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Water/Ionic Liquid/Succinonitrile Hybrid Electrolytes 
for Aqueous Batteries
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Johannes Helmut Thienenkamp, Rabeb Grissa, Wengao Zhao, Abdessalem Aribia, 
Gunther Brunklaus, Corsin Battaglia, and Ruben-Simon Kühnel*

The water-in-salt concept has significantly improved the electrochemical 
stability of aqueous electrolytes, and the hybridization with organic solvents 
or ionic liquids has further enhanced their reductive stability, enabling cell 
chemistries with up to 150 Wh kg−1 of active material. Here, a large design 
space is opened by introducing succinonitrile as a cosolvent in water/ionic 
liquid/succinonitrile hybrid electrolytes (WISHEs). By means of succinonitrile 
addition, the solubility limits can be fully circumvented, and the properties of 
the electrolytes can be optimized for various metrics such as highest elec-
trochemical stability, maximum conductivity, or lowest cost. While excessive 
nitrile fractions render the mixtures flammable, careful selection of compo-
nent ratios yields highly performant, nonflammable electrolytes that enable 
stable cycling of Li4Ti5O12–LiNi0.8Mn0.1Co0.1O2 full cells over a wide tempera-
ture range with strong rate performance, facilitated by the fast conformational 
dynamics of succinonitrile. The WISHEs allow stable cycling with a maximum 
energy density of ≈140 Wh kg−1 of active material, Coulombic efficiencies of 
close to 99.5% at 1C, and a capacity retention of 53% at 10C relative to 1C.
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1. Introduction

The exploitation of highly concentrated 
electrolytes has significantly contrib-
uted to the development of aqueous bat-
teries with improved cycling stability and 
increased operating voltage.[1–3] Driven by 
their nonflammability, straightforward 
assembly, and potential cost advantages, 
significant efforts have been invested 
towards extending the intrinsically 
narrow electrochemical stability window 
of water. Several aqueous batteries with 
energy densities of up to 150 Wh kg−1 
on the active material level, competitive 
to some nonaqueous chemistries, were 
introduced recently.[4–7] Archetypal water-
in-salt (WiS) electrolytes are based on 
perfluorinated sulfonylimide salts such 
as lithium bis(trifluoromethanesulfonyl)
imide (TFSI), where typically molali-
ties >20 mol of salt per kg of water are 

used (hereafter denoted as 20m), offering voltage windows of 
>2.5 V.[1–3,6,8–12] In contrast, dilute electrolytes typically do not  
withstand voltages above 1.5 V. With increasing salt concentra-
tion, more water molecules are incorporated into cation solva-
tion shells and separated into clusters comprised of merely a 
few molecules. The strong coordination to cations and reduced 
water mobility results in kinetic overpotentials towards water 
electrolysis and formation of nanoscale percolation networks 
of anion- and water-rich domains that facilitate cation trans-
port.[13,14] Furthermore, anions also strongly interact with the, 
typically alkali, cations at such high concentrations, facilitating 
the formation of anion-derived solid-electrolyte interphases 
(SEI),[1,2,14–16] highly dependent on the actual nature of the 
anions.[17] The exact mechanistic details of this SEI formation, 
likely direct electrochemical reduction[1,2,15,18] or nucleophilic 
attack of hydroxide ions that form during initially extensive 
water reduction [19], is actively debated in current literature, 
and a superposition of both mechanisms appears likely to 
occur in practice. In WiS electrolytes, the oxidative stability is 
particularly improved due to the accumulation of bulky anions 
(e.g., TFSI) on the positive electrode and subsequent forma-
tion of a water exclusion zone.[20,21] Other attempts to increase 
the salt concentration to further push the overpotentials 
towards water reduction yet had limited success, since solu-
bility limits restrict the maximum concentration a solution 
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can reach before crystallization becomes a problem. However, 
the use of multiple salts and asymmetric anions has increased 
significantly the feasible maximum concentration.[9,12,22] Nev-
ertheless, even in the most concentrated WiS electrolytes, the 
accumulation of hydrated Li+ cations on the negative electrode 
has constricted approaches to further enhance the reductive 
stability.[4] Consequently, without elaborate electrode coatings, 
energy-dense low-potential anode materials such as Li metal 
or graphite have proven to cycle nonreversibly in WiS electro-
lytes. Even Li4Ti5O12 (LTO), which operates at seemingly mod-
erate potentials of 1.55 V versus Li/Li+ (≈1.8 V in concentrated 
electrolytes[4,7]) lies well below the cathodic stability limit of WiS 
electrolytes.

Introducing nonaqueous cosolvents into WiS electrolytes 
is a successful approach to manipulate the interfacial chem-
istry while increasing the salt concentration with respect to 
the water fractions, i.e., minimizing, e.g., the ratio of water to 
Li+. The addition of dimethyl carbonate (DMC) to a concen-
trated electrolyte based on LiTFSI has enabled stable cycling 
of ≈3 V LTO/LiNi0.5Mn1.5O4 cells, mainly due to the contribu-
tion of DMC to the formation of an anion- and solvent-derived 
SEI.[5] In a similar approach, acetonitrile (AN) was added to 
aqueous LiTFSI solutions, providing enhanced conductivity, 
lower viscosity, and a wider temperature range for applica-
tion in 2.2 V supercapacitors.[23] The combination of AN with 
more concentrated aqueous LiTFSI solutions also yielded a 
highly performant electrolyte labelled BSiS-A0.5 that allowed 
for stable cycling of ≈2.3 V LTO/LiMn2O4 (LMO) batteries.[4] 
In this approach, in addition to anion-derived inorganic SEI 
layers, the presence of AN contributed to the formation of 
solvent-derived nitrile-rich outer layers on the SEI.[4] The 
major drawbacks of such electrolytes comprise the limited 
salt solubility in organic solvents, as well as their flamma-
bility and volatility, which pose risks during the manufac-
turing process, even though the final electrolyte formulation 
itself is nonflammable. Capitalizing on the nonflammable and 
nonvolatile nature of ionic liquids (IL), WiS electrolytes were 
also combined with ILs such as 1-ethyl-3-methylimidazolium-
TFSI (EMImTFSI).[6] Extremely small water contents in such 
electrolytes enabled stable cycling of 2.8 V Nb2O5/activated 
carbon hybrid supercapacitors [24], and another study unraveled 
the solubility-enhancing effect of EMImTFSI that resulted 
in threefold enhanced solubility of LiTFSI in the presence of 
ILs.[7] Such a WiS/IL electrolyte, labelled 40/20-TFSI, is among 
the most stable aqueous electrolytes reported to date, affording 
stable cycling of ≈2.3 V LTO/LMO cells as well as ≈2.1 V LTO/
LiNi0.8Mn0.1Co0.1O2 (NMC811) cells.[7] This is remarkable since 
NMC811 is known for its incompatibility with water and humid 
environments, attributed to its complex surface chemistry and 
reactivity of, particularly de lithiated, NMC811.[25,26] This con-
cept was additionally adapted for sodium-ion batteries, where 
the achievable salt solubility is often even more limited.[17] 31m 
sodium/tetraethylammonium triflate (NaOTf/TEAOTf) and 
80m NaTFSI/EMImTFSI electrolytes enabled cycling of 2 V 
class aqueous sodium-ion batteries with energy densities up 
to 77 Wh kg−1.[10,17] However, such WiS/IL hybrids, as well as 
binary salt/IL electrolytes, suffer from low conductivity contri-
butions of the alkali cations, impairing low-temperature and 
high-rate applications.

In this work, succinonitrile (SN) is introduced to WiS/IL 
hybrid electrolytes, which leads to a two- to four-fold increase 
of the ionic conductivity (2–4 mS cm−1) while maintaining out-
standing electrochemical stability and performance. Aqueous 
LTO/NMC811 batteries show excellent cycling stability at 25 
and even 0 °C, while also demonstrating strong rate per-
formance for such high-energy aqueous cells, with up to 
50% capacity retention at 10C compared to 1C. SN itself is a 
plastic solid at room temperature, capable of dissolving up to  
≈15 mol% of various salts[27–29] and has a high solubility in 
water. The combination with its nonvolatile character and polar 
nitrile groups makes SN a perfect candidate to complement 
concentrated WiS/IL hybrid electrolytes. Notably, this opens a 
large design space of quaternary water/ionic liquid/succinoni-
trile hybrid electrolytes (WISHEs) that can be tailored with 
respect to maximum electrochemical stability (e.g., minimizing 
the water content), high rate performance (e.g., increasing the 
ionic conductivity by cosolvent addition), or minimal cost (e.g., 
by reducing the salt and/or IL content). By means of Raman and 
multinuclear NMR spectroscopy as well as molecular dynamics 
(MD) simulations, the solution structure of two select WISHEs 
is elucidated and compared to two of the best performing 
aqueous reference electrolytes, BSiS-A0.5 and 40/20-TFSI, while 
evaluating the achievable electrochemical performance in  
LTO/NMC811 cells. We highlight the impact of each electrolyte 
component on the final formulation and show that large frac-
tions of IL decrease the lithium transport number. Rather large 
SN fractions in quaternary electrolytes, although significantly 
increasing the ionic conductivity, reduce the electrochemical 
stability, and, importantly, yield flammable electrolyte formu-
lations. However, WISHEs provide highly competitive electro-
chemical stability and superior rate capability in energy dense 
aqueous battery applications if carefully tuned, enabling up to 
140 Wh kg−1 on active material level.

