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Christian Leibing,™® Desirée Leistenschneider,™® Christof Neumann,®™ 9 Martin Oschatz,® "
Andrey Turchanin,” 9 and Andrea Balducci*® "

A comprehensive study on the properties and implementation
of glyoxylic-acetals in sodium-ion energy storage systems is
presented. Electrolytes containing 1,1,2,2-tetramethoxyethane
(tetramethoxyglyoxal, TMG), 1,1,2,2-tetraethoxyethane (tetraeth-
oxyglyoxal, TEG) and a mixture of the latter with propylene
carbonate (PC) exhibit increased thermal stabilities and higher
flash points compared to classical electrolytes based on
carbonates as solvents. Due to its favorable properties, 1 m
NaTFSI in TEG/PC (3:7), has been selected and used for sodium-
ion energy storage systems based on a Prussian Blue (PB)
positive electrode and a hard carbon (HC) negative electrode.

Introduction

Nowadays mobile energy storage devices largely rely on
lithium-ion technology, but resource demands and raise of the
predicted cost intensified the research effort on other alkali
metal ion batteries. Sodium-ion batteries (NIBs) are being
investigated alongside their Li competitors since the 1980's."
Although their theoretical energy density is naturally lower,
NIBs offer advantages in terms of availability of mineral
resources and cost” The larger number of employable
transition metals and wider variety of possible compounds and
structures for their insertion electrodes offers the chance to
solve the problems associated with the supply, cost, and
toxicity of transition metals used in LIBs.”! Throughout the last
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Compared to conventional electrolyte (based on a 1:1 mixture
of ethylene carbonate, EC, and dimethyl carbonate, DMC), this
glyoxylic-acetal electrolyte provides competitive capacity and
prolonged cycle life. Postmortem XPS analysis indicates that the
electrode-electrolyte interphases formed in presence of TEG are
thicker and presumably more protective, inhibiting typical
degradation processes of the electrodes. Furthermore, it is
demonstrated that the suitable properties of TEG on the cycling
stability can also be exploited for the construction of highly
stable sodium-ion capacitors.

decade, great advances have been made in the field of
electrode materials, which ultimately started the commercializa-
tion process.*” However, a seemingly often underestimated
key role for their (further) development comes to the electro-
lyte, since its properties largely determine the performance of
the whole battery. The electrolyte is not only responsible for
facilitating the ion transport between the electrodes, while
simultaneously electronically insulating them. In addition, the
electrolyte will dictate the chemistry of the interphases formed
on the electrodes, which (co-) determine the practical capacity,
rate capability, and lifetime of the overall battery system.”
Moreover, it directly (by its flammability and volatility) and
indirectly (by the stability of the interphases) sets the tolerance
limit to chemical and thermal stress, i.e., it impacts the safety of
the alkali-metal-ion battery.

Addressing the latter point, we proposed the use of
glyoxylic-acetals as alternative electrolyte solvents for lithium
and potassium ion batteries. Tetraethoxyglyoxal (TEG, IUPAC:
1,1,2,2-tetraethoxyethane) and tetramethoxyglyoxal (TMG, 1U-
PAC: 1,1,2,2-tetramethoxyethane) are the full acetals of glyoxal
(IUPAC: ethanedial) and can be obtained from the latter via a
condensation reaction with methanol or ethanol!® TEG and
TMG are commercially available and their price is comparable
to other solvents currently used in energy storage devices.” In
addition, both have a very low toxicity (LD, rat >2000 mgkg™)
and are classified as harmless in terms of environmental
hazards. Previous areas of application for these compounds are
mainly solution-based chemical processes, for example the
production of varnishes and paints.® Although acetals such as
TEG and TMG do not have very high dielectric constants, they
exhibit low viscosities, very low melting points and good
solubility for a wide range of salts. However, a key characteristic
is that the thermal stabilities, boiling points, and flash points of
TEG and TMG are much higher than those of linear carbonate
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solvents, which are widely used in conventional electrolyte
formulations.” Due to all these properties, their use in energy
storage systems appears promising. We demonstrated that TMG
and TEG provide intrinsic film-forming ability and form a
suitable solid electrolyte interphase (SEl) layer on graphite, soft
carbon and hard carbon (HC) electrodes.” Furthermore, the
properties of the interphase formed by TEG on Si/graphite
electrodes lead to a higher retention of silicon and graphite
activity and thus prolong the cycle life.'” Beneficial effects
compared to conventional electrolytes have also been found
for Fe,0;-carbon composite electrodes when increasing the
cycling temperature to 60°C."" Based on these findings,
glyoxylic-acetals, in pure form and in mixtures with carbonate
solvents, have been successfully utilized in lithium and
potassium ion full cells using lithium iron phosphate (LFP) and
lithium nickel manganese cobalt oxide (NMC) or respectively
Prussian white as cathode materials."”

