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Coordination and Diffusion in Glyoxal-Based Electrolytes

for Potassium-lon Batteries

Lea C. Meyer,*® Patrik Johansson,”© and Andrea Balducci**"

Glyoxal-based electrolytes have been identified as promising for
potassium-ion batteries (PIBs). Here we investigate the proper-
ties of electrolytes containing potassium
bis(fluorosulfonyl)imide (KFSI) in 1,1,2,2-tetra-ethoxy-ethane
(tetra-ethyl-glyoxal, TEG) using density functional theory (DFT)
calculations, Raman spectroscopy, and impedance spectro-
scopy. The coordination and configuration of the complexes
possible to arise from coordination of the K* ions by FSI and
TEG were investigated both from an energetic point of view as
well as qualitatively determined via comparing experimental
and artificial Raman spectra. Overall, the K" coordination

Introduction

Today lithium-ion batteries (LIBs) are the energy storage system
of choice for portable devices, electric vehicles and stationary
storage.l" However, due to the limited availability of lithium
and price increases, research efforts have been directed towards
alternative battery technologies, such as potassium-ion bat-
teries (PIBs).”?

The ionic radius of K™ is larger as compared to Li™, resulting
in lower charge density and consequently weaker interactions
with the electrolyte solvent molecules. As a consequence,
solvated K" ions exhibit smaller Stokes radii as compared to
solvated Li* ions, enabling faster ion transport.®! A fast ion
transport in the electrolyte is crucial for the power performance
of batteries.®” Nevertheless, the larger ionic size of K™ can
result in a faster degradation of the active materials of the
electrodes, which leads to a reduction in cyclability and
capacity.”? Dhir et al.®*¥ investigated the diffusion coefficient of
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depends heavily on the electrolyte composition with contribu-
tions both from FSI and TEG. Energetically the coordination by
both the trans FSI anion conformer and the TEG solvent with
four z-chain conformation is preferrable. From the spectroscopy
we find that at lower concentrations, the predominant coordi-
nation is by TEG, whereas at higher concentrations, K™ is
coordinated mostly by FSI. Concerning the diffusion of ions,
investigated by impedance spectroscopy, show that the
diffusion of the potassium salt is faster as compared to lithium
and sodium salts in comparable electrolytes.

1.0 M potassium bis(fluorosulfonyl)imide (KFSI) in 1,2-dime-
thoxyethane (DME) using the steady-state galvanostatic re-
stricted diffusion method. The diffusion coefficient was deter-
mined to be Dyrginpwe=7-.6-10"""m?s™" indicating that the
diffusion in potassium-based organic electrolytes is slightly
faster than that of equivalent electrolytes based on lithium and
sodium salts.B? Li*, Na® and K* also differ in terms of their
desolvation energies. Utilizing density functional theory (DFT)
calculations, Okoshi et al. showed that K™ exhibits the lowest
desolvation energy, which underlies the observed faster
diffusion.®® Another approach for determining the diffusion
coefficient is impedance spectroscopy. The Warburg impe-
dance, which can only be quantified at low frequencies
(<0.5Hz), is of particular significance for the determination of
the diffusion coefficient.” To prevent an overlay of the diffusion
in the electrolyte by contributions from diffusion within an
intercalation electrode material in the impedance spectrum, it is
necessary to use a non-intercalating material, such as potassium
metal electrodes.”’ In summary, the larger ionic size of K* ensue
faster diffusion in the electrolyte, but also causes faster
degradation of the active materials of the electrodes, which
leads to a reduction in cyclability and capacity.”

