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Broader context

Secondary alkali-metal salts in supporting
electrolytes for lithium polysulfide flow batteries

Thomas J. Leckie, ©2®° Calvin N. Turner,” Alan R. Kennedy,® Niall Dalton,®
Pasidu Pallawela,© Stuart D. Robertson ) *° and Edward Brightman () *?

Lithium polysulfide (LiPS) flow batteries are a promising next-generation technology for long-duration
energy storage that offer several advantages over the more conventional lithium—sulfur configuration.
Using liquid-phase polysulfides in a single-liquid flow battery configuration mitigates the polysulfide
shuttle by separating most of the active material from the cell whilst enabling a higher concentration to
be used, thus increasing volumetric energy density; however, performance remains limited by instability
of the lithium metal anode. Alkali-metal additives have previously been shown to help regulate anode
plating in lithium-metal batteries, and in the present work we investigate the effects of secondary alkali-
metal bis(trifluoromethylsulfonyl)imide (MTFSI; M = Na, K, Rb, Cs) additives on the electrochemical behav-
iour of LiPS electrolytes under static coin cell conditions. We have synthesised a full series of MTFSI salts
and report the first solvent-free crystal structure of RbTFSI, completing the family of unsolvated alkali-
metal TFSI complexes. Electrochemical characterisation (CV, GCD, EIS) reveals that NaTFSI and RbTFSI
improve key performance metrics, including electrolyte conductivity, capacity retention, and coulombic
efficiency, despite evidence of side reactions with polysulfides. SEM-EDX analysis confirms the formation
of alkali-metal and sulfurous deposits at the electrodes, indicating that parasitic reactions may dominate
over the self-healing electrostatic shield (SHES) mechanism. These results demonstrate that carefully
selected secondary cations, particularly Na* and Rb*, can beneficially modify LiPS battery behaviour
despite concurrent side reactions, providing a route toward the rational design and optimisation of elec-
trolyte formulations for next generation LiPS flow battery technologies.

Long-duration energy storage technologies are essential for supporting a future energy system dominated by renewable electricity. Lithium polysulfide (LiPS)
flow batteries are promising candidates because they use abundant sulfur and offer scalable energy capacity. Yet their development is limited by instability at
the lithium metal anode, which leads to performance loss and shortened battery lifetime. This work addresses that challenge by investigating how secondary
alkali-metal salts, specifically NaTFSI, KTFSI, RbTFSI, and CsTFSI, interact within LiPS electrolytes and influence battery behaviour. We focus on whether
these additives can stabilise the anode or otherwise mitigate degradation processes. Our results show that sodium and rubidium salts can improve energy
efficiency and cycling stability, even though they also participate in side reactions that consume some active material. The discovery of the first solvent-free

crystal structure of RbTFSI further broadens understanding of electrolyte design and ion-solvent interactions. These insights are important for guiding
future strategies that aim to enhance the durability of LiPS and related next-generation battery chemistries. By clarifying how secondary cations influence
both beneficial and detrimental processes in LiPS systems, this study provides a foundation for more robust electrolyte formulations that could accelerate the

deployment of affordable, sustainable, long-duration energy storage.

Introduction

istries beyond the established lithium-ion devices. The
lithium-sulfur battery (LSB) is a next-generation energy storage

As the demand for higher performance and lower cost bat- device that boasts a high theoretical specific capacity
teries grows, there is increasing interest in alternative chem- (1672 mAh g™') and conventionally utilises a lithium (Li) metal
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anode in the cell architecture. LSBs promise a low-cost and
non-toxic alternative to current lithium-ion battery technology
by using readily available sulfur as an active material, instead
of transition metal oxides which are often derived from critical
minerals and can be toxic and difficult to recycle." Despite the
advantages of LSBs, this chemistry unfortunately suffers from

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Batteries


http://rsc.li/EESBatteries
http://orcid.org/0009-0008-3373-9377
http://orcid.org/0000-0002-9330-8770
http://orcid.org/0000-0002-5352-7936
http://crossmark.crossref.org/dialog/?doi=10.1039/d6eb00050a&domain=pdf&date_stamp=2026-05-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00050a
https://pubs.rsc.org/en/journals/journal/EB

Open Access Article. Published on 11 May 2026. Downloaded on 6/21/2026 4:35:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a series of parasitic reactions, which affect the long-term stabi-
lity of the cell, termed “polysulfide shuttle”.>* The mechanism
of this shuttle is debated, but the result is self-discharge of the
cell causing irreversible deposition of insoluble, insulative Li,S
onto the anode surface which leads to capacity loss in the
cell.*®

