos-
tatic cycling conducted with a specific current of 10 mA g-1 (~ C/10) and vs. 
a Li negative electrode are summarized in Table 3. For a more detailed de-
scription the reader is referred to Fig. 1 and Fig. 2 in Paper I. 

Table 3. Performance metrics of electrolytes employed in Paper I. 

Electrolyte 
formulation 

Qdisch, cyc 1 
(mAh g-1) 

CE, cyc 1 
(%) 

Qdisch, cyc 10 
(mAh g-1) 

CE, cyc 10 
(%) 

Eonset, cyc 1 
(V vs. Li+/Li) 

1 M LiPF6, 
EC-DEC 46 53 36 79 4.72 
4 M LiPF6 
EC-DEC 55 46 55 41 4.76 
4 M LiFSI 
EC-DEC 86 48 78 89 4.37 
4 M LiTFSI  
EC-DEC 102 73 102 94 4.40 
1 M LiFSI 
Pyr14FSI 

 
84 

 
43 

 
82 

 
57 

 
4.60 

 
Despite the fact that the LiPF6-based electrolytes appeared to passivate the Al 
current collector, it was evidenced that the CE remained low during cycling 
vs. the graphite working electrode. In addition, the intercalation onset poten-
tials proved to be high, while the discharge capacities were far lower than the 
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predicted limit for PF  intercalation into graphite (140 mAh g-1).122 A partic-
ularly poor CE was observed in the case of the IL, while the HCEs performed 
substantially better, with the 4 M LiTFSI in EC-DEC electrolyte showing both 
the highest discharge capacity and CE. The performance metrics of the 4 M 
LiTFSI in EC-DEC electrolyte are on par with some of the best systems re-
ported for cycling at such low specific currents.47 Trends in anion intercalation 
overpotentials have previously been studied, with significant factors including 
the anion size, stereochemistry, charge density and degree of coordination to-
wards the solvent.81 The latter parameters were deemed to be of particular im-
portance in this case, as EC is a strongly coordinating solvent. Previous studies 
on PF  and EC-containing electrolytes have highlighted a suppressed anion 
intercalation, which has been attributed to the significant interaction between 
these two species.123 In another, older work by Seel and Dahn, it was specu-
lated that the extensive oxidative degradation of EC-containing electrolytes 
above 5.2 V vs. Li+/Li was the main cause of the unsatisfactory performance 
and incomplete anion intercalation.122  The literature background and ob-
served discrepancy in performance between the EC-DEC electrolytes based 
on LiPF6 and LiFSI/LiTFSI salts were hence suggesting a more thorough char-
acterization of the cathode-electrolyte interface which, in this study, was at-
tempted mainly via XPS.     

Initial XPS measurements performed on HOPG cycled in the IL electrolyte 
were instrumental, as they shed light on the issue of calibration and data inter-
pretation of the anionated graphite spectra. The inability to align all spectral 
components at once was highlighted (see Fig. 9), which has been previously 
attributed to Fermi level shifts of the intercalated graphite compound. For the 
acceptor-type GICs discussed here, the Fermi level is expected to move fur-
ther away from the vacuum level as compared to the Fermi edge of pristine 
graphite.124 In consequence, a decrease in the binding energy of the anion-
based GIC should occur compared to pristine HOPG.125 However, the Fermi 
level could not be accurately determined in this case, since the region of inter-
est had been recorded merely as part of the low-resolution, survey spectra. In 
addition, the precise determination of the Fermi level in the case of graphite 
could be complicated, since the onset is not as sharp as in the case of pure 
metals. Since the determination of the exact binding energies was not the sub-
ject of study, the O1s, N 1s, F1s and S 2p peaks of surface salt residues were 
used in order to enable the calibration and comparison between samples cy-
cled with sulfonimide salts (both for the HOPG and composite electrodes). 
The F 1s peak originating from LiPF6 salt traces was used in a similar way, in 
order to align spectra of electrodes cycled in such electrolytes. 
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Figure 9: The evolution of surface chemistry of pristine, soaked and cycled HOPG 
(in 1 M LiFSI in Pyr14FSI) is shown in a). Where applicable, the normalized S 2p, F 
1s, N 1s, O 1s and C 1s spectra are provided. Inset b) represents an attempt to quanti-
tatively compare the intensities of the detected species, after correction for the sensi-
tivity factor. Reproduced from Paper I with permission from the American Chemical 
Society.   

Despite the discussed imperfections in calibration methodology, the measure-
ments on the HOPG-IL model system proved valuable, as spectral features 
related to the growth of the GIC could be discerned. In particular, the appear-
ance of a new peak (at BEs of 1.2 eV higher relative to the main line) was 
observed, which was identified as the anion-intercalated compound. In addi-
tion, a consistent splitting was observed in all core-level spectra which relate 
to elements present in the anion (O 1s, F 1s, S2p and N 1s), which was also 
attributed to the presence of both intercalated and non-intercalated anions. 
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Such observations are not unheard of, as examples of XPS studies on acceptor 
GICs formed both through chemical126 and electrochemical pathways125, 127-128   
are available in the literature. This behavior was not observed for XPS meas-
urements performed on cycled Al current collectors, which strengthened the 
conclusion that the peak split is caused due to the intercalation process (see 
Fig. S30-S31, Paper I). 

Surprisingly, no significant amounts of solid decomposition products were 
observed on the HOPG electrode; an attribute which even the graphite com-
posite electrodes cycled in IL, 4 M LiFSI in EC-DEC and 4 M LiTFSI in EC-
DEC electrolytes had in common (see Fig. 4-6 in Paper I). In stark contrast 
to the sulfonimide-based electrolytes, both 1 M and 4 M LiPF6 in EC-DEC 
generated a thick interface layer on the graphite cathode. In the latter case, 
signals related to -CH2-/-C-C- (284.8 eV), -C-O-C- (286.0 eV), -O-C=O 
(287.0-288.0 eV) and -O-CO2- (289.0-290.0) were detected. Apart from the 
polyethers and polycarbonates formed due to the polymerization of EC, the 
CEI layer appeared to be rich in decomposed salt products (i.e. POxFy and 
possibly LiF), as seen in Fig. 7 of Paper I. To complement the electrochemi-
cal and XPS measurements, cycled electrodes were also analyzed via SEM 
and TEM, see Fig. 10. 
 

 
Figure 10: In a-c), TEM images of graphite electrodes cycled in 4 M LiTFSI in EC-
DEC, 1 M LiFSI in Pyr14FSI and 4 M LiFSI in EC-DEC respectively. In d), scanning 
electron micrograph of graphite cycled in 4 M LiPF6 in EC-DEC. Three conceivable 
situations for the resulting cathode-electrolyte interface on the graphite positive elec-
trode are schematically illustrated in e). Adapted from Paper I with permission from 
the American Chemical Society.   

