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ABSTRACT

In this work we report a framework to understand the role of solvent-salt interactions and how
they mediate the performance of sodium-air/O, batteries. The utilization of suitable electrolyte
materials remains a point of major concern within the research community, as their stability
and decomposition pathways during cycling are intimately connected with capacity and cycle
life. Glyme based solvents have been widely utilized in Na-O, batteries, however, to date no
clear correlation between solvent/electrolyte properties and battery performance has been
given. Herein, we have examined the effect of glyme chain length (ethylene glycol dimethyl
ether DME; diethylene glycol dimethyl ether, DEGDME; and tetraethylene glycol dimethyl
ether, TEGME) on the cycling behaviour of Na-O, batteries and conclude that overall cell
performance is highly dependent on solvent selection, salt concentration and rate of
discharge/charge. We demonstrate how solvent selection helps define cell chemistry and
performance by linking salt-solvent interactions to enthalpy of dissolution - and subsequently
to sodium battery electrolyte properties - through the combination of both experimental and
theoretical methodologies. The approaches detailed in this study could be used to predictively
prepare electrolytes for Li-air batteries, other glyme-based electrochemical systems and low

temperature applications.
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INTRODUCTION

Research into new energy storage technologies, for both portable and stationary applications,
has become an urgent necessity. Among all energy storage systems,[1] those utilizing
electrochemical technologies have the most potential to impact global energy generation,
storage and use.[2] First identified in 1991, Li-ion batteries (LiBs) made such a change possible
by revolutionising portable electronic devices due to their high volumetric and gravimetric
energy density.[3] The continuing growth of the Li-ion battery market,[4] however, is expected
to create a bottleneck in the supply of lithium in the future. Consequently, there has been
growing interest in research focused on developing “beyond lithium” battery technologies to
augment, or in certain situations replace, LiBs.

In this scenario, Na-air/O, batteries (NABs) have the potential to make a step change thanks to
their high specific energy density and high energy efficiency.[S] NABs rely on the
electrochemical reduction/oxidation of molecular oxygen at the cathode surface. The inherent
advantage of metal-air batteries is that the active material in the cathode is absorbed from the
surrounding environment (O,), giving metal-air batteries some of the highest theoretical energy
densities of all battery systems. Typically, the configuration of the battery consists of a sodium-
containing anode, a sodium-conducting organic electrolyte, and an air cathode. The main
component studied in these batteries has been the air cathode (where research has focused on
carbon), catalysts, and - to a lesser extent - redox mediators.[6—8] Sodium metal is commonly
used as the negative electrode, although sodiated carbon has also been explored.[9]
Considerable work has been carried out in order to elucidate the reaction mechanism in
NABs,[10—12]which involves oxygen gas (O;) dissolving into the electrolyte and forming O,
, and then combines with Na* to form sodium superoxide (NaO,) (Na™+ O, + le- <> NaO,).[13]
Other discharge products, such as sodium peroxide (Na,O,) and peroxide hydrate

(Na,0O,-H,0), have also been reported in the literature.[14] The role of electrolytes, however,



has been barely investigated, with only a few studies into different sodium salt anions[15,16],
concentrated electrolytes[17], ionic liquids[18-21], discharge product composition[22] and
side reactions.[23-25] These studies demonstrate that the choice of the electrolyte greatly
influences the discharge product chemistry and morphology, the deposition mechanism, the
solvation effect of the ion pairs, the appearance of parasitic reactions due to electrolyte
decomposition and the overall cell performance.[16]

It is, therefore, clear that the choice of the electrolyte, both salt and solvent, are crucial for the
successful development of Na-O, batteries. Currently, the most widely used solvents in Na-O,
studies are the glyme family because of their quasi-stability to superoxide attack[23] and
relatively stability towards Na metal anode; glymes, however, can be prone to attack by oxygen
moieties during the oxygen reduction reaction (ORR).[26] In most Na-O, studies the choice of
glyme-based solvents seems arbitrary and often is left unexplained. Lutz et al.[27] elucidated
the ORR mechanism varying the glyme chain length where the importance of a low desolvation
barrier (TEGDME>DEGDME>DME) for successful growth of NaO, was highlighted;
however, the charge process (oxygen evolution reaction (OER)) was left unexplored which is
key to understand and develop high performing Na-O, batteries.

In this study we demonstrate that the selection of solvent and the salt concentration has a
profound effect on the cell performance. The coordination number of different glymes
measured by infrared spectroscopy and coupled with density functional theory (DFT)
calculations revealed different solvation behavior. Moreover, the enthalpy of dissolution
measured using isothermal microcalorimetry varies significantly as a function of solvent
selection. In addition, the rechargeable nature of Na-O, batteries is governed by the formation
and oxidation of NaO,, making it vital to study the effect of the electrolyte in the presence of

NaO,, and also to prevent the formation of irreversible side products.



EXPERIMENTAL SECTION

Materials.