A proposed solution to polysulfide shuttle is to use a single
liquid flow battery system where sulfur is stored in a catholyte
in the form of lithium polysulfides (LiPS), this configuration
allows the power and capacity of the system to be indepen-
dently scaled whilst minimizing the volume of LiPS in the
active area of the cell and decreasing self-discharge.””® Another
benefit of the LiPS flow cell configuration is the minimisation
of the effects of sulfur expansion and contraction at different
states-of-charge. Having active material stored in solution, in a
tank or reservoir outside the cell, decreases the stress on the
cathode structure allowing for more simplistic carbon cathode
materials to be used instead of specially designed cathodes
which must accommodate for the volume change of the active
material. Alongside the cheaper materials that LSBs can
utilise, the LiPS flow battery is able to sustain a greater concen-
tration of active material than the typical LSB since it is not
restricted by the number of active sites in an electrode struc-
ture. In efforts to avoid the formation of elemental sulfur and
Li,S, both of which are insoluble in ether-based electrolytes
and highly resistive, the potential window of operation is
smaller than traditional LSBs, resulting in a lower theoretical
specific capacity of the cell (209 mAh g~*), and hence the LiPS
flow battery is best suited to stationary applications. In this
work we appraise the LiPS battery chemistry in a coin cell con-
figuration which allows for cheaper and rapid prototyping of
electrolyte formulations. These formulations can then be
scaled to the flow battery configuration for further optimi-
sation of flow cell specific operation parameters such as flow
rate and flow channel design, and to confirm the performance
observed by the static cells.

Conventionally the anode of a LiPS battery, or LSB, is typi-
cally Li metal, although research is underway into intercala-
tion-conversion anodes for LSBs.”'® Using Li metal anodes is
desirable due to their high specific capacity (3860 mAh g™)
and low density (0.534 ¢ cm™>) which allow for higher energy
density batteries to be formed. Li metal anodes do, however,
have the issue of Li dendrite formation which can cause short
circuits and safety issues if left unchecked.’* ™ One method of
controlling lithium plating is through the formation of a solid-
electrolyte interphase (SEI) constructed from decomposed elec-
trolyte and additives such as LiTFSI and LiNO; which help to
control the re-deposition of Li* onto the Li metal surface.'*"
This process requires significant research effort as it is not cur-
rently clear which components create the most efficient SEI
layer, and the mechanism of the electrolyte decomposition is
debated. In a study focusing on lithium metal batteries Ding
et al. used secondary alkali-metal cations, in the form of CsPF
and RbPFg, to control the formation of dendrites through a
“self-healing electrostatic shield” (SHES) mechanism where
the secondary cations make it unfavourable for dendrites to
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form."® Jung et al. have shown that the Rb cation can improve
the performance of LSBs with lean electrolyte by interacting
with both electrodes due to the formation of Rb,S rather than
through the SHES mechanism."” In the present study we aim
to utilise the benefits of the SHES mechanism and the poten-
tial formation of alkali-metal sulfides using alkali-metal bis
(trifluoromethylsulfonyl)imides (MTFSI; M = Na, K, Rb, Cs) in
a LiPS cell to improve cell performance and longevity. The
hexafluorophosphate anion is avoided in this work, as it has
been shown to induce ring-opening polymerisation of DOL in
typical LSBs,'® and promote the formation of HF in the pres-
ence of even trace amounts of water."

Experimental

Synthesis of alkali-metal bis(trifluoromethylsulfonyl)imide

The MTFSI salts (NaTFSI, KTFSI, RbTFSI & CsTFSI) used in
this study were synthesized by a neutralisation reaction of bis
(trifluoromethane)sulfonimide (TFSI(H), Sigma-Aldrich, >95%,
0.5 M) in methanol (Sigma-Aldrich, >99.8%, 10 mL), or
ethanol (Fisher Scientific, >99.8%, 10 mL), with the respective
alkali-metal carbonate (Na,COj: Fisher Scientific, 99.5%;
K,CO;: Sigma-Aldrich, >99.0%; Rb,CO;: Sigma-Aldrich, 99%
trace metal basis; Cs,CO;: Fluorochem, 99%. All alkali-metal
carbonates added to solution at 0.25 M) following established
procedures.”®*" Alkali-metal carbonate was slowly added to the
dissolved TFSI(H) in alcohol and stirred for 2 h. Alcohol and
water were slowly removed by rotary evaporator to leave a white
powder, with the final products dried in a vacuum oven at
120 °C overnight before transferring into an Ar-filled glovebox.

Synthesis of LiPS catholyte

Catholyte was synthesized from elemental lithium (Sigma-
Aldrich, 99% trace metal basis) and sulfur (Sigma-Aldrich,
99.5%) at a molar ratio of 2:6 with sulfur concentration at 2
M. The solid reactants were stored and weighed under an inert
atmosphere in an Ar-filled glovebox. A 1:1 v/v mixture of 1,2-
dimethoxyethane (DME, Fisher Scientific, 99+% stabilised
with butylated hydroxytoluene (BHT), anhydrous) and 1,3-diox-
olane (DOL, Sigma-Aldrich, 99.8%, anhydrous, ~75 ppm BHT)
was added to the solid reactants in a Schlenk flask with a con-
stant supply of Ar gas and refluxed at 65 °C for 24 h. After the
solution had cooled, varying concentrations of LiTFSI (Fisher
Scientific, 99%, anhydrous) and MTFSI salts alongside 0.3 M
LiNO; (Fisher Scientific, 99%, anhydrous) were added to the
catholyte, and left to dissolve for 3 h. All chemicals used in
this work were used as received.

