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Ionic liquids (ILs) containing the bis(fluorosulfonyl)imide anion, FSI, have been investigated as electrolytes for
metal-air batteries. Full chemical reversibility is found for the reduction of oxygen to superoxide at 60 °C under
short time scale conditions of cyclic voltammetry at a glassy carbon electrode when the IL contains the small
chain length triisobutyl(methyl)phosphonium rather than a pyrrolidinium cation. DFT calculations suggest that
this is a consequence of the higher ion pair association energy and shorter intermolecular distance associated

with the interaction of the superoxide anion with the phosphonium cation. Stabilization on longer timescales was
also established by spectroscopic techniques when the phosphonium based ILs were exposed to KO,. Studies on
superoxide stability in related ionic liquids containing the triisobutyl(methyl)phosphonium cation with the
fluorosulfonyl(trifluoromethanesulfonyl)imide, FTFSI, or bis(trifluoromethanesulfonyl)imide, TFSI, anions are

also reported.

1. Introduction

The increase in demand for high energy density, fast charging and
long lifetime batteries is driving alternatives to Li-ion batteries. In this
context, the use of lithium and sodium as metal anodes has attracted a
great deal of attention due to their high theoretical energy density [1-5].
However, the use of reactive metals introduces new issues such as
dendrite formation, organic liquid electrolyte decomposition and un-
stable passivation layers, which can lead to battery failure [2,4-7]. The
formation of a solid electrolyte interphase (SEI) can limit the formation
and growth of dendrites on the surface of the metallic anode and hence
improve the lifetime of the battery [5]. Clearly, since the SEI is formed as
a result of partial electrolyte decomposition by reaction with the
metallic anode, the electrolyte composition has a crucial effect on its
properties [8]. Bis(fluorosulfonyl)imide (FSI)-based ionic liquids (ILs)
have become of interest for Na and Li metal-based energy storage as they
provide high Na (and Li) solubility and mobility, and a more stable,

* Corresponding authors.

conductive and uniform SEI rich in inorganic fluorinated compounds
[5,9,10]. This exciting property has triggered the use of FSI-based ILs in
metal-air batteries [1]. Metal-air batteries have emerged as a clear
substitute for Li-ion batteries due to their high energy density (e.g. 1108
Wh kg ™! for Na-air vs 548 Wh kg™! for Li-ion) [11]. Since lithium and
sodium metal are the anodes in metal-air technologies, they will also
benefit from a stable and uniform SEI. Unfortunately, despite the ad-
vantages of the FSI anion from the anodic perspective, FSI-based elec-
trolytes, such as N-methyl-N-propyl pyrrolidinium ([Csmpyr]™) [12]
and N-butyl-N-methyl pyrrolidinium ([C4mpyr] ™) [13], perform poorly
from the cathodic perspective because of the chemical irreversibility of
the oxygen reduction reaction (ORR), and therefore unsuitable in this
context.

A family of ionic liquids based on the combination of FSI anion and a
short alkyl chain phosphonium cation provides promising electrolytes
for Na and Li batteries [4,14-16]. For instance, triisobutyl(methyl)
phosphonium based ionic liquids, [P1i4isi4]", have been studied as
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electrolytes for Na-metal batteries and exhibit good cyclability and a containing smaller chain length phosphonium cations.

stable SEI [4,17]. This family of ILs have not been investigated in regard Here, we report a comparison of the electrochemical performance,
to their oxygen reduction stability and hence their potential as electro- in the presence of oxygen, of a series of neat [Pjj4i4i4] -based ILs
lytes for metal-air batteries is unknown. Interestingly, ILs with the larger containing the FSI anion, TFSI anion, and a recently introduced
tris(n-hexyl)tetradecyl phosphonium ([Pgge14] 7) cation and anions such asymmetric fluorosulfonyl(trifluoromethanesulfonyl)imide, FTFSI,
as bis(trifluoromethanesulfonyl)imide (TFSI), tris(perfluoroalkyl)tri- anion. A comprehensive study of the chemical and electrochemical
fluorophosphate (FAP) or chloride, commonly have chemical processes reversibility of the oxygen reduction reaction is presented using cyclic
accompanying the ORR under conditions of cyclic voltammetry consis- voltammetry in combination with data provided by density functional
tent with only short term stability of superoxide [18-24]. Thus, a major theory (DFT) and spectroscopic techniques (NMR, Raman and FTIR).
aim of this study is to establish whether in fact a high level of superoxide Via these studies, we establish that the chemical reversibility of ORR