2. Results and Discussion

2.1. Physicochemical Properties

Sample composition, conductivity, and flammability of all elec-
trolytes studied here are summarized in Table S1 (Supporting 
Information), where the numbers, e.g., 1-1-1-1, represent the 
molar ratio of LiTFSI, EMimTFSI, water, and succinonitrile. 
We observe significantly improved ionic conductivities with 
larger fractions of SN and/or IL at a given water-to-salt ratio. 
Note that we directly aimed for a water-to-salt ratio of 1 or lower 
(corresponding to >55m of salt per kg of water), in expectation 
of high electrochemical stability. If the SN fraction exceeds  
≈50 mol%, the mixtures become flammable, defeating the pur-
pose of working with aqueous systems. Furthermore, excessive 
fractions of IL were not considered as this thwarts the poten-
tial cost advantage of aqueous electrolytes. Therefore, such 
electrolytes as well as candidates with ionic conductivities of  
<2 mS cm−1 were excluded from further investigation. Overall, 
SN and IL were used to tune the three metrics conductivity 
versus flammability versus electrochemical stability. Table  1 
summarizes the physicochemical properties of the two most 
promising WISHEs that were studied in more detail: 1-1-1-1, 
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and 1-1-1-2. We also studied two of the best performing aqueous 
electrolytes from literature that enabled coupling LTO anodes 
with high-voltage cathodes such as LMO or NMC811: The  
IL-based LiTFSI1EMImTFSI0.68water1.38 electrolyte (40/20-TFSI[7]), 
and the organic solvent-based LiTFSI1water1.11acetonitrile1.11  
electrolyte (sample BSiS-A0.5

[4]). Conductivities and viscosi-
ties between 0 and 60 °C are shown in Figure S1 in the Sup-
porting Information. 40/20-TFSI is the most viscous (293 mPa 
s) and least conductive (1.2 mS cm−1) electrolyte in the series, 
while BSiS-A0.5 presents roughly double the ionic conductivity  
(2.1 mS cm−1) and significantly lower viscosity (76 mPa s). The 
WISHE 1-1-1-1 has a relatively high conductivity of 2.4 mS cm−1 
and low viscosity of 102 mPa s. This is remarkable considering 
the small water-to-LiTFSI ratio of 1 (molality of 55m), when 
compared to other electrolytes in the literature that have con-
centrations of 55.5 m (0.1 mS cm−1, 8555 mPa s)[12] or 63 m 
(0.91 mS cm−1, 407 mPa s)[6]. Compared to other studies,[6,17] 
we exclude the IL from the calculation of molality. Although 
technically a salt, it is considered a cosolvent in these sys-
tems. Otherwise, the overall molality in 1-1-1-1 could be stated 
as 110 m (55 m LiTFSI + 55 m EMImTFSI per kg of water). 
The increased fraction of SN in 1-1-1-2 significantly increases 
the ionic conductivity above 4 mS cm−1 and similarly reduces 
the viscosity. Additionally, both WISHEs have a lower density 
compared to the reference electrolytes, which is desirable to 
improve the gravimetric energy density of a cell.

Differential scanning calorimetry (DSC) scans do not show 
any crystallization upon cooling, or melting upon heating, 
except for the 40/20-TFSI electrolyte that has a liquidus  
temperature, the point where it converts into a fully liquid 
state, of ≈15 °C (Figure S2, Supporting Information).[7] 
DSC further shows that all four electrolytes go through a 
glass transition below ≈−70 to −80 °C, which is typical for 
such highly concentrated electrolytes.[9] The WISHEs and 

BSiS-A0.5 remained liquid at −18 °C over three months, high-
lighting the effectiveness of the hybrid solvent approach in 
resolving concerns about low temperature performance of 
concentrated electrolytes.

2.2. Structure

To elucidate the impact of each component on the electrolyte 
performance, solution structures were investigated via Raman 
and multinuclear NMR spectroscopy as well as molecular 
dynamics (MD) simulations. Figure  1 shows Raman spectra 
of the four electrolytes listed in Table  1. The spectra in the 
wavenumber region corresponding to the OH stretching 
vibrations of water molecules (Figure 1a) exhibit a sharp band 
at ≈3550 cm−1, which, compared to the broad signal in pure 
water, is characteristic for the disrupted hydrogen-bonding net-
work due to strong Li+-water interaction in highly concentrated 
electrolytes.[1,2,30] MD simulations predict that in both 1-1-1-1 
and 1-1-1-2 electrolytes Owater is coordinated only by 0.06 Hwater 
within 2.5 Å (first coordination shell), indicating a largely dis-
rupted hydrogen-bonding network. Compared to the archetypal 
WiS electrolyte 21m LiTFSI, a redshift of ≈10 wavenumbers is 
observed for BSiS-A0.5 and 40/20-TFSI (peak positions are indi-
cated in Figure  1a). The WISHEs show additional redshifts of 
10–20 wavenumbers, reflecting that in all hybrid electrolytes 
the lithium-water interaction or disruption of the hydrogen-
bonding network is slightly less pronounced than in binary 
water-LiTFSI electrolytes. Nitrile groups and/or TFSI from 
the IL competing with water for a place in the corresponding 
lithium cation solvation shell could explain this observation, 
i.e., if more succinonitrile or TFSI is present, the likelihood 
of some water being displaced from the cation solvation shell 
increases. This is clearly seen in Figure S3a in the Supporting 

Table 1.  Physicochemical properties at 25 °C of the four electrolytes studied in detail.

LiTFSI EMImTFSI Water Succinonitrile Density [g cm−3] Conductivity [mS cm−1] Viscosity [mPa s] Sample name

1 0.68 1.38 0 1.69 1.2 293 40/20-TFSI[7]

1 0 1.11 0 (AN 1.11) 1.57 2.1 76 BSiS-A0.5
[4]

1 1 1 1 1.55 2.4 102 1-1-1-1 WISHE

1 1 1 2 1.47 4.3 58 1-1-1-2 WISHE

Figure 1.  Normalized Raman spectra in the wavenumber region corresponding to the a) OH stretching vibrations of water, b) the (S-N-S) breathing 
mode of TFSI, and c) the CN stretching mode of succinonitrile for the two WISHEs (1-1-1-1 and 1-1-1-2) and the references 40/20-TFSI, BSiS-A0.5, and 
21m LiTFSI. In (a) a fraction of the broad signal of pure water is shown for comparison.
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Information, where at a fixed Li+-to-water ratio, the addition of 
more SN leads to an increasing redshift, and in Figure S3b in 
the Supporting Information, where a similar shift is observed 
when IL is added as a solvent to 1-0-1-1 or 1-0-1-2. The displace-
ment of water by anions from the IL is thought to be partly 
responsible for the hydrotropic, i.e., solubility-enhancing, effect 
of EMImTFSI in water-LiTFSI mixtures.[7]

Figure 1b shows Raman spectra in the wavenumber region cor-
responding to the TFSI anions' breathing mode at ≈740–750 cm−1,  
which is highly sensitive to the coordination environment of 
the anion.[1,2,31] Typically in concentrated electrolytes a blueshift 
of this band corresponds to enhanced Li+-TFSI coordina-
tion.[1,2,30] The band is observed at lowest wavenumbers in pure 
EMImTFSI (742 cm−1), indicative of weakest cation-TFSI inter-
actions among the studied electrolytes (i.e., TFSI anions only 
weakly interact with EMIm via hydrogen bonds and Coulomb 
interactions). 21m LiTFSI, BSiS-A0.5 and 40/20-TFSI show the 
strongest blueshift (≈748 cm−1), in agreement with comparable, 
strong Li+-TFSI interactions for the three electrolytes. The  
3–5 cm−1 redshift in the WISHEs compared to, e.g., 21m LiTFSI 
suggests that the Li+-TFSI interaction is less pronounced, again 
rationalized by the presence of SN as a coordination competitor 
that makes it more difficult for TFSI to reach the Li+ cation. 
Figure S4 in the Supporting Information supports this argu-
ment, where a redshift for samples with higher SN fractions 
in binary LiTFSI-SN systems (Figure S4a, Supporting Informa-
tion) and a redshift with more SN at a fixed Li+-to-water ratio is 
observed (Figure S4b, Supporting Information). Comparison of 
Figure S4a and S4b in the Supporting Information further shows 
that the addition of water causes a redshift. Here, water is the 
coordination competitor, displacing TFSI from the Li+-solvation 
shell. Adding IL at fixed Li+-to-water-to-SN ratios again results 
in a redshift (Figure S4c, Supporting Information), which cor-
responds to the mixture being practically diluted (on average 
weaker Li+-TFSI interaction) by the addition of extra IL solvent 
and decreasing the Li:TFSI ratio. Reducing the amount of water 
and IL at a fixed Li+-to-SN ratio supports this picture as corrob-
orated by a blueshift at smaller solvent fractions (Figure S4d,  
Supporting Information). In BSiS-A0.5 no redshift compared to 
21m LiTFSI is observed due to the presence of AN. It appears 
that this is related to AN only having one nitrile group and 
being much smaller than SN, so that both AN and TFSI can 
tightly coordinate Li+ in BSiS-A0.5, i.e., the 1.11 water molecules 
and 1.11 TFSI anions per cation can fit into the Li+-solvation 
shell without steric hindrance. On the other hand, the  
larger SN molecule likely displaces more water and/or TFSI 
from the Li+-solvation shell, leading to the observed redshift in 
Figure 1b.