Although CsTFSI salt was prepared, it did not dissolve into
the DOL/DME electrolyte solution; for this reason, electro-
chemical testing of this additive was not possible.

Crystallography & characterisation

All crystallographic measurements were made with monochro-
matic Cu radiation (A = 1.54184 A) using a Rigaku Synergy-i
diffractometer. Raw data processing utilised the program

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CrysalisPro.”* The structures were refined against F> to conver-
gence using all unique reflections and the program Shelxl,>* as
implemented within WinGX.>* Selected crystallographic and
refinement parameters are given in Table S1 and full infor-
mation in cif format has been deposited with the CCDC as
reference numbers 2529359 and 2529360.

"H and *C NMR spectra were recorded in D,O on a Bruker
AV400 MHz spectrometer operating at 400.13 and 100.62 MHz
respectively. ATR-IR spectra were obtained on an Agilent
Technologies 550a FTIR spectrometer.

Coin cell assembly

In this study CR2032 coin cells were used for electrochemical
characterisation. Coin cells used a Li metal anode (thickness:
0.5 mm; area: 1.77 cm?; dia. 15 mm) and carbon felt cathode
(thickness: 1 mm; area: 1.77 cm?®; dia. 15 mm) with a poly-
propylene (PP) separator (Shenzhen Mastang Technology Co.,
Ltd, thickness: 20 um). Catholyte was pipetted (100 pL) onto
the carbon felt. All cell components excluding Li metal and
the catholyte were dried in a vacuum oven at 100 °C for 5 h to
remove any adhered or absorbed water, and assembled in an
Ar-filled glovebox.

Electrochemical characterisation

Galvanostatic charge-discharge (GCD) testing was performed
using a Neware CT-4008 battery test system. Cells were cycled
for 20 cycles at C/16. All cells were subjected to a 90 minute
open circuit potential (OCP) period from the point of
assembly prior to cycling to ensure all cells were treated
consistently.

Electrochemical impedance spectroscopy (EIS) experiments
were performed on a Solartron Analytical EnergyLab XM poten-
tiostat. EIS spectra were measured in potentiostatic mode with
a root mean square voltage of 10 mV with frequencies ranging
from 100 kHz to 100 mHz. EIS spectra were obtained every
5 minutes during the first 90 minutes after the cell was
assembled. The ZView 4 software package has been used to fit
the spectra to equivalent circuit models (ECM).

Cyclic voltammetry (CV) experiments were performed on a
PalmSens4 potentiostat. The CV measurements were made at a
scan rate of 0.05 mV s~ between 1.8 and 3.0 V. The electrolyte
used for the CV cells had a lower LiPS concentration of
20 mM, to increase the stability of the response obtained in
the CV, while the concentration of all other species remained
identical to other electrolytes tested.

Surface analysis

Both the Li metal anode and the carbon felt cathodes have
been analysed using scanning electron microscopy (SEM)
together with energy dispersive X-ray spectroscopy (EDX)
measurements performed on a JEOL JSM-IT800 instrument
equipped with a JEOL DrySD EDX spectrometer. All electrodes
were rinsed with DME and dried overnight in a glovebox. An
inert atmosphere was maintained using an air-free transfer
port to the SEM instrument.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Crystallography

We attempted to recrystallize the alkali-metal TFSI salts from
a concentrated DOL/DME solution to determine if there were
any interactions with the Lewis basic solvents. This success-
fully yielded single crystals suitable for X-ray diffraction
(XRD) in the case of sodium, potassium and rubidium. The
sodium complex (see Fig. 1a, b, S1, S2 and Tables S1-S3 for
details) has an empirical formula of TFSINa-DME and crystal-
lises with a dimeric asymmetric unit (Fig. 1a). The sodium
cations are coordinated by six oxygen atoms (Fig. S1), coordi-
nating to both a TFSI ligand and a DME molecule in a
bidentate fashion to give a six- and five-membered ring
respectively, with propagation into a polymer occurring via
additional Na-Orgg; interactions, utilizing the non-chelating
SO units (Fig. 1b & S2) of an adjacent TFSI ligand. The TFSI
anion adopts the cisoid configuration with respect to their
CF; groups, with delocalisation of the negative charge
through the N(SO,), unit evidenced by the elongation of the
SO bonds (ave. 1.430 A) and contraction of the NS bonds (ave.
1.570 A) with respect to the more typical double and single
bonds of the parent TFSI(H) pro-ligand (1.409/1.644 A
respectively).”®> There is very little difference between Na-
Orpst and Na-Opye bond distances, falling in the narrow
range 2.327(6)-2.435(6) A. All such values are consistent with
unsolvated NaTFSI.>