We recently demonstrated that a mixture of TEG and PC can
also be used in sodium-ion half-cells with HC anodes."
However, a comprehensive study on the properties and
implementation of glyoxylic-acetals in sodium-ion energy
storage systems is still lacking. In this work, we therefore focus
on three electrolytes containing TMG, TEG as well as TEG/PC
(3:7) as solvents and sodium bis(trifluoromethansulfonyl)imide,
NaTFSI, with a concentration 1 molL™" (1 m) as conductive salt,
which are analogue to the formulations that have been
previously investigated in lithium-ion systems.”***'%' On basis
of their properties regarding thermal and electrochemical
stability, conductivity, and viscosity, one of the three electro-
lytes is selected for a comparative study towards application in
sodium-ion batteries, using 1 m NaTFSI in EC/DMC (1:1) as
reference electrolyte. By this, we show that glyoxylic-acetal-
containing electrolytes have a positive impact on the cycling
stability of Na-ion batteries with Prussian Blue positive electro-
des and HC negative electrodes. As the performance of the
battery is largely influenced by the chemistry of the interphases,
its relation to electrochemical key parameters is assessed for
the electrolytes under investigation.

Experimental Section

Electrolyte characterization

1,1,2,2-Tetramethoxyethane (TMG) and 1,1,2,2-tetraethoxyethane
(TEG) were supplied by WeylChem. For purification, the solvents
were filtered over dried aluminum oxide (90 active basic, Merck)
under argon atmosphere. By this, their water content was reduced
to <20 ppm (determined by Karl-Fischer titration at an C20
Coulometric KF Titrator, METTLER TOLEDO) und the butylated
hydroxytoluene stabilizer was removed. Propylene carbonate (PC,
anhydrous 99.7%, Sigma Aldrich), ethylene carbonate (EC, battery
grade, Fujifilm) and dimethyl carbonate (DMC, >99%, Sigma
Aldrich) have been used without further purification. The electro-
lytes were prepared in an argon filled glovebox (MBraun O, and
H,0 <1 ppm) using 1 m sodium bis(trifluoromethansulfonyl)imide
(NaTFSI, purchased from Solvionic) as conductive salt. The binary
solvent mixtures were prepared referring to their mass ratio. The
viscosity was measured in the temperature range between —30-
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80°C at an Anton-Paar MCR 102 rotational viscometer, applying a
sheer rate of 1000s™". For conductivity measurements, 500 uL of
the electrolyte were added into a sealed glass cell with two
perfectly parallel platinized platinum electrodes with a known cell
constant (around 1 cm™', examined with KCl solution). The cell was
placed into a climate chamber (BINDER) for electrochemical
impedance measurement (amplitude: 5 mV, frequencies range:
100 mHz to 100 MHz) using a ModulabXM ECS potentiostat (Solar-
tron) to obtain the alternating current resistance and calculate the
electrolyte conductivity. Thermogravimetric analyses were per-
formed on a Perkin EImer STA 6000 with nitrogen as carrier gas and
a flow rate of 20 mLmin™". A heating rate of 10°Cmin~" was applied
in dynamic measurements; isothermal measurements were con-
ducted at 60°C. The flashpoints of the electrolytes were measured
at a NORMALAB NPV 310 with gas ignition using 2 mL of solvent in
the rapid equilibrium closed cup method according to I1SO 3679.

The electrochemical stability window (ESW) of the electrolytes was
measured in three electrode Swagelok cells using a circular Pt-disc
as working electrode (WE), a freestanding oversized activated
carbon electrode as counter electrode (CE) and a silver wire as
reference electrode (RE). The glass-fiber separator of the cells
(Whatman GF/D) was soaked with 150 pL of electrolyte and the
cells were applied to linear sweep voltammetry measurements with
a scan rate of 1 mVs™' at an VMP-3 or MPG-2 (Biologic). The
threshold for the electrochemical stability was defined as 100 pA
for the resulting current.