Figure  1c shows the Raman spectra of the nitrile CN 
stretching mode range where the single peak of SN (≈2258 cm−1)  
is split into two signals in presence of LiTFSI salt (see also 
Figure S5a in the Supporting Information). The peak at higher 
wavenumbers (≈2284 cm−1) corresponds to SN coordinated to a 
lithium cation, see Figure S6 in the Supporting Information for 
more detail.[4,32] Comparing the two WISHEs, a lesser amount 
of coordinated nitrile groups occur with higher fractions of SN 
in the mixture. Assuming comparable Raman activities for both 
the coordinated and “free” state[32], the fraction of coordinated 
nitrile groups was evaluated to be 28% in 1-1-1-2 and 54% in  

1-1-1-1 by fitting two Gaussians to the normalized curves shown 
in Figure  1c. This means that in 1-1-1-2 most SN is uncoordi-
nated. Given the Li+-to-nitrile group ratio of 1:4, however, the 
28% indicate that each lithium is coordinated by 1.1 nitrile 
groups (percentage of coordinated nitriles multiplied by nitrile 
groups per lithium). Similarly, Li+ coordinates to 1.1 nitriles in 
1-1-1-1. The observation that in 1-1-1-1 there is only one SN per 
Li+, but every Li+ coordinates to more than one nitrile group, 
suggests that either some SN molecules coordinate Li+ with 
both nitriles in a gauche conformation, or that some Li+-SN-Li+ 
bridges between two Li+ must have formed. Despite the trans 
SN conformer being the lowest energy conformer in the gas-
phase by 3 kJ mol−1 (Figure S7a, Supporting Information), polar 
gauche conformers are stabilized in the condensed phase (77%[33]  
in plastic crystals at room temperature, 89% in liquid SN at 
60 °C from MD simulations, see Figure S7b in the Supporting 
Information). MD simulations support the Li+-SN-Li+ bridging 
hypothesis with gauche being the dominant conformer as 
shown in Figures S7 and S8 in the Supporting Information. In 
1-1-1-2, Li+ is also coordinated by more than one nitrile group, 
and since there are two SN molecules per Li+, it is also pos-
sible that two different SN molecules coordinate one Li+ with 
one nitrile group each. Note that MD predicts 46% of nitrile 
groups to coordinate Li+ in 1-1-1-1 (vs 54% based on Raman) 
and 38% in 1-1-1-2 (vs 28%). The discrepancy is likely related to 
the assumption of similar Raman activities in the experimental 
work, whereas DFT calculations suggest conformer and coor-
dination dependent Raman activities (Figure S6, Supporting 
Information). Figure S5a,b in the Supporting Information sys-
tematically shows increasing fractions of “free” SN with more 
SN in binary and ternary systems. In accordance with Figure S4 
in the Supporting Information, Figure S5c,d in the Supporting 
Information shows that adding IL or increasing the water and 
IL fraction releases SN, again driven by the coordination com-
petition between water, TFSI, and SN. In agreement with refer-
ence 4, Figure S9 in the Supporting Information supports our 
interpretation of the Raman data and shows that in BSiS-A0.5 
also AN coordinates Li+ with its nitrile group.

Multinuclear NMR experiments were conducted to further 
characterize the electrolytes. Figure 2a shows the 1H NMR chem-
ical shifts of the water hydrogens. In pure water, the extended 
hydrogen-bonding network results in a high NMR chemical 
shift of 4.65 ppm.[19,34] In agreement with the narrow Raman 
bands shown in Figure 1a, the shielding of 1H nuclei in concen-
trated electrolytes corresponds to a rather disrupted hydrogen-
bonding network, resulting in higher electron density at the 
water hydrogen atoms (and thus increased shielding).[1,2,19,34] 
For 40/20-TFSI, the highest shielding and thus presumably the 
most disrupted hydrogen-bonding network was observed, fol-
lowed by 21m LiTFSI. Reduced shielding of the water 1H nuclei 
is observed for the nitrile containing WISHEs and BSiS-A0.5, 
highlighting that water forms more hydrogen bonds, i.e., with 
nitrile groups close by in the Li+ solvation shells. The marginally 
higher shift of 1-1-1-2 compared to 1-1-1-1 is rationalized by more 
SN competing with water for coordinating the lithium cations. 
Additionally, more nitrile groups mean more possible hydrogen 
bond acceptors available for water.

A common probe to characterize the strength of Li+-water 
interactions is 17O NMR, which provides characteristic 17O 
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NMR chemical shifts of the water resonance. With increasing 
LiTFSI concentration, shielding of the 17O nuclei is observed 
along with a considerable line broadening, in agreement with 
a disruption of the water H-bond network discussed above. 
Figure 2b exhibits 17O NMR resonances at −13.3 ppm for 21m 
LiTFSI, −18.4 ppm for BSiS-A0.5, and much more shifted sig-
nals at ca. −30 ppm for the IL-containing electrolytes. However, 
as the observable 17O NMR chemical shifts of water are domi-
nated by hydrogen bonding[35], the observed trend in shielding 
does not exclusively translate to stronger water-Li+ coordination, 
but also attributes to significantly decreased hydrogen bonding 
to the water oxygen atoms.[36] Consequently it remains chal-
lenging to unambiguously determine the (absolute) strength of 
the Li+-water interactions based on 17O NMR data, but the large 
shielding effects perfectly match the redshifts observed in the 
Raman spectra (Figure 1a), as well as the higher chemical shift 
in 1H NMR (Figure 2a), thereby revealing that the water oxygen 
indeed primarily interacts with Li+ while its hydrogens are 
pointing away from the cation where various hydrogen bonding 
partners such as TFSI and nitriles are abundant. This inter-
pretation is further corroborated by a recent study of LiClO4 in 
AN/water mixtures showing that water coordinates much more 
strongly to Li+ than nitrile, consistent with the donor numbers 
of water (33) and AN (14) (15 for SN).[27,37]

Figure 2c displays the 1H NMR chemical shifts of the EMIm 
H#2 hydrogen, which is most susceptible to hydrogen bonding 
with surrounding molecules.[38,39] The complete spectra and 
NMR chemical shifts of the other hydrogens, and the chem-
ical structure of EMIm, are shown in Figures S10 and S11 in 
the Supporting Information. In pure EMImTFSI, the anion is 
strongly interacting with cations, and in 40/20-TFSI this strong 
interaction is broken resulting in a lower chemical shift.[7] Also 
in case of 1-1-1-1, the 1H NMR spectrum suggests a reduced 
amount of hydrogen bonding to EMIm. The higher shift in  

1-1-1-2 than in pure EMImTFSI is indicative of stronger 
hydrogen bonding to the IL cation, which in turn demonstrates 
that (uncoordinated) SN can also form hydrogen bonds with 
EMIm.

The 1H NMR chemical shifts of the SN hydrogens are col-
lected in Figure  2d. The slight deshielding of H#2 in 1-1-1-1  
compared to pure SN hints at the following picture: The 
coordination of SN to Li+ pulls electron density towards the 
nitrile nitrogen, thus de shielding the nitrile carbon, in turn 
resulting in shorter CH bonds and higher electron density  
(i.e., shielding) of the SN hydrogens.[40] The de shielding of 
the nitrile carbon upon Li+-SN interaction is documented in 
the corresponding 13C NMR spectra (Figure  2e, discussed 
below), where a higher chemical shift is observed in case of  
1-1-1-1 compared to pure SN. This is in agreement with a study 
on valeronitrile-LiFSI mixtures, where higher salt concentration 
and thus more Li+-nitrile coordination resulted in shielding of 
1H (valeronitrile hydrogens) and de shielding of 13C (nitrile 
carbon) NMR resonances.[40] As the resonances of coordinated 
and “free” nitrile groups should be slightly different, one could 
expect to observe two different (1H and 13C) NMR signals when 
only one nitrile group coordinates to Li+, while if none or both 
nitriles coordinate, merely a single peak should be observed, 
as in this case the aliphatic CH2 groups would be equivalent. 
However, the solvent exchange rate between the Li+ solvation 
sheath and solution bulk often is too fast with respect to the 
NMR timescale to resolve the different states, yielding an aver-
aging of the signals, hence one peak only.[37,41,42] The higher SN 
1H NMR chemical shift (Figure 2d) in 1-1-1-2 with a large frac-
tion of uncoordinated SN suggests that SN interacts less with 
lithium in this WISHE. However, as seen from the 13C NMR 
chemical shifts discussed below, this is not the case and the 
observed de shielding of 1H resonances is more likely caused 
by hydrogen bonding with other molecules within the mixture. 