While no CEI layer was observed in the TEM images of graphite particles 
cycled in the IL and LiFSI/LiTFSI HCEs (as the graphite lattice fringes are 
visible until the outer edge of the flakes), the surface of graphite cycled in 
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LiPF6 was completely covered in decomposition products, which were visible 
even with SEM. Despite the observed differences, it appears that the CEI in 
both cases was heavily influencing the electrochemical performance. Insuffi-
cient CEI layer buildup in the case of IL and LiFSI/LiTFSI HCEs implied that 
passivation was not achieved, and that parasitic reactions still proceeded, al-
beit at a slower rate. On the other hand, the excessive CEI buildup in electro-
lytes containing LiPF6 and EC did not appear to 1) passivate the graphite as 
degradation did not stop after the formation cycles and 2) proved to increase 
hysteresis and impede anion intercalation. In order for a CEI layer to be func-
tional in DIBs, it should be resilient towards oxidation and at the same time 
be anion-conducting. The results presented in Paper I have thereby initiated 
the discussion regarding what an anion-conducting CEI layer should look like; 
as layers rich in inorganic phases (such as the ones produced by LiPF6 and 
EC) proved harmful to the mobility of bulky anions. In addition, it is predicted 
that the combination of additives with distinct functionalities may be neces-
sary since, for instance, the LiPF6 electrolytes showed considerable ability to 
protect the Al current collector, even though its passivation of graphite was 
less successful.  

4.2 Pitfalls in interface-engineering via additives 

In light of the broad complexity of interface-related problems encountered in 
Paper I, the search for suitable additives was undertaken in Paper II. The 
initial choice of additives included FEC and VC, as these have shown the abil-
ity to passivate various negative and positive electrodes through the buildup 
of polymeric layers.129-131 In addition, LiBOB and LiDFOB were investigated 
as co-salt additives, due to their previously reported beneficial impact on sup-
pressing the corrosion of the Al current collector.132-134 As mentioned in the 
introduction, some of these additives (FEC and LiDFOB) have recently been 
employed in dual-ion batteries together with LiPF6-based electrolytes, in pub-
lications where the improved electrochemical performance was attributed to 
the formation of CEI layers with superior passivating properties.108, 135 Due to 
the proposed participation in CEI formation, using these additives in a more 
“stand-alone” way appeared as an attractive alternative. Opting for a less re-
active main salt than LiPF6 led to choosing 4 M LiFSI in DMC as the baseline 
electrolyte. The structures and reported ESWs of the tested additives are sum-
marized in Fig. 11a-b).  
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Figure 11: The chemical structures of the additives studied in Paper II are shown in 
a). Inset b) summarizes typical redox potentials reported for these additives in the 
literature.136-143 Caution must nonetheless be exercised in the interpretation of this 
plot, as the experimental and cycling conditions applied in literature differ to the ones 
employed in the presented study.  

In most studies, additive performance is tested either in half-cells or three-
electrode cells, where counter and reference electrodes consist of metallic Li. 
Although this approach is convenient, it does not guarantee satisfactory per-
formance in full-cells, where Li supply is limited. To capture the full picture, 
testing was undertaken in three-electrode cells using either Li (in large excess) 
or LTO (with an overcapacity factor of 1.5-2.0) as the counter electrode; the 
results being summarized in Fig. 12. Based on the differential-capacity curves 
of the Li vs. graphite cells, the additives’ influence on CEI layer formation 
appeared to be minute; with the exception of VC, the oxidation of which could 
be traced to a potential of 4.58 V vs. Li+/Li (see Fig. S2 and S3 in the Sup-
porting information of Paper II). While it could be argued that the remaining 
additives also undergo oxidation, albeit with a less well-defined onset poten-
tial, the impact on cell performance remained non-significant. As seen in Fig. 
12, initial discharge capacities in the Li vs. graphite configuration (cycling 
between 3.0-5.0 V vs. Li+/Li and with a specific current of 10 mA g-1) ranged 
from 91 to 99 mAh g-1, while variation in CE was substantially larger (37-
81 %). The discharge capacity remained constant around 95-97 mAh g-1 dur-
ing the first 50 cycles, while CE values stayed limited between 77 and 84 %. 
The stable discharge capacity indicated that the performance of the graphite 
cathode did not deteriorate upon cycling, and the rather poor CE could mainly 
be attributed to electrolyte and possibly Al current collector degradation.  
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Figure 12: Galvanostatic data recorded in two different cell configurations, including 
Li-graphite and LTO-graphite cells. The discharge capacity and CE obtained in Li-
graphite three-electrode cells are shown in a) and c). The corresponding performance 
metrics for the case of LTO vs. graphite cells are included in b) and d). All measure-
ments were run with a specific current of 10 mA g-1 and within a potential range be-
tween 3.0 and 5.0 V vs. Li+/Li for the cycling of the graphite cathode.  

Pairing the graphite cathode with an electrode of limited capacity such as LTO 
proved detrimental to the cell performance. Notably, the discharge capacity 
faded quickly in all tested electrolyte formulations (Fig. 12b), while the CE 
achieved in LTO-graphite cells remained as low as for the Li-graphite setup. 
This was a strong indicator of that the majority of irreversible reactions occur 
on the positive electrode. The continual decrease in obtainable capacity was 
attributed to Li-trapping in the LTO electrode during charge, which works as 
a way of counterbalancing irreversible losses (such as solvent oxidation) on 
the positive side. The trapping process decreases the amount of available ca-
pacity in LTO for each cycle that passes. Naturally, to maintain charge neu-
trality in the electrolyte, the presence of additional parasitic reactions is nec-
essary, which could involve anion trapping. This issue was firstly identified 
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by Heidrich et al., who discussed the fading mechanism in terms of an elec-
tron-inventory model.109  

The consequences of the non-passivating graphite cathode were most se-
vere for cells exposed to self-discharge tests (24 h rest, after charging to 5.0 V 
vs. Li+/Li). A single example stemming from a cell cycled in 1 vol % VC 
electrolyte is presented in Fig. 13 (the rest of the cells behaved in a similar 
way; see Fig. 3 and Fig. S4-S7 in Paper II). As seen from the three-electrode 
measurement, the first charge appeared to be non-problematic; although ex-
tensive VC decomposition was observed on the graphite cathode, the LTO 
electrode managed to accommodate excess Li+ thanks to its built-in overca-
pacity (Fig. 13a). Pausing the cell at the charged state for 24 h led to signifi-
cant self-discharge and a potential drop from 5.0 to 4.35 V vs. Li+/Li. Inter-
estingly, after discharging and proceeding into the second cycle, the LTO elec-
trode ran into the lower cutoff limit of 1.2 V vs. Li+/Li before the graphite 
cathode could reach the upper cutoff potential of 5.0 vs. Li+/Li. This consti-
tuted a clear manifestation of Li-trapping in LTO. This effect could also be 
seen in the EIS spectra recorded at the charged state, as the charge-transfer 
impedance increased dramatically from the 2nd cycle and on. In addition, EIS 
spectra measured at the fully discharged and intermediate states did not show 
any significant evidence of CEI-layer formation, as the impedance response 
remained similar through cycles 1-4 (Fig. 13b-e). Subjecting 3-electrode Li-
graphite cells to rate capability tests (100-1000 mA g-1) demonstrated that im-
proved Coulombic efficiencies (> 98 %) could be attained (see Fig. 6a-f, Pa-
per II), which is comparable to what reported in most studies in the literature. 
The performance at such high specific currents was however found to strongly 
depend on the plating and stripping overpotentials of the Li-counter electrode 
(see Fig. 6g-h, Paper II), which could also be affected by the additives used. 
Hence, it was demonstrated that the experimental design needs to be well-
devised in order for useful conclusions to be made as regards additive impact. 

