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ARTICLE INFO ABSTRACT

Keywords: Sodium metal batteries based on liquid electrolytes are currently limited to using aprotic solvents, such as
Sodium batteries carbonate esters and ethers. This as protic solvents fundamentally have proton dissociation due to prevalent
Electrolyte

hydrogen bonding, leading to undesirable reactivity with the sodium metal anode. Our working hypothesis is
that this reactivity can be controlled and reduced by replacing/disrupting the hydrogen bonding with other
interactions. We present here the viability by using N-methyl-acetamide as an electrolyte solvent for sodium
metal batteries, to which both Na* cations and [FSI]” anions, from the NaFSI electrolyte salt used, can interact to
modify the N—H bond strength. Combined with the formation of aggregates by careful composition control, the
passivation of sodium metal anodes is effectively improved. Furthermore, distinctly different solid electrolyte
interphases are formed, as compared to when using a conventional organic electrolyte, and excellent cycling
stability of a full cell using NasV2(PO4)3 as cathode is demonstrated, reaching an average Coulombic efficiency of
99.9 %. Overall, we show that protic solvents, given controlled proton activity, offer another route to possibly

Protic solvent
Sodium metal anode
Interphase

achieve practical sodium metal batteries.

1. Introduction

Lithium-ion batteries (LIBs) are the leading choice for applications
like electric vehicles and grid storage, but alternative battery technol-
ogies are gaining momentum. Sodium-ion batteries (SIBs) have made
significant strides owing to the abundance and availability of sodium, as
well as their drop-in compatibility with LIB manufacturing infrastruc-
ture [1]. For example, integrating SIBs and LIBs cells, hybrid battery
packs have been developed for extended-range hybrid vehicles [2]. Yet,
improvements in energy density are needed for SIBs. The mainstream
anode active material used, hard carbon, faces challenges from large
first-cycle irreversible capacity losses and high production costs [3].
Moving to sodium metal anodes, with a high specific capacity of 1166
mAh/g, is a promising alternative [4], but so far its intrinsically high
chemical and electrochemical reactivity poses challenges, especially as
to finding stable electrolytes.

Electrolytes for sodium metal batteries (SMBs) can be based on
organic solvents [5], polymers [6], ionic liquids [7], or inorganic com-
pounds [8]. Traditionally, (aprotic) organic liquid electrolytes have
been favored because of their cost effectiveness and ease of production.
Protic organic solvent-based electrolytes have been far less in focus,

even though they can form deep eutectic solvents (DESs) that exhibit
low vapor pressure, wide liquid range, and non-flammability. But the
protons of their O—H/N—H groups can dissociate and react with sodium
metal [4,9] Brandt et al., however, demonstrated that the labile proton
of the cation in dry protic ionic liquids is not “free” and that this cation is
not subject to reversible protonation-deprotonation [10]. Hence, con-
trolling proton activity could make protic electrolytes feasible for SMBs.
Considering that protic solvents are enriched with hydrogen bonds
(HBs), this can be harnessed to enhance interactions to stabilize the
electrolyte. In this context anions from sodium salts can act as HB ac-
ceptors, while the protic solvents themselves can serve as HB donors.
Moreover, highly concentrated electrolytes (HCEs) can further improve
the stability towards sodium metal anodes [11-12]. For example, De
Sloovere et al. mixed sodium bis(trifluoromethanesulfone)imide
(NaTFSI) and N-methyl-acetamide (NMA) and found a decreased reac-
tivity with sodium metal simply by increasing the electrolyte salt con-
centration [13]. In a later study from the same group, NaTFSI was
replaced with sodium bis(fluorosulfonyl)imide (NaFSI) to further in-
crease the electrolyte salt concentration [14]. Even though their Na//Na
symmetric cell showed a prolonged cycle life [14], this alone does not
conclusively prove compatibility with a sodium metal anode — as the two
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electrodes act as almost inexhaustible reservoirs of Na and side-reactions
can thus still be plentiful. The problematic reactivity arises not only from
“free” NMA in the bulk of the electrolyte, but also from solvated NMA
that becomes “free” after cation de-solvation at the electrolyte-sodium
metal interface.

