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ABSTRACT

This work systematically studies the physicochemical properties of aqueous LiTFSI solutions across a wide range 
of concentrations. The solutions’ density, viscosity, electrical conductivity, and water activity were measured, 
establishing quantitative relationships between macroscopic parameters and structural characteristics of the 
electrolyte. Analysis of electrical conductivity, incorporating viscosity corrections, demonstrated nearly complete 
ionic association at high concentrations (above 10 mol/kg), with water activity reaching exceptionally low values 
(~0.15) at maximum solubility. The study revealed nonlinear density changes with increasing concentration, 
indicating substantial structural reorganization in concentrated solutions. Hydration numbers, calculated using 
a novel thermodynamic approach combining water activity and conductivity data, showed unexpected solvation 
behavior: LiTFSI exhibited higher hydration numbers than traditional lithium salts in dilute solutions despite lower 
TFSI− charge density, attributed to spatial trapping of water molecules by its bulky structure. This pattern inverted 
at higher concentrations due to increased ionic association and charge screening effects. The calculated parameters 
aligned well with molecular dynamics simulations, validating our macroscopic approach. The study demonstrated 
that standard physicochemical measurements can accurately determine electrolyte structural parameters, offering 
practical advantages for optimizing electrolyte compositions, particularly in systems containing polymer additives 
and co-solvents where molecular dynamics modeling faces significant challenges.

Keywords: lithium-ion batteries, aqueous electrolytes, LiTFSI, physicochemical properties, water activity, hydration 
numbers, ionic association

1. Introduction

Despite widespread use, modern lithium-ion 
batteries encountered safety and environmental 
issues due to their flammable organic electrolytes that 
release toxic products [1]. This has driven research 
toward alternative systems, particularly aqueous 
electrolytes [2]. Water as an electrolyte solvent 
offers key advantages: high ionic conductivity, low 
viscosity for effective ion transport [3,4], facilitating 
effective metal ion transport and is environmentally 
safe, non-flammable, and cost-effective for large-
scale production [5].

However, aqueous electrolytes are limited by their 
narrow electrochemical stability window (ESW) [5]. 

ESW, the potential range where the electrolyte is 
thermodynamically stable without redox reactions 
[6], is only 1.23 V (thermodynamic value) for water 
due to its decomposition reactions [7]:

This narrow window creates major obstacles 
for aqueous electrolytes’ practical use. It restricts 
electrode material selection, as their working 
potentials must fit within the stability region [8]. 
Even within these limits, local potential exceedance 
during cycling may cause parasitic hydrogen or 
oxygen evolution, leading to electrode corrosion, 
battery self-discharge, and dangerous gas pressure 
buildup [6,9].
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Aqueous lithium-ion batteries are limited to 
single cell voltage of 1.35-2 V (practical value), 
compared to 3.5-4.2 V in traditional organic systems. 
The development of stable aqueous electrolytes has 
focused on increasing salt concentration, leading to 
«Water-in-Salt» electrolytes (WiSE). Initial studies 
used 5 M LiNO3 [10] and 13.5 M LiCl, where water 
molecules form Li(H2O)n

+ complexes (n ≈ 4), reducing 
free water susceptible to decomposition [11]. In 2012, 
Aurbach’s group has achieved 1.5 V using WiSE with 
2 M Li2SO4, in combination with a Chevrel phase 
Mo6S8 anode and LixMn2O4 cathode [12]. 

In 2015, Suo et al. developed a WiSE with 21 
mol/kg lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) (salt:water ratio 1:2.6) [13]. The fluorinated 
anion enabled dense SEI formation on the anode, 
ensuring high voltage stability and extending the 
electrochemical window to 3.0 V [14].

After 2015, the WiSE concept evolved into 
«water-in-bisalt» (WIBS), using LiTFSI and LiOTf 
to bind free water, extending the stability window 
to 3.1 V [15]. The combination (21m LiTFSI + 
7m LiOTf) produces a molten electrolyte with Li+ 
concentration of 28 m and cation/water ratio of 1:2 
[16]. This allows stable SEI formation, enabling 
LiMn2O4/TiO2 batteries with a voltage of 2.1 V and 
energy density of 100 Wh/kg.

