Journal of Power Sources 516 (2021) 230658

Contents lists available at ScienceDirect

' POWER
SOURCES

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

ELSEVIER

Check for

An experimental and modeling study of sodium-ion battery electrolytes e

Kudakwashe Chayambuka *™%“ Ruth Cardinaels “*, Kevin L. Gering ! L. Raijmakers‘,
Grietus Mulder ¢, Dmitri L. Danilov *“, Peter H.L. Notten >%#"

@ Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, the Netherlands

b yrT0, Boeretang 200, 2400, Mol, Belgium

¢ EnergyVille, Thor Park 8310, 3600, Genk, Belgium

4 Forsch 18! trum Jiilich, Fund. 1 Electrochemistry (IEK-9), D-52425, Jiilich, Germany

¢ Soft Matter Rheology and Technology, Department of Chemical Engineering, KU Leuven, 3001, Leuven, Belgium

f Department of Biological & Chemical Processing, Idaho National Laboratory, Idaho Falls, ID, 83415-3732, USA
8 Centre for Clean Energy Technology, University of Technology Sydney, Broadway, Sydney, NSW, 2007, Australia

HIGHLIGHTS

e Electrolyte conductivity and viscosity profiles of the NaPF in EC and PC.

e Conductivity and viscosity results over a wide concentration and temperature range.
e The Advanced Electrolyte Model accurately predicts the experimental results.

e NaPFg-based have higher conductivity compared to LiPFe-based electrolytes.

e The cationic preferential ion solvation of EC correlates with electrode stability.

ARTICLE INFO ABSTRACT

Keywords: Electrolytes play an integral role in the successful operation of any battery chemistry. The reemergence of the
Sodium-ion battery sodium-ion battery (SIB) chemistry has therefore rejuvenated the search for optimized SIB salts and solvents.
Electrolytes Recent experiments have found that 1 M NaPFs in ethylene carbonate (EC) and propylene carbonate (PC), ECo3s :
\C/(i)sr;ilslic;vny PCys (w/w) is the best binary electrolyte for SIBs. However, mathematical models, to elucidate these experi-

mental findings, have so far been lacking. Furthermore, no attempts to understand the effect of EC composition
on the conductivity and electrolyte stability have been performed. Herein, the viscosity and conductivity profiles
of NaPFs in ECys : PCys electrolyte are unraveled, using experimental and modeling approaches at different
temperatures and salt concentrations. The viscosity is measured in a double-wall Couette cell and for the first
time, the ionic conductivity is determined using two Pt blocking electrodes in a PAT-Cell electrochemical setup.
Modeling is performed using the Advanced Electrolyte Model (AEM), a statistical mechanics software. It is shown
that the conductivity and viscosity relationship follows a simple Stokes’ law even at a low temperatures and high
concentrations. In addition, the stability of binary and ternary electrolytes on hard carbon is shown to correlate
with the preferential ion solvation of EC.

Advanced electrolyte model

1. Introduction successfully demonstrated comparable performance metrics to

state-of-the-art LIBs [2-4]. In the aftermath of these achievements, SIBs

Over the last decade, efforts to develop and commercialize sodium-
ion batteries (SIBs) have been propelled by the supply shortage risk of
lithium-ion battery (LIB) components and the need to avert overreliance
on LIBs in emerging, large scale applications [1]. Several start-up
companies have, in recent times, developed prototype SIB cells and

have emerged as the most prominent "post lithium" energy storage
technology, with the potential to complement and match the perfor-
mances of LIBs in electric vehicles and grid energy storage applications.

In this battery chemistry transition endeavor, it is important to
optimize SIB electrolytes and to elucidate their properties at different
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concentrations and temperatures. This is because electrolytes play an
essential role in several important performance metrics such as safety,
rate capability, and electrode stability [5,6]. However, optimizing
electrolyte properties is a nontrivial task given that binary, ternary and
quaternary mixtures of solvents are necessary to obtain the optimal
electrochemical stability window (ESW), ionic conductivity, viscosity,
and thermal stability [5,6]. Blends of SIB electrolytes include solvents
such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), 1,2 dimethoxyethane (DME), and diethyl carbonate
(DEC) [7,8]. In addition, the commercial availability of battery-grade
salts is often the crucial missing step in the development process of
emerging battery chemistries [9]. As a result of the complexity involved,
it is necessary to leverage modeling techniques as complementary tools,
to speed-up the development and optimization of battery electrolytes.