stability may be a desirably property more readily achieved with ILs strongly depends on the nature of the cation in FSI-based ILs. The
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Fig. 1. Cyclic voltammograms obtained in O,-saturated for a) [Py;4isi4] T-ILs at a GC electrode (inset: electrochemical window for [P1i4i4i4] [FSI), b) experimental and
simulated data for [P1i4i4i4] [FSI] IL, ) [P1i4i4i4] *-based ILs at a Au electrode, d) normalised cyclic voltammograms and e) scan rate dependence in [Csmpyr][FSI] at a
GC electrode. Temperature: 60 °C, Scan rate: 100 mV s~ 1.
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Fig. 2. Structures of the ILs used in this study.

enhanced chemical reversibility of the ORR in the newly investigated
ILs is attributed to the shorter intermolecular distance between the
[P1isiai4] " cation and the electrogenerated superoxide anion compared
to the [Campyr] " cation, as determined by computational studies. This
generic study therefore establishes a new family of ILs of interest for
metal-air battery technologies.

2. Results and discussion

Fig. 1a displays cyclic voltammograms (CVs) obtained with a glassy
carbon (GC) electrode at 60 °C for the ILs with a [Pjsisis] ™ cation and
FSI, TFSI and the asymmetric FTFSI anions (Fig. 2) under oxygen satu-
rated conditions. This elevated temperature is required to achieve a
liquid state due to the plastic crystal nature of the FSI and TFSI-based
[P1i4isis] T materials at lower temperatures [25]. However, this also
could be of advantage, as usually a lower overpotential is obtained at
higher temperatures due to the enhanced mobility of the ions, leading to
longer and more efficient cycling of the batteries [4,26]. Within the
electrochemical window available (Fig. 1a inset), one cathodic (C) and
one anodic (A) process is observed in the potential region of —1.2 to
—1.4 V vs F¢%*, which is associated with the 0/0% couple. This pro-
cess is followed by a second (Fig. S1b) chemically irreversible reduction
process at more negative potentials analogous to that described in
reference [23] in other ILs. Thus, in the short alkyl chain phosphonium
based ILs, under conditions relevant to Fig. 1, the ORR comprises a
chemically reversible one electron reduction process that generates su-
peroxide (03) [27].

Due to the highly nucleophilic character and hence reactive nature of
O3 with protons, the chemical reversibility of the O»/05 couple can be
strongly affected by adventitious moisture, which can facilitate a
disproportionation reaction to generate an overall irreversible two
electron oxygen reduction process [21,28,29]. However, a chemically
reversible one electron ORR is observed in this study in the presence of a
small concentration of residual water (below 50 ppm). Insensitivity to
water has been reported for the larger [Pegs14] " cation, attributed to
strong ion pairing between [Pggs14] " and O3 as supported by theoretical
calculations [22-24].

Examination of Fig. 1a (Table 1) shows a maximum reduction cur-
rent density of —1.5 mA cm ™2 is achieved for the TFSI-based IL, while
the FSI and FTFSI analogues give maximum values of —1.1 mA cm™2,
The conductivity of the TFSI based IL is lower than the FSI analogue (3.7
10 3vs6.610°3%8 cm’l, respectively) (Table 1) and hence there is not a

Table 1

direct relation of this property with the current density. Table 1 contains
diffusivity and oxygen concentration data obtained by simultaneously
solving the theory describing the transient peak current for reduction of
O, from cyclic voltammograms obtained at a GC macrodisk electrode
and the steady state limiting current obtained at a Pt microdisk electrode
as described in the SI.

A higher Co, (7.7 mM) in the TFSI-based IL in comparison with the FSI
and FTFSI analogues, that have lower oxygen solubilities of about 4 mM
(Table 1), accompanies the higher fluorine content of this anion. This is
consistent with reports for pyrrolidinium-based ILs with highly fluori-
nated anions such as nonafluorobutylsulfonyl(trifluoromethanesulfonyl)
imide and bis(pentafluoroethanesulfonyl)imide [30]. Oxygen diffusivity
(Do,) is slightly higher for the FSI anion (13.5 *1071% m? s~ 1) than other
anions. This and indeed the diffusion coefficients for oxygen with other
anions are higher than those reported in other ILs (Table S1) which is
predominantly attributed to the use of significantly higher temperatures
in this work (60 °C). The value obtained with the FSI and FTFSI anions is
in fact similar to that for ferrocene and other species in molecular solvents
such as acetonitrile (17 #1070 m2 571 at RT) [31]. According to the
Randles-Sevcik equation, the current density is proportional to D(l)/2 2 *Co,»
so differences in Cp, impact more than do those for Do, in determining
the relative current densities. On the basis of their structures, a current
density for the IL with the FTFSI anion midway between FSI and TFSI
could be expected, whereas it is closer to that for the FSI anion because of
their similar oxygen solubilities. The Randles-Sevcik equation has been
previously used in ILs [32,33].