From an electrochemical point-of-view, the importance of cycling at low 
rates and/or evaluating the self-discharge properties has been highlighted for 
DIBs. Cycling with high specific currents will suppress the parasitic reactions 
to such an extent that no meaningful conclusions regarding the additives’ in-
fluence can be drawn. In addition, the necessity to test the cell in a three-elec-
trode format is stressed whenever a non Li-based counter electrode is used. As 
demonstrated in Fig. 13, if merely a voltage-controlled setup would have been 
used, the actual electrode potentials could have been shifted significantly 
without being noticed. A severe potential shift could result in unwanted side-
reactions; for instance, if a two-electrode cell had been used instead, the neg-
ative electrode would have most likely dropped to the potential for Li-alloying 
with the Al current collector.    
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Figure 13: In a) the potentials of the working (graphite) and counter (LTO) electrodes 
are shown as a function of time for the four first cycles of the self-discharge experi-
ment. In b-e), Nyquist plots of electrochemical impedance spectra recorded after i) 
charge, ii) 24 h self-discharge test, iii) constant current constant voltage (CCCV) dis-
charge and iv) 5 h of OCV at the discharged state. The EIS spectra from the first four 
cycles are compared in each case. The lines in the EIS spectra are added for guidance. 
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The absence of a passivating interface on the graphite cathode was confirmed 
through XPS and SEM for a series of cycled samples (stopped at the fully 
discharged state) for both the baseline and additive-containing electrolytes 
(see Fig. 4 and Fig. 5 in Paper II). In general, the C-C peak of graphite re-
mained the most intense signal at 284.0 eV. Hydrocarbon (284.8), C-O 
(~286.3) and -OCO2 (~289.0) signals were in addition prominent in the spectra 
of the pristine and soaked samples; their source most likely being the CMC-
binder, surface functionalities on the conducting carbon additive, as well as 
trace amounts of electrolyte. Such features underwent a slight decrease in in-
tensity upon cycling, which ruled out significant buildup of a CEI-layer based 
on organic side-products. Signals at ~533 and ~532 eV in the O 1s core-level 
spectra confirmed the presence of C-O, S=O (from FSI) and C=O bonds.  In-
dications of partial anion decomposition were seen in in the F 1s spectra 
where, in addition to the main FSI-peak (~687.5), a feature which fits well 
with the formation of LiF was observed at 685.0 eV. The S 2p spectra com-
plied with the idea of partial anion decomposition, as trace amounts of sulfide 
species could be observed in the majority of cycled samples, besides the main 
peak originating in FSI residues (at 169.9 eV). It is therefore speculated that 
the formation of sulfide and LiF species will not passivate the graphite cathode 
efficiently, as an interphase consisting mostly of inorganic compounds may 
not exhibit sufficient ability to accommodate the large volumetric changes 
graphite experiences during cycling. The insufficient interphase buildup was 
quite unexpected for the additive-containing electrolytes, especially for the 
1 vol % VC formulation, where the oxidative degradation of the additive 
could be clearly observed in the electrochemical behavior. In this respect, 
SEM imaging of the electrodes cycled in 1 vol % VC revealed that the decom-
position of VC occurred preferentially on the conducting additive particles 
(see Fig. 5 in Paper II). This was an important finding, as it confirmed that 
the graphite flakes themselves are indeed a challenging substrate, rendering 
the formation of a functional CEI difficult.  

Lastly, it must also be stressed that the performance of the additives ap-
pears to be highly dependent on the main electrolyte used. As studies in the 
literature report an enhanced performance with several of the additives tested 
here (i.e. FEC, LiDFOB), the most logical conclusion is that the CEI-for-
mation in those cases was driven by the highly reactive nature of the LiPF6 
main salt.  
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4.3 Interface modification in MoS2-graphite KDIBs 

Investigations into interphase engineering were simultaneously performed for 
cell chemistries aiming at the realization of DIBs based on potassium salts. 
The case of an optimized MoS2-graphite cell is presented here, where the sur-
face modification of both the negative (MoS2) and the positive (graphite) elec-
trodes was attempted via the use of pre-cycling and functional additives. 

While previous studies did not pay significant attention to the formation of 
a robust solid-electrolyte interface layer, this proved to be a necessity in Paper 
III, as to enable the long-term cycling of MoS2 electrodes. The decision to 
subject the anode to a pre-cycling protocol was taken after realizing that poor 
performance was obtained upon direct cycling in the baseline electrolyte, con-
sisting of 6 m (mol kg-1) KTFSI in DMC (see Fig. 2b, Paper III). Precycling 
of the MoS2 electrode in a more dilute, 1 M KTFSI in a 1:1:1 (vol/vol/vol) 
mixture of DMC, EC and 1,1-dimethoxyethane (DME) resulted in interlayer 
expansion and size reduction of the MoS2 particles, which was evidenced via 
SEM imaging.    

The SEI formed during pre-cycling was found to be composed of species 
typically observed on negative electrodes operating in this potential range 
(0.5-2.5 V vs. K+/K). An increasing intensity of peaks corresponding to or-
ganic species rich in C-O , C=O/-O-C-O, C(=O)O and CO3

2-, was evidenced 
during the first cycle, which grew at the expense of signals originating from 
the sp2 and sp3-hybridized carbon in the conducting additive (see Fig. 14). 
Slight alterations in the electrode surface composition could be observed be-
tween the 1st and 10th cycle, meaning that reformation of the SEI took place. 
However, comparison of the spectra after the 10th and 101st cycle showed a 
fairly similar image, meaning that the SEI was sufficiently stable after the 10th 
cycle. Evidence of the TFSI anion participation in the SEI formation was seen 
in the S 2p spectra, in which an additional doublet was observed close to the 
binding energy of sulfur in TFSI. Lastly, it must be noted that the SEI built on 
MoS2 is not considered to be excessively thick, as both the S 2p and Mo 3d 
signals from MoS2 were clearly visible; and as the process of K+-intercalation 
could be followed in the Mo 3d spectra. Despite this, the impact of the inter-
layer expansion and surface functionalization process had a clear effect on the 
electrochemistry, as a capacity retention of 78.6 % could be observed in the 
case of the pretreated MoS2 electrode (after 20 cycles) as compared to 16.3 % 
in the non-treated case (Fig. 2b, Paper 3). In summary, the solvent co-inter-
calation from the dilute electrolyte did not appear to bear negative effects (i.e. 
excessive exfoliation and active material loss), as a functional SEI was formed 
on MoS2 in parallel to the K+-intercalation process, ensuring the maintenance 
of particle integrity upon subsequent cycling. 
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Figure 14: From left to right, the normalized C 1s, S 2p and Mo 3d core-level spectra 
recorded on pristine, electrolyte-soaked and cycled MoS2 anodes. Surface analyses 
were conducted on cells stopped at various states of charge, as well as on electrodes 
stopped at the fully discharged state (2.5 V vs. K+/K) after 1, 10 and 101 cycles.  