Sodium perchlorate (NaClOj,, 98%, Sigma Aldrich) was purchased from Aldrich and was dried
under vacuum at 80 °C for 24h. Ethylene glycol dimethyl ether (C4H,,0,, DME; anhydrous,
99.5% Sigma-Aldrich), diethylene glycol dimethyl ether (C¢H,405, DEGDME; (anhydrous,
99.5% Sigma-Aldrich) and tetraethylene glycol dimethyl ether (C,(H,,0s5, TEGDME; > 99.7
% Sigma Aldrich) were dried over molecular sieves (3 A) for 1 week. After drying the
materials, both the salt and the solvents were transferred to an Ar-filled glove box (H,O < 0.1
ppm, O, < 0.1 ppm, Jacomex, France) without exposure to air. The electrolyte solutions were
prepared by mixing the NaClO, salt with the corresponding solvent (DME, DEGDME or
TEGDME). The final water content of the electrolytes was determined by C20 Karl Fisher
coulometer (Mettler Toledo) and was below 20 ppm.

Gas diffusion layer GDL H2315 was purchased from Quintech (Freudenberg) and was dried
under vacuum at 100 °C overnight. Afterwards, it was stored in the Ar-filled glove box without
exposure to air.

Measurements.

Fourier Transform Infrared (FTIR) experiments of the electrolyte solutions were conducted
using a diamond attenuated total reflection (ATR) attachment on a Bruker ALPHA that resided
in an Ar-filled glovebox (~21 °C). The electrolytes were prepared in the glove box and placed
in on the diamond ATR window and covered with a lid to prevent evaporation. Each spectrum
was recorded as an average of 254 scans and the change in refractive index due to salt addition
was not corrected.

DFT calculations were done using the Becke’s three parameters (B3)[28] exchange functional
along with the Lee-Yang-Parr (LYP)[29] nonlocal correlation functional (B3LYP),

implemented in the all electron code FHI-aims with numeric atom-centered orbital basis



sets.[30,31] The structures were generated using the builder tools of the molecular editor
Virtual NanoLab. Different solvation configurations were considered by optimizing [Na—
(M),]" complexes (wheren=1,2,3,4 for M=DME;n=1, 2,3 for M = DEGDME; and n =
1, 2 for M = TEGDME) using a trust radius enhanced version of the Broyden-Fletcher-
Goldfarb-Shanno optimization algorithm, where the forces were minimized until a 104 eV/ A
threshold was achieved. The vibration modes and simulated IR spectra were calculated by finite
differences with displacement values of 0.0025 A. We placed a 20 cm™!' full width half
maximum to simulate standard line broadening to the individual IR bands to better compare
with experimental data. Given the fairly big size of some of the complexes (up to 75 atoms in
total), we used “light” settings and “tier2” standard basis set in the FHI-aims[30,31] code for
Na, C, O, and H. Generally, “tight” settings should be used for calculating vibrational
frequencies, particularly for O and H containing systems, as numerical noise might impact the
calculated vibrational modes, especially at high frequencies. Therefore, we assessed the
accuracy of our considered integration grids by calculating the vibrational modes of DME with
both “light” and “tight” settings (see Table SI1). The maximum difference between both
integration grids is only 4.5 cm'!l. Moreover, below 1200 cm! differences are, in general,
smaller than 1 cm!. We can therefore safely assume that the use of “light” settings is accurate
enough to compute vibrational frequencies on these systems.

A MS-80 Calvet isothermal calorimeter (Setaram Instrumentation) operated at 25 °C was used
to measure the enthalpies of dissolution of NaClO, in DME, DEGDME, and TEGDME.
Powders of approximately 45-70 mg of dried NaClO,4, weighed on a Mettler UMT?2 balance
with a linearity of 1 pg, were dissolved using 18 mL of solvent in the calorimeter (molality of
~0.021-0.035 mol/kg; molarity of ~0.021-0.032 mol/L). A reference holder was constructed
containing solvent but no salt. Samples were loaded in an Ar-filled glove box in steel holders

with Chemraz O-rings, removed, and exposed for less than 5 seconds to ingress of air before



attaching the extension shaft to the top of the holder, followed by immediate loading into the
calorimeter. The sample and reference holders were allowed to equilibrate for several hours
beyond the point at which the baseline became flat. Due to the strong reactivity of DME with
O-rings, a second holder obtained from Setaram Instrumentation was used for this solvent. For
the DME data collection, NaClO4 was loaded in the glove box under a PTFE membrane for the
sample holder, while the reference holder did not contain any salt. DME (15 mL) was loaded
above the membrane for both sample and reference holders and sealed; to measure the
dissolution, the membranes were broken with a rod, followed by mechanical stirring to rapidly
dissolve the salt in the sample holder. KCI was used to calibrate the calorimeter through
dissolution in water at 25 °C; this was performed for both steel and Hastelloy holders. The
Calisto software (Setaram Instrumentation) was used to determine the total heat flow by
integrating the deviation from a linear baseline fit.

