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incorporating ionic liquids to enhance the room
temperature ionic conductivity†
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Exploring the next generation of batteries based on sustainable materials is crucial for transitioning to a post-

lithium-technology era. Potassium-based technology is one of the candidates that could fulfil the

sustainability criteria. The electrolyte plays a crucial role in battery performance, being responsible for ionic

transport, cycling performance, working temperature, and safety. Polyethylene oxide (PEO)-based solid

polymer electrolytes (SPEs) have been extensively studied. However, one of the drawbacks of SPEs is their

poor ionic conductivity at room temperature (RT). Quasi-solid and solvent-free polymer electrolytes are

a promising solution to this issue, combining the benefits of a liquid phase and SPEs. This work focuses on

the development of cross-linked PEO, fluorinated K salt, and ionic liquid (IL)-based solvent-free SPEs for

potassium batteries. The designed cross-linked ternary solvent-free SPEs are thoroughly characterized

both physicochemically and electrochemically, achieving ionic conductivities of up to 1.6 × 10−3 S cm−1 at

20 °C. The solvent-free SPEs were tested in K cells at 20 °C, using a Prussian white (PW) cathode as

a proof-of-concept. The effects that different fluorinated anions, such as bis(fluoromethanesulfonyl) imide

(FSI−) and bis(trifluoromethanesulfonyl) imide (TFSI−), have on the electrochemical performance were

analysed by investigating the solid electrolyte interphase (SEI) formed on the K metal surface through

electrochemical impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS) and magic-angle

spinning solid-state nuclear magnetic resonance spectroscopy (MAS-ssNMR).
1. Introduction

The use of conventional fossil energy sources has led to several
issues, including global warming, air pollution, and resource
depletion.1,2 Fortunately, since 2011, renewable energy sources,
such as wind power and solar photovoltaic technology, have
experienced a signicant increase in market share within the
global electricity generation sector. Large-scale energy storage
systems can mitigate the intermittency and instability associ-
ated with renewable energy sources.2–4 As a result, batteries have
naturally become the focus of energy storage systems.5 Over the
past few decades, lithium-ion batteries (LIBs) have become
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essential for portable electronic devices, electric vehicles, and
energy storage systems.6–8 However, the limited and uneven
global distribution of lithium resources, coupled with concerns
regarding certain raw materials (e.g., cobalt, lithium, etc.), has
spurred active research into alternative battery technologies
that prioritise sustainability and cost-effectiveness.4,9,10

Sodium- and potassium-ion batteries (NIBs and KIBs) have
garnered particular attention as alternatives to LIBs.4,9,10 The
concentrations of Na and K in the Earth's crust are 2.3 wt% and
1.5 wt%, respectively, whereas Li is present at a much lower
concentration of 0.0017 wt%.4 This difference in abundance
could lead to lower Na and K production costs than Li.11,12 In
addition, the standard electrode potential of K is lower than
that of Na, with −2.93 V compared to −2.71 V vs. SHE, and
closer to Li (−3.04 V vs. SHE).11,12 Moreover, the K+/K redox
potential in non-aqueous solvents (i.e., propylene carbonate
(PC)) is the most negative among the three alkali metals
(−3.002 V vs. SHE).13 This implies that replacing Li and Na with
K in conventional battery designs can theoretically result in
higher voltages and similar energy densities.13,14 Additionally, Al
can serve as the current collector in KIBs, just as it does in NIBs,
since no alloying occurs between K and Al.15 This allows for
a signicant reduction in battery cost and weight compared to
This journal is © The Royal Society of Chemistry 2025
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LIBs.4 Given these advantages, it is believed that KIBs can
serve as future large-scale energy storage systems.4,12,13,15 Indeed,
the US company Group 1 announced in 2024 the 1st 18650 KIB
based on a PW cathode, delivering a specic energy of
180 Wh kg−1 over 3000 cycles, which is competitive with
LiFePO4-based LIBs.16

Commercial batteries are primarily based on ammable
liquid electrolytes, which raises safety concerns for all battery
applications. Solid-state electrolytes have garnered substantial
attention in recent years due to their advantages, including
higher stability, non-ammability, high safety, and ease of
processing.17–19 Unlike the inherent rigidity and brittleness of
inorganic solid electrolytes, SPEs exhibit excellent mechanical
exibility, toughness, and processability, making them a prom-
ising solution for addressing interfacial issues.18,20 PEO had
been explored for the production of SPEs, even before the term
“SPEs” was established, as early as 1971 by M. Armand.20 PEO
exhibits remarkable solubility for various salts and excellent
structural exibility, attributed to the presence of exible –

CH2CH2O– units. These unique characteristics enable PEO to
form strong chelating complexes with cations, facilitating the
dissolution of a diverse range of salts.20,21However, PEO tends to
crystallize at temperatures below 60 °C. In contrast, the motion
of polymer chains primarily occurs in the amorphous phase.22,23

Therefore, the ion transport that relies on the motion of poly-
mer chains is hindered below 60 °C; consequently, PEO elec-
trolytes typically exhibit poor ionic conductivity at RT, ranging
from 10−7 to 10−6 S cm−1.24,25 Moreover, PEO-based electrolytes
lose their mechanical integrity at temperatures exceeding the
melting point of PEO (around 56 °C).26