Figure 2.  Variations of NMR chemical shifts depending on electrolyte composition: a) δ1H and b) δ17O of water, c) δ1H of EMIm (position 2, structure 
shown in Figure S11 in the Supporting Information), d) δ1H of aceto- (CH3) and succinonitrile (CH2), e) δ13C of nitrile and CH2 or CH3 carbons of 
aceto- or succinonitrile, f) δ7Li, and g) δ19F of TFSI.
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This fits the high 1H shifts of EMIm H#2 (Figure 2c) and water 
hydrogens (Figure 2a) in this WISHE.

Figure  2e exhibits the 13C NMR chemical shifts corre-
sponding to the nitrile- and aliphatic carbons of SN and AN. 
For the nitrile carbons, the shift is lowest for pure AN and SN. 
Dipole-dipole interactions, and in the salt containing electro-
lytes particularly ion-dipole interactions (e.g., Li+-nitrile coordi-
nation), transfer a significant amount of electron density from 
the nitrile carbon to the nitrogen, resulting in a higher chem-
ical shift (see again discussion on 1H NMR chemical shifts in 
Figure 2d above).[40] BSiS-A0.5 shows the highest shift, reflecting 
strongest Li+-nitrile interaction, in agreement with strong 
Li+-AN coordination described in reference 4 and Figure S9 in 
the Supporting Information. The lower shift in the WISHEs 
suggests weaker Li+-nitrile interactions, which is plausible  
i) due to the larger size of SN compared to AN and ii) the pres-
ence of more TFSI (from the IL) that competes for a place in 
the Li+ solvation shell. 1-1-1-2 shows a higher 13C shift for the 
nitrile carbon than 1-1-1-1, which fits the slightly larger amount 
of coordinating nitrile groups per Li+ in the former (Figure 1c). 
With a larger fraction of SN in the mixture, more TFSI is dis-
placed from the Li+-solvation shell (Figure 1b) and consequently 
the Li+-nitrile interaction is more likely. The lower 13C shifts of 
the aliphatic carbons in the salt containing electrolytes com-
pared to the pure nitriles again fit the previously described 
picture (Figure  2d) where Li+-nitrile coordination results in  
de shielding of the nitrile carbon and shielding of the aliphatic 
carbons.[40] The high 1H shift in BSiS-A0.5 (Figure 2d), high 13C 
shift for the nitrile carbon, and low 13C shift of the aliphatic 
carbon compared to pure AN (Figure 2e) again fits the strong 
Li+-AN interaction, as described in reference [4].

7Li NMR chemical shifts, shown in Figure  2f, indicate 
increasing shielding, i.e., higher electron density around the 
lithium cation, in the order 21m LiTFSI<40/20-TFSI<BSiS-A0.5 
< 1-1-1-1 < 1-1-1-2. The shielding observed with increasing frac-
tions of coordinating solutes (compare, e.g., 21m LiTFSI with 
40/20-TFSI) can be explained by more pronounced incorpora-
tion of anions into the solvation shell of Li+,[1,7,19] whereas for 
BSiS-A0.5 and the WISHEs coordination of the nitrile lone pairs 
to Li+ additionally promotes this trend.[24] The higher 7Li NMR 
chemical shift of 1-1-1-1 compared to 1-1-1-2 illustrates even 
more Li+-SN interaction and/or weaker solvation of Li+ in the 
former electrolyte. Intuitively this contradicts the ≈50% lower 
ionic conductivity, as weaker coordination should enable more 
straightforward movement of Li+. This apparent discrepancy 
between 7Li chemical shift and the observed ionic conductivity 
may be attributed to differences in Li+ transport properties as 
discussed further below.

Figure  2g shows the 19F NMR chemical shifts describing 
the coordination environment of the TFSI anions. In aqueous 
LiTFSI solutions it was shown that lower 19F shifts are observed 
with increasing salt concentration going from −79.2 in 1m 
LiTFSI to −80.0 ppm in 20m LiTFSI.[19] This shift is ascribed 
to stronger anion-anion interactions in more concentrated solu-
tions.[19] Neat EMImTFSI shows the lowest shift suggesting the 
strongest TFSI-TFSI interactions. 40/20-TFSI shows a similar 
shift, in line with the much higher TFSI concentration when 
compared to 21m LiTFSI. The addition of nitriles, which coor-
dinate lithium, reduces the probability for TFSI to interact with 

each other, even at the very high concentrations in BSiS-A0.5 
and the WISHEs, leading to relatively high chemical shifts 
comparable to much less concentrated 21m LiTFSI. Comparing 
1-1-1-1 with 1-1-1-2 for example shows that SN, in the sense of 
TFSI-TFSI interactions, dilutes the electrolyte, resulting in the 
higher 19F chemical shift.

The self-diffusivities of 7Li, 19F, and 1H were measured by 
pulsed field gradient nuclear magnetic resonance (PFG-NMR), 
accounting for random movement of Li+, TFSI, water, EMIm, 
or the nitriles, respectively. A comparison of self-diffusion 
coefficients is shown in Figure S12a in the Supporting Infor-
mation (see Tables S2–S4 in the Supporting Information for 
peak assignment, for EMIm the average of all proton signals 
was used). As anticipated, water has the highest diffusivity in 
all electrolytes followed by the nitriles, and the overall self- 
diffusion decreases with higher viscosity (Table 1). Comparison 
of the WISHEs shows that the mobility of all components 
increases upon addition of more SN, in agreement with our 
analysis above that indicates displacement of TFSI and, to 
a lesser degree, of water from Li+-solvation shells and in that 
sense dilution by more SN. In the IL-containing electrolytes 
the EMIm cation is the most diffusive of the ionic species. 
Since the trend in diffusivity does not correspond to the degree 
of hydrogen bonding and IL dissociation as judged by the 1H 
chemical shifts in Figure  2c, we suspect that the high diffu-
sivity is rather related to EMIm not being incorporated in the  
Li+-solvation shell, in agreement with the previous discussion.

Interestingly, in BSiS-A0.5 the self-diffusivities of water, Li+, 
and the nitrile are higher than in 1-1-1-1, while DTFSI is only mar-
ginally smaller. This fits the lower viscosity (76 vs 102 mPa s),  
yet the ionic conductivity (2.1 mS cm−1) is lower than in  
1-1-1-1 (2.4 mS cm−1). In the absence of electric fields, PFG-NMR 
cannot differentiate between unpaired and aggregated entities 
or ions. Since neutral ion pairs and other aggregates contribute 
to the determined self-diffusivities but not to the effective ionic 
conductivity, this suggests that BSiS-A0.5 comprises more such 
neutral ion pairs and aggregates than 1-1-1-1. The quotient 
of σAC and σNMR, the so-called ionicity, can be qualitatively 
employed to approximate the degree of aggregation,[43,44] where 
a value close to unity indicates complete dissociation of the salts 
and the absence of pair/aggregate formation. σNMR is calculated 
from the Nernst-Einstein relation, which connects the self- 
diffusion coefficients of spherical moieties such as solvated ions 
with ionic conductivity under the assumption of uncorrelated 
motion and that no neutral species are formed (see Table S5  
in the Supporting Information)[45]

2F cx D

RT
NMR

i i
NMR

σ =
∑

	 (1)

where F is the Faraday constant, c is the molar salt concentra-
tion that we calculated from the density, xi is the fraction of 
ion i, R is the gas constant, T is the absolute temperature, and 
Di

NMR  are the self-diffusion coefficients of the cations and anion 
as determined by PFG-NMR.