Here, our working hypothesis is that using an HCE, coupled with
modulation of the proton activity through reinforcement of the N-H/
O—H bond in protic solvents, is key to forming a stable solid electrolyte
interphase (SEI) that effectively suppresses the reactivity. We employ
electrolytes composed of NaFSI in NMA, leveraging the strong dissoci-
ation of the salt to enhance the interactions with NMA, which in turn
regulate proton activity [15-17]. We use a range of both experimental
and computational methods to probe the local cation coordination,
including the propensity of HB, as well as the interfacial stability, and
finally the cycling performance of full cells.

2. Results and discussion

We start by formulating HCEs and studying their local coordination
and ionic interactions in detail using both Raman and Fourier-transform
infrared (FTIR) spectroscopy, and by molecular dynamics (MD) simu-
lations. Subsequently, we assess the impact of the electrolyte composi-
tion on the interphase formation and properties through Coulometric
titration, to probe the sodium metal passivation, by X-ray photoelectron
spectroscopy (XPS), to determine the surface composition and infer
differences in SEI thickness, by galvanostatic cycling, to validate the SEI
stability in practice. Finally, we evaluate the cycling performance of Na/
electrolyte/NazVa(PO4)s full cells.
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3. Electrolyte local structure: ion pairing, aggregate formation,
and N—H bond reinforcement

In HCEs, as well as in electrolytes in general, the displacement of
solvent, here NMA, from the Na™ cation first solvation shell by anions,
here [FSI], via increasing the salt concentration, here NaFSI, ie.
increasing the salt:solvent ratio, here NaFSI:NMA, can excellently be
monitored using Raman spectroscopy. We here use the peak corre-
sponding to the S-N-S bending mode of [FSI], which progressively
moves to higher Raman shifts as ion-pairs and higher aggregates are
formed (Fig. 1a) [18-19]. Specifically, “free” [FSI] is found at ca. 726
cm™, as observed for the NaFS:NMA=1.0:30.0 electrolyte, but for
higher NaFSI concentrations (ratios 1.0:1.5, 1.0:1.2 and 1.0:1.0), con-
tact ion-pairs (CIPs), at ca. 736-737 cm’, and higher aggregates (AGG-I
and AGG-II), at ca. 746-755 cm'l, are the main features (Fig. 1b and S1).
The CIPs decline from ca. 30 % to ca. 19 %, whereas both AGG-I and
AGG-II grow by ca. 5-10 % each (Fig. 1b), which arguably may induce
an anion-derived SEI, with improved stability [11].

Moving to the MD simulations these corroborate the formation of
aggregates as function of salt concentration, as shown by increased
partial coordination numbers (pCNs) of Na-Ogg; (Fig. 1c¢). In addition,
the conjugation in NMA enables Na-Oynya contributions, but as a func-
tion of salt concentration, NMA tends to be less present in the cation first
solvation shell, as indicated by decreasing Na-Onyva pCNs as we move
from NaFSI:NMA=1.0:1.5 to 1.0:1.0 (Fig. 1d). Within that shell, Oxma
still approaches Na™ more closely than Ogg; does (Figure S2), indicating
the strong Na-NMA affinity even though fewer NMA molecules are
present overall.

In addition to the less pronounced NMA coordination, the FTIR
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Fig. 1. (a) Raman spectra in the region of the peak of the S-N-S bending mode of [FSI]", (b) speciation and Raman shifts of “free” [FSI]", CIPs, AGG-I and AGG-II, and
PCNs from MD simulation: (¢) Na-Ogs; and (d) Na-Onma vs. distance (r). All as function of salt concentration.
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spectra (Fig. 2) show the H-bonded N—H stretching mode peak at ca.
3290 cm™ in pure NMA [20] and a new non-H-bonded N—H peak at ca.
3425 cm! in the electrolytes. Both display blue shifts with increasing
salt concentration, suggesting a shortening or strengthening of the N—H
bond, [21-22] probably originating in that Na™ interacts with Onwa,
competing with the N—Hy interaction. This competition thus disrupts
the intra- and intermolecular HB network, as further confirmed by the
decreasing number of HBs per Hyva (Figure S3a), and thereby ulti-
mately reducing the probability of proton dissociation. Although also
Opgg; can interact with N—Hywa, [23] potentially weakening the bond,
the electronegativity of Ogg; is largely neutralized by Na® in HCEs.
Combined with steric hindrances, this collectively results in weaker and
fewer interactions between N—Hyya and Ogsp; with Hyya-Orsp distance
longer than Hyma-Onma (Figure S3b), on average only ca. 0.5 Opg; and
almost no Fggy drag H from N—Hyya (Figure S4). Therefore, the overall
effect is a strengthening of the N—H bond as a function of salt
concentration.