The single crystals of the potassium complex returned an
identical unit cell to that of unsolvated KTFSI as reported
originally by Zak et al.®>” and more recently by Roy et al.,*®
demonstrating no coordinating role is played by either DOL
or DME. This is perhaps unsurprising given the softer nature
of potassium although we note that hard O-donors penta-
glyme and 18-crown-6 can coordinate KTFSL.>° Likewise, the
rubidium complex crystallizes as an unsolvated polymer (see
Fig. 2a, b, S3, S4 and Table S4 for details). This represents, to
the best of our knowledge, only the third example of a
RbTFSI structure following on from the dioxane®' and water
solvates®® reported by Pennington et al., which demonstrated
that Rb-O coordination is certainly possible. Again, there are
two molecules of RbTFSI in the asymmetric unit (Fig. 2a).
The Rb centres can be considered to be 9-coordinate,
bonding to a total of 6 different surrounding TFSI anions (see
Fig. S3 for the relationship of six TFSI anions surrounding a
single Rb and Fig. S4 for six Rb cations surrounding a single
TFSI anion). Specifically, these are a bidentate TFSI via its
two SO groups to form a six-membered ring, bidentate via an
SO, group to form a four-membered RbOSO ring, bidentate
via N and O to form a four-membered RbNSO ring, one
monodentate to the in-plane oxygen atom of the aforemen-
tioned six membered ring and two monodentate to the out of
plane oxygen atoms (Fig. 2b). Charge delocalisation within
the TFSI unit is again evident, with contracted SN (ave.
1.578 A) and elongated SO bonds (ave. 1.434 A), whilst CF,
groups are again arranged cisoid to one another. Rb-O bonds
vary from 2.789(3)-3.327(3) A, reflecting the variety of
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Fig. 1
atoms omitted. All thermal ellipsoids drawn at 50% probability level.

Rb1

Fig. 2
ellipsoids drawn at 50% probability level.

different Rb-O interactions present. The Rb-N interactions
(ave. 3.263 A) are similar to the Cs-N interactions seen in the
ten coordinate CSTFSI polymer (3.29(1) A).2°

The Cs complex did not provide single crystals suitable for
XRD analysis, however a ">C and "H NMR spectroscopy study
(Fig. S5 & S6) suggests that there is no DOL or DME present in
the recrystallised material and thus it is highly likely that it
forms an unsolvated polymer akin to that published
previously.”®

EES Batteries

(a) Asymmetric unit of TFSINa-DME, with hydrogen atoms omitted; (b) structure of TFSINa-DME showing polymer propagation, with hydrogen

R

(a) Asymmetric unit of RbTFSI, with hydrogen and fluorine atoms omitted; (b) structure of RbTFSI showing polymer propagation. All thermal

The Rb complex now completes the family of unsolvated
alkali-metal TFSI structures. For completeness, we calculated
the Bond Valence Sum (BVS) of the Rb complex for compari-
son with those discussed for the other alkali-metals by
Matsumoto et al.>® BVS (V) estimates the oxidation state of an
atom and evaluates the contribution of each individual contact
and can be calculated via the equation V= Yv; = Y exp((Ro —
R;)B), where v; is the individual bond valence, R, = 2.263 A for
Rb-O and 2.37 A for Rb-N, R; is the observed bond distance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and B = 0.37 A.** We calculated values of 1.22 and 1.23 for Rb1
and Rb2 respectively (see Tables S5 & S6 for details), which cor-
relate well with Matsumoto’s values of 1.06 (Li), 1.17/1.15 (Na),
1.35/0.86 (K) and 1.14 (Cs). Additionally, we calculated a
higher BVS for the Na centres on NaTFSI-DME (Na1: 1.30, Na2:
1.27) when compared to the previously reported solvated or
unsolvated complexes (Tables S7 & S8).