A pressurized 2-electrode Swagelok-type cell was used for the galvanostatic measurements.
The cells were dried overnight at 120 °C and transferred to the glovebox prior to assembly. The
Na-O; cells consisted of a sodium metal anode (12 mmg, 99.9% Aldrich), GDL air cathode (12
mmg, Quintech) and Celgard H2010 separators (Celgard, USA, 13 mm¢) soaked in 150 ul of
electrolyte (either 0.1 or 1.5 M NaClO,4 in DME, DEGDME and TEGDME solvents). A 12mm
in diameter stainless steel mesh (Alfa Aesar) was used as the current collector. Following
assembly, the cells were purged with pure oxygen to ~1 atm before the electrochemical
measurements. Afterwards, cells were rested at open circuit voltage (~2.2 — 2.3 V vs Na*/Na)
for 8 h prior to applying current in a Biologic-SAS VSP potentiostat. The discharge and charge
experiments were performed at a current of 65 and 120 pA to 0.5 mAh cm™ with a potential
cut-off between 1.8 to 3.2 V vs Na*/Na.

Immediately after discharge, the electrodes were extracted from the cell and washed with dry

DME. X-ray diffraction measurements on discharged electrodes were collected using a Bruker



D8 Discover diffractometer with 6/20 Bragg-Brentano geometry (monochromatic Cu radiation:
Ky = 1.54056 A) within the 20 range of 30 - 60° with an air tight sample holder (in-house
made). Morphological characterization of the discharged and cycled electrodes was conducted
by Scanning Electron Microscopy (SEM) using a FEI Quanta250 microscope operating at 20
kV. The electrodes were transferred from an Ar-filled glove box to the SEM using an air-tight
holder to avoid air exposure.

RESULTS AND DISCUSSION

Coordination structure of NaClO, in DME/DEGDME/TEGDME: Theoretical and experimental
approach.

When dissolving the sodium salt (NaClO,) in the corresponding solvent (DME, DEGDME,
TEGDME), a series of different interactions arise: 1) cation-solvent; i1) anion-solvent and 1ii)
cation-anion. Prior to the formation of these new ion-solvent dipole interactions, it is necessary
to break the cation-anion electrostatic interaction; after which, the solvent and anion will
compete to bind to the cation. Thus, in the Na* solvation sphere it is possible to find the
counterion from the salt in addition to the solvent molecules. The effect of various anions to
stabilize the discharge products in different solvents has already been reported, where Lutz et
al found that in weakly solvating solvents the increasing interaction of the anion (ClO4~ < PFg
~<OTf <TFSi") can stabilize the Na* due to formation of contact ion pairs.[16] If both species
(anion and solvent) present very different donor numbers (DNs), the species with the highest
DN will occupy the cation coordination; consequently, it is possible that the anion can enter
the first solvation sphere.

In this study, the effect of the salt counterion (ClO4 anion) is disregarded due to its weak
solvation effect on Na*.[15] Thus, it is possible to analyze the Na* solvation as a function of
glyme length and its effect on the electrochemical response in isolation. In any case, it is

important to note that although the counterion does not affect either the solvation or the



formation mechanism of the discharge products on the cathode, it might have an important
effect on the formation of the solid electrolyte interphase (SEI) on the surface of the metallic
sodium anode.

Bearing in mind the importance of the chelating ability of glymes to Na®, it is crucial to
understand the coordination structure of Na* ion in the three studied solvents and its link to the
electrochemical properties in Na-O, batteries. Computational modelling and its correlation
with spectroscopy techniques are well suited to study this solvation phenomena.[32-34] DFT
calculations were, therefore, first performed in order to shed light into the coordination
structure.

Regarding the selection of the initial structures for the optimization procedures, it is known
that glyme-based solvents prefer to curl when solvating alkaline ions.[27,35-37] In this way
they are able to maximize the number of cation-O bonds, which compensates the energy
penalty associated with dihedral rotations around C-O and C-C bonds. We therefore considered
some plausible curled geometries as initial structures. Figure 1 shows the most stable optimized
structures that we found with 1, 2, 3, or 4 solvents (depending on solvent) coordinated with the
sodium ion. Upon adding glyme molecules to the solvation complex, more molecules can be
included within the first solvation shell if linear glymes are considered. Of course, upon finite
temperature, countless configurations can be explored, which are not explicitly calculated here.
Instead, we aim at capturing the basic chemistry of glyme-Na* interactions involved in the
solvation of Na* in glyme solvents which is key to understanding the mechanism through which

the discharge and charge processes occur in Na-O, batteries.



DME DEGDME TEGDME

Figure 1: DFT optimized structures of isolated DME, DEGDME, and TEGDME solvent
molecules and corresponding Na-solvent complexes containing n glyme molecules.

Using DFT, we predicted the shifts in the vibrational modes of C-O bonds within the glyme
molecules as a function of the number of molecules (#) in the optimized complexation
[Na—(DME)n]+, [Na—(DEGDME),|", and [Na—(TEGDME),]" clusters depicted in Figure 1.
The greatest shifts are in the C-O-C stretching region (1200-1000 cm™') and the C-C-O
twisting/bending region (900-800 cm); Figure 2 shows the simulated infrared spectra
specifically focusing on these two regions. Additionally, the calculated chemical shift in the C-
C-O stretch between the isolated glyme molecule and a fully coordinated Na* ranges from 35-
50 cm™!'. We observed that on a per molecule basis, the relative intensities of the peaks are quite
close, within 10%; this is important for the analysis of the experimental FTIR data, as it
suggests that the adsorption coefficients can be approximated as being concentration

independent.
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Figure 2. Simulated infrared spectra of the glyme molecules and complexes from the DFT
results in Figure 1. Left-most plots focus on the C-O-C stretching region, while the right-most
plots display the C-C-O bending/twisting modes. The arrows follow resonance wavenumber
shift due to solvent-ion coordination with increasing Na ion mole fraction (relative
concentration). From bulk DME to tightly bound glyme, the C-O-C stretch shows a red shift,
while the C-C-O twist shows a blue.