In principle, the electrode kinetics for the ORR process are reflected
by the peak-to-peak potential separations (AEp) in cyclic voltammo-
grams [34]. All AE,, values (Table 1) at a GC electrode for the ORR re-
action in [Pj4isi4] " based ILs lie in the range of 0.09 to 0.13 V, which is
in the electrochemically quasi-reversible, rather than reversible, regime
at a scan rate of 100 mV s~ 1. The fact that the FSI-based IL has the
smallest AE, implies slightly faster electrode kinetics than in the other
ILs.

The heterogeneous charge transfer rate constant (k) for the 05/05
process at a GC electrode is more accurately calculated from comparison
of the experimental and simulated data (Fig. 1b and S4) than from AE,
values. For the determination of ko, the reversible potential (EO, Table 1)
was approximated as the mid-point potential (Ey,). This approximation
assumes that Do, and Do, are equal, which is certainly not true
[35-38]. The k° values at a GC electrode estimated by reference to

Conductivity data along with midpoint potentials (E,), peak-to-peak potential separations (AE,), oxygen diffusivities (Do, ), solubilities (Co,), and electrode kinetics
(k%) obtained by cyclic voltammetry at a GC electrode for the ILs at 60 °C. See methodology in SI for the calculation of Do,, Co, and k°, and for further information on
the uncertainty of k® and E° arising from the assumption that the D values for O, and O3 are equal.

[P1iaiaia] [FSI] [P1iaiaia] [TFSI] [P1i4iaia] [FTFSI] [Csmpyr] [FSI]
Conductivi'{y/lO’3 (Sem™) 6.6 £ 0.5 3.7+ 0.5 2.8+ 0.5 18.3+ 0.5
Em (~E%) (V) —~1.24 -1.25 -1.22 -1.19
AE, (V) 0.09 0.13 0.11 0.09
Do,/1071% (m?s7h) 135+ 1.5 6.5+ 1.9 12.0 £ 1.2 a
Co, (mM) 3.7 + 0.6 7.7 + 0.8 4.2+ 0.4 a
k°/10°° (ms™ 1) 10 + 2.2 5+1.1 8+1.7 a

“Not measurable due to overlap of second reduction process with ORR one.
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simulated data vary from 5 to 10 *10™> m s~ ! for the TFSI to the FSI
derivative respectively (with k®=8*10">ms~! for the FTFSI IL), which
correlates with the trend of the AE, values. Errors present in E° and k°
values by assuming Do, and Do;- are equal are considered in some detail
in the SI section and are believed to be small.

The ORR voltammetry is also dependent on the identity of the
working electrode. Fig. 1c provides cyclic voltammograms for the series
of [P1iaisi4] " ILs with a gold working electrode. In comparison to the GC
data, AE,, is increased from just over 0.10 V to about 0.20 V, implying
slower electrode kinetics on the Au electrode, as reported for a family of
imidazolium and ammonium-based ILs at room temperature [28,36,39].
Comparisons of k° values with literature data are difficult because of
variability in experimental conditions. Nevertheless, k® values for the
0,/03 process in the same range have been reported for
hexyltriethylammonium-TFSI ILs at Au and Pt electrodes (e.g. k® =
5%107> and 3*107° m s~ ! respectively), although these apply at the
lower temperature, 35 °C [35]. The identity of the anion has also been
reported to influence the kP value in the case of [Pge6141-IL, with respect
to the TFSI and trifluorotris(pentafluoroethyl)phosphate anions (i.e.
1.77 vs 0.11 *1073 cm s™! respectively at an Au electrode) [35].
Different cation and anion domains exist within the IL [37,38] and the
structural change that accompanies electron transfer when converting
O3 (not strongly domain dependent) to O3 (resides in cation domain) is
expected to be IL dependent. Within experimental uncertainty, the k°
values for the ILs with the FSI and FTFSI anions are indistinguishable,
but slightly higher than that obtained for the TFSI derivative. In a
thermodynamic context it can also be noted (Table 1) that Ep, values are
also not strongly dependent on the identity of the anion. In summary,
with respect to the electrode kinetics at a GC electrode it is concluded
that in all the phosphonium-based ILs studied the ORR process is quasi-
reversible in the electrochemical sense and reversible in the chemical
sense.