Cyclic voltammetry

The CVs obtained for each of the MTFSI cells being tested are
presented in Fig. 3a. For each MTFSI, two oxidation peaks, an
oxidation shoulder and three reduction peaks can be observed.
The two overlapping peaks observed around 2.5 V are consist-
ent with what is found in literature,®" albeit at slightly higher
potentials than observed in other works. This is likely due to
sulfur being stored in the electrolyte rather than as a solid in
the cathode structure, this increases the overpotential as there
is less elemental sulfur present. Additionally, the carbon felt
used in this work does not have the optimised cathode struc-
tures of those used in typical LSBs, which could lead to more
sluggish sulfur kinetics. The conversion of elemental sulfur to
LiPS can be a sluggish process due to the phase change
required and the lack of elemental sulfur present on the
cathode could increase the overpotential required for the
charge transfer to oxidise LiPS into Sg. The additional oxi-
dation peak above 2.8 V observed in the MTFSI cells cannot be
directly attributed to any regular LiPS charge transfer reaction,
which leads us to speculate that this peak is related to the
alkali-metal and sulfur rich deposits found on each of the
MTFSI cell cathodes (Fig. 6), although calculations involving
density functional theory would likely be required to confirm.
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The reduction peaks occur at similar potentials to that
observed in the literature, but the appearance of the CV is
quite different. In this work we find an additional reduction
peak that varies from 1.9-2.0 V depending on the MTFSI salt
and significant overlap between the lower voltage peaks can
occur to give the appearance of a single broadened peak which
is still in contrast to a typical CV of these materials with sharp
peaks observed in those works.*'** 1t is possible that a second
LiPS reduction reaction is available in these cells due to the
increased amount of LiPS in solution compared to most cells
of this kind where LiPS in solution is only formed during the
initial reduction at ~2.35 V. LiNO; has been added to the cath-
olyte used in the CVs to determine if any side reactions occur
between the MTFSI salts and LiNOj;, throughout the entire
voltage window of operation. The addition of LiNO;3, or other
salts, is not common practice in literature when performing
CVs, since the primary goal is often to monitor how the sulfur
kinetics change, but by adding LiNO; we are able to see any
potential interactions between the salts that would be present
during normal operation of the battery. The presence of LiNO;
explains the cathodic irreversible tail observed around 1.8 V in
each of the CVs as this is the approximate onset potential for
reduction of LiNO,."

The appearance of the NaTFSI CV is similar to the standard
LiTFSI cell with an increased peak intensity at 2.9 V suggesting
NaTFSI may allow better utilisation of LiPS in solution. The
same result is observed for RbTFSI albeit at decreased inten-
sity. Additionally, for NaTFSI instead of a third reduction peak
a pseudo capacitive behaviour is observed, the reason for this
is not currently clear. The intensity of both the oxidation and
reduction peaks for KTFSI are greatly increased compared to
the other salts (Fig. S8) suggesting a possible electrochemical
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(a) Stacked CV plot of cells with reduced LiPS concentration (20 mM) containing MTFSI salts compared to a standard LiTFSI cell measured at

0.05 mV s7%, (b—d) discharge capacity (®) and coulombic efficiency (X) for cells with different concentrations of MTFSI: (b) 0.01 M, (c) 0.05 M, (d) 0.1
M; (e) voltage profiles for a typical charge (dashed line) and discharge (solid line) process for different MTFSI salts at 0.1 M.
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reaction between KTFSI and the LiPS active material. The third
reduction peak is also moved to a higher potential which may
prove problematic during the cycling of the cells as more in-
soluble Li,S is likely to form. The presence of RbTFSI appears
to have the opposite effect with the potential of the third
reduction peak being lowered to ~1.9 V and therefore further
outside the voltage window used for GCD cycling, meaning
that the formation of Li,S should be less favourable.

Galvanostatic charge-discharge testing

For each of the salts tested, a comparison to a standard static
cell with 1 M LiTFSI and 0.3 M LiNO; was made. The catho-
lytes tested with MTFSI salts had a total TFSI™ anion concen-
tration of 1 M for all cells, alongside 0.3 M LiNO; (e.g. a cell
with 0.1 M MTFSI only had 0.9 M LiTFSI). The cells utilised in
this study are static CR2032 coin cells which allow for in-
expensive and rapid prototyping of different formulations. We
have found these cells to be a useful tool for determining salt
compatibility and allow screening of formulations without
having to produce the larger quantities required for flow cell
operation.

In the GCD curves it can be seen that the addition of any
MTFSI salt at any concentration decreases the capacity of the
cell compared to the standard cell at low discharge rates
(Fig. 3b-d), with the exception of Na" at 0.1 M. The decreased
capacity obtained with most of these salts, whilst undesirable,
is not necessarily a drawback as this work is prototyping for-
mulations for a flow battery configuration which allows power
and capacity to be scaled independently, so if other perform-
ance characteristics can be shown to improve with MTFSI salts
then a case for their use could be made, provided similar per-
formance can be achieved in a flow cell.

The addition of Na' ions at lower concentrations decreased
cell capacity by ~20% from 18-20 Ah L~ which was achieved
with the standard formulation (Fig. 3b and c), the coulombic
efficiencies of these cells (82-95%) are comparable or greater
than the standard (84-90%). At higher concentrations a recov-
ery of the capacity (~19 Ah L™"), compared to the cell with no
Na' ions, is obtained alongside a further improvement to
~90% of the coulombic efficiency (Fig. 3d). Alongside these
improvements, the capacity loss of these cells seems to be
slightly less for the cells containing NaTFSI (0.037 Ah per L
per cycle-0.068 Ah per L per cycle) compared to the standard
cell (0.076 Ah per L per cycle), excluding the first cycle, but
extended cycling will be required to confirm long-term impli-
cations of this observation.