4. Passivation of sodium metal

We evaluate the passivation of the sodium metal anode by Coulo-
metric titration, to characterize the extent of side-reactions between Na
and the electrolytes [24]. The initial cycle (Fig. 3a) shows that all
electrolytes quickly consume ca. 10 pAh of titrant, due to vigorous
side-reactions. In the following cycles, longer times were required,
indicating passivation slowing down side-reactions. The growth rate of
the open circuit potential (OCP), however, differs by the electrolytes
employed, which demonstrates their different passivating ability. As the
electrolyte salt concentration increases from NaFSI:NMA=1.0:1.5 to
1.0:1.0, the passivation improves, as shown by the longer OCP time
needed to deplete the sodium titrant. This correlates with the Raman
and FTIR spectroscopy data as well as the MD simulation based obser-
vations, where increased salt concentration promotes aggregate forma-
tion and stronger N—H bonds in NMA, arguably enhancing SEI
formation and stability [13]. Benchmarking using a commercial aprotic
organic liquid electrolyte, 1.0 M NaPFg in EC:PC (50:50 w/w), shows
that only the NaFSI:NMA=1.0:1.0 electrolyte has a superior passivation
across all titration cycles. After the sixth titration, the OCP time of the
benchmark electrolyte levels off, which is attributed to the most stable
and complete interphase that can be achieved using this electrolyte. By
using linear sweep voltammetry (LSV) we confirm that the NaFSI:
NMA=1.0:1.0 electrolyte has the best reductive stability (Fig. 3b) and
moreover, it also shows the best oxidative stability to ca. 4.3 V
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Fig. 2. FTIR spectra of the N—H stretching mode peak of NMA as function of
salt concentration and for pure NMA.
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(Figure S5). This ratio also exhibits the broadest thermally stable win-
dow from -26 °C to 132 °C (Figure S6, Table S1).

5. Interphase on Na

Using XPS we find little elemental surface composition variation as
function of electrolyte salt concentration (Fig. 4a and S7). Despite the
literature expectations of a salt-derived inorganic SEI with salt concen-
tration increasing [11-12,25], we observe larger C contributions and
smaller Na, F, S, and N contributions (Table 1).

Yet, the largest C contribution to the Cls spectra we attribute to a
mixture of Na,CO3/RCOsNa/NaOR (Fig. 4b,c and S8), and this increases
as salt concentration increases (Fig. 4c and Table 1). Of these species,
NayCOs3 forms during cycling from RCO,Na/NaOR (Fig. 4b and S8),
whereas RCOzNa/NaOR are native to the pristine sodium metal surface
(Figure S8). This C contribution is thus not an organic one, but an
inorganic - as we initially expected. In addition, the NS=O contributions
to the N1s spectra originating from [FSI]” suggest a more inorganic-rich
SEIL Notably, the relative intensities of C—N species in the N1s spectra
from NMA decrease (Fig. 4d and Table 1), indicating less NMA decom-
position. As NMA is the sole source of C, the increased C contribution
must come from the native carbonate layer on pristine Na, detectable if
the SEI is thin enough. Hence, the larger C contributions do neither
indicate NMA degradation nor a more organic SEL

To determine whether the different SEIs are more organic or inor-
ganic, the stability vs. dissolution was evaluated; organic SEIs are more
soluble, likely due to their polarity, and inorganic SEIs more stable/
insoluble [33-35]. Using Na//Cu cell data and the reduction capacity
before and after the pause, the less concentrated electrolyte displays a
significant SEI dissolution, but the two more concentrated do not
(Figure S10). Thus, the electrochemical data aligns excellently with the
XPS results.

Additionally, cyclic voltammetry (CV) reveals that, unlike the NaFSI:
NMA=1.0:1.0 electrolyte, the current density in the NaFSI:
NMA=1.0:1.5 electrolyte progressively decreases over the first ten cy-
cles (Figure S11). This is likely due to its poorer passivating ability,
allowing it to continuously react with Na to form an ever-thickening
interphase. The distribution of relaxation times (DRT) analysis of the
EIS data support this by an increased time constant for Na® passage
through the SEI with respect to the 1.0:1.0 electrolyte (Figure S12) [36,
371.