Indeed, we observe higher ionicity, in brackets, suggesting 
fewer neutral agglomerates in case of 1-1-1-1 (0.6) compared to 
BSiS-A0.5 (0.5). Not surprisingly, 40/20-TFSI (0.2) appears to 
have the largest fraction of undissociated ion pairs and higher 
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aggregates in agreement with the observation that TFSI is most 
strongly incorporated into the Li+-solvation shell in this electro-
lyte (Figures 1 and 2). In fact, the strong incorporation of TFSI 
into the Li-solvation shell may also explain the low ionicity 
of BSiS-A0.5. Consequently, the WISHEs, where SN partially 
replaces TFSI in proximity of Li+, have higher apparent degrees 
of dissociation. This effect is more pronounced with more SN 
in the mixture (0.7 for 1-1-1-2). The ionicities below unity also 
agree with the classical Walden rule, as the ratios of molar 
conductivity and fluidity (inverse viscosity) lie below the ideal 
KCl line for all electrolytes, see Figure S13 in the Supporting 
Information for a Walden plot.[46,47] Note that deviations from 
the Nernst-Einstein relation cannot exclusively be ascribed to 
permanent association of ions of opposite charge but also the 
viscosity is a strong factor affecting such deviations.[44]

Based on the self diffusivities we also derived the apparent 
transference numbers, shown in Figure S12b in the Supporting 
Information. tLi is lower in the IL-containing electrolytes than 
in less concentrated WiS electrolytes (≈0.6–0.7),[1–3] reflecting 
that Li+ no longer constitutes the major cationic species but 
rather has a competitor in the form of more mobile EMIm. 
Accordingly, the larger fraction of IL in the WISHEs affords 
lower tLi and larger tEMIm values as the competition grows.[6] 
This fits the marginally larger tLi and smaller tEMIm in 1-1-1-2 
where the IL fraction is only 20 mol%, compared to 25 mol% in 
1-1-1-1 (17.3 mol% in 40/20-TFSI). The trend in tTFSI corresponds 
well to the Raman data shown in Figure 1b that hints at weaker 
Li-TFSI interactions and thus increased anion mobility in the 
order 40/20-TFSI < BSiS-A0.5 < 1-1-1-1 < 1-1-1-2. The tLi of ≈0.4 in 
40/20-TFSI is comparable to tLi in typical organic electrolytes.[13] 
The addition of SN further seems to decrease tLi, which is partly 
compensated by an increased overall ionic conductivity. Multi-
plying tLi with the ionic conductivities yields apparent lithium 
conductivities of 0.5 mS cm−1 for 40/20-TFSI, 1.3 mS cm−1 for 
BSiS-A0.5, 0.6 mS cm−1 for 1-1-1-1, and 1.1 mS cm−1 for 1-1-1-2, 
respectively. Interestingly, the rate performance of the bat-
teries shown further below does not correspond to this trend of 
apparent Li+ conductivity. This discrepancy can likely be related 
to different modes of Li+ transport and interfacial resistances of 
the two WISHEs with the electrode materials.

In summary, the spectroscopic analysis reveals strong  
Li+-water and Li+-TFSI interactions for all considered electro-
lytes, suggesting high electrochemical stability due to large 
overpotentials for water oxidation (strong Li+-water interac-
tion)[1,2] and favorable environments for anion-derived SEI 
formation (strong Li+-TFSI interaction).[1,2,15] Furthermore, 
the strong Li+-nitrile interactions within the WISHEs do not 
negatively affect the solution structures, provided that ratios of 
WISHEs are carefully selected, but rather supplement the avail-
able toolbox for tuning hybrid aqueous electrolytes.

2.3. Molecular Dynamics Simulations

MD simulations of WISHEs provide additional insight into the 
electrolyte structure and ion transport properties. Radial distri-
bution functions (Figure S14, Supporting Information) show 
that water has the highest affinity to Li+ followed by nitrogen of 
SN and oxygen of TFSI for both 1-1-1-1 and 1-1-1-2 electrolytes. 

Due to strong preference of Li+ to be coordinated by water, 
Li+ is coordinated by 0.90 and 0.85 waters out of the available 
1 water per Li+ for 1-1-1-1 and 1-1-1-2 electrolytes, respectively 
(see Table S6 in the Supporting Information). Increasing the 
SN fraction from 1 per Li to 2, increases the number of SN 
coordinating Li+ from 0.89 (out of 1) to 1.57 (out of 2) and con-
sequently decreases the number of OTFSI coordinating Li+ from  
2.82 to 2.15, resulting in a smaller size of ionic aggregates and 
an increased fraction of “free” Li+ not coordinated by OTFSI 
from 16% to 22%.

Figure S15 in the Supporting Information shows the most 
probable Li+ solvates in the two WISHEs, where the numbers in 
brackets correspond to Li+ being coordinated by (x OTFSI, y NSN,  
z Owater). For example, the transition from 1-1-1-1 to 1-1-1-2 
decreases the fraction of solvent-free Li+ that is coordinated only 
by TFSI oxygens, that is (5,0,0) meaning 5 TFSI oxygens and no 
SN or water, from 14.6% to 5.4%, while SN-rich solvates such as 
(2,3,0) and (0,3,1) increase from less than 2% to 7.1% and 3.5%, 
respectively. Furthermore, with addition of SN to 1-1-1-1 the frac-
tion of Li+-(TFSI)3 branching points in ionic aggregates decreases 
while the fraction of “free” Li+ and Li+ bound to only one TFSI 
increases (Figure S16, Supporting Information). Additionally, the 
fraction of “free” TFSI is higher in 1-1-1-2 versus 1-1-1-1. Smaller 
ionic aggregates and higher fraction of “free” ions formed in 
1-1-1-2 compared to 1-1-1-1 are consistent with a higher degree of 
ion-uncorrelated motion (ionicity) observed in MD simulations, 
shown in Figure S17 in the Supporting Information, that is also 
in excellent agreement with the experimentally measured values 
(Table S5, Supporting Information). Overall, MD simulations pre-
dict conductivity, ion and solvent self-diffusion coefficients, and 
viscosity in excellent agreement with experiments as shown in 
Figures S1 and S12a, and S13b in the Supporting Information, 
while the electrolyte structure from MD simulations is fully con-
sistent with spectroscopic findings discussed above.

Analysis of the Li+ residence times near water, SN, and TFSI 
(Table S7, Supporting Information) shows that in 1-1-1-1 Li+ 
resides near water and TFSI the longest (14–15 ns). In this time 
a Li+ travels 10 Å on average. Li+ exchanges nitrile groups about 
4.4 times more frequently than water and TFSI (every 3.2 ns on 
average) and moves only 4.7 Å during this period, which corre-
sponds to the size of a SN molecule. Thus, Li+ motion together 
with water is largely vehicular as Li+ moves ca. 4 sizes of water 
before exchanging it (10 Å), while the SN solvent exchange and 
Li+ motion together with SN contribute similarly to Li+ trans-
port. During one Li-SN residence time (≈3 ns), SN changes its 
conformation multiple times as its dihedral autocorrelation 
time is only 0.52 ns. These fast conformation changes of SN 
appear to facilitate Li+ transport, since Li+ has to exchange SN 
in the bridging Li+-SN-Li+ networks shown in Figure S8 in the 
Supporting Information in order to move. This is exemplified 
by the higher-than-expected ionic conductivity for such highly 
concentrated electrolytes and the excellent rate performance of 
full cells discussed below. The larger fraction of SN in 1-1-1-2 
compared to 1-1-1-1 decreases the Li+-Owater, Li+-SN and TFSI 
residence times by 38%, 52% and 57%, respectively, with the 
largest decrease observed for Li-TFSI as smaller ion aggre-
gates surrounded by SN become more mobile and coordinate 
less TFSI. Table S7 in the Supporting Information shows that 
a Li+ moves a shorter distance with TFSI during one residence 
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time in 1-1-1-2 versus 1-1-1-1, while it moves a larger distance 
in one Li-Owater residence time, indicating slight changes in 
the Li+ diffusion mechanism. This is consistent with the more 
pronounced increase of the Li+ and TFSI− self-diffusion coeffi-
cients than for EMIm cations or water and SN observed in both 
PFG-NMR experiments and MD simulations.

A detailed picture of the time-dependent Li+ solvation environ-
ment is shown in Figure 3. If a Li+ is bound to NSN, Owater, or 
NTFSI a symbol is placed in the corresponding block versus time. 
The top block is for SN, middle for water and bottom block for 
TFSI. This particular lithium cation is initially solvated by water, 
SN, and TFSI as shown in the snapshot in the top left corner. 
Over time, the solvation shell is then dominated by water (10 ns), 
switches to a TFSI rich ionic aggregate (50 ns), changes back to 
a water dominated environment (100 ns) and eventually mostly 
consists of TFSI and SN. The numbers on the y-axis allow one 
to count the number of molecules that are exchanged over the 
simulation run. In this example, 43 TFSI anions, 17 water mole-
cules, and 49 SN molecules were exchanged for this particular Li+. 
Figure S18 in the Supporting Information shows the evolution of 
the solvation environment for four additional Li+ cations. From 
our data it is evident that Li+ is primarily solvated by water and 
TFSI but often forms short-lived bonds with SN, without breaking 
the Li-water or Li-TFSI coordination. Thus, stable Li-SN-Li net-
works as described in binary SN/LiFSI electrolytes do not seem 
to form.[32] Li hopping as described for such electrolytes is not 
likely to be a dominant Li-transport mechanism. The short-lived 
intermittent Li-SN bonds and the fast SN conformation changes 
however, are likely to contribute to the higher-than-expected Li+ 
conductivity in WISHEs.