Electrochemical testing

The hard carbon (HC) material was synthesized from sucrose by a
previously described method.®™ Its characterization is provided in
Figure S1 of the Supporting Information (Sl). To prepare electrodes
for half cell measurements, 90% of HC, 5% carbon black (C-NERGY™
Super C65, Imerys) and 5% carboxymethyl cellulose (CMC,
CRT2000GA, Walocel) were mixed with water in a solid to liquid
mass ratio of 3:8. For the full cell measurements, the material ratio
within the HC composite electrode was changed to 85% of HC, 5%
carbon black and 10% CMC binder, to increase the mechanic
stability of the electrode for the pre-cycling/pre-sodiation process
and subsequent reassembly into the full cell. The resulting slurries
were casted onto dendritic copper foil applying a film thickness of
120 for half cells or 150 um for full cells. Activated carbon (Kuraray
YP80-F) electrodes were prepared using the 85:5:10 protocol for
slurry preparation. Instead of copper, KOH-etched aluminum foil
was used as a current collector. A film thickness of 600 pm was
applied for electrode casting. Etching of the Al-current collector
was performed by immersing the foil in a 5m aqueous KOH
solution at 60 °C for 1 min. By this, an artificial passivation layer was
formed, and the surface roughness was increased to improve the
adhesion of the electrode material. The Prussian Blue (PB) electro-
des contained 80 % of active material, 10% of CMC binder and 10%
of carbon black and were coated onto aluminum foil, with a wet
film thickness of 100 for half cells and 400 um for full cells. After
drying under air atmosphere, electrodes with a diameter of 12 mm
were cut from the films and vacuum-dried at 80°C in a micro glass
oven (Buchi) for 6 h. Subsequently, the electrodes were weighted,
dried again, and transferred into an argon filled glovebox (MBraun
0O, and H,0< 1 ppm).

For electrochemical characterizations, three-electrode Swagelok
cells were assembled inside the glovebox using 150 uL of electro-
lyte and a glass-fiber separator (Whatman GF/D). In case of the half
cells, Na-metal was used as counter and reference electrode. The
active material mass loading in the half cells was around 2.5 to
2.8 mgcm? for the HC electrodes and 0.7-0.8 mgcm ™2 in case of
the PB electrodes. At the beginning of the cycling protocol, PB half
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cells were discharged with a current density of 9.3 mAg™' for
sodiating the material. The HC half cells were applied to an SEI
formation protocol to eliminate the irreversible capacity in the first
cycles. In this protocol, the cells are discharged with 0.05 C for 3 h,
followed by discharging to 0.005V vs. Na/Na* with 0.1C.
Subsequently, the cells are charged with 0.1 C to 2.5V vs Na/Na™,
discharged with 0.025 C to 0.005 V vs. Na/Na* and finally recharged
with 0.1 C to 2V vs. Na/Na™. A comparison to half-cells that have
been tested without this protocol is provided in Figure S2 of the SI.
Galvanostatic intermittent titration technique (GITT) measurements
of the HC electrodes were carried out following a previously
described method.””

To assemble sodium-ion battery full cells, PB electrodes with a mass
loading of 2.7 mgcm™ have been pre-sodiated in half cells by
galvanostatic cycling with potential limitation (GCPL) for 5 cycles at
an Arbin Instruments LBT21084 in a voltage range from 2.0-3.8 V vs
Na/Na'" applying a current rate of 37 mAg™". Also, the HC electro-
des have been pre-formed in half cells, applying the afore
mentioned SEI formation protocol. The pre-cycled electrodes were
assembled into three electrode Swagelok cells with Na-metal as
reference electrode. The cells were connected to a BioLogic VMP-3
or BiolLogic MPG-2 Potentiostat and tested on GCPL applying
currents of 37, 182 and 372 mAg ' according to the mass of the
negative electrode. The potentials of both electrodes were
controlled. In case of the positive electrode, the limits were set to
2.0-3.8V vs Na/Na™ and in case of the anode to 0.05-2.0 V vs Na/
Na™.

Sodium-ion capacitors (NICs) were assembled following a compara-
ble procedure: Activated carbon electrodes were pre-cycled (GCPL)
in half-cells at an Arbin Instruments LBT21084 in a potential range
from 2-3.8V vs Na/Na*, applying a current rate of 1Ag™". The
cycling was stopped at the maximum potential. HC electrodes were
pre-sodiated by applying the SEI formation protocol® and
discharging the half-cell to 0.005 V. After assembly in the glovebox,
the full cell containing a Na-metal reference electrode was
connected to a BioLogic VMP-3 or BioLogic MPG-2 Potentiostat for
GCPL measurements. The potentials of both electrodes were
controlled analog to the sodium-ion battery full cell. The potential
limitations and currents were selected analog to the sodium-ion
battery full cell.