In the last few years, several cathode and anode active
materials for PIBs have been investigated.”¥ On the electrolyte
side, some of us proposed glyoxal-based solvents, such as
1,1,2,2-tetra-ethoxy-ethane (tetra-ethyl-glyoxal, TEG), for PIBs
and other energy storage devices, such as LIBs, electrical double
layer capacitors (EDLC) and sodium-ion batteries (SIB).”’ TEG is
an acetal of the aldehyde glyoxal and is structurally similar to
the, for LIBs commonly used, diethyl carbonate (DEC). Many
physicochemical properties, including viscosity and permittivity,
of TEG and DEC are comparable, but TEG has the benefits of
higher flash and boiling points.”*”

In any metal-ion batteries, the electrolyte solvent is of
fundamental importance, as the ion solvation significantly

© 2024 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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impacts both the formation of the solid electrolyte interphase
(SEl) and influences the ion transport.® Therefore proper and
detailed understanding of the ion-ion and ion-solvent inter-
actions is crucial. For K* coordination, most often only the first
solvation shell is considered, and furthermore only cation-
solvent interactions.®™™® This is justified by the weak cation-
anion interactions, when e.g. anions such as FSI or hexafluor-
ophosphate (PF;) are used.”™®® However, this is far from
generally applicable as it depends on the salt(s) and solvent(s)
as well as the salt concentration. In the special case of highly
concentrated electrolytes (HCEs), such as 5M KFSI in DME, or
weakly solvating electrolytes (WSEs), such as 1 M KFSI in 1,2-
diethoxyethane (DEE), the first solvation shell contains not only
solvent molecules but also anions of the potassium salt. This
results in an anion-derived SEI layer and an improved electro-
chemical performance of the PIBs.® In general, a wide electro-
chemical stability window (ESW) is necessary for battery usage,
which is proportional to the gap between the LUMO and
HOMO levels of all electrolyte components."” Characteristically,
the solvents of WSEs exhibit very low permittivity, with
dielectric constants € most often <5, which also applies to TEG
(€=2.55). Therefore, for proper understanding of TEG-based
electrolytes both K*-TEG and K*-FSI interactions must be
considered.®®' |n the coordination of K* by small solvent
molecules, such as EC, it was found that between six to ten
oxygen atoms coordination is possible for K*, which represents
an increased coordination number (CN) as compared to Li* and
Na+_[9]

Results and Discussion
First, the molecular structures of the solvent TEG and the anion

FSI were optimized using DFT calculations, followed by an
investigation of coordination possibilities for K* cations.

Subsequently, artificial Raman spectra were compared with
experimentally obtained Raman spectra to elucidate the
coordination of K* by FSI and TEG, as function of the electrolyte
salt concentration. Finally, the diffusion of KFSI species in the
TEG was determined by impedance spectroscopy.

FSI and TEG Conformations

For proper understanding of the speciation, the conformational
equilibrium must first be established. Therefore, starting with
the FSI anion (Figure 1a) the energetically most favourable
conformers were studied. The most favourable is the trans FSI
conformer, in which the fluorine atoms, exhibiting higher
electronegativity than the oxygen atoms, are positioned on
opposite sides, and thus minimizes repulsion. The second most
stable conformer is cis FSI: +4.2 kJ/mol. The preference of these
two conformers has also been validated for several electrolytes
- both experimentally and computationally."”

Subsequently, a set of conformers of TEG was geometry
optimized (Figure 1b). TEG has four side chains, consisting of
O—CH,—CHj;, which can be arranged either in ¢ (c-chain) or z (z-
chain) conformations. Due to steric hindrances and interactions
between the atoms, the z-chain conformation is in general the
energetically favoured. Therefore, the conformer with four z-
chains (TEG,,) exhibits the lowest energy among the four
conformers geometry optimized and evaluated. For each c-
chain replacing a z-chain, the energy increases by 3-5 kJ/mol,
making TEG,, the energetically least favourable conformer.

