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Enhancing the cycling performance of sodium metal batteries requires deliberate electrolyte design to opti-
mize interfacial structuring and sodium deposition. This study explores novel ionic liquid (IL) electrolyte mix-
tures containing 20 mol% phosphonium cations ((tributylmethyl phosphonium) Py444" and (trimethyl isobutyl
phosphonium) Py3;,%) as co-solvent additives in a base (N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide) CsmpyrFSI electrolyte. The effects of these mixtures on electrochemical performance, physico-
chemical properties, interfacial nano-structuring, and sodium deposition morphology are investigated using
a multifaceted approach, including cell cycling, cyclic voltammetry (CV), differential scanning calorimetry
(DSQ), ionic conductivity measurements, and in situ techniques such as neutron reflectometry (NR), atomic
force microscopy (AFM), and optical microscopy (OM). The addition of the larger Pi444" cation, while
decreasing ionic conductivity, surprisingly exhibits reduced polarisation overpotential and significantly
extended lifespan and improved solid electrolyte interphase (SEI) formation kinetics. Our results, supported
by NR, AFM, and in situ optical studies, reveal that incorporating Piss4* as a co-solvent disrupts interfacial
nano-structuring. Under applied negative potentials, this disruption increases the presence of Na* cations at
the interface and their coordinated FSI™ anions, leading to enhanced SEI formation kinetics as evidenced by
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work highlights the potential of mixed-cation ILs in achieving long-term performance and stability in sodium
metal batteries. By shedding light on the poorly understood mechanisms underlying SEl-related performance
rsc.li/EESBatteries improvements, it provides new strategies for optimizing interfacial structuring and electrolyte design.

Broader context

The pursuit of high-performance sodium metal batteries requires the development of advanced electrolyte formulations capable of addressing critical chal-
lenges related to interfacial stability, cycling efficiency, and sodium deposition morphology. While lithium-ion batteries currently dominate the market, the
abundance and cost-effectiveness of sodium make it a promising alternative for large-scale energy storage applications. This study introduces a novel
approach through the use of mixed-cation ionic liquid (IL) in highly concentrated NaFSI electrolytes to control the interfacial chemistry which in turn con-
trols the solid electrolyte interphase (SEI) and electrode cycling. By integrating cutting-edge in situ characterization techniques such as neutron reflectometry
(NR), optical microscopy (OM), and atomic force microscopy (AFM), this work reveals how these mixed-cation electrolytes modulate interfacial nano-structur-
ing, enhance SEI formation kinetics, and promote more uniform sodium deposition. The findings demonstrate that the incorporation of larger phos-
phonium cations reduces polarization overvoltage and significantly improves cycling stability. These insights provide a deeper understanding of the SEI for-
mation process and interfacial phenomena, offering practical strategies for the design of next-generation electrolytes with optimized performance. By addres-
sing key challenges in sodium battery technology, this research contributes to the broader goal of sustainable and scalable energy storage solutions, ulti-
mately supporting the transition to more affordable and environmentally friendly energy systems.
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Introduction

In recent years, batteries have been actively developed as a
critical technology to address the intensifying greenhouse
effects and climate change. Increasing attention has been
directed towards sodium batteries, recognized for their low
cost and inherent stability.' Sodium (Na) metal anodes are
widely regarded as highly promising candidates for next-gene-
ration, high-energy sodium-based batteries due to their excep-
tional theoretical specific capacity (1166 mA h g~') and low
standard electrode potential.” In addition to the electrode, the
selection of the electrolyte is crucial for the development of
the sodium batteries.

Ionic liquids (ILs), composed of large organic cations and
charge-delocalized anions, offer unique properties such as
negligible vapor pressure, low flammability, and high thermal
stability, making them a promising alternative to conventional
electrolytes.” Additionally, the modular design of ILs enables
the tuning of their physicochemical and electrochemical pro-
perties by altering cation-anion combinations or mixing
different ILs.

Among ILs, systems based on imidazolium and pyrrolidi-
nium cations are the most extensively studied.* Modifications
to cation structures, such as the introduction of asymmetric
alkyl chains, allow for adjustments in melting point, viscosity,
and ionic conductivity. Non-aromatic pyrrolidinium cations,
like Czmpyr’, exhibit higher reductive stability than imidazo-
lium-based counterparts, making them particularly suitable
for battery applications.”> Phosphonium-based ILs, such as
P11114FS], offer additional advantages over nitrogen-based ILs,
including higher ionic conductivity and enhanced electro-
chemical stability.® Previous studies revealed that mixtures of
phosphonium ILs with high NaFSI concentrations achieve
superior performance in sodium batteries, with stable Na
stripping/plating and SEI properties. Comparative studies also
showed that phosphonium ILs provide better cycling stability
and capacity than pyrrolidinium ILs, particularly when water is
added to improve SEI characteristics.”

It is recognised that the SEI is a controlling factor in the
electrochemical performance of Li and Na batteries. Moreover,
the structuring of the electrolyte at the electrode interface
(electrical double layer, EDL) has also been shown to be impor-
tant in determining the electrochemical behaviour.® Several
methods have been used to study electrolyte structuring at
interfaces including atomic force microscopy (AFM),>"°
Raman  spectroscopy,"”*?  molecular dynamics (MD)
simulations,”**'* neutron reflectometry (NR)'® and differen-
tial capacitance (DC).'® In combination, these techniques
provide a powerful approach to studying the interface and cor-
relating to cell performance.