Post-mortem analysis

For post-mortem analysis, the respective cells were disassembled in
the glovebox and the electrodes were washed by 1 min submersion
in the respective electrolyte solvents TEG/PC and DMC for the EC/
DMC cells, to remove salt residues from the surface. The washed
electrodes were dried in a vacuum glass oven at 1x 1072 mbar for
at least 24 h. X-ray photoelectron spectroscopy (XPS) analysis was
conducted for samples of the pristine electrodes using a Thermo
Scientific KAlpha spectrometer. The spectrometer was equipped
with an Al Ka anode (hv=1486.6 eV) as the X-ray source. The
chamber pressure during each measurement did not exceed 5 X
10~ mbar. To compensate potential surface charge, which occurs
due to electrically insulating species, a flood gun was used. Survey
scans were recorded with a step size of 1 eV and a pass energy of
100 eV and used to determine the surface’s elemental composition.
High resolution spectra were recorded with a step size of 0.05 eV
with a pass energy of 30 eV. The samples of the cycled electrodes
were measured using a UHV Multiprobe system (Scienta Omicron)
equipped with a monochromatic X-ray source (Al Ka) and an
electron analyzer (Argus CU) with a spectral resolution of 0.6 eV.
The XPS measurements were carried out at a pressure of <2x
107" mbar. An electron flood gun (NEK150SC, Staib, Germany) at
6 eV and 50 uA was used for charge compensation during data
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acquisition. Survey scans were recorded with a step size of 0.5 eV
and a pass energy of 50eV, the high-resolution spectra were
recorded with a step size of 0.05eV and a pass energy of 30 eV.
Binding energies were referenced to the C1s at 284.6eV as all
samples contain graphitic carbon as a conductive additive. The
resulting peak shifting values are given in the SI. All spectra were
fitted using Voigt functions. For quantification, the relative
sensitivity factors (RSF) of C1s (1.00), O 1s (2.93), N1s(1.80), Fe2p;,
(10.80), Na1s (8.52), F1s (4.43) and S2p;,, (1.11) were used.

Results and Discussion
Physicochemical characterization

As described before, glyoxylic-acetals offer advantages with
respect to their thermal properties, especially when compared
to linear carbonates that are widely used as co-solvents in
conventional electrolytes for Li-, Na- and K-ion batteries.”'*? To
answer the question of how these properties are reflected in
the thermal behavior of the resulting electrolytes, the thermog-
ravimetric analysis of the 3 glyoxylic-acetal electrolytes and the
EC/DMC reference electrolyte are displayed in Figure 1. Here,
the glyoxylic-acetal-based sodium ion electrolytes behave
comparable to their lithium counterparts.*® They maintain 95%
of their initial mass up to temperatures of 58°C (1 m NaTFSl in
TMG) to 97°C (1 m NaTFSI in TEG/PC) in the dynamic measure-
ment (Figure 1a). After complete evaporation of the solvents,
the decomposition of the NaTFSI salt is initiated at around
400°C, which is in good accordance with literature."™ When
exposed to 60°C (isothermal investigation, Figure 1b), a com-
plete solvent evaporation is reached after 12 h in case of the
TEG/PC electrolyte. Although the pure 1,1,2,2-tetrameth-
oxyethane (TMG) and 1,1,2,2-tetraethoxyethane (TEG)-based
electrolytes display a higher vapor pressure, they still offer a
well visible improvement compared to electrolytes containing
linear carbonates. 1 m NaTFSI in EC/DMC (1:1) shows the fast
evaporation of highly volatile DMC. Already at 30°C (starting
point of the dynamic TGA measurement), the DMC evaporates
from the solution, and only EC and the conductive salt are left.
In addition to temperature induced solvent depletion, the
flammability of the electrolyte is directly impacting the safety of
the battery. While the flash point of 1 M NaTFSI in EC/DMC
(1:1) is lower than the starting point of the measurement, the
two TEG-containing electrolytes cannot be ignited at temper-
atures lower than 75°C (see Figure 1c). Consequently, electro-
lyte leakage in a battery could not lead to fire by inflammation
of the electrolyte under ambient conditions.

Figure 2 displays the viscosity and conductivity of the
respective electrolytes in a temperature range from —30°C to
80°C. As already discussed in earlier articles, the viscosity and
conductivity of the glyoxylic-acetal-based electrolytes at room
temperature is clearly not superior compared to conventional
formulations.” At 20°C, the conductivity is only 0.44 mScm™’
for the TEG electrolyte and 1.73 mScm™' for the TMG electrolyte
(Figure 2a). All conductivity and viscosity values are summarized
in Table S1 of the Supporting Information (SlI). Due to the high
dielectric constant of propylene carbonate the mixture of TEG
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Figure 2. a) Conductivity and b) viscosity of NaTFSI-glyoxylic-acetal and EC/DMC electrolytes in a temperature range from —30 to 80°C.