Reaction energy landscapes for the formation of solvation complexes, based on n =1, 2, 3 or
4 coordinating molecules, are shown in Figure 3. The energy profile in black is obtained by
continuously adding solvent molecules to a given solvation complex in the calculation,
whereas, the red energy profile shows the energy gain (or loss) when a single ion chelates with
a single solvent molecule (M). The energies of the first step to obtain both black and red profiles
are obtained as follows:

AGY? = G([Na—M]*+) —G(M) —G(Na ™) Equation 1

The successive steps in the red energy profile are just a repetition of the first step AG}, = n AG}?

, while for the black profile we consider:
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AGh = G([Na— (M),]*) —G([Na— (M), _1] *) —G(M) Equation 2

where G is the Gibbs free energy of the the different configurations appearing in Figure 1. Here,
we approximated it as G = Eppr + Fpi(T) + Fro:(T), where to the total DFT energy (Eprr)
the harmonic vibrational (F,;;) and rigid-body rotational (F,,;) computed free energies are
added, considering T = 298 K.

A key observation is that when we continuously add glyme molecules to a [Na—(M),]"
complex, the structure is further stabilized up to a threshold that decreases with the size of the
solvent molecules: n = 3 for DME, n = 2-3 for DEGDME, and n =1-2 for TEGDME. We note
that previously proposed structures based on molecular dynamics (MD) simulations[27] are
consistent with our findings, in particular the minima of the black energy profile in Figure 3.
This is somewhat obvious, since smaller molecules allow for increasing the number of
stabilizing Na-O bonds before solvent-solvent interactions begin to dominate, when compared
to, for example TEGDME, where already a single molecule almost entirely chelates the Na
ions, as can be seen in Figure 1. On the other hand, the red energy profile shows that it is
thermodynamically preferred to chelate the Na ions to form isolated [Na—(M)]" dimers where
only a single solvent molecule is present. These results qualitatively explain the decrease in
coordination number (i.e., number of molecules in the first coordination sphere) upon
increasing the salt concentration in the mixture detailed below, assuming that at higher
concentrations less solvent molecules are available to solvate each Na ion. We also note that at
the more dilute limit, the experimental values for the solvation number do not coincide with
the theoretical ones, which are underestimated. We argue that, although the black energy
profile shows a minima at n = 3 for DME, n = 2-3 for DEGDME, and n = 1-2 for TEGDME,
further increasing the amount of glyme molecules involved in the formation of the complex is
still more favourable than not forming the complexes at all, so if we were to keep adding glyme

molecules we could still get a thermodynamically favourable reaction. This, of course, would
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require explicitly including a second solvation shell and thoroughly exploring the

configurational space for such complexes, which is out of the scope in this study and will

require an in-depth sampling of much larger complexes or applying MD-based simulations.

AG (V)

AG (eV)

AG (eV)

Figure 3. DFT reaction energies for the formation of [Na—(M),]* complexes (black curve),

or the formation of nf[Na—(M)]* isolated dimers (red curve). Values are in eV.
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Experimentally, the coordination structure of the Na* ions in the NaClO4/DME-DEGDME-

TEGDME solutions was estimated by processing the spectroscopy data through fitting the
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vibrational modes that are sensitive to the change in chemical environment due to ion
association (i.e., experience a significant electrostatic attraction to the Na* ion),[38,39] as
predicted with the DFT calculations. FTIR spectra with different NaClO4 concentrations were
recorded at ~21 °C and Table SI2 summarizes the concentration and molar ratios of the NaClOy4
salt and glyme-based solvents.

Assuming that the absorption coefficient is unaffected (sometimes an overreaching assumption
to be sure) we can compare the area under the spectral signals due to uncoordinated or free
solvent molecules (Age.) and those due to cation binding (A4.,). The concentration of
coordinating molecules (C,) is a function of the concentration of the ions, in our case Na* (
Ca)-[40]

Ceo = Cp-Cna Equation 3

Here, C, is the apparent coordination number and is itself a function of Cy, and refers to the
number of molecules of solvent per Na* that either directly participates in coordination or
whose chemical environment is affected by the charge (e.g., secondary solvation shells). C,

can be solved using the integrated intensities and the mole fraction of the mixture.[40]

Aco Ctotal
n— Aco + Afree CNa

C Equation 4
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Figure 4. Left-most plots show Lorenzian deconvolution of the C-C-O bending/twisting region
in the FTIR-ATR spectra: neat DME on top and 0.2 mole fraction in DME (moles of NaClO,/
total mole of solution) on bottom. Right-most plots highlight the blue and red shift of the C-C-
O bend/twist (top) and C-O-C stretch (bottom), respectively, due to coordination of Na*.