In the literature, most often only the most stable conformer
is considered. However, since conformers within 20 kJ/mol for
sure in principle can co-exist at room temperature, kT is ca.
2 kJ/mol, we need another way to ascertain the different
conformers present. Therefore, artificial Raman spectra of the
TEG conformers were compared with the experimentally
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Figure 1. Structure, optimized geometries, and energies of a) FSI and b) TEG conformers.
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measured Raman spectrum of TEG (Figure 2). In general, the
former exhibits a red shift to lower wavenumbers by 30-
35 cm™". Indeed, while the PCM model applied approximates a
dielectric medium, it is more semi-quantitative. In the range
1200-1550 cm™', chosen due to few interfering bands and
being where the bending modes of the CH, and CH, groups are
located, the experimental peak at 1275cm™' thus can be
matched with the computed peaks of both TEG,, and TEG,,,. at
1244 cm™. In contrast, TEG,,,. exhibits a doublet peak, and
TEG,, shows a peak at significantly higher wavenumbers. On
the other hand, the peak observed at 1450 cm™' can best be
explained by the broad features centred at ca. 1410 cm™' from
TEG,,, TEG,,,, and/or TEG,,,.. Given the left shoulder observed
in the experimental spectrum and this only being present for
TEG,,,, this conformer must also be present.

Overall, based on the energy differences and the compar-
ison of artificial and experimental Raman spectra, there is a
high probability that both TEG,, and TEG,,,. conformers are
present in bulk TEG, as well as a small contribution of the
TEG,,,. conformer, but no TEG,, conformer contribution.

K* Coordination

Due to the low permittivity of TEG, both FSI and TEG
coordination is likely to occur, and furthermore the chelating
nature of TEG as ligand must be accounted for, as made for [K-
DME]" complexes.®” Consequently, the solvation number (SN)
can be lower than the CN.

Since K™ is positively charged, they preferentially coordinate
to negatively charged regions, depicted in red on the electro-
static potential (ESP) maps (Figure 3). While there exists no
negatively charged region on the FSI, due to the single negative
charge being delocalized over the whole anion, TEG exhibits
regions of higher electronegativity between the oxygen atoms,
providing generally four coordination possibilities for K* to
TEG. Positions 1 and 3, located between O—C,—O, are referred
to as bridge coordination (K°' and K*), and positions 2 and 4,
located between O—C-0, as end-on coordination (K*> and K**).

The two FSI conformers are either bidentately (K or
tridentately (K®) coordinating K*. The latter is only possible for
trans FSI and is the energetically most favourable coordination.
Overall, tridentate oxygen and fluorine atom coordination is
preferred, followed by dual oxygen atom coordination, and
then coordination to one nitrogen and one oxygen atom

350 S (Figure 3a).
300 1 - -TEG Z"""'“e"‘a' For TEG, coordination at position 1 is preferred, followed by
- TEG 4, position 2, 3 and lastly (Figure S1). However, the energetically
— 250 -+ TEG 5, favourable configurations, which take both conformation and
g TEG 4 coordination into account, are those in which K* coordinates to
E 200 TEG at position 1 in a bridge coordination (Figure 3b).
;3_, 150 4 Comparing the binding energies for the [K-TEG,]" and [K-
= FSI;] complexes reveals that FSI forms a much stronger
100 coordination with K* (Figure 4) and hence is likely to be present
50 in the first cation solvation shell. Consequently, for complexes
with SN > 1, a FSI ligand has to be in the first solvation shell and
0= — T T e supplemented with additional TEG ligands. This results in the
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Figure 2. Artificial and experimental Raman spectra of pure bulk TEG.
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3, CN=7). A complex with a higher SN number is not feasible
due to the steric hindrance of the TEG molecule. The energeti-
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Figure 3. ESP maps of the ligands, optimized geometries, and energies of a) [K-FSI;] and b) [K-TEG,]* configurations.
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Figure 4. Binding energies of solvated K* ions with FSI and TEG as ligands.

cally preferred configurations are those in which trans FSI
coordinates tridentate and TEG coordinates to K* via the bridge
1 position. The bond length between K™ and the donor atoms
of the ligands increases by only 0.1 A for complexes with SN >
2, resulting in a bond length range of 2.7-2.9 A. This bond
length is comparable to that of K*-Opye of 2.7 A and longer
than a Li*—Opy: bond of 1.9AI™ A longer distance, as
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Figure 5. Molecular energy levels of HOMO and LUMO for ligands and K*
complexes.

observed in the potassium ion coordination, here indicates a
weaker bond, which in turn allows faster diffusion of K* as
compared to Li* in the electrolyte.