and PC provides an increased ionic conductivity for the
respective electrolyte (3.15 mScm™') compared to the purely
glyoxal-based formulations. Interestingly, the viscosity of the
electrolytes (Figure 2b) does not follow the same trends
observed in the conductivity measurements. In the temperature
range between 0°C and 60°C, 1 m NaTFSI in TMG displays the
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lowest viscosity among the glyoxal-containing electrolytes.
Outside of this range, 1 m NaTFSI in TEG/PC (3:7) is least
viscous. Although the neat PC solvent exhibits a higher viscosity
than the neat TEG solvent (2.53 mPas compared to 1.74 mPas),
the 1 m NaTFSl in TEG electrolyte is generally more viscous than
the one based on the TEG/PC mixture. This has already been
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observed for lithium electrolyte analogues and may be
attributed to ion solvation effects.®’ Among the investigated
electrolytes, 1 m NaTFSI in EC/DMC (1:1) displays the highest
conductivity (8.67 mScm™' at 20°C) and the lowest viscosity
(3.3 mPas). However, —30°C is close to crystallization temper-
ature of this electrolyte." For this reason, the viscosity analysis
was limited to —20°C for EC/DMC to not damage the
measuring system with crystallized salt. Additionally, the differ-
ence between the TEG/PC and EC/DMC electrolytes in terms of
conductivity is less than 0.5 mScm™ at —20°C, which under-
lines that glyoxylic-acetal-based electrolytes also offer good
properties at low temperatures.

A drawback which is associated with many ether solvents is
their limited electrochemical stability under high potentials."
The electrolytes based on pure TMG and TEG are anodically
stable up to 3.7-3.9V vs. Na/Na*. Thus, they can be used in
combination with low operative voltage positive electrode
materials, such as PB analogues (PBAs) or sodium (Na) super
ionic conductors (NASICONs)."” Though, many sodium transi-
tion metal oxides require electrolytes which are more stable
against oxidation, since their upper cut-off potential is above
4V vs. Na/Nat."® As can be seen from Figure 3, this condition
can be met by the addition of PC In the TEG/PC electrolyte, the
electrochemical stability is increased up to 4.3V vs. Na/Na®.
Considering this and afore discussed results regarding thermal
stability, conductivity and viscosity, 1 m NaTFSI in TEG/PC (3:7)
provides the most promising properties among the glyoxylic-
acetal-containing electrolytes and was therefore selected for
detailed electrochemical investigations.

Materials for the positive and negative electrode
As presented, positive electrode materials for sodium-ion

batteries are more diverse compared to their Li-ion competitors.
The range of useable transition metals comprises all elements
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Figure 3. Electrochemical stability window of NaTFSI-glyoxylic-acetal and EC/
DMC electrolytes.
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from Ti to Cu, leading to a high number of possible
structures.®™ Main material classes that are considered for
application include layered oxides, polyanionic compounds and
PBAs.'” Being inspired by the pigment PB, Fe,[Fe(CN)¢;, the
latter class of components comprises compounds with various
crystal structures, depending on the type and ratio of the
atomic species being incorporated. The composition of PBAs
may be emphasized as A,M[M'(CN)¢],-zH,0 with A being one or
more alkali metals or alkaline earth metals and M and M’
representing transition metals, such as Mn, Fe, Co, Ni, Cu, Zn,
etc.”™ Depending on the type of transition metal(s), this class of
sodium-ion batteries (NIBs) positive electrode materials can
offer advantages in terms of cost and non-toxicity, while
providing high cycling stability and rate capability. However,
their performance is dependent on the crystal size and the
amount of water incorporated in the crystal structure.”?”

To compare the properties and performance of the
glyoxylic-acetal-containing electrolyte to the one containing
only organic carbonates, a rather simple, but robust and
abundant material has been selected for the positive electrode,
which is the original PB, Fe,[Fe(CN)¢l;. As it can be seen from
Figure 4a, PB exhibits a quasi-plateau for Na-intercalation
between 3 and 2.5V and provides only moderate capacity
values, compared to other cathodic materials proposed for Na-
ion. Though, it displays a good cycling stability and rate
capability, owing to the excellent Na diffusion into the cubic
face centered structure.”” Furthermore, this well-known pig-
ment is readily available, inexpensive, and easy to process.
Comparing the rate performance of the PB electrodes in
combination with TEG/PC and EC/DMC electrolytes (Figure 4c,
potential profiles: Figure S3 of the Sl), only minor differences
can be observed at current rates of 37, 186 and 372 mAg™".
However, the Coulombic efficiencies reveal that the glyoxylic-
acetal-containing electrolyte facilitates a much more reversible
charge storage process, that will presumably lead to a higher
cycling stability. This may be already indicated by considering
the slope of the capacity over cycle number graphs in
Figure 4e.