Figure 4 shows the representative fits of the FTIR spectra of the neat DME and most
concentrated electrolyte about the C-O-C stretch at 1110 em! and the C-C-O bend/twist at 853
cml, It is obvious that the deconvolution of the latter holds less uncertainties as there is less
mixing of various vibrational modes. The 850 cm! region of the neat DME can be fit to 5
peaks, while the 1100 cm™! region must be fitted to at least 8 peaks. Also, the perchlorate ion
has a vibrational signal at 1095 cm!,[41] which is similar to the C-O-C stretches of the neat
molecule. We can clearly see that there is a red shift in the C-O-C stretch which suggests
electron donation of the oxygen to Na*, however further quantification is difficult due to the

emergence of more signals. That said the red shift can be estimated as being approximately 30
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cml, 25 cm™! and 21 cm! for DME, DEGDME, and TEGDME, respectively, which is similar
to that predicted by DFT calculations in Figure 2. Turning to the C-C-O bend/twist, there is a
clear blue shift upon coordination with Na*. The blue shift is the result of the changing dipole
of the C-O bond, that is the mirror of the red shift seen in the C-O-C stretch. In other words,
the interaction of the chelating oxygen on the Na™ weakens the bond with the adjacent carbons;
and in response the C-C bonds are shortened producing the blue shift of the 853 cm! peak to
861 cm.

Apparent coordination numbers shown in Figure 5 were obtained using Equation 4 by
analysing the relative ratio between the C-C-O bend stretch of uncoordinated and coordinated
glyme, as discussed above. The apparent coordination numbers show an exponential decay to
a near constant value at high salt loading. The coordination number are estimated to be 2 for
DME and DEGDME and 1 for TEGDME. DMSO is shown as a baseline for the reproducibility
of the technique, with an estimated coordination number of 3, and agrees with previous
reports.[42] DMSO has a dipole moment of 4.0 D[43] while the glymes are 1.6, 1.9, and 2.4 D

for DME, DEGDME and TEGDME, respectively.[44,45]
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Figure 5. Apparent coordination number as a function of Na salt concentration (Mole fraction

NaClO4 = moles of NaClO, / total moles)
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This means that effective charge screening of the cation is strongest for DMSO and weakest
for DME. Thus, the glymes show a significantly elongated decay. It is worth noting that the
effective coordination number of DEGDME reaches a constant value “faster” than the other
glymes, with DME having not yet reached a “steady” value. DMSO also has greater Gutmann
acceptor (AN, ~19 kcal mol-") and donor numbers (DN, ~30 kcal mol-") than the glymes; thus,
more stable solvation complexes are formed in DMSO with both anions and cations than in
glymes[46]. The Gutmann donor number or "donicity" is a quantitative measure of the
nucleophilic properties of a solvent, i.e., it provides information about the ability of a solvent
to solvate other species. DN was defined as the negative AH-value for the formation of a 1:1
adduct between SbCls and the molecules of a certain solvent in a dilute solution of 1,2-
dichloroethane.[47] The acceptor number, however, represents a quantitative and sensitive
measurement of the electrophilic properties of a given solvent and it is calculated based on the
3IP-NMR chemical shift of triethylphosphine oxide in the solvent.[47] In brief, the DN and AN
values are a measure of the strength of solvents such as Lewis bases or acids, respectively.
According to Meyer et al., the differences in acceptor and donor number values between the
glymes are small, as shown in Table 1.[46] This is supported by the blue shift of the C-C-O
bend/twist being the same for each glyme, ~ 8 cm!, as well as a similar red shift in the C-C-O
stretch ~25 cm!. Therefore, simple charge screening and donor numbers-based arguments
cannot explain differences in electrochemical kinetics of Na-O, systems. That is, entropic and
kinetic terms may play a more dominant role by regulating configuration dynamics, viscosity,
and bulk transport that in turn governs solvation/desolvation and ion exchange.

Table 1 — Gutmann’s acceptor (AN) and donor numbers (DN) described in literature.

Solvent | AN[46,48] | DN (kcal/mol)[49] | DN (kcal/mol)[16] | DN (kcal/mol)[27]
DMSO 19.3 29.8 ~ 30

DME 10.2 ~ 24 20.0 19 + 1
DEGDME 9.9 ~ 24 18 + 1
TEGDME 10.5 16.6 12 + 1
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The obtained results in terms of coordination number are reasonable; as the C,, NaClO4/ C,
solvent ratio increases, more Na* and less solvent molecules for solvation will be present. It is,
therefore, clear that establishing the right concentration of salt in each solvent is important in
order to optimize the electrochemical response of the system. Depending on the number of
molecules/coordinated bonds occurring in the solvation sphere, the stability of the Na® -
solvents pairs will change which in turn will influence the mechanism of formation of the
discharge products which will be explored later.

Enthalpy of dissolution by calorimetry

The charge screening and donor numbers cannot clearly explain the differences in these three
glymes; therefore, in order to understand the solubility and solvation characteristics of Na* in
glyme-based solvents, the enthalpies of dissolution (AH(sol)) were measured, for the first time
in these systems, by calorimetry.