When K' ions are present in solution the performance of
the cells is poorer than the standard cell at all concentrations.
Although the 0.05 M solution performs relatively better (~18
Ah L7, 80% coulombic efficiency) compared to the 0.1 M and
0.01 M concentrations (~2-3 Ah L™" and up to 20% decreased
coulombic efficiency), (Fig. 3c), all KTFSI-containing cells still
underperform relative to the standard. For this reason, finding
the optimal K' concentration was not considered a productive
use of resources. Despite the suspected side reactions between
the alkali-metal ions and sulfur for both the KTFSI and
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RbTFSI additives, the only obvious change in the GCD voltage
profile (Fig. 3e) is an increased initial irreversible loss for the
Na and Rb salts.

With Rb' some improvements in capacity retention are
observed (Fig. 3b-d), with less than 0.06 Ah L™ lost per cycle.
There is however a reduced capacity of ~1 Ah L™" at 0.01 M
which increases to ~2-3 Ah L' as the Rb" concentration
increases to 0.1 M, alongside this drop in capacity is a margin-
ally poorer coulombic efficiency. According to the proposed
SHES mechanism, RbTFSI was expected to offer the best cell
performance of the additives tested due to the increased ionic
radii of Rb ions compared to the other alkali-metals tested
herein. The larger ionic radius should have provided greater
protection from dendrite formation due to an electrostatic
repulsion between Rb' and Li' approaching the Li metal
surface. However, since only small enhancements of some
characteristics of the cell performance is observed, it suggests
that these cells are not limited by the formation of lithium
dendrites, or else a side reaction with the Rb" cations
occurred. A reaction between Rb" cations from a RbNO; addi-
tive with sulfur has also been explored by Jung et al. in their
study on lean electrolyte LSBs, where they establish that the
SHES mechanism is not present due to the preferential for-
mation of Rb,S."” It is possible that a similar reaction between
the RbTFSI salt and the active material is occurring in these
cells.

The theoretical capacity of the cells is 80 Ah L™, based on
the quantity of sulfur active material dissolved in the catholyte.
About 25% of this capacity has been achieved by the 0.1 M
NaTFSI cell and standard cell, therefore there is sufficient unu-
tilised sulfur available that a side reaction may be occurring
without impacting on the capacity of the cells.

As the volume of catholyte was kept constant for each of the
cells, the mass of the catholyte used in the cell increases
slightly as the alkali-metal present in the salt increases in
atomic number. Despite the increased mass this has a small
impact on the total mass of solution with a percentage
increase compared to the standard of 0.13%, 0.26% and 0.62%
for the Na, K, and Rb salts respectively for the highest concen-
trations of MTFSI salts used. The improvement in capacity
obtained for the 0.1 M NaTFSI cell averages at 1.7% with the
first cycle having a 5.5% increase compared to the standard
cell, therefore the increased cell mass caused by NaTFSI
should not be considered as a major factor in the overall
efficiency of these cells.

Electrochemical impedance spectroscopy

Since the best performing cells are at higher MTFSI concen-
trations, the EIS measurements in this work have been per-
formed on the 0.1 M MTFSI cells. The Nyquist plots of the EIS
data obtained show the development of the spectra over a
90 minute OCP period prior to cycling (Fig. 4a-d). Due to the
2-electrode cell configuration used, the EIS spectra obtained
show charge transfer reactions at both electrodes simul-
taneously; this can make it difficult to elucidate which physical
processes correspond to each feature of the spectrum.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a—d) Nyquist plots of EIS data obtained for LiPS cells containing: (a) only LiTFSI; (b) 0.1 M NaTFSI; (c) 0.1 M KTFSI; (d) 0.1 M RbTFSI; (e—-g) re-

sistance of different cell components: (e) electrolyte resistance; (f) cathodic charge transfer resistance; (g) SEI layer charge transfer resistance. All
resistances calculated from equivalent circuit modelling (see Sl Fig. S9 for model details).

However, we have identified two distinct frequency domains
for LiPS cells that allow the two electrode contributions to be
deconvoluted, and will present this analysis more fully in a
future publication. Similar frequency regions have been
reported in conventional LSB literature: one region occurs at
high frequency (kHz) which corresponds to the diffusion of
lithium through the SEI layer;** and a low frequency region
(Hz) attributed to the charge transfer reactions of LiPS at the
cathode.®®> A third, low-frequency, domain is present in the
sub-Hertz range, which is normally ascribed to diffusion
phenomena; only part of this feature was captured in our
spectra due to the experimental design prioritising a larger
number of scans over capturing the lowest frequency features.