In addition to using chemical modification of the ionic
species to control IL properties, mixtures of cations and/or
anions can also be used as cost-effective methods to design
new electrolyte systems. For example, early work by Lopes
et al.’” and Annat et al.'® studied mixtures of ILs where the
anion was kept constant while the cations varied in chemistry
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and composition. These studies showed that such mixing is a
viable method to control physicochemical properties such as
conductivity and ion diffusion in IL mixtures. In the area of
electrolytes for lithium batteries, mixtures of anions have been
shown to have a major impact on both physical properties,
including  conductivity  and Li diffusion, and
electrochemistry.’®* In the case of Na batteries, it was
demonstrated that combining different fluorosulfonamide
anions (FSI, TFSI and FTFSI) with dicyanamide led to signifi-
cant differences in sodium metal cycling. These differences
were attributed to differences in ion speciation within these
mixtures in addition to changes in the interfacial structuring
which impacted SEI formation.

Additives, including FEC,”*?** DME> etc.”**” (or co-sol-
vents) have also been shown to influence physicochemical and
electrochemical behaviour of IL electrolytes for both lithium
and sodium batteries. However, little work has been reported
on the use of different cations as co-solvents in ionic liquid-
based electrolytes.

The IL electrolyte, super concentrated C;mpyrFSI with
50 mol% NaFSI, has been well-studied and shown to support
Na metal and Na/NFP battery cycling at current densities up to
1 mA ecm™? for 1 mA h em™2. However, this was a significantly
lower performance than the equivalent P;4,;4FSI super concen-
trated electrolyte (42 mol% NaFSI due to lower solubility).” The
reason for this difference was not clear in our previous work,
however, there was a hint that the SEI layer composition was
modified in the presence of the Py;q34" cation.® Prior work also
indicated that the near-electrode structuring of the IL electro-
Iyte also affected the SEI and subsequent electrochemical
cycling.*®*° Begi¢ et al. demonstrated that the chemical struc-
ture of the IL cation in DCA-based ILs also affected the electro-
lyte structuring and the subsequent Zn electrochemistry.° It,
therefore, seems logical that mixing of cations could modify
the near-electrode ion structuring and the subsequent
electrochemistry.

This paper will demonstrate the potential for adding IL co-
solvent to control bulk physical properties, interfacial structur-
ing and electrochemical behaviour for sodium battery electro-
chemistry. To investigate the potential for making a significant
improvement to Na battery cycling, we consider the influence
of several IL cations (see Fig. S1}) to the base C;mpyrFSI elec-
trolyte at a fixed concentration of 20 mol% in ILs (based our
previous work with P;y;;," cation, which showed a slight
enhancement).®?" We compare the previously studied small
phosphonium with a larger IL cation, Pia.." as well as the
influence of adding an ether oxygen to the pyrrolidinium,
which has been suggested to improve Li cycling.>*** A further
reason for using 20 mol% co-solvent/additive is that for this
larger phosphonium cation, the NaFSI solubility significantly
decreases due to the increase in hydrophobicity. We will
discuss a multifaceted study of these novel IL systems includ-
ing NR, AFM and in situ optical cell to compare the influence
of adding different IL additives/co-solvent to the base
C;mpyrFSI electrolyte keeping the NaFSI content constant at
42 mol%. A significant enhancement in cell cycling stability
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was observed with the addition of a larger tributyl, methyl
phosphonium Py,4," cation to the base IL which correlated
with changes in deposition morphology and interfacial struc-
turing near the electrode surface.

Results and discussion

Fig. 1 presents the cycling profiles of all electrolyte mixtures
where Py11i4", P1ass’ and Coompyr’ IL cations are incorporated
into the base C;mpyrFSI IL electrolyte. The four samples were
evaluated in sodium symmetric cells under constant current
conditions of 1 mA ecm™>/1 mA h ecm ™2 over extended cycles at
50 °C to compare their electrochemical performance. The
electrochemical performance of the mixtures demonstrated
significant variations in polarisation overpotential and cycling
lifespan. Pure C;mpyrFSI exhibited short-circuiting after 96
cycles, while the addition of C,,,mpyrFSI led to higher overpo-
tentials and rapid shorting. Incorporating P;44i,FSI improved
the electrochemical performance by doubling the cycling life-
span. Surprisingly, the inclusion of the larger cation, Py44," led
to a remarkable enhancement, extending cycling stability, by
more than fivefold achieving at least 552 cycles without any
evidence of shorting.

The initial cycling profiles further highlighted these trends:
the C;mpyrFSI/P,444FSI mixture exhibited the lowest overpo-
tential, followed by pure C;mpyrFSI and the C;mpyrFSI/
P111i4FSI mixture, which showed similar overpotentials, while
the C;mpyrFSI/Cyo,mpyrFSI mixture showed the highest over-
potential. These differences remained consistent beyond 10
cycles. The cycling profiles were characterized by pronounced
voltage spikes in C;mpyrFSI/C,,;mpyrFSI mixture at the begin-
ning and end of each cycle, leading to a curved profile. The
observed “peaking” behaviour during initial cell polarization
can be attributed to spatially varying surface kinetics at the
electrode/electrolyte interphase, where mass-transport limit-
ations are minimal.**** Notably, this “peaking” behaviour was
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Fig. 1 Cycling profile for Na/Na coin cells of the mixtures.
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less pronounced in the C;mpyrFSI/P,444FSI curve. In contrast,
the C;mpyrFSI/C,o,mpyrFSI sample exhibited two distinct pla-
teaus during Na stripping, indicating a two-step dissolution
process. As reported in previous studies,*® such behaviour
occurs when Na initially dissolves from surface dendrites,
which present lower interfacial impedance. After these den-
drites are depleted, stripping proceeds from the bulk, where
the higher interfacial resistance leads to a second plateau at
elevated potential. This transition in dissolution pathway gives
rise to the characteristic “double step” feature observed in the
polarization curve.