The energies for NaClO, in the three glyme-based solvents are shown in Table 2. The
concentrations of NaClO, solutions used for this study are in the range of 0.02-0.032 mol/L,
which represents a molar fraction less than 0.015 (see Table SI2), and the FTIR data analysis
indicates that the solutions are sufficiently dilute that the Na* should be highly coordinated in
all cases. The energies become more exothermic going from DME to DEGDME to TEGDME.
The enthalpy and entropy of formation for NaClO, are reported as -382.75 kJ/mol and 142.26
J/molK, respectively.[50,51] The AH(sol) values for these complexes are negative (exothermic
reactions), suggesting that the formation of Na-glyme complexes is favourable, as the sum of
the solvation enthalpies for Na™ and ClO,4 is more negative than the lattice enthalpy of NaClO,
for each solvent.

Table 2. Enthalpy of dissolution values (AH(sol)) for the three studied glymes in NaClO4

measured by calorimetry.

Enthalpy of error Enthalpy of error

Solvent dissolution (kJ/mol) dissolution J/g)
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(kJ/mol) J/g)

DME -23.33 1.5 -190.6 12
DEGDME -40.02 0.031 -326.9 0.26
TEGDME -45.12 0.6 -368.5 4.9

The trends are consistent with more energetically favourable solvation for increasing chain
length in linear polyethers. The highest absolute AH(sol) value for the interaction of Na* with
the glymes is seen for Na"(TEGDME) complex. This reflects the fact that the higher the
absolute magnitude of the free energy, the greater is the affinity for the Na* in that solvent.[52]
While thermodynamic information helps to identify a specific electrolyte formulation under
equilibrium conditions, the kinetics of the reactions are key to determine the optimal electrolyte
for a given system, which will be further explain in the next section.

Prior to understanding the impact of these three solvents on the electrochemistry, a summarized
graphical description about the difference of DME, DEGDME and TEGDME is presented in

Figure 6.

Diffusion
coefficent

Desolvation ability

Solvation ability

Figure 6. “Spider chart” to compare the physicochemical properties of the three studied
solvents (DME, DEGDME and TEGDME).

Electrochemistry: ORR and cyclability tests

We first examine the ORR kinetics for the three studied glymes in Na-O, batteries (Figure
SIla). A single flat plateau is observed for the DME and DEGDME based electrolytes; whereas
TEGDME shows an irregular profile. This finding is in agreement with that reported by Lutz

et al. who observed a decrease in discharge capacity as increasing the glyme chain length.[27]
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During the ORR process there are several factors to consider. First, the chelating ability of the
glymes, which is greater as the chain length increases, as observed in the previously presented
DFT and FTIR studies. This fact is rational, considering that the number of oxygen donor
groups increases with the chain length: 2, 3 and 5 points for chelation for DME, DEGDME and
TEGDME, respectively. Based on this, the higher the chelating effect of the solvent, the more
“trapped” (stabilized) will be the Na™ in the electrolyte; in good agreement with the calorimetry
data and DFT/FTIR results. Second, the superoxide species generated during ORR must
stabilize in the solution, forming ion pairs, which is favored by the presence of longer chain
solvents. However, the greater the ion pair stability, the more difficult the precipitation of the
discharge products by electrolyte saturation. According to this hypothesis, the longer chain
solvents should follow a solution-mediated mechanism; whilst decreasing the chelating ability
of the solvent will result in a more surface-like process.[27] Likewise, a greater discharge
capacity is expected for the solution-mediated process. However, this hypothesis is not fully
met.[27] XRD data on the discharge electrodes (Figure SI1b) show NaO, formation in DME
and DEGDME electrolytes; however, no signal is observed in TEGDME. In addition, SEM
images confirmed (Figure SI2) the formation of cubic particles in the DME and DEGDME
electrolytes, suggesting a solution-mediated mechanism; whereas a film-like structure is
observed in TEGDME. These results are in good agreement with those reported in literature in
Na-O, batteries.[27,53,54]

It is known that the solvation structure not only affects the dynamics and charge transfer of the
electrolyte, but also the stability of some species.[55,56] In the case of TEGDME, the greater
solvation of Na* and stability of the [Na*(TEGDME),...O,] complex leads to a greater energy
to overcome the high desolvation barrier. At some point during discharge, TEGDME is not
able to solvate more cations (i.e., the release of chelated cations is kinetically limiting), which

causes a precipitation of NaQ, in film form or as cubes of very small size (Figure S12).[27] In
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this way, the surface is blocked with an insulating NaO, film causing premature cell death by
electrode passivation. Therefore, in order to establish the formation mechanism of the
discharge products, it is key to determine the right balance between the stability of the species
[Na*(solvent),...O,] and the capacity to desolvate.

Apart from the above-mentioned factors, the solubility of oxygen in the solvent (TEGDME <
DEGDME < DME) and the viscosity (TEGDME > DEGDME > DME) (Table SI3) are other
aspects that will affect the capacity of the discharge and the subsequent cyclability. The
influence of the first factor is clear, the greater the solvent's ability to dissolve O,, the greater
the capacity of the cell. In the case of the viscosity, there is an effect on the mobility of the
species within the electrolyte, i.e., the higher the viscosity and the lower the oxygen solubility,
the smaller the Nernst layer, which is directly related to the diffusion of the species in the region
near to the surface of the electrode. In addition, the high viscosity hinders the supply of oxygen,
especially at high current densities. For this reason, in the case of the TEGDME solvent, it has
not been possible to conduct the study at higher current densities (120 A cm2).