Over the past few decades, considerable efforts have been
made to enhance the ionic conductivity of PEO at RT. However,
the results have not been entirely satisfactory yet.3 For instance,
the addition of nanollers to the polymer matrix has been re-
ported to enhance ionic conductivity.27 Another promising
strategy is the addition of ILs, which appears to enhance the ionic
conductivity of PEO-based SPEs at RT effectively.3,28–31 The
incorporation of non-ammable ILs not only improves ionic
conductivity but also enhances the safety of electrolytes, signi-
cantly strengthening the stability at the interface with alkali
metals.30 Regarding IL chemistry, pyrrolidinium-based ILs have
been extensively studied due to their high electrochemical
stability.3 In addition, uorinated anions, such as FSI− and
TFSI−, are also well-studied due to their compatibility with alkali
metals and their high thermal and electrochemical stability. For
example, Roscher et al.32 have incorporated IL (Pyr14FSI or
Pyr14TFSI) into Na-based solvent-free SPE, revealing greater ex-
ibility of the polymer chains, as well as improved ion transport
and electrochemical stability. Moreover, Boschin et al.33 demon-
strate that both TFSI− and FSI− can inhibit the crystallisation of
PEO, especially the FSI−. On the other hand, Appetecchi et al.34

developed a novel poly(diallyldimethylammonium) bis(tri-
uoromethanesulfonyl) imide-based solvent-free SPE, which was
doped with Pyr14TFSI and LiTFSI, achieving an ionic conductivity
of 10−4 S cm−1 at 20 °C. Subsequently, Chen et al.3 conducted an
investigation using infrared spectrum characterisations and
further DFT calculations to elucidate the plasticising effect of
This journal is © The Royal Society of Chemistry 2025
FSI−. It was found that the FSI− adheres to the PEO backbone,
enhancing its coordination ability and creating more coordina-
tion sites. In the case of potassium batteries, despite PEO-based
electrolytes having been reported,35 there is a lack of research
dedicated to improving the performance of SPEs by employing
ILs. To the best of our knowledge, only Kotronia et al.36 reported
the preparation of ternary ionic gel electrolytes using K salts, IL,
and poly(ionic liquid), but these do not formmechanically stable
self-standing lms.

In general, the mechanical properties of PEO can be
improved by cross-linking, which also reduces its crystal-
linity.21,23 The well-stacked and entangled chains in the cross-
linked PEO phase contribute to the mechanical strength of
linear PEO.26 Among the various PEO cross-linking techniques,
the ultraviolet (UV) light-induced cross-linking method is
commonly used for fabricating cross-linked PEO-based
SPEs.23,26,37,38 For instance, Falco et al.38 have demonstrated
that UV-induced cross-linking is an effective method for
reducing the crystallinity of PEO electrolytes, thereby improving
the Li+ transport number and ionic conductivity.

In this work, K-based solvent-free SPEs have been developed
by adopting the optimal ratio of PEO, IL and K salt from our
previous work.32 The used ILs are Pyr12O1FSI (1-(2-methoxyethyl)-
1-methylpyrrolidinium bis (uoromethylsulfonyl)imide) and
Pyr12O1TFSI (1-(2-methoxyethyl)-1-methylpyrrolidinium bis (tri-
uoromethylsulfonyl)imide), and the K salts are KFSI (potassium
bis(uoromethylsulfonyl)imide) and KTFSI (potassium bis(tri-
uoromethylsulfonyl)imide). In addition, this work also incor-
porates methoxy groups into the IL cation. The presence of
oxygen atoms in the side-chain of the pyrrolidinium enhances its
thermal stability, increases its ionic conductivity, and reduces
the viscosity typically associated with alkyl side-chain
pyrrolidinium-based ILs. The performance of the solvent-free
SPE membranes was tested in coin cells operating at 20 °C,
utilising PW (K1.37Mn[Fe(CN)6]1.03) as the cathode active mate-
rial. All solvent-free SPE membranes have undergone compre-
hensive characterisation to investigate their thermal and
electrochemical stability, thermal phase transitions, and elec-
trochemical properties. The compatibility and surface chemistry
of the Kksolvent-free SPEs interface were analysed by EIS, XPS,
and MAS-ssNMR. The FSI−-based solvent-free SPE exhibits high
ionic conductivity of 1.6 × 10−3 S cm−1 at 20 °C and 6.0 ×

10−3 S cm−1 at 60 °C. It also presents remarkable K interface
compatibility, as FSI−-based IL can promote the formation of
a stable and inorganic-rich SEI against K, thereby reducing
interfacial resistance and, in turn, cell polarisation, which
enhances the electrochemical performance of Kksolvent-free
SPEkPW cells.

2. Experiment
2.1. Materials suppliers

The following chemicals were used without further purication:
PEO (WSR 301, Mw = 6 000 000, Dow Chemical), benzophenone
($99.0%, Sigma Aldrich), K metal (in mineral, 98%, Sigma
Aldrich), Pyr12O1FSI (IOLITEC GmbH, 98%), Pyr12O1TFSI (IOLI-
TEC GmbH, 98%), KFSI (IOLITEC GmbH, 98%), KTFSI
J. Mater. Chem. A, 2025, 13, 25476–25488 | 25477
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Scheme 1 (A) The chemical structure of the K salts and ILs, and (B) schematic for the fabrication procedure of the cross-linked solvent-free SPEs.

Table 1 Chemical composition and label of the manufactured
solvent-free SPE membranes

Polymer K salt IL Labelled as FSI− (%)

PEO KFSI Pyr12O1FSI FSI: FSI 100
KTFSI Pyr12O1FSI TFSI: FSI 80
KFSI Pyr12O1TFSI FSI: TFSI 20
KTFSI Pyr12O1TFSI TFSI: TFSI 0
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(IOLITEC Gmbh, 99%), carbon black (Super C45, Imerys),
sodium carboxymethylcellulose (Na-CMC, Sigma Aldrich), and
styrene-butadiene rubber (SBR, 40% dispersion, ZEON). The
chemical structure of the main salts and ILs of the solvent-free
SPEs is shown in Scheme 1A.

2.2. Cathode synthesis and electrode preparation

PW was synthesised by a simple precipitation method at low
temperatures.39 The procedure began by preparing two separate
aqueous solutions: 0.04 M EDTA-2K$4H2O and 0.04 M (CH3-
COO)2Mn$4H2O (A), and 0.04 M K4Fe(CN)6$3H2O (B). Then,
solution A was added to B dropwise at 0 °C under N2 atmo-
sphere and aged for 2 h without stirring. The resultant precip-
itants were then washed with water and ethanol several times
and dried under vacuum overnight at RT.