One modeling strategy which has been highly successful is the sta-
tistical mechanics approach using the Advanced Electrolyte Model
(AEM) created at the Idaho National Laboratory [10-13]. The AEM was
developed by Gering for application in battery electrolytes and other
electrolyte working fluids [12,13]. The success of the AEM originates
from the provided fundamental understanding of solvation thermody-
namics based on molecular level interactions between the solvent and
ionic species [14]. This differs from the classical approach of solvation
thermodynamics based on bulk macroscopic properties, such as viscos-
ity and conductivity. The AEM has shown exceptional accuracy in pre-
dicting conductivity and viscosity properties of LIB electrolytes [10,11].
The AEM allows a wide selection and combination of the most common
LIB and SIB salts and solvents, which include water, aprotic solvents,
and room temperature ionic liquids. The AEM can be further used as an
optimization tool for electrolytes of different compositions. Such opti-
mization can enhance the SIB technology. For example, increasing the
ionic conductivity and ESW would allow thicker electrode coatings and
high voltage cells [15,16]. These strategies can significantly increase the
energy density and reduce the manufacturing costs of batteries [17].

Although the ECqys5 : PCo5 (w/w) solvent has been identified as the
most attractive for SIB application because of its high thermally stability
and wide ESW [7], it is equally important to elucidate its extensive
parameters such as viscosity and conductivity as a function of temper-
ature and salt concentration, for application in electrochemical battery
models. Herein, the SIB electrolytes composed of NaPFg salt and ECys :
PCys (w/w) binary solvent is investigated by experimental and
modeling techniques. Properties of conductivity and viscosity are
measured experimentally over a concentration and temperature range of
0-2 mol kg™' and —10 to 50 °C, respectively, and the results are
compared to the AEM predictions. Based on the experimental and AEM
results, it is herein shown that the conductivity and viscosity relation-
ship for the ECy 5 : PCy 5 electrolyte, follows a simple Stokes’ law. This
demonstrates that ion pairing effects in the liquid organic electrolyte
remain low over the concentration and temperature range studied and
validates the use of the dilute solution theory in electrochemical models
of this SIB electrolyte.

In this work, the experimental conductivity is determined using
electrochemical impedance spectroscopy (EIS) on two Pt blocking
electrodes in an El-Cell, PAT-Cell electrochemical setup. The electrolyte
viscosity is determined in a double-wall Couette cell, which allows for a
low volume of electrolytes and constant temperature control. The
agreement between the AEM model results and experimental results for
the ECys : PCys solvent validates the experimental techniques and al-
lows further optimization of the conductivity of the ECy : PC;_ solvent
by tuning the EC composition. It is shown that the optimum EC
composition varies with temperature and is governed by competing
viscosity and ion pairing effects. Finally, comparing Li- and Na-based
electrolytes reveals that Na-based electrolytes have a higher conduc-
tivity at high salt concentrations. These results encourage the explora-
tion of highly concentrated SIB electrolytes, which have improved safety
and charge transfer kinetics [18,19].
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2. Theoretical background for conductivity measurements

Electrolyte conductivity can be measured from the impedance
response of two identical blocking electrodes separated by the electro-
lyte. The two blocking electrodes are electrochemically inert electrodes
which behave like an ideal capacitor upon polarization. The impedance
response of such a blocking circuit is given by [20].

1

where Z is the total impedance [Q], j the imaginary unit, w the frequency
of the applied alternating signal [Hz], L the inductance due to, for
example, the cable connections [H], and R, the ionic resistance in the
(bulk) electrolyte [Q]. The frequency independent parameters @ and Q
are associated with a constant phase element (CPE), which accounts for
the non-ideal capacitive response of the system [21]. Three possible
scenarios of the CPE are as follows: (i) @ = 1, the impedance response is
akin to that of a pure capacitor and Q represents the double layer
capacitance (Qq) [F m~2]. (i) a = 0, the impedance response is similar
to that of a pure resistor, and (iii) 0 < @ < 1, the impedance response
shows local capacity dispersion due to electrode surface heterogeneity
[20-22].

Fig. laillustrates an ionic conducting electrolyte in contact with two
blocking electrodes and corresponding series inductor-resistor-capacitor
equivalent circuit. Fig. 1b shows the complex impedance plane (Nyquist
plot) measured with the blocking electrode setup and modeled with Eq.
(1). At low o, the imaginary component of the impedance approaches —
o0, meaning direct current flow is blocked in the low-frequency limit. As
® increases, the imaginary component of the impedance approaches
zero. In the equivalent circuit model, L = 0 because the experimental
data does not intersect with the real axis at high w (see the inset in
Fig. 1b). R, can thus be determined from the intercept with the real axis
in the Nyquist plot. In an ideal system wherein o = 1, a vertical line is
observed in the Nyquist plot. Nevertheless, in real practical systems, a #
1 and a sloping line is observed due to the CPE.

