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1. Introduction

Water-in-salt (WiS) electrolytes have drawn the energy
storage community’s attention due to their potentiality to 
be used in different supercapacitor and battery technologies 
[1]. WiS are especially attractive because they help to miti-
gate the safety issues caused by organic electrolytes while 
maintaining a wide electrochemical stability window of 3 V.  

The physical chemistry of the electrolyte is at the heart 
of the performance of any electrochemical device for energy 
conversion. Lithium-based batteries are no stranger to this 
situation and the transport properties of the electrolyte 
have a direct impact on the rate capability, inner resistance 
and overpotentials, making an important contribution to the 
overall performance. 

WiS present transport properties that are beneficial for 
battery and supercapacitor operation, such as high Li+ 
transport number related to a selective mobility−viscosity 
decoupling of lithium ions [2]. It has been proposed that the 
origin of the high lithium transport number observed in WiS, 
using pulsed field gradient nuclear magnetic resonance 
(PFG-NMR) [2] is a consequence of the nano-heterogeneous 
nature of these electrolytes. Using molecular dynamic (MD) 
simulations, Borodin et al. [3] have proposed the formation 
of dynamic nanodomains for a 21 molal solution of bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in water, consisting of 
Li+(H2O)4 and Li+(TFSI−)x, which they called “water-rich” and 
“anion-rich”, respectively. 

In this work we will analyze the relation between 
nanostructure and transport properties of WiS electrolytes 
of interest in the field of energy storage. In particular,  Small-
Angle Neutron-Scattering (SANS), conductivity, diffusion, 
viscosity and transport numbers results of superconcen-
trated aqueous solutions based on lithium trifluoro-
methanesulfonate (LiTf), LiTFSI and LiTFSIm + LiTfm/3 (where 
m is molality) as a function of concentration and tempera-
ture will be discussed. 

2. Experimental

2.1 Sample preparation 

LiTf (Sigma-Aldrich, 99.99%) and LiTFSI (Sigma- Aldrich, 
99.95%) were dried by heating at 140°C for more than 12 h 
and stored within an Argon-filled MBRAUN glove box with 
oxygen and water contents lower than 2 ppm, until the 

solutions were prepared. For achieving the desired molali-
ties, all the solutions were prepared by weighing the re-
quired amounts of salts and ultrapure (milliQ) water for 
transport measurements or deuterated water (D2O, deuter-
ium oxide, Aldrich, 99.9%) for SANS measurements, with the 
help of a syringe, and stored in parafilm sealed vessels.  

2.2 Viscosity and density measurements 

The viscosities of the solutions at different salt concen-
trations were measured with a capillary rolling ball viscom-
eter (Anton Parr, Lovis 2000 M/ME) at 298.15, 308.15, 
318.15 and 328.15 K (accuracy 0.01 K). Two capillaries, hav-
ing diameters 1.59 mm and 1.80 mm were used to accu-
rately cover the entire range of viscosities. The densities of 
the solutions as a function of the concentration and tempe- 
rature, required for converting the rolling times to dynamic 
viscosity, were measured using a 2 cm 3 volumetric flask 
with a calibration mark. 

2.3 Conductivity 

The electrical conductivity of LiTf solutions as a function 
of the concentration and temperature were measured in 
this work, while those for the mixtures of LiTFSI m -LiTf m/3 
and the LiTFSI solutions were taken from the data reported 
by Ding et al. [4,5]. A capillary conductivity cell with two plat-
inum electrodes and a volume of approximately 2 cm 3 was 
used in order to minimize the amount of salt required. The 
cell was calibrated with a standard 0.1 molal KCl aqueous 
solution of known conductivity at each temperature. The im-
pedance spectrum between 0.1 Hz and 10,000 Hz, at 0.1 V 
voltage amplitude, was recorded employing an Autolab 
PGSTAT302 N potentiostat (Echochemie, Netherlands), and 
the results were fit using a series RC model circuit. 