The PW electrodes were prepared by dispersing the active
material (70 wt%), Super C45 conductive carbon (10 wt%), Na-
CMC (5 wt%), and SBR (5 wt%) in DI water. The mixture was
thoroughly blended using a homogeniser. The obtained slurry
was cast onto Al foil (battery-grade, Wellcos) using a doctor
blade (wet thickness: 150 mm) and dried overnight in an oven at
80 °C. The resulting PW electrode sheet was punched to
a diameter of 12 mm and further dried in a Büchi oven at 80 °C
for 24 h under vacuum. Subsequently, the electrodes were
pressed at 4 t cm−2 for 30 s and then dried again in a Büchi oven
at 80 °C for 2 h under vacuum before cell assembly. The PW
electrodes were directly transferred into a sealed vessel and
stored in an ultrapure Argon-lled glovebox (MBraun, H2O, and
O2 content <0.1 ppm). The nal PW electrode active mass
loading was ca. 1.2 mg cm−2.

2.3. Preparation of the cross-linked solvent-free solid
polymer electrolyte

Scheme 1B shows the fabrication procedure of the cross-linked
solvent-free SPEs. The solvent-free SPE membranes were
25478 | J. Mater. Chem. A, 2025, 13, 25476–25488
manufactured in a dry room (dew point below −70 °C) in
accordance with our previous work.32 All chemicals were sub-
jected to a vacuum drying process using mechanical and tur-
bomolecular pumps. The water content of dried rawmaterials is
shown in Table S1.† PEO, K salt, and benzophenone (cross-
linking agent, 50 mg) were mixed. Later, IL was added to
obtain a mixture of PEO : K salt : IL with a molar ratio of 10 : 1 :
4. The resulting gum-like mixture was then annealed at 100 °C
overnight. The transparent and homogeneous mixture was hot
pressed at 100 °C with an initial and nal pressure of 10 and 15
bar, respectively. The obtained solvent-free SPE membranes
(thickness ∼120 mm) were cross-linked by UV light irradiation
(Cube photo-irradiator, 350WHg lamp) for 3min on both sides.
Finally, transparent and self-standing solvent-free SPEs were
skilfully fabricated. SPE without IL, named PEO10−1, is prepared
using the same protocol as the reference. Based on the different
K salts and IL anions, the samples were labelled as summarised
in Table 1.

2.4. Physicochemical characterisation

X-ray diffraction (XRD) patterns were recorded to determine the
crystal structure of PW and solvent-free SPEs. The PW structure
was also conrmed by Fourier-transform infrared spectroscopy
(FTIR) (see Fig. S1†). The thermal stability and phase transitions
of solvent-free SPEs were evaluated by thermogravimetric
analysis (TGA) (TG 209F1 Libra, Netzsch) and differential
This journal is © The Royal Society of Chemistry 2025
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scanning calorimeter (DSC) (Discovery DSC, TA Instruments),
respectively. Detailed equipment information and experimental
parameters were provided in the ESI.†

2.5. Electrochemical characterisation

EIS experiments were conducted to determine the temperature-
dependent ionic conductivity. In contrast, further EIS and
stripping/plating tests were conducted to investigate the
compatibility of the solvent-free SPE with K. Linear sweep vol-
tammetry (LSV) was used to assess the electrochemical stability
window of all solvent-free SPEs. The cyclic performance, cycling
stability, and rate capability of the solvent-free SPEs were eval-
uated by assembling Kksolvent-free SPEkPW cells in a CR2032
coin cell conguration. Detailed equipment information, test
steps, and test parameters were provided in the ESI.†

2.6. Chemical composition of the solid electrolyte
interphase

The chemical composition of the formed SEI on K was investi-
gated using XPS and MAS-ssNMR. The equipment details and
sample preparation procedure were provided in the ESI.†

3. Results and discussion
3.1. Structural and thermal characterisation

The XRD patterns of all solvent-free SPEs and pure PEO are
presented in Fig. 1A. Pure PEO displays two distinct
Fig. 1 (A) XRD patterns of all solvent-free SPEs and pure PEO, (B) TGA c
(heating cycles between −100 °C and 100 °C, heating rate of 5 K min−1, f
(C).

This journal is © The Royal Society of Chemistry 2025
crystallisation peaks at 19° and 23° 2q, which are characteristic
of PEO and have been observed in previous reports.40 In the case
of solvent-free SPEs, no crystallisation peaks are observed,
indicating an amorphous structure already at RT. Khudyshkina
et al.40 reported that the crystallinity of solvent-free SPEs
exhibits a trend of initially decreasing at low salt contents, being
amorphous, and then increasing with increasing K salt content
(an optimised PEO : K salt ratio of 1 : 12). In addition, the
plasticising effect of IL further reduces the crystallinity of PEO.41

Therefore, the PEO : K salt : IL with a 10 : 1 : 4 molar ratio yields
the optimum proportion for obtaining amorphous solvent-free
SPEs at RT, as our group previously determined.

Thermal characteristics are important indicators for evalu-
ating the safety performance of solvent-free SPEs, as they are
closely related to the applicable temperature range of potassium
batteries. The TGA curves of the solvent-free SPEs are illustrated
in Fig. 1B, while the TGA curves of the raw K salts and ILs are
presented in the ESI (Fig. S2A).† All solvent-free SPEs exhibit
rapid thermal decomposition above 233 °C, attributed to the
decomposition of the PEO, indicating high thermal stability.
The fact that solvent-free SPEs experience mass loss only at such
high temperatures suggests that the water content is extremely
low, which is a prerequisite for electrolytes. Based on the TGA
analysis and in agreement with the results obtained for the pure
K salts, the highly concentrated TFSI−-based solvent-free SPEs
(FSI:TFSI and TFSI:TFSI) exhibit greater thermal stability.
Notably, TFSI:TFSI demonstrates the highest thermal stability
up to 325 °C.
urves (heating rate of 5 K min−1, inert N2 atmosphere), (C) DSC curves
or all solvent-free SPEs), and (D) enlarged image of the selected area in