The EIS spectra for the standard cell (Fig. 4a), containing
none of the synthesized MTFSI salts, shows increasing resis-
tance from all sources (electrolyte, anode & cathode). This indi-
cates that the additives are continuously being consumed to
form an SEI layer on the anode and the loss of conductive ions
from solution increases electrolyte resistance. The increasing
resistance on the cathode side is suspected to be caused by
passivation of the cathode structure, through the formation of
elemental sulfur or Li,S.

The presence of MTFSI greatly affects the performance of
the cells and hence changes in the EIS spectra are to be
expected. In the Nyquist plots for the EIS spectra of each
MTFSI salt (Fig. 4b-d), a decreased ohmic resistance can be

© 2026 The Author(s). Published by the Royal Society of Chemistry

observed for each salt by the shift in the spectra to the left
compared to the standard EIS spectra, quantified by the fitted
Rgjec parameter (Fig. 4e), with the NaTFSI cell and RbTFSI cell
providing a marginally lower resistance than the KTFSI cell.

The behaviour of the cathodic charge transfer resistance,
caused by the charge transfer of LiPS, is altered by the pres-
ence of MTFSI salt (Fig. 4f). With NaTFSI and RbTFSI, the
growing resistance observed with only LiTFSI is prevented,
alongside a general decrease in resistance (Li: 25-38 Q; Na:
14-16 Q & Rb: 14-16 Q), which suggests that an interaction
between the MTFSI salts and LiPS, or between the MTFSI salts
and the carbon felt, prevents the passivation of the carbon
with insulating sulfur or LiPS species. Again, the changes
observed for the cathode in a KTFSI cell differs to that seen
with the other MTFSI salts: a sudden spike in resistance is
observed with KTFSI followed by a gradual relaxation of cell re-
sistance. This observed increase is possibly related to the side
reaction observed in the CV for KTFSI (Fig. 3a), where some
active material is likely consumed; this could explain the low
discharge capacity of the cells containing KTFSI.

The higher frequency semi-circle in each of the Nyquist
plots has been attributed to the transport of Li" through the
SEI layer on the Li anode.>® For each MTFSI salt the resistance
from the Li" passing through the SEI is increased compared to
LiTFSI only (Fig. 4g). The continually increasing resistance is
likely caused by the same mechanism as in the LiTFSI-only

EES Batteries
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cell, where electrolyte and additives are decomposing to form
the SEI layer. The trend observed where the smaller alkali-
metal cation has higher resistance could correspond to a
feature of the SHES mechanism. If the SHES mechanism is
present in this system, then the thin film of M* formed will be
more tightly packed for smaller ions with smaller ionic radii
such as Na" compared to larger ions like Rb". The more tightly
packed layer will more effectively reduce the rate of Li* trans-
port through the SEI to the Li anode, thus leading to increased
charge transfer resistance.

Scanning electron microscopy

To investigate whether the hypothetical layer of M" is present
on the Li anode, and to visualise the rest of the SEI layer
formed, SEM with EDX analysis was performed on cycled Li
anodes in the discharged state (2.1 V). Again, we use a cell con-
taining only LiTFSI and LiNO; as a standard cell when looking
at the composition of the SEI layer (Fig. 5a). On the Li anode
of the standard cell a large platelet region (Fig. 5a, red box) is
observed composed of sulfur and oxygen likely from the SO
group on the TFSI anion as well as some discharged LiPS and
decomposed electrolyte. The areas not dominated by the plate-
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let formations show either bare Li substrate (Fig. 5a, black
region) or a fluffy fluorine and oxygen region from decom-
posed TFSI anions (Fig. 5a, blue box). The species found on
the Li anode are consistent with those reported in other litera-
ture,*® however it is important to note the absence of nitrogen
anywhere on the surface of this anode or any other anode
tested in this work (see Fig. S10-S13 for EDX spectra). It is
expected that NO, species should be present on the anode
from the LiNO; which was added in each catholyte with the
primary purpose to help form a stable SEI layer."**” The lack
of NO, species on the surface could help explain the low
capacity and coulombic efficiencies achieved in this work, as
LiNO; is known to increase cell cycle life by protecting the
anode, thus we may be seeing an accelerated degradation of
the anode compared to most other studies. A possible expla-
nation for this is the narrower potential range of cycling in our
system compared to conventional LSB work, as the reduced
voltage window may alter how LiNO; is being utilised in the
cell. By preventing the formation of high concentrations of
short chain insoluble LiPS it is possible that LiNO; is being
consumed via a different mechanism. This would appear to be
the case as nitrogen species are detected on the cathodes

Fig. 5
element mapping for each sample are shown in Sl Fig. S10-S13.