2.4 Diffusion coefficients of Li+, Tf–, and TFSI− ions in the su-
per-concentrated solutions 

Diffusion-ordered (DOSY) NMR spectroscopy of 1H, 19F 
and 7Li has been used for determining the diffusion coeffi-
cients of the solvent, the anions, and the Li+ ion, respec-
tively, in the LiTf and LiTFSIm -LiTfm/3 solutions. The solution 
was placed into a 3 mm (o.d.) NMR tube that have been 
shown to minimize convection effects, up to a height of 5 
cm, in such a way that it lay within the region of the constant 
magnetic field gradient. A Bruker Avance Neo 500 NMR 
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spectrometer (1H at 500.13 MHz, 19F at 470.59 MHz, 7Li at 
194.37 MHz) was used, equipped with a z-gradient amplifier 
and a broadband observe probe (Bruker BBFO plus–AZ 
Smart Probe) with z-axis gradient coil having a maximum 
gradient strength of 55 G cm−1. The 90 °pulse lengths were 
12.0 (1H), 13.5 (7Li), and 15.0 (19F) μs. The self-diffusion coe- 
fficients were obtained at 298.15 K and 328.15 K, and the 
gradient strength was calibrated using the known self-diffu-
sion coefficient of the “doped water” standard sample from 
Bruker (1.91.10−9 m2.s−1 at 298.15 K). 

 

2.5 Small Angle neutron Scattering 

SANS measurements of the most concentrated solu-

tions ( 7 m ) were performed at the monochromatic instru-
ment V4 at BER II in the Helmholtz-Zentrum Berlin (HZB). 
The distance between the sample and the detector was set 
to 1 m, and the wavelength of the cold neutrons was λ = 4.5 
Å, which led to a range of Q vectors from 0.45 to 8 nm−1 
(0.78−12.6 nm) (Q = 4π/λ sin θ is the module of the momen-
tum transfer vector and 2θ is the scattering angle). The 1D 
scattering patterns were obtained by converting the iso-
tropic 2D scattering data with the BerSANS software. 

The lower concentration solutions (< 7 m) were measu -
red in the instrument ZOOM at the ISIS Neutron and Muon 
Source (Oxford, UK)  in  “time-of-flight” mode with incident 
neutron wavelengths in the range 1.75 Å < λ < 16.5 Å, cover-
ing the range 0.42 < Q < 8.4 nm−1. The data were reduced 
using the open-source Mantid software. Results from both 
instruments are corrected for sample transmission, quartz 
cell background, and D2O incoherent scattering. 

3. Results 

3.1 Transport properties  

Figure 1 shows that the conductivity of LiTf, LiTFSI and 
LiTFSIm-LiTfm/3 super-concentrated aqueous solutions de-
creases with increasing molality for m > ≈ 4 mol.kg−1. This 
behaviour is, in part, a consequence of the increasing viscos-
ity of the solution and also due to the anticorrelated motion 
of ions of the same charge.  

 
Fig. 1: Conductivitiy of super-concentrated LiTf (red symbols) at 
298.15 K (■), 308.15 K (▼), 318.15 K (●), 328.15 K (▲), LiTFSI at 
298.15 K (blue dot-dashed line) and 328.15 K (blue dotted line) [5] 
, and LiTFSI m + LiTf m/3 at 298.15 K (■) and 328.15 K (▲) [4] as a 
function of the salt molal concentration compared with that of 
LiTFSI in 1,2-dimethoxyethane (DME) (green symbols) [5,6] 

As it can be seen in Figure 1, the conductivities of these 
WiS electrolytes are comparable to those of non-aqueous 
electrolytes commonly used in Li-O2 batteries, such as LiTFSI 
in 1,2- dimethoxyethane (DME), which is the most conduc-
tive system from the family of the glymes [6,7]. 

The measured viscosity of all the systems followed an 
exponential relation with molality, and decreases as tem-
perature increases, as expected. The diffusion coefficients 
were used to determine the apparent transport numbers 
(t+), which lie above 0.5 and increase with concentration in 
all the cases.  

3.2 Nanostructure of WiS electrolytes 

LiTf and LiTFSI based WiS were analyzed using Small An-
gle Neutron Scattering in the concentration and tempera-
ture range 4 - 21 m and 25 °C – 60 °C respectively. In all the 
cases, the WiS electrolytes show a SANS dispersion peak 
close to Q =3.5-5 nm-1, which is clear evidence of nano- 
structuring on the 1.2 nm scale.  

Figure 2 shows the results for LiTFSI solutions. The peak 
was fitted with the Teubner-Strey model [8], which 
describes nanoscopic inhomogeneities seen as two media of 
different scattering density, generally interpenetrating. 

 

  
Figure 2: Normalized dispersed intensity as a function of Q vec-

tor for LiTFSI-D2O. The Teubner-Strey fitting is represented as a red 
line. Curves are shifted upwards in the Intensity axes for a clear 
representation. 