J. Mater. Chem. A, 2025, 13, 25476–25488 | 25479
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Fig. 1C and D reveal the thermal phase behaviour and glass
transition temperature (Tg) of the solvent-free SPEs studied by
DSC during the heating scan (see Fig. S2B† for the reversible
behaviour). All solvent-free SPEs are amorphous above 20 °C, in
line with the XRD results. This is primarily due to the incor-
poration of IL in the solvent-free SPEs, along with the cross-
linking treatment, which ensures low crystallinity and
improves their mechanical properties. The Tg values of the
manufactured solvent-free SPEs are as follows: −94 °C (FSI:FSI),
−93 °C (TFSI:FSI), −83 °C (FSI:TFSI) and −80 °C (TFSI:TFSI),
showing that the incorporation of TFSI− increases the Tg, i.e.,
reduces the mobility of the polymer, and probably the ionic
conductivity (vide infra). In addition, the DSC of FSI:FSI and
TFSI:FSI, i.e., the electrolytes with high FSI− concentration (see
Table 1), exhibit peaks close to −48 °C and −25 °C, respectively,
corresponding to the cold crystallisation temperature (Tc). This
result reveals that the incorporation of Pyr12O1FSI IL exhibits
a weak interaction with PEO, K+, and FSI−, resulting in cold
crystallisation behaviour. It was previously reported for Li-based
SPEs that the use of different IL concentrations and/or different
anions would have an impact on the occurrence of cold crys-
tallisation.42,43 In order to understand the inuence of the IL on
the SPE properties, PEO : K salt (10 : 1 molar ratio) without IL
was prepared. The PEO10−1 exhibits a melting peak at 47 °C,
indicating the presence of a semi-crystalline structure, which
provides evidence that ILs plasticize the PEO chains (Fig. S2C†).
Furthermore, the cross-linking effect was also investigated by
fabricating pure cross-linked PEO. As shown, the Tg of pure
cross-linked PEO (−53 °C, Fig. S2D†) is lower than that of the
non-cross-linked one,40 indicating that the cross-linking treat-
ment also contributes to reducing the Tg and, in turn,
increasing the ionic conductivity. Therefore, the observed low
Tg values and crystallinity indicate higher segmental mobility of
the polymer matrix, which is supported by the ion conductivity
measurements (see next section).
3.2. Electrochemical characterization

Fig. 2A displays the ionic conductivity of solvent-free SPEs
within the temperature range of 10 to 90 °C, which was deter-
mined by EIS. As an example, a tted Nyquist plot is shown
in Fig. S3A,† corresponding to the impedance data collected at
10 °C for the FSI:FSI.

As observed in Fig. 2A, the experimental ionic conductivities
of all solvent-free SPEs follow the Vogel–Tammann–Fulcher
(VTF) behaviour, and their values are aligned with the Tg
trend.43,44 FSI:FSI with the highest content of FSI− exhibits the
lowest Tg, resulting in the highest segmental mobility of the PEO
matrix and, consequently, showing the highest conductivity at all
tested temperatures. In fact, FSI:FSI exhibits the highest ionic
conductivity of 1.6 × 10−3 S cm−1 at 20 °C among other reported
K-based SPEs31,43 (see the comparison of the ionic conductivity of
the studied solvent-free SPEs with other reported works in Table
S2†). Even though the FSI:FSI is the best candidate in terms of
ionic conductivity, all solvent-free SPEs have demonstrated
outstanding ionic conductivity at RT (20 °C), exceeding 9.0 ×

10−4 S cm−1 in the lowest case. PEO10−1 (reference SPE without
25480 | J. Mater. Chem. A, 2025, 13, 25476–25488
IL) shows signicantly lower ionic conductivity at all tested
temperatures, but the difference is more pronounced at lower
temperatures than 60 °C. Indeed, the PEO10−1 exhibits only ionic
conductivity of 5.2 × 10−7 S cm−1 at 20 °C (Fig. S3B†). It can be
briey concluded that the addition of IL rapidly enhances the
ionic conductivity of solvent-free SPEs, demonstrating a bene-
cial approach for developing mechanically handleable PEO-
based solvent-free SPEs that can operate at RT.

To study the electrochemical stability window (ESW) of the
solvent-free SPEs, LSV was performed, including both anodic
and cathodic scans, as depicted in Fig. 2B. In line with their
thermal properties, the FSI:FSI exhibit the lowest electro-
chemical stability, displaying the narrowest ESW. By increasing
the TFSI− concentration, the ESW can be widened. This
phenomenon arises from the easier reduction and oxidation of
the FSI− compared to the TFSI−. However, it is reported that
KFSI-containing electrolytes exhibit better passivation effects
on K metal.45,46 Hence, even though the ESW is narrower,
FSI:FSI may perform well within the working potential window
up to 4.4 V vs. K+/K.

To corroborate the electrochemical stability of these solvent-
free SPEs against K metal, a stripping/plating test was per-
formed in symmetric Kksolvent-free SPEkK cells, applying
current density (j) of 0.1 mA cm−2 at 20 °C (1 h per process). The
results are presented in Fig. 2C–F. The stripping/plating curves
reveal that only FSI:FSI and TFSI:FSI exhibit stable interfaces
against K, as shown in Fig. 2C and D, respectively. Once more,
this indicates that the lower electrochemical stability of the FSI−

is crucial for being reduced on the K metal surface, forming
a more stable SEI that can accommodate the plated K. Mean-
while, the highly TFSI−-concentrated solvent-free SPEs, such as
FSI:TFSI and TFSI:TFSI, exhibit poor compatibility. Specically,
the FSI:TFSI demonstrates inadequate interfacial stability,
making it impossible to conduct a stripping/plating test
(Fig. 2E); while the TFSI:TFSI displays a signicant over-
potential (close to 3 V, Fig. 2F). In contrast, the FSI:FSI exhibits
more than 40 days (1000 h) of operation with remarkably low
polarization of around 0.4 V, which is even lower than with
organic electrolytes.45 The gradual decrease and eventual
stabilization of the voltage polarization in the initial cycles
might be attributed to the formation of the SEI. In fact, zooming
in on the last 20 cycles of stripping/plating curves (see Fig. S4†),
voltage spikes can be observed, indicating the decomposition of
FSI− upon cycling. These results reveal the reactivity of the FSI−

against K metal, which could facilitate the formation of a stable
SEI. Therefore, the FSI:FSI conguration is the most suitable
solvent-free SPE among those reported to date for K-cells.
3.3. Proof of concept: potassium-cells