Moving to electrochemical stability, the ESWs, molecules or
complexes with lower lowest unoccupied molecular orbital
(LUMO) levels are in general preferentially reduced at the
anode.™ The calculated K*-complexes all exhibit lower LUMO
energies than the pure TEG solvent (Figure5) and hence
reduced first. Vice versa, on the cathode side compounds with
the higher highest occupied molecular orbital (HOMO) level are
oxidized first."” For the glyoxal-based electrolytes, this would
correspond to the prior decomposition of the pure solvent TEG.
Combined and assuming that in a KFSI in TEG electrolyte, pure
TEG as well as [FSI,-K-TEG,;] and [FSI;-K-TEG,] complexes are
present, an ESW of —1.6 eV (LUMO) to —8.9 eV (HOMO) can be
achieved. The LUMO is lower that from DFT calculations for KFSI
in DME and EC/DEC electrolytes made by Wang etal.™;
—0.8 eV for DME and —0.9 eV for EC/DEC electrolytes, respec-
tively, while for the HOMO —7.8 eV and —8.2 eV, respectively,
were obtained. Thus, by using TEG as solvent, a lower HOMO
was achieved, thereby the stability at the cathode enhanced
and the oxidation of the electrolyte delayed until higher cell
voltages.

Raman Spectroscopy

By analysing specific regions, it is possible to make statements
about the existence of “free” FSI and TEG or K*- complexes,
depending on the concentration of the electrolyte. The region
660-760 cm ™' contains characteristic vibrations of “free” and
coordinated FSI, while the region 800-950 cm™' is characteristic
for “free” and coordinated TEG (Figure 6).

In the FSI region, the single peak shifts very little, from 732
to 735cm™, and the intensity increases, as the salt concen-
tration increases. The corresponding vibration mode is a
combination of S—F bond stretching (v¢;) and S—N-S bending
(8sn.s). The artificial Raman spectra show “free” FSI at 676 cm™,
which is notably far from any experimental peak. However, it
exhibits a red-shift upon cation coordination - most in the [K-
FSI,] model, with a too low and less realistic CN, less in the
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Figure 6. Artificial and experimental Raman spectra of “free” FS|, “free” TEG and K™ complexes (interrupted lines) and the 1.0 M KFSI in TEG electrolyte (solid

lines
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[FSI;-K-TEG,] model, and least in the [FSI;-K-TEG,] model. The
absolute shifts, both experimental and computed, cannot be
used to explicitly determine the exact speciation, but we
suggest, based on the very small shift found for the 0.5-2.0 M
electrolytes, that mainly cation-coordinated FSI is present for all,
while the nature of the cation-anion species cannot be
determined. The peak broadening as a function of salt
concentration is most likely both due to more local coordina-
tion situations being sampled, as is often the case for more
concentrated electrolytes, and, also contributing to the
observed shift, a consequence of increased permittivity — as
previously shown for the related TFSI anion in several
solvents."

The selected TEG region can be divided into four ranges at
836-840 cm™', 861 cm™', 892 cm™' (left shoulder) and 908 cm™".
The first peak corresponds to a CH; bending vibration (3¢3)
with a resultant slight C—O—C bending vibration (8c,.c) of the
same side chain. With increasing salt concentration, the
intensity decreases, and the peak broadens. On the one hand,
the decrease in intensity is due to the reduced proportion of
TEG in the electrolyte and this vibration only exists for TEG. On
the other hand, the artificial peak from the [FSI,-K-TEG,]
complex exhibits the highest intensity but the amount of this
complex decreases with increasing salt concentration. The
increasing width of the experimental peak can be explained by
the overlay of several vibrations, while for pure TEG and at
0.5 M concentration, only “free” TEG and sporadically coordi-
nated TEG are present. The peak at 861 cm ' can only be
assigned to an impurity in the KFSI salt, as although the
intensity of this peak increases with rising salt concentration, no
corresponding artificial K-FSI peak is to be found in this region.
The left shoulder, labelled with number 2, and the peak,
labelled with number 3, are due to 3.y vibration, which
additionally cause a C—O stretching vibration (v._) of the side
chain. With increasing salt concentration, the left shoulder at
892 cm™' disappears. Since this shoulder is only visible in the
artificial spectra of “free” TEG and [K-TEG,]™, it indicates that
predominantly [FSI;-K-TEG,] and [FSI,-K-TEG,] are present from
a concentration of 1.0 M and onwards.