4. Discussion 

4.1 Decoupling of ionic mobility from viscosity in WiS elec-
trolytes 

The usual way of analyzing the relation between the vis-
cosity and the ionic mobility is by resorting to the fractional 
Walden law (WL) or the Stokes-Einstein relation (SER), rep-
resentred by equiations 1 and 2, respectively: 

 

 = 𝑐𝑡𝑒   (1) 
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where  represents molar conductivity,  the viscosity, Di
s 

is the self-diffusion coefficient of the species i in solution and 

T the temperature.  and  are the conductivity and diffu-
sion decoupling factors, respectively. In an ideal solution 

with no ionic interactions,  and  are equal to 1 (usually 
only at very dilute concentrations). A deviation from those 
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values implies a decoupling between ionic mobility and vis-
cosity and the lower is α, the larger the decoupling. 

All the WiS electrolytes studied in this work presented 
decoupling of conductivity from viscosity. It is noteworthy 
that the Walden product or the WiS is higher than that of 
the same salts at infinite meaning that they have higher con-
ductivity than expected for an infinitely diluted solution 
(maximum ionic conductivities) with equivalent viscosity. 

By analyzing the diffusion coefficients, it is possible to 
disentangle the contribution from different species to the 
mobility decoupling. A deviation from the SER is observed 
for the Li+ ion in the three super-concentrated solutions, 
while the corresponding anions do not exhibit decoupling. 
Thus, we conclude that the de- coupling factor α measured 
for the salt conductivity, is mainly due to a boosted motion 
of the Li+ ions, which also results in high cation transport 
numbers. In fact, the α values lie in between the decoupling 

parameter  of the anion and cation for each solution.  
The preferential decoupling of Li+ can be explained by 

the formation of nanoscopic domains in WiS electrolytes 
comprised by a Li+(TFSI−)x net (anion-rich domains), with per-
colating channels of high H2O and Li+ mobility (water-rich 

domains). The similar   value obtained for Li+ and water, 
and the differentiated anion and cation movement strongly 
support that view of nanosegregation in these WiS electro-
lytes. 

 

4.2 Nanostructure of WiS electrolytes 

A correlation peak centered around Q = 3.5−5 nm−1 can 
be distinguished in the SANS profiles for all the solutions 
within the WiS regime (concentration ≥ 7 m), confirming the 
presence of structural nano-heterogeneities in these elec-
trolytes. These heterogeneities were ascribed to the afore-
mentioned “water rich” and “anion rich” phases, responsi-
ble for the peculiar transport properties of these systems.  
Interestingly, the morphology of these heterogeneities was 
found to be temperature independent between 25 and 
60°C.  

By fitting the results with a Teubner-Strey model [8], the 
periodicity distance (d) and surface to volume ratio  (S/V) of 
the boundary between the different phases (anion-rich and 
water-rich) was determined. For LiTFSI solutions the do-
mains were found to decrease in size with concentration, 
while for LiTf they seemed to remain the same size. Interes-  
tingly, at high concentrations LiTf and LiTFSI WiS electrolytes 
seem to have identical morphologies.  

A common monotonically descendent trend of the sur-
face to volume ratio was found for salt volume fraction, ϕsalt, 
higher than 0.5, which led us to propose a picture of these 
solutions as nanometric water channels penetrating a 3D 
anion-rich matrix. Moreover, we propose that the parame-
ter that determines the formation of such heterogenei   ties 
and their morphology is ϕsalt, that can be calculated from the 
partial molar volumes of water and salt in the hypothetical 
liquid supercooled state. This is reason why LiTFSI-based 
WiS electrolytes exhibit a SANS correlation peak at smaller 
molal concentrations, but similar volumetric fractions com-
pared to LiTf-based WiS, and also higher transport numbers. 

5. Conclusions 

The relation between nanostructure and transport 
properties of super-concentrated electrolytes was analyzed, 
by combining different classical physicochemical measure-
ments and scattering techniques.   

The trends found for the morphological parameters led 
us to propose a picture of these solutions as nanometric wa-
ter-rich channels penetrating a 3D anion-rich matrix, re-
sponsible for the decoupling of Li+ and water mobility from 
the viscosity. We propose that the salt volume fraction de-
termines the formation of these domains, which explains 
the ordering of LiTFSI at lower molal concentrations than 
LiTf, and its higher transport numbers.  
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