To further investigate the influence of IL co-solvent on
electrochemical behaviour, cyclic voltammetry measurements
were performed in a two electrode Cu/Na cell. The CV results,
shown in Fig. 2, indicate that the onset potentials for sodium
deposition in CzmpyrFSI/P;44,FSI, CzmpyrFSI/P;44;,FSI, and
C;mpyrFSI electrolytes are —0.16 V, —0.21 V, and —0.25 V,
respectively. These results suggest that sodium deposition
occurs at a less negative potential in the C;mpyrFSI/P;444FSI
electrolyte, reflecting enhanced electrochemical performance.
Additionally, focussing on the peaks prior to Na deposition
(Fig. 2b), the CV curves reveal that the cathodic peaks of the
C;mpyrFSI/P,44,FSI mixture both appear at different potentials

24
o
£
(3]
<
E
- 04
80:20 C;mpyrFSI:P, ,,FSI+ 42mol% NaFSI|
———80:20 C,mpyrFSI:P, ,,,FSI+ 42mol% NaFSI
2 ~— C,mpyrFSi+ 42mol% NaFSI|
05 0.0 0.5 1.0
E (V vs Na)
(b)
-0.05
t
©-0.10 4
<
E
-
-0.15+
1
|
-0.20 1
0.0 0.5 1.0 1.5 2.0
E (V vs Na)

Fig. 2 (a) Cyclic voltammetry curves for the mixtures with 42 mol%
NaFSI system at 1°* cycle. (b) The enlarged reduction process.
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compared to the other two samples and are larger. As dis-
cussed by Begi¢ et al.®” for Zn electrochemistry, the onset
potential likely reflects a different electrode/electrolyte inter-
face and/or may be attributed to differences in SEI compo-
sition. Previous experimental and computational studies
suggest that in ionic liquid systems, the anion-originated reac-
tions are responsible for the formation of the SEI layer which
itself controls metal (Li/Na) deposition."* To further elucidate
the electrochemical reactions occurring in the SEI formation
region of the electrochemical window, three-electrode CVs
were conducted on a gold electrode, as depicted in Fig. 3.

As shown in Fig. 3a and b, the electrolyte containing
P;444FSI (b) demonstrates greater stability and reversibility over
multiple cycles compared to the electrolyte with the P;;4;4FSI
cosolvent (a), which exhibits reduced activity after the first
cycle. During the first cycle, the reduction current density in
the P;qq34FSI-containing electrolyte reaches approximately
-8 mA cm™?, which is higher than the current density
observed in the Py444FSI-containing electrolyte (~—6 mA cm‘z).
However, in subsequent cycles (cycles 2-6), the reduction and
oxidation current densities exhibit a greater increase and more
stable behaviour in the P;444FSI-containing electrolyte, likely
due to the formation of a more stable interphase.

A closer examination of the anion-derived reaction region
during the first and second cycles in both systems (Fig. 3c)
reveals multiple irreversible reactions occurring in the first
cycle. These reactions can be attributed to electrolyte degra-
dation and interphase formation.

Previous work has identified these reduction peaks as
being associated with the electrolyte decomposition, in par-
ticular, the anion (FSI or TFSI).>®> However, identifying the
origin of these peaks is challenging due to the complexity of
the anion coordination environment in the mixed cation
system, which is affected by multiple factors, such as salt con-
centration, the IL cation chemistry and the electrode voltage.
The different cation-anion interaction and anion coordination
structures can influence the HOMO-LUMO energy levels."*°

Interestingly, the peaks observed in the first cycle differ
between the two systems in terms of current densities and
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potential ranges. The P;444FSI-containing electrolyte exhibits
overall higher current densities in this system, suggesting
more favourable kinetics for this electrochemical process
which we attribute to the SEI formation step. Considering the
lower overpotential and improved cycling in the Na/Na sym-
metric cell data shown in Fig. 1, we suggest that a less resistive
and more homogeneous SEI is able to form in this mixed
cation system.

To determine whether the bulk physicochemical properties
also have a positive effect on the low overpotential and long
lifespan of the C;mpyrFSI/P,,,,FSI mixture, we compared the
glass transition temperature, Ty, and ionic conductivity for the
base C;mpyrFSI/42 mol% NaFSI with the mixtures containing
either Py144" or Py’ cations (Fig. 4).

After mixing with 42 mol% NaFSI, only the glass transition
temperatures (T) were detected, as shown in Fig. S5% and
Fig. 4a. The T, of C;mpyrFSI was the highest, but the differ-
ences among the three samples were less than 2 °C, suggesting
a relatively minor impact from the mixtures. Incorporating
P;11114FSI into the C;mpyrFSI/42 mol% NaFSI system resulted
in a slight increase in ionic conductivity, as shown in Fig. 4b.

Addition of P;44," reduced the ionic conductivity as would be
expected due to its larger molecular structure. The ionic conduc-
tivity of the Cs;mpyrFSI/P;444FSI mixture was the lowest of the
three systems, reflecting higher resistance within the bulk elec-
trolyte. Moreover, to have a deeper understanding of the electro-
Iyte resistance in the coin cell setup compared to the flooded
electrolyte cell can also be considered, EIS measurements of the
cells before cycling and after the first cycle shown in Fig. S2 and
Table S17 presents EIS fitting results after first cycle.

The C3mpyrFSI/P;,44,FSI mixture shows the lowest overall re-
sistance among the samples, which corresponds to its
minimal overpotential observed in the cycling profile.
Although the ionic conductivity of the C;mpyrFSI/P;444FSI
mixture was the lowest, reflecting higher resistance within the
bulk electrolyte, its fitted bulk resistance in Table S1{ was
lower. This finding suggests that the addition of P;444FSI
reduces resistance associated with ion transport through the
separator and across the sodium metal electrode interface.

(a) (b) €
9 80:20 C,mpyrFS: P,,,,FSI + 42 mol% NaFSI 9 80:20 C,mpyrFSI: P,,FSI + 42 mol% NaFSI ~———80:20 C;mpyrFSI: P, FSH 42 mol% NaFSl first cycle
0.05 80:20 CympyrFS: P,,, FSH 42 mol% NaFSl second cycle
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Fig. 3 Three-electrode cyclic voltammetry curves for mixed ILs. (@) CsmpyrFSI/P111;4FSI mixture, (b) CsmpyrFSI/P1444FSI mixture, (c) enlarged view

of the first and second cycles prior to the onset of Na deposition.
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Fig. 4 (a) Glass transition temperature (b) temperature-dependent ionic
conductivity.