Different anodic material classes, including carbonaceous
materials, alloys, Ti-based insertion electrodes, or conversion
type materials, are subject to current research efforts.”® Among
these, hard carbons (HC) remain the most relevant for practical
application,?*'® due to their high energy density and
simplicity in synthesis.”?¥ In view of this, a sucrose-based HC
material was chosen as negative electrode for the implementa-
tion of the TEG/PC electrolyte in Na-ion batteries. Respective
half-cell measurements are displayed in Figure 4b, d and f. The
capacity achieved in this measurement is comparable to the
one of the PB electrodes discussed before and thus rather low
for such a carbonaceous material. This is, among others, related
to the lack of plateau capacity at currents of 186 mAg™" and
above (potential profiles at all current densities are displayed in
Figure S4). As indicated by the GITT analysis in Figure S5 of the
Sl, the strongly decreasing diffusivity of Na-ions into the carbon
material may be a reason for the potential-plateau occurring at
<50 mV, which is below the cutoff-potential in this experiment.
Nevertheless, this material can be utilized as a reference to
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Figure 4. Voltage profiles, rate capability, and cycling stability and of PB vs. Na metal (a, ¢, €) and HC vs. Na metal half cells (b, d, f) with 1 m NaTFSI in TEG/PC

(3:7) and 1 m NaTFSI in EC/DMC as electrolyte.

investigate and compare the interaction of glyoxylic-acetal and
organic carbonate electrolytes with carbonaceous electrodes. In
half-cells vs. Na metal as counter and reference electrode, the
TEG/PC electrolyte enables a capacity retention of 89% from
cycle2 to cycle 100 at 186 mAg™" (Figure 4f). Also, the
coulombic efficiency of 99-100% indicates a good reversibility
of the process without major degradation of the electrode or
electrolyte. The capacity and capacity retention in 1 m NaTFSl in
EC/DMC (1:1) is slightly higher, especially in the early cycles at
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a low current density of 37 mAhg™". As already pointed out,
this is connected to the exploitation of plateau capacity, which
is initially higher in the EC/DMC electrolyte.

Another important parameter for HC materials is the initial
coulombic efficiency (ICE), especially when it comes to full cell
application. The consumption of Na-ions by interphase forma-
tion on the negative electrode, as well as irreversible binding of
Na-ions inside the carbon host, limits the practical capacity of
the battery. Hence, besides the electrolyte, the carbon material
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itself, its microstructure, surface area and surface functional
groups have a major impact on the ICE. As can be seen from
Figure S2 of the SI, both electrolytes, TEG/PC and EC/DMC, have
an ICE of 53%. To reduce the contribution of irreversibly bound
charge carriers in our measurements, especially in view of the
full cell measurements presented in the next paragraph, an SEI
formation procedure, described in our previous work has been
applied to the HC electrodes in the full cell and to those in the
half cell, presented in Figure 4b, d and f. By comparison to the
HC half cells in Figure S2 of the Sl that have not been applied
to this pretreatment protocol, the irreversible capacity in the
first cycles is effectively eliminated.

Sodium-lon batteries and sodium-ion capacitor

The tests in half cells have proven that the selected glyoxylic-
acetal electrolyte, 1 m NaTFSI in TEG/PC (3:7) can be success-
fully utilized in combination with PB and HC. In both cases this
results in capacities, rate capabilities and cycling stabilities
competitive to an electrolyte consisting of the same conductive
salt in a binary organic carbonate solvent mixture. On this basis,
lab-scale sodium-ion battery test cells (3-electrode Swagelok
cells) have been constructed using both electrolytes. All the
details about the electrode-pre-cycling processes that are
necessary to introduce Na ions into the system, are reported in
the experimental section. The results of the rate capability
measurements and long-term cycling are shown in Figure 5.
The cell with EC/DMC displays higher specific capacities (related
to the mass of both electrodes) at all current densities applied
(Figure 5a). At 0.037 Ag™’, the capacity with TEG/PC is around
80% of the capacity obtained with EC/DMC. On the one hand
this originates from the fact that the PB electrode was over-
capacitive in the full cell and the HC exhibits a higher capacity
with EC/DMC. On the other hand, SEI resistivity effects may be
less pronounced in the carbonate electrolyte, as will be
discussed in context with the XPS measurements. Although the
capacity of the TEG/PC cell is initially lower, the system
stabilizes in the long-term charge-discharge experiment (Fig-
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ure 5b) and can be cycled over 1000 cycles without major
capacity fading. It shall be mentioned at this point, that this lab-
scale cell is so far not optimized at all. Neither the electrode
composition, i.e., the ratio and type of binder or conductive
additive, nor the mass balancing of the electrodes in the full
cell have been studied in all detail. In view of this, the positive
impact of the glyoxylic-acetal-containing electrolyte on the
cycling stability of the PB-HC full cell, seems promising. The
slight capacity (re)-gain after the first 250 cycles in this cell may
be attributed to a decrease in resistivity at the HC electrode, as
can be concluded from the potential profiles of the cell in
Figure S6 of the SI. In comparison to this, the EC/DMC-
containing full cell falls behind in terms of capacity after around
100 cycles at 186 mAg™".