In 2020, a WIBS electrolyte (42m LiTFSI + 21m 
Me3EtN-TFSI) achieved a total concentration of 
63m [17]. Me3EtN-TFSI increased the solubility of 
LiTFSI and improved SEI formation. At a salt/water 
ratio of 1.13, it extended the ESW to 3.25 V, enabling 
LiMn2O4/Li4Ti5O12 batteries with 2.5 V and 145 Wh/
kg for 150 cycles [17].

From 2015-2020, WiSE evolved significantly, 
with increasing salt molality expanding ESW (Fig. 
1). The concept was extended to NH4+, Na+, K+ 
and Zn2+ systems for various metal-ion batteries 
[18]. The parallel development of acetate-based 

[19,20], modified anion and imidazolium ionic liquid 
electrolytes [21,22] improved salt solubility. The 
NaFSA/ElMeImTFSI system now achieves 80 mol/
kg molality at ~5.0 V ESW [21]. These achievements 
opened new possibilities for creating safe and stable 
aqueous electrolytes with high energy efficiency. But 
can we still call it aqueous-based electrolyte?

In this work, using LiTFSI − one of the most 
commonly used “water-in-salt” type electrolyte - 
quantitative correlations between water activity, 
transport characteristics (viscosity, conductivity), 
and structural parameters (hydration numbers, degree 
of ionic association) of the electrolyte have been 
established for the first time. The identified patterns 
allow the prediction of the electrochemical behaviour 
of new compositions based on their macroscopic 
properties, which significantly simplifies the 
optimization of electrolyte systems for practical 
application in batteries.

2. Experimental section 

The lithium salt bis-(trifluoromethanesulfonyl)
imide (LiTFSI) with 99% purity from ThermoScientific 
was used in this work. All measurements were 
conducted at a constant temperature of 25 ℃ with 
preliminary thermostatting of solutions.

Solution density was measured gravimetrically 
using a 5 mL Mohr pipette after thermostatting at 
25 ℃ for 30 min. Samples were weighed on analytical 
balances (accuracy 0.0001 g) and the results averaged 
from three parallel measurements.

Water activity was measured using AQUALAB 
TDL 2 (Meter Group, ±0.005 accuracy) with 3 
mL samples. The instrument combines dew point 
determination (chilled mirror sensor) and absorption 
spectroscopy (TDL), where water absorption is 
proportional to its activity.

 

Fig. 1. Scheme illustrating the decrease in Men+/H2O ratio with WiSE development.
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Solution viscosity was measured with SV-1A 
vibration viscometer (A&D, Japan), based on damping 
oscillations of plates in liquid. Measurements used 
2 mL samples at 25 ℃ after 15-minute equilibration.

Solution conductivity was measured using a YSI 
3200 conductometer with a YSI 3254 cell, calibrated 
with KCl standard solutions and temperature 
compensated to 25 ℃.

3. Results and discussion 

Solution volume increases significantly with salt 
concentration due to both direct salt addition and 
ion solvation processes. When ions form solvation 
shells with water molecules [23], they reorganize the 
solvent structure, leading to volume changes beyond 
the simple addition of components [7].

A crucial factor in developing highly 
concentrated electrolytes is the salt-to-water molar 
ratio, as it determines solvation shell structure and 
electrochemical stability. Higher salt ratios lead 
to saturated lithium-ion solvation shells and fewer 
free water molecules, suppressing electrochemical 
decomposition.

Traditional molar concentration (moles per 
liter of solution) is suboptimal for characterizing 
these electrolytes because solution volume changes 
significantly with increasing salt concentration. 
Since the same molarity can correspond to different 
salt/water ratios, and volume changes vary by salt 
type, molar concentration becomes inadequate for 
comparing different highly concentrated electrolytes 
or optimizing their composition.

Unlike molar concentration, molal concentration 
determines the number of moles of solute per kilogram 
of solvent, making it particularly convenient for 
characterizing highly concentrated electrolytes. Since 
the solvent mass (1 kg of water) remains constant 
regardless of the amount of salt added and solution 
volume changes, molal concentration directly reflects 
the ratio between the number of moles of salt and 
solvent [24,25].

The relationship between molal concentration (m) 
and the molar salt/water ratio (r) can be expressed by 
the following equation:

where Mwater is the molar mass of water (18.015 g/
mol), m – the molal concentration of salt [mol/kg], 
nsalt – the amount of salt [mol], nwater – the amount of 
water [mol].
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Thus, by multiplying the molal concentration by 
water’s molar mass and dividing by 1000, we directly 
obtain the molar salt/water ratio.