As shown in Fig. S2,t the wettability of C;mpyrFSI/P;444FSI
with the Solupor separator was significantly better than that of
C;mpyrFSI/P;443,FSI and C;mpyrFSI. When 60 pL of electrolyte
was dropped onto the separator, the C;mpyrFSI/P; 444FSI mixture
penetrated the separator within 5 minutes, spreading into a flat
droplet. In contrast, C;mpyrFSI/P;4;;4FSI and C;mpyrFSI formed
rounded droplets and did not readily penetrate the separator.
This improved wettability of the C;mpyrFSI/P;44,FSI mixture
effectively enhanced electrolyte permeation into the Solupor
separator, correlating with the observed reduction in resistance
for ion transport through the separator.*

Thus far we have observed that the addition of the large
P44 IL cation has a significant positive influence on the Na
metal electrochemistry despite its lower overall ionic conduc-
tivity. The CV data shows dramatic differences between the two
phosphonium mixtures with a large irreversible cathodic reac-
tion at approximately —1.65 V vs. Ag/AgCl present in the Pyyq,"
system not evident for the Pyy;;4'. This cathodic peak orig-
inates from the chemical species at the electrode interface and
leads to the formation of a favourable SEIL In the following
section we probe the interfacial structuring in various mixtures
on model electrodes (Au) and correlate this with the observed
electrochemical behaviour.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Interphase ion layering

In situ NR experiments were conducted under different voltage
applications (0 V and —0.7 V) to investigate the interface
between the solid electrode and the described electrolytes. The
measured neutron reflectivity signal, R, versus scattering wave
vector (g) curves for various electrolyte-electrode interfaces
under different voltage applications are presented in Fig. 5,
along with the corresponding fitted results and Table 1 pre-
sents the scattering length density (SLD) value (estimated for
each component in studied materials (see Table S21)) for each
system at open circuit potential (OCP) and —0.7 V. Notably, the
SLD of the C;mpyrFSI/P;444FSI mixture is negative at both
potentials whereas for base CzmpyrFSI system and the
C;mpyrFSI/P;44;,FSI mixture the values are positive with the
latter being significantly lower than that of the base sample.
The thickness values extracted from the raw data and pre-
sented in Table 1, indicate that, at OCP the values are similar
within the uncertainty range, however, upon applying a nega-
tive potential the C;mpyrFSI/P,,44,FSI mixture doesn’t appear
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Fig. 5 Neutron reflectometry curves for electrolytes/electrode inter-
faces for (a) O V; (b) —0.7 V vs. OCP. Solid lines are fitting curves with
four-slab model with varied parameters only for EDL. Insets are SLD
profiles.
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Table 1 Parameters of EDL layer derived from the fitting of the experi-
mental NR data

Potential ~ Samples (with 42 mol% SLD Thickness
(vs. OCP)  NaFSI) (107 A7?) N
ov 80:20 C;mpyrFSI: Py FST  —0.12+0.09 302
80 : 20 C;mpyrFSI: Py, FST 0.18 +0.07 32+2
C;mpyrFSI 0.23 + 0.06 33+£2
—0.7V 80:20 C;mpyrFSI: P14 FSI  —0.24+0.09 29+2
80 : 20 C;mpyrFSI: Pyy;54FST 0.15+0.05 362
C,mpyrFSI 0.24+0.05 36+2

to change significantly whereas the thickness of the other two
systems increases. These differences in behaviour have impor-
tant implications for the chemistry at the interface observed
when scanning to negative potentials in the CV data described
earlier.

For the C;mpyrFSI/P;,4,FSI mixture, the SLD decreases
under an applied negative potential. Considering that the SLD
of the cations is negative and that of the anions is positive (as
shown in Table S1f), this indicates that more cations are
attracted to the electrode. However, the thickness remains
nearly unchanged, which could be attributed to a larger
number of Na' ions being attracted compared to Py44,", as Na*
is significantly smaller than the other cations. For the
CsmpyrFSI/Py14;4FSI mixture, there is almost no change (3%
decrease) in SLD between OCP and —0.7 V, while EDL thick-
ness increases. In contrast, for pure C;mpyrFSI, a 10%
increase in both SLD and EDL thickness is observed under a
negative potential, likely due to the attraction of cations to the

"33?4‘ 80:20 C;mpyrFSl: P,,,,FSI+42mol% NaFSI
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electrode. At the same potential, the SLD and EDL thickness of
the C;mpyrFSI/P;444FSI mixture are much smaller than those
of the other samples. This observation suggests that more Na*
ions and fewer Py, and C;mpyr' ions are attracted to the
electrode, which may contribute to the reduced charge transfer
resistance. Furthermore, the increase in Na" most likely also
increases the fraction of coordinated FSI™ anions (in Na,FSI,
clusters) at the interface. These coordinated FSI™ species have
been shown to more readily undergo reduction to form a favor-
able SEL.'*

AFM measurements were performed to examine the inter-
facial nanostructure adjacent to an Au(111) electrode at
OCP and OCP -0.7 V, focusing on the effect of adding
different phosphonium-based cations to the base electrolyte
of CsmpyrFSI + 42 mol% NaFSI (Fig. 6). Previous studies by
Rakov et al.*’ and Fraysse et al.'® have investigated the inter-
facial structure of the C;mpyrFSI system at various salt con-
centrations and the P;4;;4,FSI + 42 mol% NaFSI electrolyte.
Their findings reveal that increasing the salt concentration or
using a phosphonium-based cation results in a less struc-
tured or unstructured EDL. Additionally, they report that the
P11114FSI + 42 mol% NaFSI electrolyte shows a thinner inner-
most layer at OCP +0.5 V compared to the C;mpyrFSI system
which exhibits an innermost layer with a thickness of
0.55 nm, comparable to the diameter of the FSI anion
(0.53 nm), suggesting the presence of small P;y;;," cations
along with the FSI™ anion in the innermost layer in P;14;4FSI
+ 42 mol% NaFSI system."®