On the way towards understanding the different cycling
stabilities of glyoxylic-acetal-containing and carbonate-based
electrolytes, disassembly of the Swagelok cells after 1000
charge-discharge cycles (Figure 5b) revealed first differences
that could already be observed by eye: The separators of the
EC/DMC-containing cells show an orange to brown discolor-
ation, whereas those of the TEG/PC cells are still white, as can
be seen in Figure S8 of the SI. This indicates the presence of
decomposition products within the bulk electrolyte, in case of
EC/DMC, which could originate from the instability of metallic
sodium in the electrolyte. Besides the properties of the bulk
electrolyte that may be altered by aging effects, the chemistry
of the interphases is of utmost importance for the performance
and lifetime of the battery. Therefore, the electrodes were
disassembled under inert atmosphere, and characterized by
postmortem XPS. For a better comparison, non-cycled electro-
des of PB and HC are taken as a reference. The elemental
composition of the electrode surfaces is shown in Figure 6. In
its pristine state, the surface of the HC electrode mainly consists
of carbon and oxygen. Upon cycling, an SEI layer is established,
resulting in a decrease of measurable carbon content and the
occurrence of fluorine and sulfur, as well as an increase of Na
on the electrode surface. Comparing the electrodes cycled in
the two different electrolytes, it is apparent that this effect is
more pronounced in TEG/PC. Thus, it can be concluded that the
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Figure 5. a) Rate capability and b) cycling stability of sodium-ion battery full cells with 1 m NaTFSI in TEG/PC (3:7) and 1 m NaTFSl in EC/DMC as electrolyte.
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SEl layer is generally thicker in the TEG/PC electrolyte,
compared to EC/DMC. This finding is in line with the results of a
previous study, investigating the use of glyoxylic-acetal-based
electrolytes in combination with silicon-graphite composite
electrodes in LIB: Comparative XPS analysis showed that the SEI
layer formed on the electrode surface is thicker if LiTFSI in TEG
is used instead of LP30 or LiTFSI in EC/DMC (1:1).'” This thicker
and smoother SEl layer contributes to an increased cycling
stability of cells with TEG-based electrolyte. It is thus conceiv-
able that analogue conclusions can be drawn for the NIB
investigated in this work: The thicker SEl layer may lead to
additional overpotentials that cause the slightly lower capacity
of HC with TEG/PC compared to EC/DMC electrolyte (compare
Figure S4 of the SI). But it may have a positive impact on the
cycling stability as it acts a protection layer for further electrode
corrosion. Considering the corresponding C1s, F1s and S2p
spectra in Figure S9 in the S|, this thicker SEI layer in TEG/PC
contains species like NaF, Na,(SO;), and CF,/CF, species that are
responsible for the noticeable content of F and S that are
observed in Figure 6. Furthermore, an increase in carbonyl
functional groups can be observed, compared to the pristine
HC electrode.

On the cathode side, similar observations with respect to
the content of F, S and Na on the cycled electrodes can be
made. After 1000 cycles with TEG/PC, higher contents of these
three elements can be found, compared to the EC/DMC sample.
Simultaneously, the atomic content of carbon is reduced by
10%, N by 3.5% and Fe by 1.2%, while the content of oxygen
remains unchanged. In combination with the spectra shown in
Figure S9 of the Sl, the formation of a surface layer, containing
carboxyl- and carbonyl- groups, as well as —CF; species can be
concluded. In the case of EC/DMC, however, an increased
carbon content is found alongside only small fractions of F
(1.2%) and S (0.7%). The contents of O, N, Fe and Na are
reduced with respect to the pristine PB electrode. Conse-
quently, the PB electrode cycled with EC/DMC is exposed to an
evolution process that reduces the amount of active material
directly exposed to the surface (lower Fe and N content), while
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simultaneously leading to a higher share of C and a lower share
of O. Taking this into consideration, the detachment of active
material from the surface, or its (partial) dissolution in the
electrolyte, leaving behind the carbon conductive additive, may
be possible explanations. The dissolution of transition metals
from PBAs has, to the best of our knowledge, so far been only
studied in aqueous electrolytes. According to the work of
Lamprecht etal,” Fe can be, most likely, dissolved as the
Fe(CN)s* or Fe(CN)s*~ complex. This process mainly depends on
the pH of the electrolyte and the type of anion. Among the
tested conductive salts, the lowest dissolution activities have
been observed for NaClO, and the highest for Na,SO,.
Furthermore, basic conditions promote the dissolution of
Fe(CN),*~ from the structure. The structural stability of PB and
its analogues in EC/DMC and other organic electrolytes might
thus be a topic that should be reviewed in a larger scope in
future works. This, however, reaches beyond the implementa-
tion of glyoxylic-acetals in sodium-ion energy storage systems.
In scope of this work, it can be concluded that the TEG/PC
electrolyte forms a protective CEl layer on the PB material used
here, which is not sufficiently accomplished using EC/DMC.