6. Electrochemical assessments

Starting with testing the NaFSINMA=1.0:1.0 electrolyte vs.
NagVa(PO4)2F3, Coulombic efficiency was low because electrolyte
decomposition contributed to charge capacity above ca. 4.3 V
(Figure S13), in line with LSV results (Figure S5). To focus on anode
interphase, we next assessed NaFSI:NMA electrolytes with NagVy(POy4)3.
The electrolytes with the higher NaFSI concentrations (higher viscos-
ities) showed stepping-up specific capacity during the initial cycles and
prolonged stabilization due to slower wetting of the electrodes (Table 2
and Fig. 5a-d) [38]. The cells with the NaFS:NMA=1.0:1.0 electrolyte
stabilized after ca. 33 cycles, while those with the NaFSNMA=1.0:1.2
electrolyte stabilized faster, after ca. 10 cycles, with intermediate sta-
bility. The less stable NaFSI:NMA=1.0:1.5 electrolyte degraded from the
very first cycle, with significant cell capacity loss by cycle 160 (Table 2
and Fig. 5a, b). Regarding reversibility, the Coulombic efficiency (CE)
improved with electrolyte salt concentration, likely due to enhanced
stability. As for the lower initial Coulombic efficiency at high salt, this
could arise from viscosity-limited wetting and Na™* transport, which
induce polarization and force an early cut-off before full active-material
utilization (Figure S14). As wetting improves, early cycles can show CE
>100 % (discharge exceeding the prior charge). Indeed, cells with the
NaFSI:NMA=1.0:1.0 electrolyte partially rested at 50 °C, enhancing
pore infiltration/wetting, achieved faster stabilization as compared to
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Fig. 4. (a) Relative element concentration contributions to the XPS spectra from Na electrode surfaces after two full cycles in Na//NagV,(PO4); cells at 0.1 C rate, (b)
Cls spectra before and after two cycles, and (c) Nals and (d) N1s spectra (after two cycles), respectively, using the different electrolytes. Although Na;CO3 and NaF
have similar binding energies in Nals spectra, we fitted them as separate components because Na;COj3 is detected in the Cls region, and NaF appears in the Fls
region (Figure S9). In addition, the low N1s signal intensity and high noise increase the fit uncertainty and there is a possible third component at low binding energy.

Table 1

Relative contributions of species to the Nals and N1s spectra.

Nals spectra assignments and relative

N1s spectra

contributions assignments and
relative contributions

NaFSI: Na,COs/ NaF NaOH C-N NS=0
NMA ratio  RCO,Na/NaOR [28] [29] [30-31] [32]

[26-27]

1071.5 eV 1071.2 1072.6 400.0 eV 398.3

eV eV ev

1.0:1.5 50 % 39 % 11 % 46 % 54 %
1.0:1.2 57 % 18 % 25 % 44 % 56 %
1.0:1.0 74 % 17 % 9% 33 % 67 %

Table 2
Galvanostatic cycling performance of Na/NaFSI:NMA/Na3V3(PO4)3 cells.
NaFS:NMA Average Stabilized Capacity at Capacity
ratio CE capacity cycle 160 retention
1.0:1.5 67.8 % 92.7 mAh/g 73.6 mAh/g 79.4 %
(cycle 1)
1.0:1.2 96.4 % 89.4 mAh/g 83.6 mAh/g 93.5 %
(cycle 10)
1.0:1.0 100.2 % 90.5 mAh/g 88.4 mAh/g 97.7 %
(cycle 33)
1.0:1.0* 99.9 % 91.2 mAh/g 88.7 mAh/g 97.3 %
(cycle 13)

* Cell rested at 50 °C for 5 h and subsequently 4 h at room temperature. Design
principle: use a temperature that speeds wetting without overactivating NMA
toward parasitic reactions with sodium.
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those only rested at room temperature (Table 2 and Fig. 5a, e). However,
the high viscosity of the electrolytes is still a liability at higher current
densities; when the cell is charged at 0.5C, the internal resistance makes
it more or less immediately reach the upper cut-off voltage (Figure S15).

7. Conclusions

Our findings demonstrate that NMA indeed is a viable protic solvent
for SMBs. The key is to minimize the concentration of “free” solvent at
the Na interface and manage the proton dissociation, which collectively
dictates the interfacial properties, e.g., by forming a more resistive/
passivating SEI. As a result, our full cells with optimized electrolyte salt
concentration deliver robust long-term cycling with minimal capacity
fade. Combined this opens new avenues for further advancing SMBs and
future work should, at least partly, focus on exploring other protic sol-
vents to expand the electrolyte solvent options as well as reducing the
viscosity.
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