2.4. Electrochemical Performance

The electrochemical stability of electrolytes is commonly evalu-
ated by linear sweep voltammetry, usually on inert electrodes 

and with rather high scan rates. The obtained stability win-
dows are often exaggerated when compared to practical stability 
limits on actual battery electrodes.[48] Therefore, we conducted 
cyclic voltammetry at a slow scan rate of 0.1 mV s−1 on acti-
vated carbon (AC) electrodes, following the potential opening 
approach often employed in the supercapacitor community.[49,50] 
Due to the much larger surface area of AC compared to com-
monly used, e.g., gold or glassy carbon electrodes and the low 
scan rate, this test is much more demanding and is more likely 
to reveal reactions such as anion reduction or water electrolysis 
without being distorted by excessive overpotentials. In Figure 4 
we show the cyclic voltammograms of the studied electrolytes 
with the last cycle to ±2 V versus Ag/AgCl highlighted as a 
bold line. For all four electrolytes strong reductive currents are 
observed between −0.4 and −1 V versus Ag/AgCl, which can 
be related to TFSI and water reduction, potentially resulting in 
anion-derived SEI formation.[1,2] Low currents, suggesting elec-
trochemical stability, are observed at lower potentials and an 
arbitrarily chosen cut-off current of −5 µA cm−2 is reached at 
≈−1.4 V versus Ag/AgCl for 40/20-TFSI, BSiS-A0.5, and 1-1-1-1, 
and −1.3 V versus Ag/AgCl for 1-1-1-2. At even more negative 
potentials, the current density increases again, culminating at 
a pronounced peak at −2 V versus Ag/AgCl for 40/20-TFSI and 
BSiS-A0.5 that we mostly ascribe to hydrogen formation. Inter-
estingly, this peak is strongly suppressed for 1-1-1-1 and 1-1-1-2, 
which could be explained by the lower water content of these 
electrolytes (see again Table  1) and/or formation of a more 
effective SEI. As discussed below, we conducted X-ray photo-
electron spectroscopy (XPS) on electrodes that were cycled in 
the four electrolytes shown in Figure  4. The results indicate 
SEI formation in all four electrolytes, which could explain the 
behavior observed in Figure 4 for the cathodic scans.

On the oxidative side, low currents are measured for all 
electrolytes and the cut-off of 5 µA cm−2 is reached at ≈1.6 V 
versus Ag/AgCl for 40/20-TFSI, ≈1.7 V for BSiS-A0.5, ≈1.6 V for 
1-1-1-1, and ≈1.3 V for 1-1-1-2. The resulting stability windows 

Figure 3.  Evolution of the Li+ solvation environment in 1-1-1-1 from MD simulations at 25 °C. The top block is for SN, the middle block is for water, 
and the bottom block is for TFSI. Representative configurations are shown for 0, 10, 50, 100, 140, and 157 ns.
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of 3 V for 40/20-TFSI and 3.1 V for BSiS-A0.5 are significantly 
lower than the values derived from linear sweep voltammetry 
on inert electrodes of 4.7 V7 and 4.5 V4, respectively. However, 
they correspond much better to the stability of the reported bat-
teries using LTO anodes (≈−1.5 V vs Ag/AgCl in concentrated 
electrolytes) and LMO or NMC cathodes (≈1.2 V vs Ag/AgCl in  
concentrated electrolytes). Judged by this experiment the elec-
trochemical stability of the 1-1-1-1 WISHE (3.0 V window) is on 
par with the best performing reference electrolytes, while 1-1-1-2 
is less stable (2.6 V window). The lower stability of the SN rich 
electrolyte fits our analysis of solution structure, as excess SN 
results in weaker Li+-water and Li+-TFSI interactions (see again 
discussions of Raman and NMR data above) which are crucial 
to enable high electrochemical stability in aqueous electrolytes.

Encouraged by the competitive electrochemical stability of 
our WISHEs we assembled full cells using LTO and NMC811 
electrodes. The cathode material was synthesized in-house via 
the co-precipitation method and used without any additional 
coating, while commercial LTO was coated with a NbOx layer 
by atomic layer deposition. The coating with this fast Li-ion 
conductor[51], which shows negligible volume expansion upon 
Li+ intercalation[52] and low electronic conductivity[53,54], is a 
promising way to suppress side reactions like HER as demon-
strated in reference 7. In fact, without this coating none of the 
studied electrolytes performed well unless a significantly over-
sized cathode was employed (manode:mcathode ratio of ca. 1:2.5).  
This includes BSiS-A0.5 from reference 4 for which stable 
operation of LTO was reported. The excess lithium from over-
sized cathodes can compensate losses on the anode side, e.g., 
due to electrolyte decomposition and therefore leads to over-
estimated electrolyte and battery cycling stability, and further 
reduces the energy density of the cell. Consequently, in our 
cells we only employed a small excess of cathode material with 
a Qanode:Qcathode ratio of 1:1.35 (assuming 160 mAh g−1 for LTO 
and 180 mAh g−1 for NMC811 that is a mass ratio of 1:1.2). The 

cycling performance at a rate of 1C and the corresponding Cou-
lombic efficiencies (CE) are shown in Figure  5a,b. The cells 
were cycled between 0.8 and 2.6 V and the rate and capacity 
are based on the amount of LTO (≈2 mg cm−2). All four electro-
lytes show very stable cycling over the first ≈80–100 cycles with 
capacities ranging from 145 to 155 mAh g−1 and CEs of up to 
99.3% (40/20-TFSI), 99.2% (1-1-1-1), 98.9% (1-1-1-2), and 98.2% 
(BSiS-A0.5). With initially increasing capacities, 40/20-TFSI and 

Figure 4.  Cyclic voltammograms of 40/20-TFSI, BSiS-A0.5, 1-1-1-1, and 1-1-1-2 over increasing voltage ranges on activated carbon electrodes at a scan 
rate of 0.1 mV s−1. Anodic and cathodic scans were carried out separately. The specific current is calculated using the geometric area of the electrodes. 
The dashed vertical lines show the thermodynamic potentials for the hydrogen (HER) and oxygen evolution (OER) reactions at a pH of 6.

Figure 5.  a) Discharge capacity and b) Coulombic efficiency of LTO/
NMC811 cells (mass ratio 1:1.2) cycled between 0.8 and 2.6 V at a rate of 
1C (175 mA g−1, ≈2 mg cm−2) at 25 °C in 40/20-TFSI, BSiS-A0.5, and the 
two WISHEs 1-1-1-1 and 1-1-1-2. c) Rate performance at 1C, 2C, 5C, 10C, 
and 20C. Capacities and rates are based on anode active material mass.
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the two WISHEs show a pronounced activation over the first 
15–25 cycles. In agreement with initially increasing capacities, 
the WISHE cells further exhibit CEs above 100% for the first 
cycles. No similar activation is observed in BSiS-A0.5. Storing 
the cells for 24 or 48 hours before cycling does not influence 
the duration of the activation period and cycling at lower rates 
reduces the number of cycles needed before the maximum 
capacity is reached. This suggests that the activation cannot be 
explained by incomplete wetting and further understanding of 
this apparently electrochemical process is subject to ongoing 
research. Since we do not observe an activation with BSiS-A0.5,  
we compare the cycle life after the maximum capacity is 
reached for fairer comparison: 40/20-TFSI reaches 80% of its 
maximum capacity after 124 cycles from the cycle with said 
maximum capacity. For the other electrolytes, this threshold is 
reached after 93 (BSiS-A0.5), 147 (1-1-1-1), and 130 (1-1-1-2) cycles, 
respectively. After full activation of the electrode materials, the 
maximum energy densities based on total mass of active mate-
rials and average discharge voltages of ≈2.1 V are 145 Wh kg−1  
(40/20-TFSI), 150 Wh kg−1 (BSiS-A0.5), 137 Wh kg−1 (1-1-1-
1), and 138 Wh kg−1 (1-1-1-2), respectively. In comparison, the 
cells reach 80% of their initial capacity after 206, 99, 250, and  
238 cycles (same sequence of samples). The excellent cycling 
stability for this demanding cell chemistry for water-containing 
electrolytes can be in part explained by the formation of an SEI: 
We conducted XPS on the LTO and NMC811 electrodes after  
50 cycles at 1C and found the presence of LiF, Li2CO3, and 
lithium salt residues and the absence of hydroxides on LTO, indi-
cating SEI formation in all four electrolytes (Figures S19–S21,  
Supporting Information). Furthermore, the XPS results indi-
cate that the LTO and NMC811 active materials remained 
mostly intact after 50 cycles, suggesting that the capacity fading 
setting in after 80–100 cycles is mainly due to Li inventory loss. 
A more detailed discussion of the XPS results can be found in 
the Supporting Information.

The rate capabilities of the four electrolytes are compared in 
Figure 5c. The cells for this measurement were identical to the 
ones above. After 20 cycles at 1C, we conducted 10 cycles each 
at 2C, 5C, 10C, and 20C, respectively. Except for 1-1-1-2, the rate 
performance follows the trend in ionic conductivities with the 
40/20-TFSI cell losing more capacity at higher rates than with 
BSiS-A0.5 or the two WISHEs. At 10C, the cell with 40/20-TFSI 
retains 42% of its maximum capacity (measured at 1C), for 
BSiS-A0.5 that is 51%, and 53% for both WISHEs.