The Nyquist plot is, however, not an accurate sequential graphical
method to determine R,, because the data is not linear at high fre-
quencies and an intercept with the real axis can also observed at high
frequencies (due to cable inductance for example). Instead, a Bode plot
of the modulus of the admittance versus @ can separate R, from the
inductive artefacts [23]. The admittance Y [S] is defined as the inverse
of the impedance

/ s

1 V4 VA
Y(w)=—— =" —j— 2
(w) Z@) 2P ]|Z|2 . [2]

where Z and Z  are the real and imaginary parts of the impedance,
respectively [Q]. The modulus of the admittance, Y,,q [Q] is then
calculated as

1
VZiiz7

By fitting the impedance response of the model in Eq. (1) to the
experimental EIS data in a Bode plot of Y,,,4versus o, accurate values of
R, can thus be determined. Fig. 1c illustrates the fitting of the equivalent
circuit model shown in Eq. (1) to the experimental data in the Bode plot
of Yyq versus. @ . The model parameters are therefore determined in
Fig. 1c and further verified in the Nyquist plot (Fig. 1b).

The ionic conductivity ¢ [S m~!] can finally be deduced from R, by

[3]

Yinoa =

_ K('ell
6= R, [4]

where K, is the cell constant [m™!]. K,y is determined using solutions
of known conductivity (standard conductivity solutions) and depends on
the blocking electrode surface area, the distance between the electrodes,
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Fig. 1. Schematic representation of a blocking
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and the tortuosity of the separator between the electrodes, if present.
3. Experimental
3.1. Preparation of electrolytes

An aprotic binary solvent mixture, consisting of 50 wt% ethylene

carbonate (EC, Aldrich, anhydrous, 99.0%) and 50 wt% propylene car-
bonate (PC, Aldrich, anhydrous, 99.0%), was used for the conductivity

PAT-Core

___ upper plunger, stainless steel

(current collector)

___ upper blocking electrode. Pt.
¢ =18 mm

— insulation sleeve and separator

lower blocking electrode, Pt.

0 =18 mm

and viscosity experiments. The ECy 5 : PCy 5 (W/w) solvent was prepared
at 60 °C, in order to melt and dissolve the EC. This procedure was carried
out in an Argon filled glove box (Innovative Technology, Inc. New-
buryport, MA), with controlled moisture and oxygen content. For the
evaluation of viscosity and conductivity at different salt concentrations,
NaPF, (Kishida, anhydrous, 99.0%) was dissolved in the ECys : PCos
solvent, to make concentrations of 0.15, 0.5, 1, 1.5 and 2 m (mol kg’1
of solvent). The molality scale is experimentally most convenient
because the electrolyte volume varies with the amount of salt and

PAT-Cell

__ lower plunger. stainless steel

(current collector)

Fig. 2. Configuration of the PAT-Core and EL-Cell PAT-Cell used for the EIS electrolyte conductivity measurements. Adapted with permission [24].
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temperature. In addition, salt concentrations are defined on the molality
scale in the AEM software and corresponding molarity values are pro-
vided for comparison. All electrolytes and salts were used as-received.

3.2. Conductivity measurements

Electrolyte conductivities were measured in a hermetically-sealed
PAT-Cell (EL-Cell GmbH, Hamburg, Germany) using EIS measure-
ments on two Pt blocking electrodes, in the frequency range of 500-0.1
kHz using 40 logarithmically spaced frequencies. EIS measurements
were performed in the potentiostatic mode using an amplitude of 10 mV
(Autolab PGSTAT302 N).

Fig. 2 shows the PAT-Core mounted in the PAT-Cell used for the
conductivity measurements. The PAT-Cell consists of an inner core, the
PAT-Core, wherein two Pt discs (EL-Cell GmbH, @ = 18 mm, Pt >
99.0%) were used as blocking electrodes, and two stainless-steel upper
and lower plungers (EL Cell GmbH, 316L) were used as current collec-
tors. The electrodes were separated by a 25 pm thick separator (EL Cell
GmbH, Freudenberg Viledon). A polypropylene insulation sleeve was
used to keep the electrodes, separator, and current collectors in place
and thus seal the PAT-Core. To evaluate the cell constant, 1 mM KCI
conductance standard solution (Aldrich, 99.0%) was used as electrolyte
in the PAT-Cells, and the EIS measurements were repeated 7 times on
different cell assemblies at 25 °C. An average cell constant of
0.9882 m~! was determined with an accuracy of £ 3% (based on
standard error calculations).

All PAT-Cells, except for the KCl conductance standard test cells,
were assembled and hermetically sealed in an argon-filled glove box.
After sealing, the cells were taken out of the glove box and placed in a
temperature chamber (Maccor, MTC-010). Inside the temperature
chamber, the temperature was automatically set from — 10 to 50°C
(10 °C steps). Each isothermal step was maintained for a total period of
5 h, and the EIS measurements were repeated at hourly intervals. The
sealing of the PAT-Cells thus ensured stable measurements of the vola-
tile electrolyte over a wide temperature range.