In our study, as shown in Fig. 6, the EDL overall does not
show significant ordering in either system. At OCP, the

80:20 C;mpyrFSl: P,,,,,FSI+42mol% NaFSI

OoCP

Force (nN)
Increasing Density —

OCP-0.7V

Force (nN)
Increasing Density —

Apparent Separation (nm)

Interfacial layering structure of mixed ILs through AFM force—distance two-dimensional histogram with probability colour bar on the right-

hand. (a and b) at OCP; (c and d) at OCP-0.7V for CzmpyrFSI/P111i4FSI mixture and CsmpyrFSI/pi444rs) mixture.
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C;mpyrFSI/Py444FSI mixture with 42mol% NaFSI maintains a
similar interfacial layering structure to C;mpyrFSI + 50mol%
NaFSI at OCP as reported by Rakov et al.,*! exhibiting three dis-
tinct layers with similar thicknesses. However, the push-
through force of the innermost layer decreases significantly. In
contrast, the C;mpyrFSI/P;44;4FSI mixture with 42mol% NaFSI
demonstrates a considerably reduced interfacial nano-
structure, featuring only a single, weaker layer. This layer, with
a thickness of ~0.7 nm, is thicker than those observed in both
pure Cs;mpyrFSI and the C;mpyrFSI/Pi44,FSI  mixture
(~0.5 nm), aligning with the neutron reflectometry (NR) data
presented in Table 1. The enhanced interfacial structure
observed in the C;mpyrFSI/P;444FSI mixture compared to the
C;mpyrFSI/Py44;,FSI mixture suggests minimal participation of
the larger Py444 cation in the innermost layer, thereby preser-
ving the interfacial structure integrity.

Applying a negative potential (OCP —0.7 V) induces distinct
changes in the interfacial structuring, particularly evident in
both the apparent separation distance and rupture forces of
the innermost ionic layers, Fig. 6¢c and d. Although both
systems show an increase in the innermost layer thickness,
they demonstrate opposing trends in the forces required to
rupture these layers — decreasing for CsmpyrFSI/Py,,4,FSI but
increasing for C;mpyrFSI/P;4,;,FSI. These contrasting beha-
viours suggest different interfacial nanostructures. The
observed changes for the C;mpyrFSI/P,,44,FSI system align well
with our NR measurements, which reveal a decrease in SLD
values under negative polarization. This decrease in SLD can
be attributed to enhanced Na' participation at the interface,
leading to disruption of the original IL nanostructure. The
larger P44, cation appears to facilitate this process by allow-
ing more efficient Na* access to the electrode surface, as evi-
denced by both AFM and NR data. However, for the
C;mpyrFSI/P;44i,FSI system at the negative potential of OCP
—0.7 V, the smaller P,;q;," cation, compared to P;4,4", enables
more efficient packing with FSI™ anions and better coordi-

(a) (b)

80:20 C;mpyrFSl: Py4,FSI+42mol% NaFSI

200 nm

80:20 CsmpyrFSI: Py FSI+42mol% NaFS|
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nation with Na® ions at the interface. The compact size of
P111i4 allows it to effectively compete with Na* ions for inter-
facial positions while maintaining structural integrity, result-
ing in a more ordered interfacial layer that requires greater
force to disrupt. In contrast, the larger Py44," cation disrupts
this ordered structure, leading to decreased rupture forces and
facilitating Na" access to the electrode surface.

Apart from force-distance curves, surface imaging of the
gold electrode upon applying a negative potential of OCP —2.3
V was captured, as shown in Fig. 7a-c for the C;mpyrFSl/
P1444FSI mixture, the CzmpyrFSI/P;44;,FSI mixture, and for
P;1114FSI + 42 mol% NaFSI, respectively. As mentioned earlier,
previous studies indicate that neat P;,,;,FSI + 42 mol% NaFSI
demonstrates significantly better performance than neat
C;mpyrFSI + 50 mol% NaFSIL.*?

In the mixed systems, as shown in Fig. 7a and b, the
C;mpyrFSI/P,4,,FSI electrolyte forms a morphology more
similar to P;114FSI + 42 mol% NaFSI, Fig. 7c, at the same
potential (OCP —2.3 V), compared to the C;mpyrFSI/P;;4;,FSI
electrolyte.

The similarities between the interface surface morphologies
of these phosphonium systems suggests that these globular
morphologies may be correlated with better cycling perform-
ance, through their contribution to the SEI formation process
and/or in enabling better Na" ion flux to the electrode surface.

Surface morphology

Changes in the electrode surface were recorded in the attached
videos, and the corresponding cycling profiles of the open cell
were analysed, as shown in Fig. 8. These observations provide
insight into the impact of different electrolyte compositions
on the morphology and behaviour of the sodium electrode
during cycling.

The flooded optical cell was cycled at two conditions:
0.5 mA cm~>/1 mA h em™ for the first cycle and 1 mA cm™>/
1 mA h em™ for the second. Initially, the C;mpyrFSI/Py444FSI

(e)
P111uFSH42mol%NaFS!