As a proof of concept, all manufactured solvent-free SPEs have
been employed as electrolytes, assembling K-cells using PW as
the cathode active material. The 1st voltage proles of the
Kksolvent-free SPEkPW cells are shown in Fig. 3A. From the 1st

galvanostatic charge/discharge (GCD) proles, it is observed
that cells with the highest FSI− content exhibit improved
charge–discharge performance, similar to that observed in
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) Temperature-dependent ionic conductivity, and (B) anodic and cathodic LSV curves (Al foil as working electrode, K as counter and
reference electrode, scan rate of 0.1 mV s−1). Stripping/plating cycles in symmetrical Kksolvent-free SPEkK cells at 20 °C and current densities of
0.1 mA cm−2: (C) FSI:FSI, (D) FSI:TFSI, (E) TFSI:FSI, (F) TFSI:FSI. Note the different scales on the x and y axes.
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liquid cells. Increasing the TFSI− concentration in the solvent-
free SPEs (FSI:TFSI and TFSI:TFSI) leads to greater cell polari-
zation, making it unsuitable as an electrolyte. Considering the
FSI:FSI is the most promising solvent-free SPE in terms of
acceptable specic capacity and low polarization, its cycling
stability is further investigated (Fig. 3B). Even so, the cycling
performance of K-metal cells using the other solvent-free SPEs
is presented in Fig. S5A and B.† The FSI:FSI containing K-cell
delivers a specic capacity of 97 mA h g−1 and a capacity
This journal is © The Royal Society of Chemistry 2025
retention of 38% aer 100 cycles, with a stable coulombic effi-
ciency (CE) of nearly 95% aer several initial cycles. The non-
optimal CE is primarily due to the presence of parasitic reac-
tions at low current densities on the surface of the K metal, as
indicated by the stripping/plating test, which affect the
observed capacity fading.

The KkPW cells using the other investigated solvent-free
SPEs show poorer electrochemical performances. For example,
the K-cell with TFSI:FSI exhibits an initial specic capacity
J. Mater. Chem. A, 2025, 13, 25476–25488 | 25481
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Fig. 3 Galvanostatic cycling tests in coin-type half-cells or using the El-cell configuration, employing PW cathodes as working and K metal as
counter and reference electrodes between 4.4 and 2.7 V (temperature 20°C ± 2 °C). (A) The first galvanostatic charge/discharge profiles of the
PW, using the manufactured solvent-free SPEs as electrolytes in a half-cell, (B) the discharge capacity at 0.1C and corresponding CE of FSI:FSI-
containing cell, (C) corresponding GCD test results in the El-cell, (D) illustration of the three-electrode battery assembly (El-cell), and (E) cor-
responding Nyquist plots.
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comparable to that of the FSI:FSI-based cell. However, it
displays even larger capacity decay throughout the entire testing
period (Fig. S5A†). Additionally, the CE decreases during
cycling, indicating partial decomposition of the solvent-free
SPE. On the other hand, the FSI:TFSI-based cell exhibits rapid
capacity decay in the initial ten cycles, followed by low-capacity
stabilization (only 35 mA h g−1) and a very unstable CE.

To understand the capacity fading of FSI:FSI-containing
cells, the stability of the formed cathode-electrolyte interphase
(CEI) was investigated using EIS. The impedance has been
studied in three-electrode cell congurations (El-cell, Fig. 3D)
using PW as the working electrode and K as the counter and
reference electrode. The results reveal that the interfacial
resistance remains stable at OCV, even aer 6 h (see Nyquist
plot in Fig. 3E). Aer the 1st GCD, the overall resistance
increases, suggesting CEI formation. However, aer the 10th

GCD, the interfacial resistance decreased, indicating that the
CEI is probably stabilizing aer cycling. This suggests that the
25482 | J. Mater. Chem. A, 2025, 13, 25476–25488
observed capacity fading in the FSI:FSI-based K cells is not
related to the CEI but rather to the K interface. Therefore, the
SEI has also been studied and discussed in the next section. A
similar test was carried out using TFSI:TFSI as the electrolyte
(Fig. S6†) to understand its poor electrochemical properties.
However, the signicant cell polarization induced by the
TFSI:TFSI does not permit investigation of the resistance
response upon cycling.

Since the K-cell containing FSI:FSI electrolyte exhibits the
best electrochemical performance, further investigation has
been conducted, including a rate capability test. The rate
capability of the KkFSI:FSIkPW cell is illustrated in Fig. 4A and
B. The cell delivers a specic discharge capacity of 82, 54, 17,
and 5 mA h g−1 at 0.1C, 0.2C, 0.5C, and 1C, respectively. It is
observed that as the current density increases, the cell's capacity
gradually diminishes, as expected. One of the main reasons
could be an increase in polarization resulting from an increase
in the C rate, as observed in the voltage prole (Fig. 4A).
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Electrochemical performance of KkFSI:FSIkPW cells between the operation voltage of 4.4–2.7 V vs. K+/K at 20°C ± 2 °C. (A) Charge and
discharge curves, and (B) rate capability from 0.1C to 1C and corresponding CE, (C) 1st, 2nd, and from 10th to 100th charge–discharge curves, and
(D) cycling performance and corresponding CE at 1C.
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Therefore, the K+ diffusion is kinetically limited. Fortunately,
the PW remains capable of providing a stable discharge capacity
at a high discharge rate of 0.5C. However, further optimisation
should be carried out to enhance the electrochemical properties
of the cell. Notably, the KkFSI:FSIkPW cell recovers its capacity
aer applying a back 0.1C, indicating that the FSI:FSI maintains
its structural integrity and functionality across various current
densities.

Fig. 4C and D show the specic capacity of KkFSI:FSIkPW cell
at 1C and 20 °C, delivering a capacity of 40 mA h g−1 aer 100
cycles and CEs close to ∼99%. In the rst 50 cycles, the PW
displays a gradual increase in capacity, which can be attributed
to the decomposition of the electrolyte to form a SEI on the K
surface, as well as some kinetic issues due to the poor wetta-
bility that is improved upon cycling.