Molar and molal concentrations are related through 
solution density (ρ) by the following relationship 
[24,25]:

where C is the molar concentration of solution [mol/l], 
m is the molal concentration of solution [mol/kg], ρ – 
the density of solution [kg/m3], Msalt – the molar mass 
of salt [g/mol].

Considering the nonlinear relationship between 
molar and molal concentrations, determined 
through solution density, experimental investigation 
of electrolyte density dependence on LiTFSI 
molal concentration becomes important. These 
measurements allow not only establishing the nature 
of density changes with increasing salt concentration 
but also enable quantitative conversion between 
different concentration expression methods for 
practical use. Figure 2 shows the experimentally 
obtained dependence of LiTFSI aqueous solution 
density on its molal concentration at room 
temperature.

As can be seen from the presented relationship 
(Fig. 2), the solution density increases significantly 
with increasing LiTFSI concentration; however, 
this increase is nonlinear. When salt is added to 
water, the mass of the solution increases linearly −
proportionally to the mass of added salt. However, 
the change in solution volume has a more complex 
character, determined by intermolecular interactions. 
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Fig. 2. Dependence of aqueous LiTFSI solution density on 
molal concentration at 25 ℃.
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At low concentrations, a sharp density increase 
occurs as salt ions form compact solvate complexes, 
effectively filling water structure voids without major 
disruption. However, at higher concentrations, the 
density increase becomes more gradual. This change 
indicates a structural shift where ion pairs and larger 
aggregates form, interacting more weakly with the 
solvent and leading to greater volume increases with 
each salt addition. The system begins to approach 
ideal solution behavior as specific intermolecular 
interactions weaken.

Conductivity measurements provide additional 
confirmation of these structural changes, as 
conductivity directly reflects charge carrier mobility 
and concentration in solution. The specific conductivity 
results for LiTFSI solutions (Fig. 3a) support the 
formation of ionic associates at high concentrations.

The concentration dependence of LiTFSI 
aqueous solution specific conductivity demonstrates 
a characteristic maximum for electrolytes in the 
medium concentration region. The initial conductivity 
increase in dilute solutions is due to the increase in 
charge carriers − lithium and TFSI- ions - in solution. 
However, with further increase in salt concentration, 
a decrease in conductivity is observed, which can be 
explained by the formation of ionic associates that do 
not participate in charge transfer [25,26].

The degree of salt dissociation (α) can be estimated 
using Kohlrausch’s law from conductivity data. This 
involves determining the ratio of solution equivalent 
conductivity (Λ) to limiting equivalent conductivity 
at infinite dilution (Λ0) [24,25]:

 
Fig. 3. (a) Dependence of specific conductivity of aqueous LiTFSI solution on molal concentration; (b) Dependence of 
equivalent conductivity on the square root of molar concentration.

0�
�
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where C is the molar concentration of electrolyte 
[mol/m3], κ – is specific conductivity of electrolyte 
[S/m]. The limiting equivalent conductivity Λ0 can be 
determined by extrapolating the dependence of Λi on 
√С to zero concentration − shown in Fig. 3b. In our 
case for LiTFSI solution, the Λ0 = 6.17 mS·m2/mol. 

For correct estimation of salt dissociation degree, 
it’s necessary to consider that ion mobility in solution 
significantly depends on medium viscosity. This 
relationship is described by Walden’s rule, according 
to which the product of solution molar conductivity 
and medium viscosity remains approximately 
constant: 

Ci
�

�� (6)

where η is the viscosity of solution [mPa·s].
To separate these effects, measurements of 

dynamic viscosity of LiTFSI solutions at various 
concentrations were conducted (Fig. 4a). The 
obtained dependence demonstrates exponential 
viscosity grow with increasing salt concentration. 
Particularly sharp viscosity increase is observed at 
concentrations above 3 mol/kg, which corresponds 
to the region of substantial solution conductivity 
decrease. Such behavior can be explained by forming 
a developed network of interion interactions in 
concentrated electrolyte, which significantly hinders 
particle movement in solution.

consti ��� � (7)

where, α is the dissociation degree, Λi is the equivalent 
conductivity of the solution [S·m2/mol], and Λ0 is the 

limiting equivalent conductivity at infinite dilution 
[S·m2/mol].