What stands out is that 1-1-1-1 outperforms BSiS-A0.5 
although its apparent lithium conductivity is lower (1.3 mS cm−1  
versus 0.6 mS cm−1, see again Figure S12 in the Supporting 
Information). Additionally, the fact that both WISHEs have 
the same rate capability, although the ionic conductivity and 
apparent lithium conductivity of 1-1-1-2 (4.3 and 1.1 mS cm−1, 
respectively) is almost twice as high as for 1-1-1-1 (2.4 and  
0.6 mS cm−1, respectively) is surprising. The better rate per-
formance of the WISHEs compared to the reference electro-
lytes may in part be explained by the higher ionicity and thus 
underestimated lithium conductivity in the later, as described 
before (see again Figure S12a in the Supporting Information): 
40/20-TFSI has low apparent σLi (0.5 mS cm−1) as well as low 
ionicity (0.2), suggesting poor Li+ transport and poor rate per-
formance. BSiS-A0.5 has high apparent σLi (1.3 mS cm−1) but 

low ionicity (0.5), which indicates overestimated σLi that may 
result in poorer Li+ transport than expected from PFG-NMR. 
1-1-1-1 has low apparent σLi (0.6 mS cm−1) but high ionicity 
(0.6), and the good rate performance therefore suggests that the 
actual tLi is close to the apparent tLi or even higher. It remains 
unclear why 1-1-1-1 displays as good a rate performance as  
1-1-1-2 which has both high apparent σLi (1.1 mS cm−1) and high 
ionicity (0.7). It does however fit the 7Li chemical shifts that 
suggest weaker solvation of Li+ and facilitated Li+ transport via 
fast SN conformation changes in 1-1-1-1. This indicates that the 
stronger Li+-SN interactions in 1-1-1-1 than in 1-1-1-2 are benefi-
cial for Li+ transport, an important insight for tuning electrolyte 
component ratios. Note that differences in de solvation/charge 
transfer kinetics and interfacial resistances at the electrodes 
may also be partly responsible for this behavior. The WISHEs 
have generally similar solution/Li+-solvation structures and  
Li+ desolvation or formation of resistive interfaces may be 
rate limiting, rather than Li+ transport in the bulk electrolyte.  
Post-cycling analysis of anodes and cathodes by XPS,  
however, did not reveal significant differences in electrode-
electrolyte interphase formation in the two WISHEs (Sup-
porting Information).

In Figure S22a in the Supporting Information we further 
show rate tests with three times as heavy electrodes (6 mg cm−2),  
observing the same pattern of very similar rate performance for 
the two WISHEs. Naturally, the rate performance of all electro-
lytes is worse at higher electrode mass loadings and very little 
capacity is measured at higher rates than 2C when using the 
heavier electrodes. Note that the WISHEs yield almost the same 
capacity at a lower rate of C/2 as with lighter electrodes at 1C. 
In line with the lower capacity at intermediate to high rates, the 
Coulombic efficiency improves with the heavier electrodes as 
less time is spent at high potentials as exemplified for cycling at 
1C in Figure S22b,c in the Supporting Information.

As BSiS-A0.5 and the two WISHEs did not show any signs of 
crystallization down to at least −18 °C, we also show a rate test 
(using again 2 mg cm−2 electrodes) at 0 °C (Figure S22d, Sup-
porting Information). Not surprisingly, 40/20-TFSI does not pro-
vide much capacity even at 1C, likely due to partial crystallization 
below 15 °C. Interestingly though, BSiS-A0.5 shows much better 
capacity retention at 0 °C than the two WISHEs, and the differ-
ence between 1-1-1-1 and 1-1-1-2 is also more pronounced. This 
does not correspond to the conductivity and viscosity data shown 
in Figure S1 in the Supporting Information, as also at 0 °C the 
conductivity increases in the order BSiS-A0.5 < 1-1-1-1 < 1-1-1-2, 
while the opposite trend is observed for the viscosity. This sug-
gests that the solution structure and lithium transfer properties 
and/or charge transfer kinetics vary significantly between 0 and 
25 °C for these electrolytes. However, a more detailed study of this 
phenomenon is beyond the scope of this work. Rather we con-
clude that the nitrile containing electrolytes studied here are very 
well capable of withstanding low temperatures.

3. Conclusions

We studied the solution structure of a new class of water/
ionic liquid/succinonitrile hybrid electrolytes (WISHEs) by 
means of Raman and multinuclear NMR spectroscopy as well 

Adv. Funct. Mater. 2022, 32, 2112138



www.afm-journal.dewww.advancedsciencenews.com

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2112138  (11 of 13)

as molecular dynamics simulations, and assessed their electro-
chemical performance. We compare two promising WISHEs 
with two of the best performing aqueous reference electrolytes 
and elucidate their coordination structure, transport behavior, 
and elaborate on the impact of each component on the elec-
trolyte formulation. The highly concentrated WISHEs show 
better-than-expected ionic conductivity (2–4 mS cm−1) that we 
explain by reduced ionic aggregation and fewer neutral ion 
pairs due to Li+-succinonitrile interactions. Particularly in the  
1-1-1-1 WISHE, strong Li+-nitrile coordination facilitates  
Li+ transport due to fast conformational changes of the suc-
cinonitrile molecules and the subsequently highly intermit-
tent solvation environment of Li+. This translates into strong 
rate performance of aqueous full cells based on Li4Ti5O12 and 
LiNi0.8Mn0.1Co0.1O2. The WISHEs enable energy dense cells 
with ≈140 Wh kg−1 of active material with good cycling stability 
and Coulombic efficiencies close to 99.5% at 1C. Our results 
further provide guidelines for aqueous hybrid electrolyte devel-
opment: i) Large fractions of ionic liquid decrease the lithium 
transport number and are costly, but small amounts improve 
electrochemical stability and allow for large salt to water ratios, 
ii) succinonitrile allows for complete circumvention of salt solu-
bility limits in hybrid electrolytes and improves ionic conduc-
tivity, but too large fractions render the formulation flammable 
and decrease the lithium transport number and electrochem-
ical stability due to displacement of water and anions from the 
lithium solvation shell, iii) intimate Li+-nitrile coordination and 
fast conformational dynamics of succinonitrile are beneficial 
for Li+ transport, resulting in excellent rate performance. Suc-
cinonitrile and potentially other nitriles or solvents with polar 
functional groups are thus perfect candidates to manipulate 
solution structures and dynamics of aqueous hybrid electro-
lytes. Large solvent molecules that can undergo fast confor-
mational changes seem particularly interesting since they may 
facilitate Li+ transport as demonstrated here for succinonitrile.

4. Experimental Section
LiTFSI (99.9%, Solvionic), EMImTFSI (99.9%, Solvionic), succinonitrile 
(99%, Sigma-Aldrich), and acetonitrile (99.5%, Sigma-Aldrich) were used 
as received. Electrolytes were prepared by dissolving the components in 
high-purity water (Millipore Milli-Q) which was previously purged with 
argon. After preparation, the electrolytes showed a pH value between  
6 and 7. pH values were determined using pH paper (Merck) with a pH 
range from 1 to 14.

Ionic conductivity was determined via impedance spectroscopy (Bio-
Logic MCS 10) in sealed 2-electrode cells equipped with Pt electrodes 
(Bio-Logic HTCC). Viscosity was determined with an electromagnetically 
spinning viscometer (Kyoto Electronics Manufacturing EMS-1000) using  
2 mm Al spheres. Sample volumes of 400 µL were used. The samples were 
equilibrated for 15 min at each temperature. Density at 25 °C was measured 
with an Anton Paar DMA 4100 M density meter. Flammability was tested 
by holding a high power butane torch to an electrolyte-soaked glass fiber 
pad for one second. The samples with flammability “yes” in Table S1 in the 
Supporting Information ignited and sustained a steady flame. Samples that 
“extinguish” ignited upon exposure to the open flame but self-extinguished 
as soon as the torch was removed. Samples with flammability “no” did 
not ignite even upon continuous exposure to the flame until all electrolyte 
evaporated/decomposed and the glass fiber pad melted.

Differential scanning calorimetry was carried out with a Netzsch 
STA 449 F3 simultaneous thermal analyzer. Approximately 40 mg of 

electrolyte sample were mixed with 1–2 mg of meso-carbon microbeads 
acting as crystallization agent and hermetically sealed in Al pans. The 
samples were equilibrated at 60 °C for 30 min before scanning to −100 °C  
followed by a scan back to 60 °C. The scan rate for all measurements 
was set to 1 °C min−1.

Raman spectra of electrolytes sealed in 5 mm NMR tubes were 
collected at room temperature on a Renishaw Ramascope using a  
50 mW laser with a wavelength of 633 nm and a resolution of 1 cm−1.