Regarding the charge process, one of the main factors to take into account is the re-solvation
process. The discharge products from the electrode surface must be decomposed
electrochemically during the OER and the species produced (Na* and O,°) must be re-stabilized
in the electrolyte solution. Based on this, again the chelating ability of the solvent will
determine this mechanism (TEGDME > DEGDME > DME). On the other hand, the diffusion
of these species in the solvent will also be governed by the viscosity of the electrolyte, this
diffusion being slower as the viscosity increases (TEGDME > DEGDME > DME).

In order to analyze the effect of the solvation/desolvation kinetics of the different glymes on
the electrochemical response, cyclability studies have been conducted. In this study, the three
glymes are analyzed at two different current densities (65 and 120 pA cm™?) and two

concentrations (0.1 and 1.5 M) of NaClO, salt. The results obtained are presented in Figure 7
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(plots of voltage vs capacity during cycling are displayed in Figure SI3 in the supporting

information).
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Figure 7. Cycling behaviour of Na-O, cells in different glymes containing to a fixed capacity
(0.5 mAh cm™) (a, b) 0.1 M and and (c, d) 1.5 M NaClQ,, at two current densities (65 and 125
UA cm?).

Analyzing the cyclability obtained for each system, at low salt concentrations (0.1 M NaClOy)
(Figure 7 a,b) the cyclability is higher with DEGDME, followed by DME and finally
TEGDME, which cannot perform one complete cycle (Figure SI4a). This latter behaviour is
due to two facts: (1) the high solvation barrier that must be overcome and (2) the high viscosity
of the solvent (32.9 x 103 cm?/s at 25 °C)[57] which hinders the diffusion and mobility of the
species. These factors affect the electrochemical response of the system to such extent that even
when decreasing the current density, it is not possible to complete a single cycle. However,

other parameters such as salt type, concentration and air cathode used might also play an
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important role which has been observed by Li et al.[58] Regarding DME and DEGDME, their
viscosities are much lower (4.2 x 103 cm?/s and 10.0 x 10-3 cm?/s at 25 °C, respectively)[57];
therefore, it is possible to obtain higher cyclability even at higher intensities (120 vs 65 uA cm-
2). Considering Figure 7a, the cell with DEGDME presents a more than acceptable cyclability
completing 29 cycles, while in the case of the DME from the 13 cycle the cell begins to lose
efficiency. In this way, the order of cyclability appears to be DEGDME > DME> TEGDME.
To explain this trend, it is necessary to review the DN of these solvents, which vary according
to the study (see Table 1).

Although there are certain discrepancies depending on the source, it is clear that the TEGDME
presents the lowest DN; this solvent, therefore, will have more difficulty to dissolve the
discharge products and the disproportionation will, subsequently, occur close to the electrode
surface. In contrast, DME and DEGDME have comparable and higher DNs, which can be
related to a greater facility to solubilize the NaO, generated during discharge. In the case of the
DEGDME, this solvent presents the ideal balance between the ability to solvate/desolvate the
Na* and stabilize O,” by forming ion pairs (chelating ability), together with its ability to
solubilize the discharge products (related to the DN), leading to a superior cyclability when
compared with DME.

It is undeniable that the electrochemical behavior will be strongly linked to the solvation and
desolvation processes in the electrolyte. As already mentioned, the DN is not the only factor
that will govern these processes. The DN is a parameter that gives an idea of the Lewis basicity
of a solvent, but there are other effects to consider as mentioned in the study conducted by
Amine et al.[59] In this sense, it is important to consider both steric hindrance and the chelating
effect of the solvent. In our study, the steric bulkiness of each solvent was taken into account
when analyzing the most stable conformations in the different environments (see Figure 1). At

lower salt concentration (i.e., 0.1M), there will be a greater number of electrolyte molecules to
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solvate Na*, which will be shielded when surrounded by the solvent molecules. At the same
number of solvent molecules, the arrangement of the molecules around the cation will be
different due to the chain length (i.e., volume) of each solvent.

When comparing the situation of » = 3 in DME and DEGDME (see Figure 1), according to
DFT calculations, in the case of DME the three molecules would use their donor oxygen atoms
to solvate Na™. DEGDME, however, as a consequence of the steric hindrance and the greater
volume of the solvent molecule itself, one of the molecules would use its three oxygen donor
atoms, another molecule would use two, while the third only one. In both cases, the maximum
coordination of Na* (6) is fulfilled. Also, it should be noted that the more solvation positions a
molecule utilizes, the greater the strength of the solvation. Bearing this in mind, although
DEGDME is considered a better chelating agent than DME, in the situation of #n = 3 only one
of the molecules would act as a strong chelator of Na*, while the other two would chelate
weaklier. This effect is captured in the black reaction energy curves (see Figure 3) of DME and
DEGDME, as obtained with DFT, where, at n = 3, the DME complex is more stable relative to
the DEGDME complex. As a consequence, the desolvation process is more favored for
DEGDME than in the case of DME. This fact is also associated with the greater cyclability of
the DEGDME cells at low current densities.