The higher chemical ORR reversibility in the [P1j4i4i4] [FSI] IL, as
opposed to pyrrolidinium-based ones, such as [C4qmpyr][FSI] [13] and
[Csmpyr][FSI] [12], was examined in greater depth by undertaking new
studies at a GC electrode with [C3mpyr][FSI] at 60 °C with a scan rate of
100 mV s~ 1. Under the now experimentally equivalent conditions used
in the phosphonium-based IL, the cyclic voltammetry in O-saturated
[Csmpyr] [FSI] exhibits a smaller oxidation than reduction peak current
(Fig. 1a) which is attributed to a lack of full chemical reversibility. The
peak current ratio departure from unity and the comparison with the
phosphonium analogue is more clearly visualised in the normalised
version of the cyclic voltammograms (Fig. 1d). Increasing the scan rate
for the ORR in [C3mpyr][FSI] leads to full chemical reversibility, but
also increases the peak-to-peak potential separation, as expected for an
electrochemically quasi-reversible system (Fig. 1e) [34].

The cyclic voltammetric data reveal that the stability of O3 in FSI
based ILs of interest in battery development is dependent on the identity
of the IL cation. DFT calculations were therefore undertaken to probe the
origin of this cation dependent enhanced stability. In this theoretical
study, a series of ion pairs were constructed to determine possible
sources for stabilisation of O3 derived from interaction of the IL cation
([P1i4i4i4] " and [Campyr] ™) with O3 . For comparison, Cl~ and O, were
paired with the cations to probe the influence of having a charged
species and establish the oxygen affinity of the cation. The ion pair as-
sociation energy shows that the interaction with O, is very weak and
similar with both cations (Table 2). This is expected since uncharged O,
will not specifically reside in the cationic domain of the IL. Both ionic
liquid interaction values are regarded as equal within the DFT intrinsic
error. In contrast, with the CI~ and O3 —cation ion pairs that are ex-
pected to reside in the cationic domain, differences in the association
energy values are statistically significant, with values being larger for
[P1i4isi4] " than for [Csmpyr] ™ (61.9 vs 26.1 kJ mol™1), as expected if the
IL cation nature is to have an impact on the stability of the O3 anion. Itis
also noted that the intermolecular distance from the central heteroatom

Electrochemistry Communications 127 (2021) 107029

Table 2

Intermolecular distances and ion-pair association energies for optimized struc-
tures of complexes formed between phosphonium and pyrrolidinium cations
with designated dioxygen species and chloride.

Ion pairs Association Distance//o\ Distance/;\
energy/kJ mol !
Cl 0
r o
v/
! VST
~~I[N or P]*"‘\\ rl:,/ 2 s
| N ~~I[N or PJ*¢"
[Campyr]*-0, -2.6 r1: 4.39; ra: 5.59
[P1i4igial T-O2 -1.8 r1: 4.74; r3: 5.93
[Csmpyr]*-03 —431.6 11: 3.25; 1y 3.52
[P1igisia] T-O5 —450.0 ri: 2.21; ry: 3.03
[Csmpyr]*-Cl™ —405.5 r: 3.58
[P1iaiaia] -Cl~ ~388.1 r: 3.80

of the IL cation and oxygen, superoxide and chloride exhibit the same
trend as for the ion pair association energies (Table 2). The DFT calcu-
lations also suggest that higher stabilization of superoxide is achieved
with [P1i4i4i4]T than with [C3mpyr]+.