1H, 7Li, 13C, and 19F NMR spectra were recorded at 400.2, 155.5, 100.6, 
and 376.5 MHz using a 5 mm CryoProbe™ Prodigy probe equipped 
with z-gradient on a Bruker Avance III 400 NMR spectrometer (Bruker 
Biospin AG, Fällanden, Switzerland). The 17O NMR data was recorded at 
54.3 MHz on a 5 mm BBO probe since the above mentioned hardware 
is not dedicated for that frequency range. The 1D NMR experiments 
were performed at 298 K using the Bruker standard pulse programs 
and parameter sets applying the following pulse angles/pulse lengths/
number of scans/recycle delays: 10°/1.0 µs/8/8.1 s (1H); 30°/5.0 µs/32/4 s  
(7Li); 30°/10.0 µs/256/5.4 s (13C); 90°/15.0 µs/up to 160k/0.1 s (17O); 
20°/4.4 µs/16/5.8 s (19F) ensuring the quantitative recording of NMR 
data for all nuclei with the exception of 13C. Temperature setting was 
calibrated using a methanol-d4 standard sample from Bruker applying 
the method described in reference [55]. Sealed capillaries containing 
a 50:50 vol/vol mixture of 2,2,3,3-tetrafluoropropanol (TFP) with 
CDCl3 were added to each NMR tube and chemical shifts (δ in ppm) 
were calibrated to the resonances of TFP at 3.91 (1H), 59.71 (13C), and 
−127.68 (19F). The 7Li NMR chemical shifts were calibrated to an external 
reference sample with 9.9m LiCl in D2O, and the 17O NMR data was 
referenced to an external sample of pure H2O at 0.00 ppm.

Pulsed field gradient nuclear magnetic resonance (PFG-NMR) 
spectra were recorded using a BRUKER 4.7 T AVANCE III instrument 
with a commercially available BRUKER Diff50 probe. Data was acquired 
with a (doubly tuned 7Li and 1H/19F) 5 mm coil at 25 °C (± 0.2 °C). To 
avoid convection induced by temperature gradients, all samples were 
kept at 25 °C for 1 h prior to starting the measurements. Doped water, 
a 0.25  mol L−1 LiCl in H2O and a 3  mol L−1 KF in H2O solution were 
exploited for external calibration of the system based on their well-known 
self-diffusion coefficients. The gradient strength during 16 gradient steps 
was optimized between 600 and 2947  G cm−1 in case of each sample. 
16 scans per gradient step, a recycle delay of 4 s, a gradient pulse length 
δ of 1 ms and a diffusion time Δ of 40 ms (7Li and 19F) or 20 ms (1H) were 
applied. The self-diffusion coefficients D of the species were derived 
from a stimulated echo sequence (BRUKER ‘diffSte’) after fitting the 
overall attenuated signal amplitudes (integration) to the Stejskal-Tanner 
equations[56,57], which describe the case of (“free”) isotropic diffusion

30
2 2 2I I exp D gγ δ δ= × − ∆ −


 










 � (2)

with I being the signal intensity, I0 the initial signal in the absence of a 
magnetic field gradient and γ the gyromagnetic ratio. Data analysis was 
performed with BRUKER Topspin 3.5 and BRUKER Dynamics Center 
2.5.MD.

The molecular dynamics (MD) simulations were performed using a 
revised many-body polarizable APPLE&P force field that utilizes atomic 
induced dipoles to describe polarization.[1,58] The simulation cells 
contained 216 LiTFSI, EMImTFSI, and 216 or 432 SN for 1111 and 1112 
electrolytes, respectively. Both systems were equilibrated at 177 °C for 
6 ns, followed by 9 ns equilibration at 90 °C, and 20 ns and 20–30 ns 
equilibration at 60 and 25 °C, respectively, in NPT ensemble. Simulations 
were performed in NVT ensemble using Nose–Hover thermostat and 
the average box size was obtained at NPT simulations for 150–200 ns. 
Multiple-timestep integration was employed with a timestep of 0.5 fs for 
bonded interactions, a timestep of 1.5 fs for all nonbonded interactions 
within a truncation distance of 8.0 Å and an outer timestep of 3.0 fs 
for all nonbonded interactions between 8.0 Å and the nonbonded 
truncation distance of 14 Å. The Ewald summation method was used 
for the electrostatic interactions between permanent charges with 
permanent charges or induced dipole moments with k = 83 vectors. The 
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reciprocal part of Ewald was calculated every 3.0 fs. Induced dipoles were  
found self-consistently with convergence criteria of 10−9 (electron  
charge * Å)[2].

Ni0.8Co0.1Mn0.1(OH)2 was synthesized in a continuously stirring 
tank reactor (CSTR) under N2 atmosphere. Initially, 1  L of distilled 
water was filled in a 3  L CSTR, and then 2 mol L−1 aqueous solutions 
of NiSO4, CoSO4, and MnSO4 were fed into the CSTR. Meanwhile, 
NH3∙H2O and NaOH were fed into the CSTR as chelating and 
precipitation agents, respectively. The pH (pH = 11.2), stirring 
speed (500  rpm) and temperature (50  °C) were maintained during 
co-precipitation. The Ni0.8Co0.1Mn0.1(OH)2 precursor was filtered and 
washed several times with distilled water, and then dried at 120  °C 
overnight. LiNi0.8Co0.1Mn0.1O2 (NMC811) was obtained by mixing the 
Ni0.8Co0.1Mn0.1(OH)2 precursor with 3 mol% excess of LiOH∙H2O, then 
pre-heated at 500 °C for 10 h, followed by calcination at 750 °C for 15 h. 
The whole calcination was carried out in pure O2 atmosphere.

Activated carbon and LTO (Targray, type LTO-2s, 4–10 µm (D50), 
≤8 m2 g−1) electrodes were prepared by dispersing the active material 
with PVdF binder (Arkema Kynar HSV900) and carbon black (IMERYS 
SUPER C65) in a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone. 
NMC811 electrodes were prepared with a mass ratio of 94:3:3 using 
the same binder and conductive additive. The slurry was tape casted 
using a doctor blade onto Al foil (AC, LTO) or Ti foil (NMC811). The 
electrodes were dried for 2 h at 120°C in air and subsequently dried at 
120 °C over night under oil pump vacuum. The NMC electrodes were 
pressed at 1  t  cm−2 for 30  s after punching out electrode discs with a 
diameter of 12 mm. The total air-exposure time for NMC811 electrodes 
was minimized to ≈4  h during electrode preparation. LTO electrode 
sheets were coated with a niobium oxide layer by atomic layer deposition 
(ALD) at a substrate temperature of 175 °C with argon as carrier gas 
at a base pressure of 19 Pa in a Fiji G2 system (Veeco Instruments). 
The precursors were niobium(V)ethoxide (Nb(OEt)5, Sigma-Aldrich) and 
water. Nb(OEt)5 was kept at 160 °C while the water was unheated. The 
growth rate of the niobium oxide layer was determined by ellipsometry 
on Si (100) reference substrates, and linear growth was observed with a 
growth rate of 0.42 Å cycle−1. In total, 16 ALD cycles were applied.

The stability window of the electrolytes was determined in half-cell 
configuration by cyclic voltammetry with a scan rate of 0.1 mV s−1 using 
Swagelok T-cells with AC electrodes as working electrodes, activated 
carbon pellets as counter electrodes, and a miniature Ag/AgCl electrode 
(eDAQ) as reference electrode. After three conditioning cycles between 
±0.4 V versus Ag/AgCl, the cut-off potential was increased in 100  mV 
steps to ±2 V versus Ag/AgCl while the second vertex potential was fixed 
at 0 V versus Ag/AgCl. Three cycles were recorded for each potential to 
reduce the influence of wetting effects. Separate measurements were 
conducted for the anodic and cathodic scans, respectively.

Two-electrode full cells were assembled using CR2032 stainless steel 
coin cells with an Al-coated negative cell casing part and a Ti disc with a 
diameter of 16 mm between positive electrode and spacer disc (1 mm). 
Whatman GF/D glass microfiber filters with a diameter of 15 mm were 
used as separators. The electrolyte volume was set to 75 µL. All cells 
were assembled under inert atmosphere in an argon-filled glovebox 
(MBraun). All cycling data was obtained at 25 °C.

X-ray photoelectron spectroscopy (XPS) measurements were 
performed on a PHI Quantum 2000 using a monochromated Al Kα 
X-ray source (1486.6 eV) with a pass energy of 30 eV. All measurements 
were conducted on three different areas, 150 µm in diameter, of each 
sample. Sample charging was prevented by charge compensation 
provided by a low energy electron and an argon ion gun. XPS data 
were processed with the CasaXPS software and quantified using the 
corrected cross sections with the instrument parameters (see ref. [17]).  
Spectra were calibrated by setting the hydrocarbon component of 
the C1s photoemission peak to 285.0 eV binding energy. A detailed 
description of the XPS data fitting procedure is given in the Supporting 
Information. The cycled electrodes were rinsed by dipping them 
in water three times for two seconds each. A slight stirring motion 
helped to remove most glass-fiber separator residues that stuck to the 
electrodes.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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