The positive impact of glyoxylic-acetals on the interphase
created on carbonaceous electrodes may not be exclusively
relevant for NIB or alkali-metal-ion batteries in general but can
be applied for the realization of other energy storage devices
relying on this type of negative electrode. Hybrid devices, i.e.,
alkali metal ion capacitors, combine a battery electrode,
originally the negative electrode, with an activated carbon
electrode, as it is used in supercapacitors.”® By this approach,
the gap between batteries, excelling in energy density and
supercapacitors, excelling in power density, may be covered.
Figure 7 demonstrates that the preformed HC electrodes that
were used for the assembly of NIB discussed before, can be also
used as negative electrode in a sodium-ion capacitor (NIC), if
they are pre-doped with sodium-ions. In this experiment,
commercial activated carbon was used as the positive elec-
trode. By adjusting the potential of the latter via pre-cycling to
around 3.5V, both electrodes are brought to a suitable

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 7. a) Rate capability and b) cycling stability of a sodium-ion capacitor with

potential window, resulting in a voltage range of 0.75 to 3.55V
at 186 mAg™' for the device (Figure S7 of the SI). The rate
capability of this non-optimized lab-scale device (Figure 7a) is
limited by the HC material in the first place. It may be improved
by increasing its mass ratio, but an optimization towards high
power performance would require an optimization of the
negative electrode material to provide faster cation diffusion
kinetics. Recently, it has been demonstrated that NICs contain-
ing N/S-co-coped carbon nanoparticles as negative electrode
and activated carbon nanoparticles as positive electrode can
retain 60 % of the capacity, when increasing the current density
from 0.1 to 10 Ag™".”” Here, the focus shall be placed on the
characterization of electrolytes using glyoxylic acetals as
solvents and electrode material development is therefore out of
the scope of this work. Nevertheless, a comparison of the TEG/
PC-NIC rate test (Figure 7a) with the TEG/PC-NIB rate test in
Figure 5a, reveals that the capacity retention from highest to
lowest rate is improved from 37% to 56% when changing the
setup from battery to hybrid device. Furthermore, the resulting
NIC is capable of being charged and discharged for 1000 times
providing a capacity retention of 85% (Figure 7b), which once
more demonstrates that the glyoxylic acetal containing electro-
lyte can provide a stable long-term cycling performance,
including the formation of stable interphases on the electrode
material (compare Figure S10 of SI for XPS spectra). Future
investigations, using alternative electrode materials, are how-
ever required to further investigate the performance of
glyoxylic acetal electrolytes in high power devices especially at
current densities above 1 Ag™".

Conclusion

This work showed that the advantageous properties of
glyoxylic-acetals as electrolyte solvents can be utilized in
sodium-ion energy storage devices. Compared to electrolytes
containing volatile linear carbonates, formulations based on
1,1,2,2-tetramethoxyethane (TMG), 1,1,2,2-tetraethoxyethane
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1M NaTFSI in TEG/PC (3:7) as electrolyte.

(TEG) or a mixture of TEG with a cyclic carbonate (propylene
carbonate, PC), exhibit increased thermal stabilities and higher
flash points. By introducing PC as co-solvent, the ionic
conductivity, as well as anodic electrochemical stability of
sodium-glyoxylic-acetal electrolytes can be improved, enabling
their use in combination with high operating voltage cathodes.

Towards implementation of this electrolyte in sodium-ion
energy storage systems, the performance of TEG/PC in Prussian
Blue (PB) and hard carbon (HC) half-cells was compared to EC/
DMC. Despite the slightly higher capacity of HC with the
conventional carbonate electrolyte, the formulation containing
glyoxylic-acetal could prove as competitive in terms of capacity
and rate capability, even enabling higher Coulombic efficiency
of Na de-/intercalation in PB. On the full cell level, cells with
TEG/PC provide around 80% of the capacity that is obtained
with EC/DMC. Most noticeably, the galvanostatic cycling of
sodium-ion full-cells over 1000 cycles revealed a strongly
increased capacity retention if TEG/PC is used as electrolyte.
The thicker and presumably more protective interphases
formed with TEG/PC and possibly its lower susceptibility to
degradation reactions in the cell, might explain this observa-
tion. Especially on the cathode side, this electrolyte seems to
suppress aging mechanisms that occurred when combining the
used PB material with the EC/DMC electrolyte.

We furthermore demonstrated that glyoxylic-acetal electro-
lytes can be utilized in sodium-ion capacitors, providing a high
cycling stability. These results confirm that glyoxylic-acetals are
promising solvents not only for lithium- and potassium-, but
also for sodium-ion batteries and capacitors. Their thermal
stability and film-forming ability, establishing protective elec-
trode-electrolyte interphases, represent key advantages for the
realization of safe and durable sodium-ion energy storage
devices.
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