In Eq. (5), equivalent conductivity Λi is related to 
specific conductivity (κ) by the relationship:
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Considering Walden’s rule, for the correct 
estimation of dissociation degree, it’s necessary 
to introduce a correction for medium viscosity 
changes. The corrected molar conductivity (Λcorrected), 
accounting for viscosity influence, can be calculated 
using the formula [25]:

 
Fig. 4. (a) Dependence of dynamic viscosity of aqueous LiTFSI solution on molal concentration at 25 ℃; (b) Dependence 
of LiTFSI dissociation degree in aqueous solution on molal concentration. Black curve - values corrected for viscosity; red 
curve - values without viscosity correction.

where η0 − is pure water viscosity [mPa·s], η 
is solution viscosity at given salt concentration 
[mPa·s]. Dissociation degree accounting for viscosity 
correction is determined as [25]:

)/( 0��icorrected ��� (8)

Figure 4b shows the dependence of the 
corrected LiTFSI dissociation degree on electrolyte 
concentration.

As shown in Fig. 4b, incorporating viscosity 
effects dramatically alters our understanding of ionic 
association in concentrated solutions. The viscosity-
corrected data (black curve) reveals a much steeper 
decline in dissociation degree with increasing 
concentration compared to uncorrected values 
(red curve). This correction reveals that at high 
concentrations (above 10 mol/kg), ions are almost 
completely associated, rather than maintaining 
the significant fraction of free ions suggested by 
uncorrected data.

The combined analysis of density, conductivity, 
and viscosity demonstrates that in the high-
concentration region typical of «water-in-salt» 
electrolytes, the solution structure fundamentally 
changes with the formation of large ionic aggregates.

0�
�

� corrected� (9)

Water activity quantifies how effectively ions bind 
solvent molecules and suppress water decomposition 
reactions. Our previous research [27] has shown that 
water activity, not total salt concentration, primarily 
determines aqueous electrolyte electrochemical 
stability, as decomposition processes involve only 
unbound water molecules whose concentration is 
directly reflected by their activity. Figure 5 shows 
the experimentally obtained dependence of water 
activity on LiTFSI molal concentration in aqueous 
solution at room temperature.

As seen from Fig. 5, with increasing LiTFSI 
concentration, a regular decrease in water activity 
in solution is observed. It’s particularly important 
to note that at maximum salt solubility (21 mol/kg), 
water activity reaches an exceptionally low value—
around 0.15. Such low water activity means that the 
vast majority of water molecules are strongly bound 
in solvate complexes with ions, which is characteristic 
for «water-in-salt» electrolytes and determines their 
unique electrochemical properties.

For quantitative understanding of aqueous 
electrolyte structure and the nature of interactions 
between its components, determining ion hydration 
numbers is of key importance. Determining 
hydration numbers based on electrolyte macroscopic 
parameters - water activity and dissociation degree 
- is particularly valuable. Such an approach has 
several substantial advantages over direct structural 
research methods. First, it doesn’t require complex 
equipment and can be implemented within standard 
physicochemical measurements. Second, the 
obtained values reflect an averaged solvation 
throughout the solution volume, which is especially 
important for practical applications. Third, joint use 
of water activity and dissociation degree data allows 
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dissociation (factor (1+α)). With complete dissociation 
(α = 1), each formula unit of salt binds twice as many 
water molecules as in the case of complete association 
(α = 0), which reflects the formation of separate 
solvation shells around each ion. 

Using the previously obtained experimental data 
on water activity (Fig. 5) and viscosity-corrected 
dissociation degree (Fig. 4), hydration numbers 
were calculated for LiTFSI solutions at various 
concentrations. The calculation was performed 
using Eq. (14) to obtain quantitative characterization 
of electrolyte solvation structure across the entire 
studied concentration range.

Figure 6 shows the concentration dependence of 
calculated LiTFSI hydration numbers and hydration 
numbers for LiCl electrolyte, another common 
“water-in-salt” electrolyte [29–31] for comparison.