Interface passivation of the graphite positive electrode was attempted via the 
incorporation of triallyl phosphate (TAP) additive in the 6 m KTFSI in DMC 
HCE. TAP constitutes another well-established CEI-former, which however 
had not been investigated within the context of DIBs. Using TAP appeared 
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promising, since it has been reported to form a CEI quite early on in the cy-
cling (at 3.8 V in graphite vs NMC442 cells).144 CEI-formation in this case is 
thought to originate from the electropolymerization of the three allyl groups 
present in TAP, which has previously resulted in polymeric layers rich in C-
O-P bonds. The TAP-induced CEI was reported to suppress side-reactions and 
gas evolution during cycling, which was reflected in an improved long-term 
stability and capacity retention. The mere drawback reported so far in con-
junction with TAP included a significant impedance increase due to formation 
of thick interphases; which could nevertheless be controlled via adjustments 
of the TAP concentration and the use of ternary additive blends.144-146  

For the purpose of comparison and optimization, cycling in the baseline 
electrolyte and in formulations with 1, 2 and 5 wt % TAP was performed in 
Paper III. The CEI evolution was, as previously, monitored via the means of 
both electrochemical methods and XPS analyses. Electrochemical characteri-
zation showed that cells with TAP indeed performed better than cells without 
the additive. The beneficial influence of TAP was expressed as a higher Cou-
lombic efficiency and a more stable behavior upon extended cycling (Fig. 
3d-e, Paper III). The only problematic aspect observed was, as previously 
reported,144 a decrease in achievable capacity at higher cycling rates, espe-
cially for cells with 5 % TAP, owing to the resistive interface layer. 

These results found strong support in the interfacial analysis. The for-
mation of the CEI layer could be tracked via SEM imaging and EDS (Fig. 
5b-m, Paper III). As regards the XPS study (Fig. 15), significant differences 
were observed for the electrodes removed after the 2nd discharge, which were 
especially visible in the C 1s spectra. The growth of peaks related to C-H/C-
C (sp3) and to C-O bonding at ~285.0 and 286.4 eV, respectively, indicated 
that polymerization of TAP had indeed taken place. The accumulation of 
poly(TAP) was in addition confirmed by the presence of the P 2p doublet at 
133.6 eV and by a relative increase of oxygen as compared to carbon species 
in the survey spectra (see Fig. 4e in Paper III). Observed variations in the K 
2p signal are believed to be due to differences in trace amounts of salt residues 
in the electrodes after the washing procedure. The discrepancy in interphase-
formation between the baseline and TAP-containing electrolytes was even 
more prominent after the 100th discharge. While the graphite peak at 284.0 eV 
remained the dominant signal in the C 1s spectra of the baseline electrolyte, 
its contribution was barely discernible in electrolytes with 1-5 wt % TAP. This 
indicated the continued CEI-growth in TAP-containing electrolytes which im-
plied that passivation was not achieved after the two initial cycles. In addition 
to the thickness increase, ageing of the CEI-layer could be observed, as the 
samples extracted after the 100th cycle exhibited subtle differences in the 
chemical species present as well as in their relative proportions, as compared 
to samples collected after the 2nd discharge. In particular, an increase in oxi-
dized carbon species could be seen, which was expressed as an enhancement 
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of signals located at 286.4, 287.4 and 288.7 eV. The appearance of new, oxy-
gen- and phosphorus-containing species with signals located at higher BEs 
(534.0 and 137.2 eV) was also supportive of the formation of a CEI with a 
different chemical composition. However, a definitive answer as to the nature 
of these species, as well as to their spatial distribution would require more 
detailed investigations, possibly with energy-tuned XPS and other techniques, 
such as ToF-SIMS and surface-sensitive IR. 
 

 
Figure 15: From left to right, the normalized C 1s, O 1s and P 2p core-level spectra 
recorded on pristine and cycled graphite cathodes. The graphite positive electrodes 
were cycled in the baseline 6 m KTFSI in DMC electrolyte and in electrolytes con-
taining 1, 2, and 5 wt % TAP additive. Cells were stopped at the fully discharged state, 
after the 2nd and 100th cycle. 

To summarize, Paper III demonstrated that partially passivating SEI/CEI lay-
ers could be formed on both the negative and positive electrodes from a 6 m 
KTFSI in DMC electrolyte with 1-5 wt % TAP. Such electrolyte formulations 
could, in the long run, prove advantageous over e.g. PF -based electrolytes, 
in which passivation comes at the cost of extensive anion decomposition.  
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4.4 Binder stability at the cathode-electrolyte interface  
The study of the cathode-electrolyte interphase in DIBs cannot be considered 
complete without paying attention to the role of “inactive” components, such 
as the conducting additive, binder and Al current collector. The binder in par-
ticular was deemed essential for the performance of dual-ion cells, due to its 
strategic positioning around the graphite particles. Functional binders have 
proven to influence SEI formation on negative electrodes, and to even them-
selves act as a pre-formed SEI in multiple studies.147-149 An appropriate choice 
of binder in graphite anodes has shown to heavily suppress phenomena detri-
mental for the electrode operation, herein including reductive solvent decom-
position and solvent co-intercalation, followed by destructive graphite exfoli-
ation.150-152  

Despite this, the binder’s role is not well-explored for the positive electrode 
and especially not for dual-ion batteries. Among previous studies, the work by 
Huesker et al.153 pointed out significant differences between the commonly 
used carboxymethylcellulose (CMC) and polyvinylidene difluoride (PVdF) 
binders, as to their ability to sustain the volumetric expansion of the graphite 
cathode. In situ electrochemical dilatometry showed that CMC-based elec-
trodes had expanded by 131 % compared to their initial thickness (10th cycle), 
while the expansion of PVdF-based ones was restricted to 92 %. Moreover, 
CMC-electrodes suffered from particle detachment and active material loss 
upon extended cycling (50 cycles), unlike PVdF. Chan et al.154 approached the 
choice of optimal binder from a different angle and evaluated CMC, PVdF, 
polyacrylic acid (PAA) and polytetrafluoroethylene (PTFE) with respect to 
their impact on the electrode’s power characteristics. The better rate capability 
of CMC and PAA-based electrodes was attributed to their lack of fluoride 
groups which, for PVdF and PTFE, were thought to electrically repulse the 
anion in LiPF6. These results were intriguing and stimulated a study on inter-
phase evolution when different binders are used. 

The adopted strategy was to test electrodes comprised of 90 % natural 
graphite and 10 % of either CMC or PVdF-HFP for comparative purposes. 
The conducting carbon additive was excluded, as most binders exhibit a 
greater affinity towards the nano-sized carbon particles, something that would 
intervene with the purpose of this work. The substantial binder content used 
would be impractical for commercial applications, but was deemed necessary 
in this context, as to accentuate phenomena related to the choice of binder. 
Graphite electrodes with different binders were compared with respect to their 
capacity, Coulombic efficiency, intercalation and de-intercalation potentials 
and rate capability in two-electrode half-cells vs Li. The influence on the self-
discharge mechanism and electrode impedance was also evaluated in three-
electrode cells with Li as both the counter and reference electrodes. Morpho-
logical attributes were investigated via SEM/EDS, while the surface chemical 
composition was investigated using XPS. Since side-reactions occurring on 
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the positive electrode can possibly result in soluble and/or gaseous decompo-
sition products, operando pressure monitoring was employed as a comple-
mentary technique to XPS. 

Rate tests (Fig. 16a-c) revealed a similar trend to that reported by Chan and 
coworkers. Specifically, the capacity and Coulombic efficiency of the CMC-
electrode increased from 68.9 mAh g-1 and 75.2 % at 20 mA g-1 (2nd cycle) to 
72.0 mAh g-1 and 97.1 % at 500 mA g-1. The corresponding capacity values 
for PVdF-HFP ranged from 79.4 to 54.7 mAh g-1, while CE was altered from 
94.5 to 91.2 %. 

 

 

Figure 16: In a) and b) selected voltage-capacity profiles for cells with CMC and 
PVdF-HFP, respectively. The CMC-based electrode showed a superior ability to ac-
commodate alterations in the specific current; in fact, an enhanced performance was 
observed at higher rates. On the other hand, PVdF-HFP offered the benefit of a sub-
stantially improved Coulombic efficiency even at low cycling rates, which suggested 
its superior stability. Inset c) shows the full rate-test data for both binders.  