According to DFT theory, a weaker cation-O, interaction translates
into a larger intermolecular distance. Thus, the fact that the [Csmpyr] *-
Cl™ and [Cgmpyr]+—0'2_ distances are similar, implies a lack of anion
dependence. In contrast, the intermolecular distance in the [Pyi4i4i4] " IL
does depend on the anion nature, with the highest association energy
correlated with the shortest intermolecular [Pii4i4]-O5 distance.
Additionally, it is noted that the [Pyjsi4i4]" distance to the two super-
oxide O atoms (2.21 and 3.03 Z\) are smaller than that for [Campyr] *-03
(3.25 and 3.52 f\) (Fig. 3a and b). The shorter distance again suggests a
stronger interaction for P-O3 than N-O3 , which implies higher stability
of the O3 in the presence of the P-cation. However, if the interaction is
too strong, the superoxide could be hindered when undergoing oxida-
tion back to Oj, giving rise to slow electrode kinetics. Thus, it is
concluded that the N-O5 distance is not short enough to prevent O3
reacting with other species in the electrolyte, whereas the distance P-O5
is short enough to inhibit side reactions, but not short enough to
appreciably hinder superoxide oxidation back to O,. Similar behaviour
has been observed in our previous studies when comparing phospho-
nium and tetraalkylammonium cations having the same chain length
[23].

In order to provide information relevant to the long term degradation
of the ILs by superoxide, as reported with ILs containing longer chain
phosphonium cations [18-20,35,40], the [P1i4i4i4] ™ and [Csmpyr][FSI]
ILs mixed with excess KO, were maintained with stirring at 60 °C for at
least a month. Samples both exposed and non-exposed to KO, were then
examined by FTIR, NMR and Raman spectroscopy (Fig. 3c and Figs. S5
and S6). Due to the nucleophilic character of O3, electron-deficient
groups in the anions such as S=O, are prone to degradation [41]. In
the case of [P1i4i4i4] [FTFSI], only a new shoulder at 1042 em ! was
observed in the presence of KO, (Fig. S5a). The origin of this band has
not been identified. No spectroscopic changes were observed in the
anion regions of the other two [Pi4i4i4] " ILs on addition of KO,. In
contrast, the FTIR spectra for [Csmpyr] [FSI] show a well-defined new
band at 1024 cm™! in the [Csmpyr]* ring mode region (1100-900
em 1), implying degradation of this cation (Fig. 3c). In the NMR spectra,
the 'H and '°F resonances shift and broaden in the presence of KOs,
attributed to the paramagnetic effect of the superoxide, but no new
resonances are detected (Fig. S5b and c).

Raman spectra showed a broadening of the band corresponding to
the C-H vibration in the cation region for [C3mpyr][FSI] in presence of
O3 as depicted in Fig. S6a, probably to degradation, with no change
detected in the phosphonium-based ILs (Fig. S6b-d).
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3. Conclusions

The oxygen reduction reaction, ORR, has been studied in a series of
short alkyl chain [P1isisis] "-based ILs containing bis(fluorosulfonyl)
imide, FSI, bis(trifluoromethanesulfonyl)imide, TFSI, and fluorosulfonyl
(trifluoromethanesulfonyl)imide, FTFSI as anions. All the ILs in this
family display high chemical reversibility for the ORR under cyclic
voltammetric conditions at a GC electrode using a scan rate of 100 mV
s~! at 60 °C. The IL with the TFSI anion displays the highest current
density, predominantly attributable to the higher solubility of O,.
However, the electrode kinetics are not strongly dependent on the IL
anion when comparing the FSI vs FTFSI anions, respectively, despite the
significant differences in ionic conductivity.

When comparing the cyclic voltammetry of FSI-based phosphonium
and pyrrolidinium ILs, the ORR is not fully chemically reversible in the
latter, demonstrating that superoxide stability is impacted by the nature
of the cation. The higher ORR reversibility in the phosphonium-FSI IL is
attributed to enhanced stabilization of the superoxide anion by the
cation as supported by computational DFT calculations. This stabiliza-
tion is reflected in higher association energy and shorter intermolecular
distances between the [Pij4i4i4] "-O5 ion pair. Experimental studies on
the degradation of the ionic liquids and ORR non-reversibility have been
undertaken by addition of KO,. Raman, NMR and FTIR spectra for the
anions with a phosphonium cation essentially remain unaltered,
consistent with high stability of O3, whereas differences in the IR and
Raman spectra with the pyrrolidinium cation-based IL are observed as a

consequence of chemical degradation.

The findings reported in this paper suggest pathways for conducting
further research to establish the viability of non-volatile and safe IL
electrolytes for use in metal-air batteries that employ the FSI anion, with
the recognised advantages for operation with alkali metal anodes. In
particular, further electrochemical investigations of these ionic liquids
in the presence of alkali salts are required to establish their potential for
specific metal-air chemistries.
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