The data in Fig. 6 reveals an unexpected pattern 
in hydration number changes across concentrations 
for different lithium salts. In dilute solutions, LiTFSI 
shows higher hydration numbers than LiCl despite 
TFSI− lower charge density. This stems from the 
TFSI− anion’s large spatial dimensions – while its 
delocalized charge results in weaker electrostatic 
interactions with water molecules, its bulky structure 
creates steric hindrances that spatially trap solvent 
molecules between anions.

At higher concentrations, this pattern inverts, 
with LiTFSI showing lower hydration numbers than 
LiCl. This inversion correlates with increased ionic 
association in concentrated LiTFSI solutions, where 
large ionic aggregates screen charges and weaken 
water molecule interactions. The formation of these 
ionic associates also reduces the number of separately 
solvated particles in solution.

 

Fig. 5. Dependence of water activity on molal concentration 
of LiTFSI in aqueous solution at 25 °C.

accounting for different hydration characteristics of 
free ions and ion pairs, which is critical for a correct 
description of concentrated solutions.

The fundamental thermodynamic relationship 
proposed in work [28] can be used to determine 
hydration numbers. This equation is based on analysis 
of solvent molecule distribution between solvation 
shells and bulk phase, accounting for electrolyte 
dissociation degree:

)1(
1
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w
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where h – the hydration number, aw is the water 
activity.

The physical meaning of this equation is that 
it accounts for two main effects: direct binding of 
water molecules in solvation shells (through activity 
ratio aw/(1-aw) and additional contribution from salt 

(10)

 

Fig. 6. Concentration dependence of LiTFSI and LiCl hydration numbers in aqueous solutions. Blue points - experimental 
data for LiTFSI obtained in this work; red points - data for LiCl from work [32]; green point - results of molecular 
dynamics modeling for LiTFSI from work [33].
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The hydration numbers calculated from 
macroscopic parameters (water activity, conductivity, 
and viscosity) align well with molecular dynamics 
modeling results, validating that standard 
physicochemical measurements can accurately 
determine electrolyte structural parameters. This 
approach offers practical advantages for studying 
complex electrolyte systems with polymer additives 
and co-solvents, where molecular dynamics modeling 
faces challenges in constructing accurate force fields.

4. Conclusion
 
As a result of this research, systematic study of 

aqueous LiTFSI solutions revealed nonlinear density 
changes with increasing concentration, indicating 
substantial structural reorganization. Viscosity-
corrected conductivity analysis demonstrated nearly 
complete ion association and aggregate formation at 
high concentrations. Water activity and conductivity 
measurements enabled quantitative characterization 
of solvation processes, showing that the bulky 
TFSI− anion yields higher hydration numbers in 
dilute solutions despite low charge density, with this 
trend inverting at higher concentrations due to ionic 
aggregation and charge screening. The effectiveness 
of this macroscopic approach in studying electrolyte 
structure opens new possibilities for optimizing 
electrolyte compositions, with potential applications 
extending to systems containing polymer additives 
and co-solvents.
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Макроскопический подход к изучению 
структуры концентрированных водных 
растворов LiTFSI

Я. Жигаленок, С. Абдимомын, М. Рябичева, 
М. Лепихин, А. Галеева, Ф. Мальчик* 
 
Центр физико-химических методов исследования и 
анализа, Казахский национальный университет имени 
аль-Фараби, 96А, ул. Толе би, Алматы, Казахстан

АННОТАЦИЯ 

В данной работе систематически исследованы 
физико-химические свойства водных растворов 
LiTFSI в широком диапазоне концентраций. Были 
измерены плотность, вязкость, электропроводность 
и активность воды растворов, что позволило устано-
вить количественные соотношения между макроско-
пическими параметрами и структурными характери-
стиками электролита. Анализ электропроводности с 
учетом поправок на вязкость показал практически 
полную ионную ассоциацию при высоких концен-
трациях (выше 10 моль/кг), при этом активность 
воды достигала исключительно низких значений 
(~0,15) при максимальной растворимости. Исследо-
вание выявило нелинейные изменения плотности с 
увеличением концентрации, что указывает на суще-
ственную структурную реорганизацию в концентри-
рованных растворах. Числа гидратации, рассчитан-
ные с использованием нового термодинамического 
подхода, сочетающего данные по активности воды и 
электропроводности, показали неожиданное сольва-
тационное поведение: LiTFSI демонстрировал бо-
лее высокие числа гидратации, чем традиционные 
соли лития в разбавленных растворах, несмотря на 
более низкую плотность заряда TFSI⁻, что объяс-
няется пространственным захватом молекул воды 
его объемной структурой. Эта закономерность ме-
нялась на противоположную при более высоких 
концентрациях из-за усиления ионной ассоциации 
и эффектов экранирования заряда. Рассчитанные 
параметры хорошо согласуются с результатами мо-
лекулярно-динамического моделирования, что под-
тверждает правильность нашего макроскопического 
подхода. Исследование показало, что стандартные 
физико-химические измерения могут точно опреде-
лять структурные параметры электролита, что дает 
практические преимущества для оптимизации соста-
вов электролитов, особенно в системах, содержащих 
полимерные добавки и сорастворители, где молеку-
лярно-динамическое моделирование сталкивается 
со значительными трудностями.