3.4. Investigation of the interfacial properties of solvent-free
SPEskK
The reactivity and properties of the formed SEI on the surface of
K metal against solvent-free SPE signicantly affect the perfor-
mance of the battery, including the cycling stability, revers-
ibility, and safety. To understand how different anions
This journal is © The Royal Society of Chemistry 2025
inuence the surface of K, the FSI:FSI and TFSI:TFSI systems
have been selected, and the transport and chemical properties
of the formed interphase have been investigated. To this end,
two solutions were prepared, consisting of KFSI: Pyr12O1FSI
(solution 1) and KTFSI: Pyr12O1TFSI (solution 4), in a 1 : 4 molar
ratio (Fig. 5A1). Note that, aer cycling, the solvent-free SPE is
attached to the K metal and PW cathode, making it impossible
to detach and study the surface properly. Therefore, an alter-
native approach was developed, such as immersing a piece of
fresh K metal in those solutions for several weeks (note that the
K salt : IL ratio maintains the same as in the solvent-free SPEs).

The K metal placed in both solutions (0 days, Fig. 5A2)
initially exhibits a metallic colour, suggesting a clean surface.
Aer 7 days (Fig. 5A3), the surface of K in KTFSI:Pyr12O1TFSI
solution turned dark purple, while no signicant changes were
observed in the K immersed in the KFSI:Pyr12O1FSI. Aer 14
days (Fig. 5A4), KTFSI:Pyr12O1TFSI solution became turbid,
suggesting that K pieces and/or surface species had precipi-
tated. In contrast, no obvious changes are still noted in the
KFSI:Pyr12O1FSI solution, although the K appears less shiny
than before. Aer 28 days (Fig. 5A5), the KTFSI:Pyr12O1TFSI
solution became more cloudy, while the KFSI:Pyr12O1FSI
J. Mater. Chem. A, 2025, 13, 25476–25488 | 25483
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Fig. 5 (A) Photographs of K in a solution consisting of K salt and IL (1 : 4 molar ratio); the composition of the solution is described in the box on
the left (A1). The photographs of K in a solution over time are illustrated in (A2–A6). (B) EIS experiments performed in three-electrode cell
configurations (El-cell, WE, CE and RE are K-metal), and the corresponding Nyquist plots of KkK cell using as solvent-free SPES B1 FSI:FSI, and B2

TFSI:TFI.
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remained stable. To identify the species formed on the surface
of the K, small metal pieces from each solution were collected
for XPS (Fig. 6) and MAS-ssNMR (Fig. 7) analysis. Finally, aer
35 days (Fig. 5A6), the K in the KFSI:Pyr12O1FSI solution is no
longer shiny and has turned lavender, indicating the formation
of new surface species, potentially SEI species. Meanwhile, the
Fig. 6 XPS of the K metal surface and bulk (depth of 8 nm, Ar+ etching sp
or (B) KTFSI:Pyr12O1TFSI solutions (the grey open points represent the e

25484 | J. Mater. Chem. A, 2025, 13, 25476–25488
species formed on the surface of the K in the KTFSI: Pyr12O1TFSI
appeared to dissolve rather than create a protective layer. The
formation of the SEI (FSI:FSI system), rather than its dissolution
into the IL solution (for TFSI:TFSI), can dramatically improve
the stability against K metal, as indicated by the stripping/
plating tests.
eed of 0.8 nmmin−1) after immersing for 28 days in (A) KFSI:Pyr12O1FSI
xperimental data, and the solid lines represent the fitting results).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 MAS-ssNMR spectra of pristine and K reacted FSI:FSI and TFSI:TFSI. (A) 1H spectra were acquired with 8 scans and a relaxation delay of 5 s.
(B) 13C spectra were acquired with 384 scans and a relaxation delay of 60 s. (C) 19F spectra were acquired using 16 scans and a 10 s relaxation
delay for the pristine samples and 128 scans with a 60 s relaxation delay for the reacted samples. Spinning sidebands, marked with an asterisk, are
visible in the spectra due to the samples spinning used to increase the spectral resolution.
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Fig. 5B shows the Nyquist plots of the KkK cells, tested with
FSI:FSI or TFSI:TFSI solvent free SPEs. The impedance of the
KkFSI:FSIkK cell is lower than that of the TFSI:TFSI-based K cell.
Indeed, the impedance of the FSI:FSI-based K cell (Fig. 5B1)
remains stable aer 6 h of rest, in agreement with the lack of
differences observed on the solution and K surface during the
initial 7 days, as shown in the photograph. Aer the 1st

stripping/plating test, the interfacial resistance slightly
increased, which might be related to the formation of the SEI
due to electrochemically driven electrolyte reduction reactions.
Fig. 5B2 displays the Nyquist plot of the K cell containing
TFSI:TFSI, which exhibits a higher initial interfacial resistance
compared to the K cell with FSI:FSI. The interfacial resistance
continues to increase signicantly over time, remaining
unstable even aer 6 h, in agreement with the darkening of the
K observed in the photographs. Unfortunately, due to the high
overpotential observed in the K symmetric cells using TFSI:TFSI
electrolyte (see Fig. 2F), it was not possible to perform stripping/
plating aer OCV to further investigate the impedance
response.

The chemical composition of the surface layer on top of the
K metal is analyzed in detail by XPS. Fig. 6 illustrates the XPS
spectra of F 1s, K 2p, C 1s, and S 2p photoelectron regions of the
formed surface layer and aer 10 min of Ar ion sputtering,
which corresponds to 8 nm depth proling on the K immersed
in the two solutions, i.e., KFSI:Pyr12O1FSI and KTFSI:Pyr12O1TFSI
for 28 days.