7.6 nm

Fig. 7 Surface morphology of the formed solid interphase using ILs through AFM surface imaging at OCP —2.3 V for (a) CsmpyrFSI/P1444FSI mixture,

(b) CsmpyrFSI/P111i4FSI mixture and (c) P111j4FSI + 42 mol% NaFSI.
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Fig. 8 In situ optical micrographs obtained for flooded optical cell cycled at 0.5 mA cm™2. (a) Cycling profile and morphology are shown at pristine;

(b) after 10 min (Na deposition); (c) after first half-cycle; (d) after first cycle.

mixture exhibited the lowest polarisation overpotential, while
the C;mpyrFSI/P;44i,FSI mixture and the base CzmpyrFSI
system showed similar overpotentials. This trend in overpoten-
tial remained consistent throughout cycling, aligning with the
cycling profile in Fig. 1 using the sodium symmetric coin cell
setup. Additionally, the “peaking” behaviour was less signifi-
cant for the C;mpyrFSI/P;,,,FSI mixture in the flooded optical
cell. When —1 mA cm™ current density was applied, the polar-
isation of the C;mpyrFSI/P;;,;4FSI mixture and the base
C;mpyrFSI system cells increased rapidly. In contrast, the

860 | EES Batteries, 2025, 1, 853-866

C3;mpyrFSI/Py,4,,FSI mixture maintained stable and low overpo-
tentials, demonstrating enhanced stability and performance
under higher current densities.

The addition of C;mpyrFSI/P;;;;4FSI and Cs;mpyrFSI
resulted in the formation of numerous bubbles on the pristine
electrode surface. These bubbles are either reaction of residual
water in the electrolyte, or entrapped gases from the electrolyte
drops which escape with time. Upon applying a deposition
potential, these microbubbles coalesce and eventually disap-
pear. In contrast, the addition of C;mpyrFSI/P;444FSI intro-
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duced fewer bubbles, as evident in the videos. This difference
could be attributed to less water absorption due to more
hydrophobic character of P;,,4,4 IL cation and/or better immedi-
ate spreading of the electrolyte on the metal surface, resulting
from improved contact between C;mpyrFSI/P;44,FSI and the
sodium electrode; improved contact is thought to promote
more homogeneous sodium deposition.** Supporting this
observation, Fig. 8c, d, and the SEM images in Fig. S3t illus-
trate the uniform deposition and less aggregated pattern
achieved with C;mpyrFSI/P,44,FSI which is consistent with the
AFM images (Fig. 7) showing more evenly distributed inter-
phase morphology using this electrolyte.

Fig. 8b demonstrates that after applying a current density of
0.5 mA cm™> for 10 minutes, the sodium metal particles
formed in the presence of CsmpyrFSI/P4,,FSI are smaller
compared to those formed with other electrolytes. Over time,
as shown in Fig. 8c and d, these deposits grow progressively
smoother, leading to a thinner and less porous sodium depo-
sition layer.*>***> This improved morphology is consistent
with the electrochemical behaviour in Fig. 1 and the CV data
in Fig. 2 and 3 described above, even though in this case a
flooded optical cell was used, without any pressure controlling
the surface morphology. We can surmise that the smoother,
more uniform particle deposition obtained when using
C;mpyrFSI/P,,44FSI relates to surface modification in the pres-
ence of the P,4,," cation and the preferential availability of Na*
ions as suggested by the NR and AFM results.

Discussion and conclusions

In recent years, studies employing ionic liquid (IL) electrolytes
have demonstrated that despite having similar bulk compo-
sitions and properties, ILs can exhibit significantly different
cycling performances in batteries. These disparities are often
attributed to differences in the SEI they form. However, the
underlying mechanisms governing these differences at the
nanoscale level on electrode surfaces
understood.

It has also been observed that super-concentrated electro-
lytes can disrupt the electrode interface by increasing the
aggregation of Na,FSIL, clusters at the interface. Since increas-
ing the salt concentration requires ILs with high salt solubility,
this study explores novel mixtures of ILs with a fixed salt con-
centration. By incorporating different cations as co-solvents in
an IL, we demonstrate that this approach disrupts the inter-
facial structuring of the electrolytes at the electrode interface
without significantly altering bulk physicochemical properties,
such as ionic conductivity. Notably, incorporating the larger
phosphonium cation, Py4,", results in significant improve-
ments in cycling performance, as confirmed by our coin cell
and optical cell cycling results.

Cyclic voltammetry (CV) measurements reveal that the
addition of the P;4,4" cation to the base electrolyte, C;mpyrFSI
with 42 mol% NaFSI, promotes more favourable kinetics for
irreversible reactions involved in SEI formation. NR and AFM

remain poorly

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

studies further confirm that the introduction of different
cations induces a disruption in the innermost interfacial
nanostructuring of the electrolyte, akin to the effects observed
with increased salt concentration in the literature.'* These
findings suggest that the improved performance of the
P1444FSI/C3mpyrFSI mixture arises from increased number of
Na® cation at the interface and their coordinated FSI~, effec-
tively excluding IL cations from this region.

Surface imaging of the SEI formed on a model gold elec-
trode using AFM, as well as Na deposition morphology studies
in the flooded Na|Na optical cells, reveal that the addition of
Pi444 cations leads to a more homogeneous and less aggre-
gated SEI and Na deposition morphology.

Overall, this study employs a multifaceted, multiscale
approach to highlight the potential of using ILs as co-solvents
to modify the interfacial nanostructuring of electrolytes. This
strategy improves SEI formation and cycling performance
without the need to increase salt concentration, providing a
promising pathway for advancing next-generation energy
storage technologies by improving the performance and pro-
perties like density and reducing the cost.

Methods

Sample preparation

P;1,i4FSI and C;mpyrFSI were supplied by the Boron Molecular
company with 99.9% purity. P;444FSI was purchased from
IoLiTec with 99% purity, sodium bis(fluorosulfonyl)imide
(NaFSI, 99.9%) and N-methyl-N-methoxymethylpyrrolidinium
bis(fluorosulfonyl)imide (C,,;mpyrFSI) were purchased from
Solvionic. The structures of the cations and anion are pre-
sented in Fig. S1.f To minimize water contamination, the
three ILs were dried under vacuum at 50 °C for 48 hours, redu-
cing water content to less than 50 ppm, as confirmed by Karl
Fischer titration (831 Karl Fischer Coulometer with Hydranal®
Coulomat AG as the titrant). CsmpyrFSI was mixed with
P111i4FSI, P1444FSI, or CyoympyrFSI in an 80:20 molar ratio,
with a fixed NaFSI concentration of 42 mol%. Pure C;mpyrFSI
was also mixed with 42 mol% NaFSI for comparison purposes.
All sample preparations were carried out inside an argon-filled
glove box. The prepared electrolytes were then stored in sealed
vials under argon inside the glove box.