It is worth noting the difference in the iCEs of the two systems: 69.5 % for 
CMC and 77.5 % for PVdF-HFP. Even though CMC improved kinetics, 
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PVdF-HFP demonstrated a higher stability. The poor capacity retention 
observed for PVdF-HFP (Fig. 16c) was thought to be either circumstantial or 
related to the rate test; it was not evidenced in long term cycling at 20 mA g-1 
(see Fig. S4, Paper IV). Proof of that the capacity fading was related to anion 
trapping at high specific currents was provided by the Raman spectra of cycled 
graphite (see Fig. 4c, Paper IV), which exhibited a significant increase in the 
D and D´ bands. To further investigate the effect of the binder, self-discharge 
tests were conducted. In addition, EIS measurements were performed at 
several points on the cycling curve: at the charged state (4.9 V vs. Li+/Li), after 
24 h self-discharge, at the discharged state (3.0 V vs. Li+/Li) and after a 5 h 
pause at the discharged state (see Fig. 17 and Fig. 18). 
 

 

Figure 17: In a) first cycle for a CMC-based electrode, cycled between 3.0-4.9 V vs 
Li+/Li, at a specific current of 20 mA g-1. EIS spectra (b-e) were collected after full 
charge, self-discharge, CCCV discharge and after OCV at the discharged state. Lines 
in the EIS spectra are added for guidance. 



 41

The self-discharge tests confirmed the superior reversibility obtained with 
PVdF-HFP as the binder. While the CMC-electrode experienced a potential 
drop of 0.62 V over 24 h, the corresponding value for the PVdF-HFP system 
was restricted to 0.18 V. Similarly, while the recoverable discharge capacity 
was limited to 12 % for CMC, 50 % was possible to extract in the case of 
PVdF-HFP. This result suggested that the irreversibility could be partially at-
tributed to the oxidative decomposition of the binder. The highly fluorinated 
PVdF-HFP is, from a chemical point-of-view, more resilient towards the oxi-
dative environment encountered at the graphite positive electrode. 
 

 
Figure 18: In a) first cycle of the self-discharge experiment performed on the PVdF-
HFP system. Plots b-e) show the EIS spectra of the graphite positive electrode at var-
ious states of charge, for the 1st, 2nd and 10th cycles. The lines in the EIS spectra are 
added for guidance. 
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Features previously discussed based on the rate tests received further support 
from the impedance measurements. The higher interfacial resistance exhibited 
by PVdF-HFP was the most significant difference, which could be observed 
in the spectra of the charged samples. This reflected the insulating properties 
of PVdF-HFP, as discussed in the literature. It must however be noted that the 
opposite trend manifested for the two binders upon subsequent cycling. While 
the interfacial resistance increased for the CMC electrode during the ten first 
cycles, that of PVdF-HFP decreased. PVdF-HFP is known to swell consider-
ably in several liquid electrolyte formulations (including the one used here, as 
seen in the photograph in Fig. 4b, Paper IV), resulting in the formation of a 
gel-like interface. This process could be responsible for the lowered interfacial 
resistance, as the electrode wetting improves. In addition, it is speculated that 
the gradual expansion and activation of the graphite flakes could also contrib-
ute towards this observation. EIS spectra recorded at the discharged state (in-
sets d-e) in Fig. 17 and 18) indicated a largely capacitive behavior for both 
electrodes, as expected after de-intercalation.   

Studying the pristine, electrolyte-soaked and cycled graphite cathodes (af-
ter the 1st, 2nd and 10th discharge) through XPS revealed significant changes in 
the interface composition. For CMC-based electrodes, a graphite surface 
which was initially well-covered by the binder started protruding increasingly 
after cycling, something that became apparent in the C 1s spectra in Fig. 19. 
The most intense signal in the pristine sample (at 286.9 eV) corresponded to 
C-O bonds which are abundant in the polysaccharide backbone of CMC. Other 
signals also related to the binder signature including C-H, -O-C-O 
and -C(=O)O manifested at 285.4, 288.4 and 289.6 eV, respectively. The sig-
nal corresponding to sp2-bonded carbon was on the contrary less well-pro-
nounced as can be deduced by the low-intensity peak located at 284.0 eV. The 
O 1s spectra confirmed this interpretation, as the most intense peak was ob-
served at 533.3 eV, with the C=O signal ending up at 531.6 eV, typical values 
for each species, respectively. Analyzing electrodes soaked in excess electro-
lyte was used as a method to evaluate the contributions from the solvent and 
salt. Even though the electrode was rinsed and dried after the soaking step, the 
electrolyte-related signals were particularly pronounced, as can be seen in the 
survey spectra. As stated, cycling of the electrode leads to the decrease of sig-
nals originating from the binder, compared to signals originating from the 
graphite, in particular the signal attributed to C-O bonds. An explanation to 
this observation is that the high charging potentials could lead to oxidative 
degradation of CMC, causing loss of functionalities essential for the binding 
mechanism. Such a scenario would have severe implications for the cell oper-
ation; losing the binder would 1) compromise the electrode integrity and 2) 
lead to increased exposure of the electrolyte solvent to the graphite, hence 
accelerating its decomposition.   
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Figure 19: Cycling-induced changes in the surface chemical composition of the 
CMC-based electrode. Survey and core-level spectra (C 1s, O 1s and F 1s) are pro-
vided for the pristine, electrolyte-soaked and cycled samples stopped after the 1st, 2nd 
and 10th discharge.  

When the same type of series was analyzed for electrodes based on PVdF-
HFP, a different relationship manifested. While the peak representing 
graphitic sp2 bonding was initially clearly visible in the C 1s spectra, a 
supressed signal intensity was observed after several cycles. The less intense 
signal observed for PVdF-HFP, may be due to the fact that this binder is not 
entirely covering the surface of the electrode (see also Fig. S7, Paper IV). 
Previous studies investigating the way PVdF adheres to the graphite substrate 
have shown that this binder exhibits a greater affinity for the graphite edges.155 
Considering this model, the data makes sense, as aggregation of the binder 
around the flake edges would leave the basal planes exposed, resulting in the 
intense  graphitic signal. The signals of the PVdF-HFP binder were, however, 
still prominent in the case of the pristine electrode with peaks corresponding 
to CH, CH2F2, CF, CH2CF2 and CF3 bonds being detected at 285.0, 286.0, 
289.2, 290.7 and 293.5 eV, respectively. These signals were found in the 
spectra of both the soaked and cycled samples, which indicated good oxidative 
stability of PVdF-HFP. The increase in C-H species observed in certain plots 
(soaked sample, 2nd, 10th and 125th discharge) appeared to be due to excess 
electrolyte and decomposition products which stayed trapped in the electrode. 
This conclusion is supported by the relatively more intense O 1s and S 2p 
peaks in the survey, which can only be derived from the salt.   
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Figure 20: Survey and core-level XPS spectra recorded for pristine, electrolyte-
soaked and cycled graphite cathodes based on PVdF-HFP binder. A different trend to 
CMC is observed, as the signal originating in functional groups from PVdF-HFP does 
not seem to decrease substantially, revealing the superior chemical inertness of the 
fluoropolymer. 