EES Batteries

(a—d) SEM images of the Li anode from cells containing: (a) only LiTFSI; (b) 0.1 M NaTFSI; (c) 0.1 M KTFSI; (d) 0.1 M RbTFSI. EDX spectra and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S15c¢ & S16¢), however, a more detailed mechanistic study
involving operando spectroscopic methods would be required
to verify this, which is outside the scope of this work. The
apparent change in the behaviour of LiNO; within the cell
cannot be directly attributed to the presence of MTFSI since
the anode from the standard cell also lacks any NO, species.
The MTFSI anodes mostly have a similar appearance to the
LiTFSI-only anode with the addition of a trace of Na or K for
cells containing the respective MTFSI (Fig. 5b-d). In addition
to the trace amounts of Rb on the surface, large clusters
(~800 pum) containing rubidium and sulfur are found along-
side a reduced amount of sulfur in the platelet region com-
pared to the other anodes, this is possibly evidence of the para-
sitic reaction between rubidium and sulfur that could be the
cause of reduced capacity especially if the deposits are irrever-
sibly formed. Due to the absence of bonding information
obtained from SEM-EDX analysis it cannot be stated conclus-
ively that the deposits are alkali-metal sulfides, although the
presence of the deposits does correlate well with that observed
by Jung et al. where a layer of Rb,S is formed on both anode
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and cathode surfaces.'”” However, the deposits in our work
seem to prefer a clustered formation rather than a more
uniform layer.

The appearance of alkali-metal deposits on the anode
surface is evidence that the SHES mechanism is likely not
occurring in this system as a dominant reaction for the alkali-
metal ions. The formations of alkali-metal deposits suggest a
reaction between the alkali-metals and the active material
which may offer some beneficial cycling properties but unfor-
tunately comes at the expense of useable active material avail-
able for cycling the cell.

In addition to the anodes, the carbon felt cathodes (in the
discharged state) have also been analysed using SEM-EDX
(Fig. 6, EDX spectra in Fig. S14-517). The cathode from the
LiTFSI cell had small clusters containing sulfur, oxygen and
fluorine on the individual strands of the felt (Fig. 6a, red
arrows). With the addition of MTFSI the behaviour of species
on the carbon surface appears to be altered significantly and
some variation occurs from one alkali-metal to another. When
Na is present the surface of the felt is coated in a layer of

Fig. 6

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a—d) SEM images of the carbon felt cathodes from cells containing: (a) only LiTFSI; (b) 0.1 M NaTFSI; (c) 0.1 M KTFSI; (d) 0.1 M RbTFSI. EDX
spectra and element mapping for each sample are shown in Sl Fig. S14-S17.
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sodium, oxygen, fluorine, sulfur and nitrogen. This layer
shows that likely most of the nitrate added into the system has
remained on the cathode side of the cell forming a cathode-
electrolyte interphase. In addition, evidence of a potentially
parasitic side reaction can be found in the cluster of sodium
and sulfur (1-2 pm) on the carbon felt (Fig. 6b, green box).
The same effects can be observed on the KTFSI cell cathode
but are more pronounced (Fig. 6¢). The larger clusters (~3 pm)
formed on the cathode take on a floral structure with high con-
centrations of potassium and sulfur (Fig. 6c, pink box), this
provides more evidence of a significant side reaction between
the KTFSI and the LiPS active material. The cathode from the
RbTFSI cell again has a coating of oxygen, fluorine and sulfur
alongside rubidium and the presence of alkali-metal for-
mations on the felt (Fig. 6d, blue arrows). These formations
take on a smaller and more spherical shape (~0.5 pm) whilst
appearing to be embedded into the carbon rather than
attached to the surface.

Conclusions

In this research we have synthesised alkali-metal TFSI salts for
use as a co-additive in LiPS batteries alongside more tra-
ditional additives. These co-additives offer improvements in
key performance parameters, such as capacity, capacity reten-
tion and coulombic efficiency, at high concentrations (0.1 M)
of the sodium and rubidium salts. Additionally, through
single crystal XRD we report the first example of solvent-free
RDTFSI, continuing and completing the family of unsolvated
alkali-metal TFSI complexes. It was initially hypothesised that
cells would benefit from MTFSI additives due to the SHES
mechanism, previously reported by Ding et al., but clear evi-
dence is provided of side reactions between the MTFSI salts
and the LiPS active material, established through electro-
chemical methods and surface analysis of the electrodes. Since
improvements in performance can be observed for both
NaTFSI and RbTFSI despite a loss of active material from the
side reactions, an argument can be made for the use of sec-
ondary cations in both LSBs and LiPS batteries although
further investigation to optimise the counter anion and addi-
tive concentration is required. Additionally, the additives
should be tested in a flow battery configuration to confirm the
findings of the static cell. Alongside being one of the better
performing salts, NaTFSI is currently commercially available,
due to its use in sodium-ion chemistries, which may make it a
more appealing choice over more bespoke additives for
industry.
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