a) b)

100000

Diffusion of KFSI in TEG

In theory, the Nyquist plot for a symmetric metal-metal cell
consists of three semicircles and can be explained with the
proposed equivalent circuit (Figure 7a).">'® At high frequencies
(> 1.5 kHz), the electric resistance (Rg) of the cell with 1.0 M KFSI
in TEG is measured (Figure 7b). This includes the ohmic
resistances of the cables, Swagelok cell, current collectors, metal
potassium electrodes and electrolyte.” In the middle range of
frequency (1.5 kHz to 0.35Hz), the first semicircle emerges,
which upon closer inspection corresponds to two overlapped
semicircles. These two semicircles are particularly noticeable in
the Bode plot (Figure 7c). The first region of the semicircle
extends from 1.5 kHz to 35 Hz and can be assigned to the
impedance of the SEI layer (Zs;) and thus characterized the ion
transport through the SEI. Following that is the range from
35 Hz to 0.35 Hz, which can be allocated to the charge transfer
impedance (Z,) and describes the charge transfer at the SEI
electrolyte interface. Z, is attributed to the higher frequencies,
as the typical resonance frequency of the SEI is higher as
compared to that of the charge transfer process, and during the
resting time, the SEl impedance is formed (Figure S2). For fitting
the Nyquist plot, resistances R were used for ion migration
through the layers and constant phase elements (CPEs) were
used for the non-perfectly homogeneous layer of adsorbed
ions.”

The low frequency range (<0.5Hz) responds to the
diffusion impedance Z, and is also known as finite-length
Warburg impedance with transmissive boundary or Warburg
short (W,).>'6®

The fit deviates more significantly from the measured data
at very low frequencies (Figure S3). This could be due to
temperature fluctuations despite the use of the climate
chamber, which have a significant influence on the long
measurement time of 15 min to 3 hours for frequencies lower
than 1 mHz.

To calculate the diffusion coefficient of KFSI in the electro-
lyte, the resonance frequency f;, of the diffusion impedance Z,
is required. This frequency can be determined when the
amount of the imaginary resistance is maximally negative and
thus the maximum of the diffusion semicircle is reached
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Figure 7. a) General impedance response and proposed equivalent circuit for a symmetric metallic cell, b) Nyquist and c) Bode plot of a symmetric K-metal

cell with the 1.0 M KFSI in TEG electrolyte.
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(Figure S3). Following, the diffusion coefficient of the salt (Dys)
can be expressed as

where L is the distance between the potassium electrodes.”
The diffusion coefficient for the cell containing the 1.0 M KFSI in
TEG electrolyte was D=3.2-10"° m?s~". Furthermore, the diffu-
sion coefficients were determined for 0.5 M, 1.5M and 2.0 M
KFSI in TEG (Figure S4). It can be observed that the diffusion
coefficient decreases with increasing salt concentration, which
is due to increased intermolecular interactions. The diffusion
coefficients are comparable to that of DME-based electrolytes
and in the upper range of alkali metal electrolytes, much due to
the physiochemical properties of potassium.?*<*'? However,
when comparing diffusion coefficients, it must be taken into
account that the use of a (different) separator,”™® the cell
setup®” and the temperature can have a significant influence.