The F 1s spectra display a strong peak at∼688 eV for K in both
solutions, whether on the surface or in bulk (8 nm), corre-
sponding to the FSI− or TFSI− species.47,48 However, the K surface
is also covered by KF, detected at 684 eV, when immersed in
KFSI:Pyr12O1FSI solution, corresponding to the decomposition of
FSI−.49–51 Caracciolo et al.52 analysed the SEI composition of the K
surface aer being immersed in a KFSI-based liquid electrolyte
(using EC:DEC as solvent) for 21 days and concluded that the
reactivity was driven by the degradation of FSI−, resulting in an
This journal is © The Royal Society of Chemistry 2025
inorganic-rich SEI, similar to it is observed in FSI:FSI solvent-free
SPE. Nonetheless, no KF signal was detected at the surface of the
K metal in contact with KTFSI:Pyr12O1TFSI solution (Fig. 6B),
indicating that the TFSI− is chemically more stable, not
decomposing and forming a KF-rich SEI. A similar behavior was
observed for the Na-based system, in fact.32Hence, the inorganic-
rich SEI promoted by the formation of KF can effectively inhibit
the formation of K dendrites,53 in agreement with the better
electrochemical properties observed for the PW tested in FSI:FSI
cells. Additionally, as the detection depth increases to 8 nm, the
KF signal disappears on the surface of K immersed in
KFSI:Pyr12O1FSI solution, indicating that the SEI formed is
thinner than 8 nm (F 1s, Fig. 6A).

The K 2p spectra of both K metals show that the K surface is
mainly covered by uorinated salts, such as KFSI/KF or KTFSI,
in agreement with the F 1s region.54,55 Interestingly, the K
immersed in the KTFSI: Pyr12O1TFSI solution exhibits a new
peak, which corresponds mostly to the K metal and appears
prior to depth proling, indicating that K in the TFSI:TFSI
system does not form a dense SEI. This is consistent with the K
dissolving over time, as seen in the photographs of Fig. 5A.

Regarding the carbon-based species (C 1s), two main peaks
are observed at ∼285 and 287–286 eV, corresponding to
hydrocarbons and C–N bonds from the Pyr12O1

+ of the IL. In
addition, the K surface immersed in KFSI:Pyr12O1FSI solution
exhibits a small peak at 288.5 eV, which may be due to the
presence of some O–C]O bonds resulting from the reactivity of
the K metal with moisture or air.49,50

The S 2p region displays the strongest peak originating from
FSI− and TFSI− (169–170 eV). However, the K metal in contact
with KFSI:Pyr12O1FSI solution also displays another peak at
168.4 eV (S 2p3/2), which can be attributed to new S–O bonds,
such as those of S2O3

2− or S2O5
2−, produced from the decom-

position of FSI−, and in agreement with an inorganic-rich SEI.52,56

In short, by comparing the chemistry of the formed SEI in
the surface and bulk of K in the two solutions, it can be
J. Mater. Chem. A, 2025, 13, 25476–25488 | 25485
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concluded that FSI− reacts with K to form an inorganic-rich SEI
(KF, K2S2O3, and K2S2O5) that could protect the bulk K from
a further decomposition reaction, while TFSI− cannot create an
optimum SEI, leading to high interfacial resistance and in turn,
large polarization.

Moreover, FSI:FSI and TFSI:TFSI have been analyzed using
MAS-ssNMR at pristine and aer reaction with K. The reaction
has been performed by briey grinding the pristine solvent-free
SPEs with K in a mortar and pestle. Fig. 7A displays the 1H
spectra of the pristine and K-reacted FSI:FSI and TFSI:TFSI. The
spectra have been truncated in the intensity axis to emphasize
the low-intensity resonances corresponding to the solvent-free
SPE decomposition products. In the FSI:FSI, new resonances
between 0.7–1.3 ppm in the spectrum of the reacted solvent-free
SPEs are attributed to –CH3

− or –CH2
− fragments, likely origi-

nating from the decomposition of PEO or the IL. A prominent
resonance at 2.4 ppm and lower intensity resonance at 2.7 ppm
are consistent with CHx groups adjacent to a N atom from the IL.

The 1H spectrum of the reacted TFSI:TFSI exhibits some
impurities from a different sample containing Pyr12O1

+, re-
ected by three large peaks between 0.5–2 ppm. Despite these
impurities, a comparison of the pristine and reacted TFSI:TFSI
reveals decomposition products at approximately 1 and
1.3 ppm, similar to the FSI:FSI. However, the spectrum of the
reacted TFSI:TFSI does not contain new resonances of N-
bonded species that appeared in the FSI:FSI reacted sample at
2.4 ppm.

The 13C spectra (Fig. 7B) have relatively low sensitivity, which
makes it difficult to detect low-population species such as
reaction products. In the spectrum of the FSI:FSI, a unique
resonance is observed at ∼54 ppm, while the TFSI:TFSI spec-
trum displays a minor peak at ∼46 ppm. These resonances are
attributed to –CH3

− and –CH2
− groups, corroborating the

decomposition assignments made in the 1H spectra.
The 19F spectrum of FSI: FSI (Fig. 7C) reveals the formation

of uorine-containing decomposition products. While the
dominant resonance at ∼50 ppm corresponds to the FSI−,
additional decomposition products are detected at ∼−70 ppm,
attributed to uoromethyl compounds (CF3-R) formed through
the reaction of K with the electrolyte. In the TFSI:TFSI, the
primary 19F resonance at∼−80 ppm corresponds to CF3-S in the
TFSI−. At very low intensity, similar decomposition products are
detected as those observed in the FSI:FSI, resonating at
∼−70 ppm. Notably, unlike the XPS results, MAS-ssNMR 19F
spectra did not detect the formation of KF (expected at
∼−125 ppm), probably due to the very low KF concentration
formed, mainly on the surface of the K, as indicated by the XPS.
Overall, these ndings suggest that grinding the solvent-free
SPEs with K metal results in limited decomposition for both
FSI:FSI and TFSI:TFSI. Nevertheless, the 1H and 13C spectra
indicate that FSI:FSI exhibits slightly more decomposition
products than TFSI:TFSI, which is in line with the XPS results.