Electrochemical experiments

Na/Na symmetric coin cells (components CR2032) were pur-
chased from Hohsen Corporation, Japan. The electrodes were
two 8 mm diameter sodium metal electrodes (Sigma-Aldrich,
purity 99.9%). A 16 mm diameter polyethylene separator
(gratis, Lydall, 7P03A, 50 mm thickness, 85% 0.3 mm porosity)
soaked with the electrolyte solution was used. A 0.5 mm spacer
and 1.4 mm spring were used to ensure contact. After assem-
bly, the cells were rested for 24 hours at 50 °C before cycling
at 1 mA cm /1 mA h ecm™ for long cycles at 50 °C.
Electrochemical impedance spectroscopy (EIS) was employed
to monitor changes on the sodium electrode surface, with
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measurements performed using a VMP3 multichannel poten-
tiostat (Bio-Logic) over a frequency range of 50 mHz-1 MHz
and a 10 mV voltage amplitude. Data analysis was conducted
using EC-Lab software (Z Fit version 10.44).

Cu|Na coin cells were prepared for conducting cyclic vol-
tammetry (CV) experiments. The working electrode was copper
(12.7 mm diameter), and the counter and pseudo-reference
electrode was sodium metal (8 mm diameter). The copper elec-
trode was punched and washed with 1M HCI solution for
2 minutes followed by washing with deionized (DI) water for
2 minutes and finally with acetone for 2 minutes. The electro-
des were then vacuum-dried for 24 hours at 100 °C and trans-
ferred into the glovebox. The rest of the assembly followed the
same procedure as the Na/Na symmetric cells. All the measure-
ments were carried out at 50 °C and at 20 mV s ' scan rate.
The onset potential was determined by intersection of the
tangent to the exponentially increasing current part of the
current curve with the linear extrapolation of the baseline
current.

To eliminate any contributions from chemically formed SEI
in Cu|Na coin cells during CV measurements, and also to have
a reference for more accurate comparison of potentials, an
alternative set of CV measurements was performed using a
three-electrode cell configuration on gold surface. This setup
consisted of a platinum (Pt) coil-shaped electrode as the
counter electrode (CE), refillable silver triflate (AgOTf) refer-
ence electrodes (RE) filled with the respective ionic liquid (IL)
electrolytes containing ~5 mM AgOTf, and gold (Au) electrodes
(3 mm diameter) as the working electrode (WE). Prior to the
measurements, the electrodes underwent mechanical polish-
ing using a micro-disc cloth covered with alumina (Al,O3)
slurry (0.3 um), followed by rinsing with deionized water and
ethanol. Subsequently, the electrodes were sonicated in
ethanol for 5 minutes, dried with argon (Ar) flow, and placed
in an oven at 60 °C for 20 minutes. Additionally, the Pt electro-
des were annealed using a butane flame. All measurements
were conducted under a dry argon atmosphere inside a glove-
box (H,O ~ 0 ppm, O, < 1 ppm) at 50 °C, with a scan rate of
20mvs .

Physicochemical properties

Differential scanning calorimetry. DSC measurements were
conducted to investigate the thermal behaviour of the electro-
lytes, such as melting temperature, glass transition tempera-
ture (Ty), transition entropies and enthalpies. The instrument
used for DSC was a NETZSCH DSC 214 Polyma. Three heating
and cooling cycles were performed at a scan rate of 10 °C
min~" from —120 to 30 °C. The first scan was affected by the
thermal history of the sample, therefore the reproducible
data from the second and third scans are reported. The onset
temperature was taken as the T,. Cyclohexane from Sigma
Aldrich was used as an analytical standard for temperature
correction.

Ionic conductivity. A BioLogic MTZ-35 impedance analyzer
was used to determine ionic conductivity through EIS
measurements. In this study, a custom-built dip-cell was used
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for conductivity measurements of the electrolyte solutions.
This cell contained two platinum wires sheathed in glass
sealed with a rubber O-ring and fitted into the cavity of a brass
block that was connected to a Eurotherm 2204 temperature
controller. Temperature ramping was set at 0.5 °C min™" until
the desired temperature was obtained (0.3 °C for 20 min).
Electrolyte resistivity was determined from the touch down
point of the Nyquist plot (x-axis). A standard solution, 0.01 M
KCIl, was used to calculate the cell constant at 30 °C.
Frequency range was 10 MHz to 1 Hz with a voltage amplitude
0.1 V over the temperature range of —20 to 120 °C. Output data
were graphically expressed as Bode or Nyquist plots; Nyquist
plots, which present the imaginary part of impedance vs. real
impedance were used in this study.*® Electrolyte resistivity was
determined from the touch down point of the Nyquist plot
(x-axis).

Surface morphology

Scanning electron microscopy (SEM). In order to investigate
the sodium electrode surfaces the coin cells were dis-
assembled using a coin cell disassembly tool (Hohsen,
Japan). The electrode with the stainless steel spacer was
washed with dimethyl carbonate (DMC, Sigma Aldrich 99%)
to remove the residual electrolyte and maintained under
vacuum for 15 min inside the antechamber connected to the
glovebox. To avoid reaction between the sample and atmo-
sphere an air sensitive container was used to transfer the
sample from the glovebox to the SEM. The container was con-
nected to the load lock chamber of the SEM which is
designed for loading air sensitive samples. A JEOL JSM-IT300
SEM was used for imaging purposes under 5 kV accelerating
voltage. The SEM was coupled with an EDX detector (Oxford
X-Max 50 mm?®) which enabled quantitative analysis of the
elements present in the sample.