Ключевые слова: литий-ионные аккумуляторы, 
водные электролиты, LiTFSI, физико-химические 
свойства, активность воды, числа гидратации, ион-
ная ассоциация

LiTFSI концентрлі сулы ерітінділерінің 
құрылымын зерттеудің макроскопиялық 
тәсілі

Я. Жигаленок, С. Абдимомын, М. Рябичева, 
М. Лепихин, А. Галеева, Ф. Мальчик*

Физика-химиялық әдістерді талдау және зерттеу 
орталығы, әл-Фараби атындағы ҚазҰУ, Төле би к-сі, 
96А, Алматы, Қазақстан

АҢДАТПА

Бұл жұмыста LiTFSI сулы ерітінділерінің фи-
зика-химиялық қасиеттері кең концентрация ара-
лығында жүйелі түрде зерттелді. Ерітінділердің 
тығыздығы, тұтқырлығы, электр өткізгіштігі және 
судың белсенділігі өлшеніп, электролиттің макро-
скопиялық параметрлері мен құрылымдық сипатта-
малары арасындағы сандық қатынастар анықталды. 
Тұтқырлық түзетулерін ескере отырып жүргізілген 
электр өткізгіштігін талдау жоғары концентраци-
яларда (10 моль/кг жоғары) толық дерлік иондық 
ассоциацияны көрсетті, бұл ретте судың белсен-
ділігі максималды ерігіштік кезінде өте төмен 
мәндерге (~0,15) жетті. Зерттеу концентрацияның 
жоғарылауымен тығыздықтың сызықтық емес өз-
герістерін анықтады, бұл концентрацияланған 
ерітінділерде елеулі құрылымдық қайта ұйымда-
стырудың жүретінін көрсетеді. Судың белсенділігі 
мен электр өткізгіштігі бойынша деректерді бірік-
тіретін жаңа термодинамикалық тәсілді қолдана 
отырып есептелген гидратация сандары күтпеген 
сольватациялық мінез-құлықты көрсетті: LiTFSI 
сұйылтылған ерітінділерде TFSI⁻ зарядының төмен 
тығыздығына қарамастан, дәстүрлі литий тұздары-
на қарағанда жоғары гидратация сандарын көрсетті, 
бұл оның көлемді құрылымымен су молекулала-
рының кеңістіктік қармалуымен түсіндіріледі. Бұл 
заңдылық иондық ассоциация мен заряд экрандау 
әсерлерінің күшеюіне байланысты жоғары концен-
трацияларда қарама-қарсы өзгерді. Есептелген па-
раметрлер молекулалық-динамикалық модельдеу 
нәтижелерімен жақсы үйлеседі, бұл біздің макроско-
пиялық тәсіліміздің дұрыстығын растайды. Зерттеу 
стандартты физика-химиялық өлшеулердің элек-
тролиттің құрылымдық параметрлерін дәл анықтай 
алатынын көрсетті, бұл электролит құрамдарын 
оңтайландыру үшін практикалық артықшылықтар 
береді, әсіресе молекулалық-динамикалық модель-
деу елеулі қиындықтарға тап болатын полимерлік 
қоспалар мен қосымша еріткіштері бар жүйелерде.

Түйінді сөздер: литий-ионды аккумуляторлар, 
сулы электролиттер, LiTFSI, физика-химиялық қа-
сиеттер, судың белсенділігі, гидратация сандары, 
иондық ассоциация.