4. Conclusion

In this work, a simple hot-press and UV cross-linking method
has been used to fabricate self-standing solvent-free SPEs for
25486 | J. Mater. Chem. A, 2025, 13, 25476–25488
potassium batteries. The ionic conductivity of all solvent-free
SPEs is enhanced by incorporating ILs. The inuence of anion
concentration on solvent-free SPEs, i.e., FSI− – or TFSI−, has
been roughly investigated. The PEO:KFSI:Pyr12O1FSI demon-
strated excellent ionic conductivity of 1.6 × 10−3 S cm−1 at RT
(20 °C) and exhibits the best electrochemical performance in K
cells using PW as a cathode. The improved electrochemical
properties of the PEO:KFSI:Pyr12O1FSI can be attributed to the
reactivity of the FSI− against K, which leads to the formation of
an inorganic-rich SEI comprised of KF and S–O species. The
results reveal that while the FSI− is a promising candidate for
forming a stable SEI, the TFSI− does not exhibit similar capa-
bilities. In addition, the FSI− improves the compatibility and
stability with PW, resulting in better cycling stability and CE
compared to TFSI−. In summary, this work prepared and eval-
uated a solvent-free SPE with obvious advantages, positioning it
as a potential candidate for potassium batteries. Additionally,
understanding the mechanism behind the SEI formation
against K metal, and CEI with PW will assist researchers in
optimising the SPEs for potassium-based systems in future
studies.
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8 G. Zubi, R. Dufo-López, M. Carvalho and G. Pasaoglu,
Renewable Sustainable Energy Rev., 2018, 89, 292–308.

9 W. Zhang, J. Lu and Z. Guo,Mater. Today, 2021, 50, 400–417.
10 Y. Xu, T. Ding, D. Sun, X. Ji and X. Zhou, Adv. Funct. Mater.,

2023, 33, 2211290.
11 R. Rajagopalan, Y. Tang, X. Ji, C. Jia and H. Wang, Adv. Funct.

Mater., 2020, 30, 1–35.
12 J. Y. Hwang, S. T. Myung and Y. K. Sun, Adv. Funct. Mater.,

2018, 28, 1802938.
13 B. John, V. Anoopkumar and T. D. Mercy, ACS Appl. Energy

Mater., 2020, 3, 9478–9492.
14 M. Zarrabeitia, J. Carretero-González, M. Leskes, H. Adenusi,

B. Iliev, T. J. S. Schubert, S. Passerini and E. Castillo-
Martinez, Energy Mater., 2023, 3, 300046.

15 Y. Xu, M. Titirici, J. Chen, F. Cora, P. L. Cullen, J. S. Edge,
K. Fan, L. Fan, J. Feng, T. Hosaka, J. Hu, W. Huang,
T. I. Hyde, S. Imtiaz, F. Kang, T. Kennedy, E. J. Kim,
S. Komaba, L. Lander, P. N. Le Pham, P. Liu, B. Lu,
F. Meng, D. Mitlin, L. Monconduit, R. G. Palgrave, L. Qin,
K. M. Ryan, G. Sankar, D. O. Scanlon, T. Shi, L. Stievano,
H. R. Tinker, C. Wang, H. Wang, H. Wang, Y. Wu, D. Zhai,
Q. Zhang, M. Zhou and J. Zou, J. Phys. Energy, 2023, 5,
021502.

16 Group1, https://www.prnewswire.com/, 2024.
17 R. Verma, P. N. Didwal, J. Y. Hwang and C. J. Park, Batteries

Supercaps, 2021, 4, 1428–1450.
18 M. Zhou, P. Bai, X. Ji, J. Yang, C. Wang and Y. Xu, Adv. Mater.,

2021, 33, 1–22.
19 H. Yin, C. Han, Q. Liu, F. Wu, F. Zhang and Y. Tang, Small,

2021, 17, 1–23.
20 H. Zhang and M. Armand, Isr. J. Chem., 2021, 61, 94–100.
21 M. B. Armand, Rev. Mater. Res., 1986, 16, 245–261.
22 H. Zhang, C. Liu, L. Zheng, F. Xu, W. Feng, H. Li, X. Huang,

M. Armand, J. Nie and Z. Zhou, Electrochim. Acta, 2014, 133,
529–538.

23 C. Xin, K. Wen, S. Guan, C. Xue, X. Wu, L. Li and C. W. Nan,
Front. Mater., 2022, 9, 1–9.

24 X. Zhu, R. N. Ali, M. Song, Y. Tang and Z. Fan, Polymers,
2022, 14.

25 M. L. Lehmann, G. Yang, D. Gilmer, K. S. Han, E. C. Self,
R. E. Ruther, S. Ge, B. Li, V. Murugesan, A. P. Sokolov,
F. M. Delnick, J. Nanda and T. Saito, Energy Storage Mater.,
2019, 21, 85–96.

26 M. L. Lehmann, G. Yang, D. Gilmer, K. S. Han, E. C. Self,
R. E. Ruther, S. Ge, B. Li, V. Murugesan, A. P. Sokolov,
F. M. Delnick, J. Nanda and T. Saito, Energy Storage Mater.,
2019, 21, 85–96.
This journal is © The Royal Society of Chemistry 2025
27 Y. Fu, Z. Gu, Q. Gan and Y. W. Mai, Mater. Sci. Eng., R, 2020,
747, 137335.

28 W. Wang, Z. Fang, M. Zhao, Y. Peng, J. Zhang and S. Guan,
Chem. Phys. Lett., 2020, 747, 137335.

29 V. K. Singh, S. K. Singh, H. Gupta, Shalu, L. Balo,
A. K. Tripathi, Y. L. Verma and R. K. Singh, J. Solid State
Electrochem., 2018, 22, 1909–1919.

30 Q. Liu, Y. Liu, X. Jiao, Z. Song, M. Sadd, X. Xu, A. Matic,
S. Xiong and J. Song, Energy Storage Mater., 2019, 23, 105–
111.

31 A. Hofmann, M. Schulz and T. Hanemann, Electrochim. Acta,
2013, 89, 823–831.

32 D. Roscher, Y. Kim, D. Stepien, M. Zarrabeitia and
S. Passerini, Batteries Supercaps, 2023, 6, e20230009.

33 A. Boschin and P. Johansson, Electrochim. Acta, 2016, 211,
1006–1015.

34 G. B. Appetecchi, G. T. Kim, M. Montanino, M. Carewska,
R. Marcilla, D. Mecerreyes and I. De Meatza, J. Power
Sources, 2010, 195, 3668–3675.

35 M. Elmanzalawy, E. Sanchez-Ahijón, O. Kisacik, J. Carretero-
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