To confirm the suspicions related to the potential degradation of CMC, com-
plementary measurements were performed as to monitor the pressure evolu-
tion in both cells, the results of which are shown in Fig. 21. The cycling pro-
tocol used here was identical to that used for the self-discharge measurements, 
but the cycling itself was performed in the EL-cell for operando pressure mon-
itoring (see Fig. S1, Paper IV). In addition, cycling took place in a slightly 
different configuration, with excess LTO used as the counter, Li as the refer-
ence and graphite as the positive electrode. Exchanging Li for LTO was a 
measure undertaken in order to keep the potential of the negative electrode 
within a range where electrolyte decomposition should be insignificant. In 
such a way, the reactions occurring at the graphite positive electrode would 
ideally be the ones dictating the pressure increase. As seen in Fig. 21, an in-
crease in total pressure was observed for both graphite electrodes, amounting 
to 0.045 mbar in the case of 10 % CMC and to 0.050 mbar for 10 % PVdF-
HFP. Interestingly, slope changes were observed in the total pressure curve of 
both cells in connection to the higher intercalation plateau at ~4.8 V vs. Li+/Li. 
This could imply that certain electrolyte components became unstable already 
at this cutoff potential; however, such observations remain to be verified by 
further experiments. 
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Figure 21: To the left, potential vs time profiles and total pressure evolution curves 
for the LTO vs. graphite cell with 10 % CMC binder. To the right, corresponding plots 
of the cell with 10 % PVdF-HFP binder. 

In summary, the work performed in Paper IV showed that inactive compo-
nents used in conjunction with the graphite cathode may play a disproportion-
ally large role for its performance, as compared to what could be expected 
based on the amounts used. Many literature reviews related to dual-ion batter-
ies focus almost exclusively on the type of graphite and electrolyte used, with-
out further reflection on other parameters which may influence the perfor-
mance, such as the types of conducting additives, binders, electrode mass 
loading etc. These findings underline the fact that the dual-ion system is highly 
responsive to parameter changes and that erroneous conclusions may be drawn 
if attention is not paid to such details. Here, it was specifically demonstrated 
that CMC-based electrodes will experience higher rates of self-discharge upon 
storage and significantly lower CE during cycling, as compared to PVdF-HFP 
ones, which was attributed to a combination of the chemical (loss of functional 
groups) and mechanical degradation of the CMC binder. 
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4.5 Quasi-solid-state electrolytes for DIBs 
Another interesting route to stabilize the reactive interfaces in DIBs is to ex-
change the liquid HCEs with solid-state or semi-solid-state electrolytes. Such 
an arrangement could for example benefit the Al current collector, leading to 
suppressed parasitic reactions, as the decomposition product would not exhibit 
the same tendency to be carried away from the interface and thereby exposing 
fresh Al surfaces. Full- and quasi-solid-state electrolytes could, moreover, 
combat the volumetric changes associated with anion intercalation in the 
graphite positive electrode. Apart from these advantages which target issues 
specific to the DIB concept, non-liquid electrolytes offer universal benefits 
due to their thermally stable nature, good processability and elimination of 
risks associated to leakage. The leak-proof nature of such systems allows for 
facile packaging in, for example, pouch stacks, which in addition minimizes 
risks associated to overpressure build-up. 

Thus far, few efforts to replace the liquid electrolyte in DIBs have been 
made, the majority of which have opted for gel electrolytes. The use of PVdF-
HFP membranes as the solid component has been particularly popular due to 
its high swellability and superior oxidative stability. To exemplify, Chen et al. 
designed a three-dimensional, porous network based on PVdF-HFP doped 
with both poly(ethylene oxide) and graphene oxide, which was gelled by im-
mersion into a liquid electrolyte comprised of 4 M LiPF6 in EMC with 2 % 
VC. Making use of the gel electrolyte in Al vs graphite DIBs resulted in ionic 
conductivities of 2.1∙10-3 S cm-1, an  initial discharge capacity of ~102 mAh 
g-1 and a capacity retention of 92 % after 2000 cycles at a specific current of 
500 mA g-1.156 Systems of similar nature and equivalent performance were 
recently also successfully introduced in Na-ion batteries by Xie et al.157 The 
promising results of these studies stimulate interest in the application of alter-
native semi-solid-state electrolytes within the context of DIBs. 

Here, in an attempt to further increase the safety characteristics and stabil-
ity of such systems, a ternary ionogel electrolyte (t-IGE) was designed and 
tested in of K-based dual-ion batteries, in both K-graphite and MoS2-graphite 
cells. Ternary ionogels are typically composed of a salt, an ionic liquid and a 
polyionic liquid. In this work, potassium bis(fluorosulfonyl)imide (KFSI), 1-
butyl-1methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI) and poly(di-
allyldimethylammonium) bis(trifluoromethane)sulfonimide (pDDA-TFSI) 
were used as each of the stated components. The function of the KFSI in this 
case was to supply the ions necessary for the operation of the dual-ion cell, 
while pDDA-TFSI formed the polymer matrix responsible for the mechanical 
integrity of the electrolyte and pyr14FSI acted as a plasticizer and conductivity 
enhancer. The casting procedure used to prepare t-IGE films with varied com-
positions is outlined in Fig. 22a-f, where photographs of the freestanding t-
IGEs and scanning electron micrographs of graphite cathodes infiltrated with 
t-IGE are also presented. Furthermore, the freestanding t-IGEs were assessed 
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with respect to their thermal properties, gelation mechanism, ionic conductiv-
ity and oxidative stability (Fig. 23a-f). 

 

 

Figure 22: The schematic in a) provides an overview of the constituents comprising 
the t-IGEs and summarizes the casting method used to prepare ionogel films. Photo-
graphs of the best performing ionogel films (of 30 wt% KFSI, 28 wt% pyr14FSI and 
42 wt% pDDA-TFSI (40:60 composition)) allow for the qualitative assessment of cer-
tain physical properties of the ionogel, including optical transparency and flexibility. 
Insets b) and c) represent the top-view SEM images of ionogels with 10:90 and 40:60 
compositions, the cross-sectional views of which are provided in d) and e). In f) EDS 
mapping on the cross-section of the 40:60 t-IGE provides an understanding of the 
degree of infiltration in the graphite electrode. 
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Figure 23: In a) and b), evaluation of the thermal stability of pristine pDDA-TFSI and 
of t-IGE films with various compositions through TGA and DSC analyses. Plots c-d) 
provide an overview of the IR-bands present in pDDA-TFSI powder and in the t-IGEs. 
In e), summary of the ionic conductivity of the t-IGEs for a T-range from 30-100 ℃. 
Plot f) demonstrates the oxidative stability of the t-IGE at 40 ℃, measured in a cell 
with a K counter electrode and an Al blocking positive electrode.  

These measurements aimed at enabling the selection of an appropriate t-IGE 
for further electrochemical tests. As seen in Fig. 23a-b, the t-IGEs exhibited 
a thermal stability which surpassed 200 ℃ and which hence is superior com-
pared to liquid electrolytes. No significant phase transitions were observed in 
the differential scanning calorimetry (DSC) profiles of the t-IGEs for the T-
range between -75 and 175 ℃, further confirming their excellent thermal 
properties. The IR spectra proved to be the direct superposition of the compo-
nents originating from pDDA-TFSI, pyr14FSI and KFSI. Slight shifts in cer-
tain bands (see Paper V) reflected internal re-arrangements undergone during 
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the formation of the gelled system. Conductivity measurements in the range 
between 30 and 100 ℃ showed as expected clear improvements upon increas-
ing ionic liquid content; in particular the 50:50 composition, which ap-
proached conductivity values for electrolytes based on ionic liquids. This 
could be indicative of the formation of continuous liquid domains within the 
gelled structure. CV tests recorded at 0.05 mV s-1 at 40 ℃ indicated that side-
reactions occurred above 3.0 V during the first cycle, but these cease upon 
repeated scans. The first cycle response may hence be due to the consumption 
of impurity species; an alternative interpretation being that passivation was 
achieved from the second cycle and on. 