Conclusions

In conclusion, TEG is energetically most favourable with z
formatted side chains, while FSI is preferred in the trans
configuration, positioning the fluorine atoms on opposite sides.
The coordination of K* is optimally achieved through tridentate
coordination with FSI or through two bridge oxygen atoms of
TEG. This study has demonstrated the possibility of coordinat-
ing up to SN=3 and CN=7 with the complex [FSI,-K-TEG,].
Given that the binding energy for K™ coordination by FSI is
higher than that for a K* coordination by TEG, a KFSI in TEG
electrolyte behaves as a WSE. Comparisons between artificial
and experimental Raman spectra have shown that at lower KFSI
salt concentrations there is a higher presence of “free” TEG and
the complex [FSI;-K-TEG,], whereas at higher salt concentrations
the complexes [FSI;-K-TEG,] and [K-FSI] are the dominant
species. The diffusion coefficient of 1.0 M KFSI in the TEG
electrolyte was determined to be D=3.2-10°m?s™' using
impedance spectroscopy. Thus, the coordination of the glyoxal-
based potassium electrolyte could be clarified depending on
the concentration and due to the good diffusion properties of
the electrolyte, this electrolyte can be used well in potassium-
based energy storage systems.

Experimental and Computational

Electrolyte Preparation

KFSI (99.9%, Solvionic) and TEG (Weylchem) were used for the
electrolyte preparation. KFSI was used as received, while TEG was
dried using an overpressure Schlenk filtration with alkaline Al,O;
(pre-dried at 260°C) to reach a water content of <16 ppm (as
measured by Karl Fischer titration). The electrolytes, with salt
concentrations between 0.5 and 2.0 M KFSI, which corresponds to
molar ratios KFSI:TEG from 1:8 to 1:1.5, were prepared by magnetic
stirring at 400 rpm for 12 h in an argon filled glovebox with H,0
and O, <1 ppm.

ChemPhysChem 2024, 25, 202400606 (6 of 7)

Computational Chemistry

The geometry optimization of FSI and TEG conformers and
subsequently their complexes with K* ([K-TEG]*, [K-FSI] and [FSI-K-
TEG,_,]) were carried out as DFT calculations using Gaussian 16
employing the M06-2X functional® and the 6-3114G(d,p) basis
set,” both in vacuum and using a polarisable continuum model
(PCM) for TEG (e=2.55) as the dielectric medium. The binding
energies (AEg) for the complexes were calculated as:

AEBE:EcompIex - EZ ions/solvent:EcompIex - (EKJr + XEIigands) (2)
The artificial Raman spectra, using the 3™ energy derivatives of the
converged minimum energy structures data, were constructed
using the GaussSum 3.0.2 software with a frequency scaling factor
of 0.946,%Y a full width at half maximum (FWHM) of 10 cm™, an
excitation wavelength of 1064 nm, and a temperature of 293.15 K.

Several possible structures were identified in the geometry
optimization, but we focus only on the four structures with the
lowest energy or those with an energy difference of maximum
+ 20 kJ/mol from the most stable. Furthermore, only the structures
and energies of the PCM calculations are discussed, as only minor
differences were obtained when compared to the vacuum method
and the PCM model is closer to reality.

The ESP map, which enables the visualization of the charge
distribution of molecules, was employed to ascertain potential
coordination sites of the ligands. To understand the thermody-
namic stability of electrolytes, their HOMO and LUMO energy levels
were calculated.

Raman Spectroscopy

The Raman spectra were measured with a MultiRam FT-Raman
(Bruker) spectrometer using a 1064 nm Nd:YAG laser as the
excitation source. The data were recorded between 0 and
3500 cm ™' with a resolution of 2cm™' and 2000 scans were
sampled.

Electrochemical Impedance Spectroscopy

Symmetric Swagelok cells, having metallic potassium (99 %, Thermo
Fisher Scientific) as electrodes, divided by polyether ether ketone
(PEEK) spacer (1 mm thickness) filled with ~500 pL 0.5-2.0 M KFSI in
TEG, were assembled inside an argon filled glovebox and then
connected to a battery cycler (MPG-2, Biologic) and placed in a
climate chamber (model ED56, BINDER), set to 25 °C. To get a stable
final impedance the cells were rested at open circuit potential for
72 h with a data acquisition every 2 h, with a 10 mV amplitude and
in a frequency range from 100 kHz to 50 mHz (Figure S2). The final
spectra were recorded from 100 kHz to 0.1 mHz. All spectra were
fitted using ZView version 4.0.
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