In situ optical microscopy. In the battery setup, sodium
metal was pressed onto both ends of the surface of a poly-
propylene disk, leaving a 10 mm length and 3 mm width gap
for the electrolytes. The two sodium electrodes were connected
to an electrochemical workstation (LAND CT 3001A) for galva-
nostatic charge/discharge measurements, with voltage and
current recorded simultaneously. Optical microscope images
were recorded to monitor the process. The experiment was
conducted in an argon environment within a glovebox to
ensure an inert environment (Fig. 9).

Interphase ion layering

Neutron reflectometry. In specular reflectometry experi-
ments, the reflectivity (ratio between reflected and incident
beam intensities) is measured as a function of g, = 4x/4 sind,
the component of the momentum transfer vector along the
normal to the interface plane where 4 is neutron wavelength
and @ is incident angle of neutron beam to the planar surface.
The specular reflectivity of neutrons was measured at the
neutron reflectometer Spatz*” which operates in time-of-flight
regime (using a 2.5 to 19 A range of wavelengths) at the 20 MW
OPAL reactor (ANSTO, Australia) viewing the cold-neutron
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Fig. 9 In situ electrochemical/video optical microscopy setup.

source. The sample was placed on a custom electrochemical
cell”® with potentials applied through a BioLogic VSP-300
potentiostat (BioLogic, Grenoble, France). A neutron beam
passes through a single-crystal silicon substrate (thickness of
7 mm) with low resistivity (<1 Q.cm) to reflect from the inter-
face between a liquid sample and an electrode film (thickness
below 300 A) deposited on the substrate prior to the experi-
ment. The electrode was a double layer of metals e-beam evap-
oration of 8 + 0.8 nm Cr and 20 + 2 nm Au on a single-crystal
silicon block with dimensions of diameter 50.8 mm (2-inch)
and roughness <5 A for the working surface (plane orientation
(111)). A silicon single crystal with inlet and outlet tubes was
used as a backing wafer to contain the bulk liquid and the
electrode and backing wafer were separated using a PTFE
gasket. The electrochemical cell was filled by the different IL
mixture samples inside an argon filled glove box under moist-
ure and oxygen-controlled conditions (H,O level: <1 ppm and
O, level: <10 ppm). To achieve the largest possible dynamic
range of g,, two neutron incident angles (0.85° and 3.5° using
a 20 mm footprint) for the same sample were used and the
data from the two angles was combined to generate the final
data to cover the entire range of g, (0.008-0.24 A™%). Reflectivity
curves were measured with a AQ/Q resolution ~5%. The NR
data were fitted by a number of structural models with vari-
ation of SLD, thickness and roughness for each layer/layers at
the interface using the RefnX package*® to minimize the differ-
ence between the experimental and theoretical curves. A
sketch of the NR experiment and interface structure are pre-
sented in Fig. 10.

Taking into account materials composition, gravimetric
density and volume of the different ion molecules, neutron
scattering length density (SLD) was estimated for each com-
ponent in studied materials (see Table S27).

The initial structure of the Si substrates with electrode
layers was determined by fitting the NR measurements at the
air/solid interface. The thicknesses of the Au and Cr layers
showed good agreement with the manufacturer’s specifica-
tions. Additionally, a thin SiO, layer between the Si block and
the Cr layer was identified and incorporated into the model.
These structural parameters for the Si block, Au, Cr, and SiO,
layers were subsequently fixed during the fitting of the solid/
liquid interface data. A new additional layer was introduced at
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Fig. 10 Sketch of the NR experiment with approximate sizes of the
layers.

the IL/solid interface and SLD, thickness and roughness of
this layer were varied during the fitting process.

Atomic force microscopy measurements and imaging.
Atomic force microscopy (AFM) measurements were conducted
using a Bruker nanoscope IV Multimode system under
ambient conditions. The ionic liquids (ILs) for these studies
were stored in a degassed desiccator after being transferred
from a glovebox under vacuum sealing and remained there
throughout the testing period. Upon opening the IL vials, the
liquids were promptly drawn into a syringe and transferred to
an AFM liquid cell, which was then sealed for the duration of
the measurements.

The working electrode consisted of Au(111) surfaces, com-
prising a 300 nm thick atomically smooth gold film on mica,
obtained from Georg Albert PVD - Beschichtungen. Two
0.25 mm platinum wires (Alfa, 99.99%) were used as the refer-
ence and counter electrodes. AFM probes of type HQ:NSC36/
Cr-Au BS, featuring gold-coated soft tapping mode cantilevers
with a spring constant of approximately 0.8 N m™', were
employed for the measurements.

Before the measurements, the gold surfaces and AFM
probes were cleaned by sequential rinsing with deionized
water and ethanol, followed by drying under nitrogen (N,)
flow. Both were subsequently treated in a UV-O; plasma
cleaner for 20 minutes.

Measurements were performed at open circuit potential
and under applied negative potentials to the working elec-
trode. These potentials were precisely controlled using a Pine
WaveNano potentiostat, operated via AfterMath software in a
three-electrode configuration.

To reduce variability and ensure consistency in the AFM
measurements, the same type of soft cantilever was used
throughout, and the approach speed was kept low and con-
stant across all samples. These settings were chosen based on
literature and optimized to detect subtle ionic layering near
the electrode surface. For neutron reflectometry, measure-
ments were performed using the same cell setup and electrode
structure, and data from two incident angles were combined to
extend the g-range. All fittings were carried out using a consist-
ent model across samples. While surface-sensitive techniques
like AFM and NR can be affected by sample preparation or
measurement conditions, the procedures used here were care-
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fully controlled to ensure comparability and reliability of the
results.
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