The t-IGEs with different compositions were further tested in K vs. graph-
ite half-cells, cycled at 40 ℃, see Fig. 24a-d. The chronopotentiograms were 
recorded at a rate of 1 mA g-1, as purely capacitive behavior was observed at 
higher specific currents, i.e. 10 mA g-1. Nevertheless, the full capacity ex-
pected from the graphite cathode (of at least 80 mAh g-1) was not reached, 
even at the extremely low cycling currents employed. This phenomenon is 
thought to have its origins both in the lower ionic conductivity of these sys-
tems compared to purely liquid electrolytes, as well as in the difficulties asso-
ciated with proper electrode infiltration and interface wetting. The reactive 
potassium interface was also found to be particularly problematic, as it led to 
high plating and stripping overpotentials. In order to circumvent this problem 
and more accurately assess the rate capability of the t-IGEs, the best perform-
ing 40:60 composition was tested in MoS2-graphite cells, as seen in Fig. 25.  

 

 
Figure 24: In a-d), performance of K vs. graphite dual-ion cells employing t-IGEs 
with compositions ranging from 10:90 to 40:60. The 50:50 composition resulted re-
peatedly in short-circuits indicating that it was unsuitable for practical application and 
is therefore not included here. 



 50 

Combining two porous electrodes such as MoS2 and graphite required that the 
t-IGE was infiltrated in both, in order to ensure adequate material utilization. 
Merely infiltrating the graphite cathode (as shown in Paper V) led to high 
initial discharge capacities, but also to rapid capacity fading. This was most 
likely due to the fact that only the outer layer of the MoS2 particles was uti-
lized, which could have been deep-cycled beyond the stoichiometry corre-
sponding to the intercalated compound. Moreover, the conversion reaction of 
MoS2 to elemental Mo and K2S has been reported to result in high capacities 
of up to 397 mAh g-1 but is highly irreversible, unless advanced electrode 
nanoarchitectures are used.158 On the other hand, infiltrating both electrodes 
with the lab-scale casting set-up would lead to t-IGEs of excessive thickness, 
thus leading to increased cell resistance and overpotentials.  

 

 
Figure 25: In a), schematic showing the construction principle of the MoS2 graphite 
dual-ion cell with 40:60 t-IGE infiltrated in both electrodes and a plain weave-glass-
fiber fabric used as a means to reduce the electrolyte thickness while eliminating the 
risks for short-circuiting. In b), voltage-capacity profiles recorded at specific currents 
of 20, 40, 80 and 160 mA g-1 and in c) performance over extended cycling, including 
the rate capability test. 
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A way to circumvent this issue was suggested in Paper V, by the incorpora-
tion of a plain-weave glass fiber fabric (t = 40 μm). The fabric was used on 
top of each electrode during the casting procedure, and allowed for a smaller 
volume of casting solution to be distributed homogeneously over the elec-
trode. In addition to enabling a better distribution of the casting solution, the 
glass fiber fabric acted also as a separator and mechanical integrity enhancer, 
minimizing the risk for short-circuits. 

Evaluation of the t-IGE in this setup resulted in substantial improvement 
both in terms of rate performance and achievable capacity. The t-IGEs were 
capable of sustaining a capacity over 60 mAh g-1 at a rate of 20 mA g-1, while 
25 mAh g-1 could be delivered at 160 mA g-1 (at 40 ℃). In addition, and despite 
the demanding rate test, the cell was still functioning with a discharge capacity 
above 50 mAh g-1 after 100 cycles. A particularity noticed in Fig. 25c and also 
in previous studies is the capacity increase during the course of the first cycles. 
This was, as in Paper III, speculated to be linked to the interlayer expansion 
of the MoS2 sheets during cycling, an activation process which improves wet-
ting and increases the capacity for K+-storage.  

In summary, this study provided evidence of that quasi-solid-state electro-
lytes based on ternary ionogels could be a viable option for KDIBs in the fu-
ture. Since the focus here was mostly directed towards rendering the quasi-
solid-state KDIB operational, more fundamental aspects of these systems in-
stead need to be treated in future endeavors. 
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5. Conclusions and future prospects 

Analyzing the interface formation on graphite cathodes cycled in various elec-
trolytes in Paper I was a necessary step in order to understand the issues as-
sociated with dual-ion batteries. The conducted work highlighted that no sta-
ble CEI layer is formed on graphite cathodes cycled in ionic liquid (1 M LiFSI 
in Pyr14FSI) and in certain highly concentrated (4 M LiFSI and 4 M LiFSI in 
EC-DEC) electrolytes. Cycling at low specific currents (10 mA g-1) revealed 
that, despite the high salt concentration and kinetic stabilization provided by 
these IL and HCEs, further measures were needed to passivate the graphite 
cathode and Al current collector. Dilute (1 M) and concentrated (4 M) LiPF6-
based electrolytes in EC-DEC mixtures instead resulted in the formation of a 
CEI comprised of polyethers, polycarbonates and LiF. Apart from XPS anal-
ysis, the decomposition layer was easily discernible with SEM, which sug-
gested its substantial thickness. However, the formed CEI did not have the 
desired passivating functionality even in this case, which was reflected in poor 
Coulombic efficiencies, high overpotentials and rapid performance deteriora-
tion.  

Paper II and III therefore focused on pre-cycling and additive-oriented 
passivation strategies for both Li- and K-based dual-ion cells. For the Li-based 
system, the passivation of graphite and Al current collector was attempted 
through the use of VC, FEC, LiBOB and LiDFOB additives in a 4 M LiFSI in 
DMC electrolyte. Significant suppression of parasitic reactions was not ob-
served in conjunction with most of the additives; which however in itself was 
an interesting result as it deviated from what could be expected based on the 
literature. First and foremost, valuable insights were acquired with respect to 
the capacity fading mechanism in full cells and the design of reliable testing 
protocols. Specifically, the importance of cycling at low specific currents and 
in three-electrode cells (against a counter electrode of limited capacity, such 
as LTO) was highlighted when testing additives for DIBs. In fact, the high rate 
cycling most often encountered in literature (and in Li-graphite two-electrode 
cells) allows for parasitic reactions to go undetected. Testing in such setups 
additionally bears the risk of erroneously ascribing performance-enhance-
ments to the positive electrode, while most of the additive impact is in fact on 
the Li negative electrode.  As regards efforts in the K-based system studied 
(MoS2-graphite), pre-cycling in a 1 M KTFSI in DME:DMC:EC electrolyte 
helped in expanding the interlayer spacing of the negative electrode and 
thereby rendering K+-intercalation more facile, while simultaneously provid-
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ing passivation through the formation of a stable SEI. On the positive elec-
trode, a protective CEI was induced via the incorporation of TAP additive in 
a 6 m KTFSI in DMC electrolyte. Combining both approaches in the MoS2 vs. 
graphite full cell proved that significant performance improvements can be 
achieved through careful interface engineering. 