At higher current density (Figure 7b), DME cyclability increases from 14 to 30 cycles, and
DEGDME from 29 to 32 cycles. By increasing the current intensity, the discharge process is
faster and the electrolyte possess less time to stabilize the species through the formation of ion
pairs [Na*(solvent),...O,7]. In the case of DEGDME, this fact is aggravated due to its higher
viscosity (more than double that of the DME), which prevents a sufficient diffusion of the
species outside the Nernst layer. According to this result, at higher intensities, it is the viscosity

of the solvent which governs the cycling behavior.
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Recently, the use of electrolytes with high salt concentrations (> 3M) has become a hot topic,
more intensively in Li-ion batteries.[60] High salt concentrations lead to a drastic change in
the physico-chemical properties. Indeed, the interactions between cations, anions and the
solvent are stronger. If the concentration is sufficiently high, between 3 and 5 M, a
characteristic 3D solution structure is stabilized, which can provide greater interfacial
stability.[61] Another key advantage of these electrolytes is the less corrosion of the electrodes
at higher potentials due to the less amount of free solvent molecules.

In the case of Na-O, batteries, most of the solvent molecules will be coordinated when NaClO,
in DEGDME is greater than 2 M, estimating that each Na* will be solvated by two molecules
of DEGDME.[62] This concentration (2 M) sets the limit between two situations. At lower
concentrations, Na® will be practically coordinated to solvent molecules. At higher
concentrations, however, the counterion (ClO4") participates in the first coordination sphere,
due to the smaller number of solvent molecules available. In order to avoid this second
situation, a concentration of 1.5 M has been selected, without reaching a highly concentrated
electrolyte. Regarding cyclability results, at low current density the use of DEGDME leads to
a greater number of cycles (Figure 7c), 24 and 31 for DME and DEGDME, respectively. The
highest cyclability achieved might be related to: (1) the increase in the ionic conductivity of
the electrolyte and (2) the presence of less amount of free solvent molecules. The latter is
associated with the appearance of side reactions, i.e., free solvent favors the gradual
decomposition of the electrolyte. This behavior has already been observed by Park et al. when
increasing the salt concentration.[62] They concluded that in more concentrated electrolytes,
the NaO, discharge product is more stable and the appearance of side reactions is largely
avoided.

At 0.1 M salt concentration, however, the DEGDME delivered more than twice as many cycles

as DME; whereas at 1.5 M, the difference is not as pronounced. This fact can be related to the
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number of molecules that surround the cation (Figure 5). At low salt concentrations, there is a
greater availability of solvent molecules to solvate Na*, being C, = 7 for the DME and 4 for
the DEGDME. At higher salt concentrations, however, the availability of the molecules is more
limited, approaching the C,, = 2 value in both systems, which will affect Na™ solvation process.
In this new situation, the two molecules of DME will be coordinated to Na* through the two
donor oxygens, giving rise to a coordination of 4. In the case of DEGDME, the two molecules
will be able to solvate the cation through its three donors, leading to a Na*™ coordination of 6.
While in more dilute electrolyte solutions, the desolvation of the DME is more complicated
than for the DEGDME, at higher concentrations the DME presents a greater ability to
desolvate, which is consistent with the DFT reaction free energies (see Figure 3). During
charge, however, DEGDME facilitates, to a greater extent, the stabilization by dissolution in
the electrolyte of the species produced in the decomposition of the discharge products. By
increasing the current density (Figure 7d), the cyclability of DME is clearly higher than
DEGDME (46 and 36 for DME and DEGDME, respectively). It has already been mentioned
that at higher current densities, the viscosity of the solvent becomes a key parameter. In this
case, as the salt concentration increases, there is also an increase in viscosity due to the
formation of more Na* ion-dipole interactions, which in fact may be stronger in DEGDME
than DME (by higher dipole moment of the DEGDME - see table SI3).

CONCLUSIONS

The differing results regarding solvent selection in the literature hinders progress; without a
detailed understanding of the role of Na* solvation in the electrolyte it may be challenging to
optimize the electrochemical performance. We have demonstrated that the size and dynamics
of glymes affects charge/discharge rate in Na-O, batteries, and therefore the overall
performance. From a dynamics point of view, the transport of Na* is fastest in DME and

slowest in TEGDME; this is essentially a viscosity effect. However, the desolvation energy
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may be harder to overcome in DME as it shows less charge screening effect, that is, when a
Na* leaves or enters the system many DME molecules are to move about and that takes energy.
DME is also seemingly less stable than the others. For TEGDME, it is slow, bulky, and has up
to four chelation sites, which leads to sluggish Na™ transport and a high desolvation energy
barrier. DEGDME seems to be the preferred solvent at both at low salt concentrations and high
salt concentration/low rate because of its compromise in stability, viscosity, and coordination
structure, which allows for best results in terms of transport and reaction kinetics. Following
the path established in this work it should be possible to design new solvent/salt systems with
properties suitable for other applications, i.e. low temperatures, Li-air, etc.
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