In Paper IV, a different approach was adopted to modify the CEI by in-
vestigating the role of the binder. Two commonly used binders were com-
pared, CMC and PVdF-HFP, the impact of which was found to be profound 
on electrochemical performance. While CMC enabled fast intercalation kinet-
ics and a low interfacial resistance, it also contributed to aggravated side-re-
actions. This was particularly pronounced in the Coulombic efficiency and 
self-discharge tests. XPS analysis suggested the partial decomposition of 
CMC, as signals related to the binder’s signature decreased in intensity during 
cycling. On the contrary, PVdF-HFP seemed to retain its integrity. The higher 
stability of PVdF-HFP was explained in terms of its highly fluorinated nature 
and greater flexibility compared to CMC.  

Lastly, Paper V explored the use of quasi-solid-state, ternary ionogel elec-
trolytes in KDIBs. Ionogels based on KFSI, Pyr14FSI and pDDA-TFSI exhib-
ited advanced functionalities in terms of their good ionic conductivities, flex-
ibility and high thermal stability. The physical confinement of the gelled elec-
trolytes guaranteed superior safety characteristics and could, in addition, be a 
promising approach for alleviating the graphite electrode expansion and the 
degradation of the Al current collector. A promising electrochemical perfor-
mance was obtained for t-IGEs employed in prototype MoS2 vs. graphite cells, 
highlighting the feasibility of basing future DIBs on such an electrolyte plat-
form. 

In summary, the unstable CEI was identified as a major issue in dual-ion 
batteries. A combination of approaches was used to improve the performance 
of the graphite cathode, which showed overall encouraging results. Finally, 
some concrete ways forward are summarized below: 

 
 Further studies involving the critical assessment of both anion and sol-

vent stability are deemed necessary. As electrolyte decomposition 
would in many cases not lead to the formation of a solid CEI layer, 
studies characterizing also the spent electrolyte and gas evolution in 
DIBs should provide useful insights. 

 
 Re-evaluating the role of “inactive” components used in conjunction 

with the graphite cathode could also help in boosting electrode perfor-
mance. As the used binders and conducting carbon additives have been 
adapted directly from Li-ion studies, the extent of their applicability in 
DIBs is not yet ascertained. 
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6. Sammanfattning på svenska 

Resursfrågan har börjat bli ett reellt hinder för uppskalningen av de numera 
etablerade litium-jonbatterierna och därmed för fullbordandet av samhällets 
elektrifiering. Potentiella hot har identifierats i form av att viktiga råvaror kan 
vara otillräckliga för att täcka den växande marknadens behov av dels litium 
och dels essentiella övergångsmetaller som används på batteriets katodsida, 
som t.ex. kobolt. Utöver de åtråvärda föreningarnas faktiska förekomst finns 
det andra, geopolitiska faktorer som kan innebära kraftiga fluktuationer för 
metallernas marknadspriser. Exempelvis utvinns majoriteten av all kommer-
siell kobolt i världen i Demokratiska Republiken Kongo, en potentiell mono-
polsituation som medför en stor osäkerhet för de framtida koboltpriserna. 
Denna problematik har som konsekvens att fokus inom batteriforskningen del-
vis flyttats till post-litium-jonteknologier, som ska vara baserade på resurser 
med god tillgänglighet. Natrium- och kalium-jonbatterier, redoxflödesbatte-
rier samt dual-jonbatterier utgör några exempel på nya batterikemier.  De sist-
nämnda är även den teknologi som behandlas i denna avhandling.  

Det unika med dual-jonbatterier är mekanismen dessa använder sig av för 
att lagra energi. Istället för den konventionella batterimekanismen med att en-
bart katjonerna står för energilagringen – då genom deras förflyttning från ka-
tod till anod vid uppladdning och vice versa vid urladdning – så använder sig 
dual-jonbatterier även av anjonerna. Uppladdningsprocessen i dual-jonbatte-
rier innebär interkalation av katjoner i den negativa elektroden samtidigt som 
anjonerna går in i den positiva elektroden. Vid urladdning frigörs både katjon 
och anjon från respektive elektrod och återförenas i elektrolyten. På ett sätt 
påminner denna mekanism om en elektrokemisk kondensator, men med den 
viktiga skillnaden att reaktionerna i dual-jonceller inte är begränsade till ytan 
utan sker i bulken av elektrodmaterialet. 

Den främsta fördelen med detta koncept är att användandet av anjonen på 
den positiva sidan av batteriet innebär att helt nya materialkombinationer kan 
fungera som anod- och katodelektroden i dessa system. Exempelvis kan sym-
metriska grafit-grafit celler användas, en kombination som möjliggör en hög 
cellspänning (> 4.5 V), avsevärd kapacitet och som samtidigt eliminerar be-
hovet av övergångsmetaller i katodelektroden. Inom ramarna för detta arbete 
har ett flertal dual-jonkemier undersökts, vilka har som gemensam nämnare 
att grafit använts som den positiva elektroden. Som ovan nämnts, grafitkato-
den kräver höga potentialer för interkalation av anjoner; ett faktum som också 
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för med sig vissa utmaningar, då många batterikomponenter (så som binde-
medlet, elektrolyten samt den av aluminium bestående strömsamlaren) kan bli 
instabila och degradera i dessa sammanhang. Den typen av oönskade fenomen 
har här följts med hjälp av både elektrokemiska och ytkänsliga karaktärise-
ringsmetoder, varefter strategier för att åtgärda problemen har skräddarsytts. 

 Bland annat har effekterna av att använda olika salter (Delarbete I), lös-
ningsmedel (Delarbete I-IV) och tillsatsmedel (Delarbete II och III) i elekt-
rolyterna studerats i syfte att skapa ett passiverande skikt på grafitelektroden 
samt Al-strömsamlaren. Att använda passiverande skikt som bildats från 
elektrolytens degraderingsprodukter är en vanligt förekommande strategi för 
att åtgärda sidoreaktioner i batterier. Avseende dual-jonbatterier ställs det där-
emot nya krav på det eftersökta passiverande skiktet, vilket bör tolerera väl-
digt höga potentialer, klara av de stora volymändringarna som den positiva 
grafitelektroden undergår samt vara permeabel för anjonen. Även mindre kon-
ventionella strategier har använts för att klara av en stabilisering av reaktiva 
ytor i dual-joncellen. Exempelvis undersöktes i Delarbete IV möjligheten att 
använda bindemedlet i elektroden som ett artificiellt passiverande skikt. 
Delarbete V utnyttjade istället en gelelektrolyt, vars semi-solida natur inte 
enbart har potentialen att minimera sidoreaktioner men också erbjuder avan-
cerade funktioner när det kommer till säkerhet, som exempelvis eliminering 
av risker kopplade till läckage och/eller kraftig gasutveckling.  

Sammanfattningsvis har detta avhandlingsarbete behandlat väsentliga frå-
gor för nya cellkemier som faller under paraplykonceptet dual-jonbatterier. 
Potentiella lösningar har föreslagits för att minimera degraderingen av diverse 
cellkomponenter vid de kraftigt oxiderande förhållandena som uppstår vid 
uppladdning. Trots att dual-jonkonceptet har en lång väg framför sig innan 
praktisk användning, är det tydligt att avsevärda förbättringar kan åstadkom-
mas och att insikter kan inhämtas från den redan etablerade litium-jonteknolo-
gin.  
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