3.3. Viscosity measurements

The dynamic viscosity characterization of the ECys : PCys (w/w)
electrolyte at NaPF¢ concentrations of 0, 0.15, 0.5, 1, 1.5, and 2
mol kg™! was performed, using a rotational rheometer with a Peltier
temperature control unit. The rheometer (Anton Paar GmbH, MCR501)
was configured and controlled via Rheoplus (software version 3.62). The
temperature was set between —10 and 50 °C (10 °C steps). . At each
temperature step, a waiting time of 20 min was required for the elec-
trolyte temperature to reach steady-state. Due to the low viscosity and
low volume constraints of the electrolyte samples, a double-wall Couette
cell measuring system (Anton Paar, DIN 54453) was selected, in order to
maximize the torque resolution for low volume electrolytes. In addition,
a solvent trap system consisting of a pure EC 5 : PCy 5 solvent was used
to minimize electrolyte evaporation from the cell during the tests and to
limit the electrolyte-air contact. The solvent trap system works by
creating a saturated solvent atmosphere in the cell [25].

Viscosity versus time curves were thus obtained at shear rates of 10,
100 and 1000 s~!. Each shear rate was applied to the sample for a
duration of 60 s with a sampling time of 1 s. All surfaces coming in
contact with the electrolytes were thoroughly cleaned before measure-
ments, first with deionized water and then with acetone, and left to dry
in ambient air. An empty cell torque for the setup was determined, a
parameter which was dominated by the solvent trap friction. An elec-
trolyte volume of 3.8 mL was added to the cell, and the aforementioned
shear rates were applied. Thixotropy was checked by the successive
execution of two shear rate sweeps. The hysteresis between viscosity
curves obtained with increasing versus decreasing shear rate was negli-
gible, thus proving the absence of thixotropy. Moreover, the viscosity
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values did not depend on the applied shear rate, thereby demonstrating
the Newtonian flow behavior of the electrolyte samples. At the shear
rate of 1000 s~! for example, a sample torque ranging between 0.2 and
30 mNm was obtained at the different temperatures and salt concen-
trations. By taking the average cell torque from the 3 shear rates, the
electrolyte sample torque was finally calculated from the difference
between the average cell torque and the empty cell torque.

3.4. AEM calculations

The AEM version 2.19.1 used in this work contains a graphic user
interface and a library of 39 solvents and 28 salts. Specific details of the
AEM methodology can be found in the following dedicated literature
[12,13]. The user has an option to select a mixed electrolyte of up to 5
solvents and 2 salts. For the comparison between experimental and
model results, in terms of viscosity and conductivity predictions at
different temperature and concentration conditions, the ECys : PCys
(w/w) solvent and NaPF¢ salt were selected. The salt concentration
range of 0 to 3 mol kg ' was specified in combination with a temper-
ature range of —10 to 50 °C (5 °C steps). The software gives 5 or 10 °C
step options, and the former offers a finer grid and better fidelity in the
Arrhenius calculations. In the input method for handling triple ion sta-
bility, the option [ABA'] = [BAB ]Jwas selected. Finally, the
Surface-Charge Attenuated Electrolyte Permittivity (SCAEP) and elec-
trochemical double-layer calculations were not included. For the above
calculations, the AEM does not require sophisticated computational
power. Results are available in a few seconds on a standard desktop
computer.

In order to compare properties of Na-based and Li-based electrolytes,
AEM calculations were performed by selecting ECy s : PCos (W/w) sol-
vent and LiPFg salt in the concentration and temperature range of 0 to 3

mol kg’1 and —10 to 50 °C (5 °C steps). The results of the Li-based
electrolyte were thus compared with that of the Na-based electrolyte
at the same temperature and concentration conditions.

The AEM calculations were also used for the optimization of a 1 M
NaPFg in ECy : PC;_x (w/wW) electrolyte by analysis of the conductivity as
function of temperature and EC mass fraction (x). The choice of the salt
concentration is based on the fact that most prototype SIBs are using this
concentration. The AEM conductivity results were therefore analyzed at
temperatures of —10, 30 and 50 °C and x was varied from 0.3 to 0.8 in
steps of 0.05.

Using AEM data and experimental data from independent literature
studies [7,8], the factors that contribute to different EC-based binary
and ternary electrolytes having poor reversible capacity on hard carbon
(HC) electrodes were further investigated. The binary solvents include:
EC()_S : PCO_5, EC()_S : DNIC()_S7 EC().S : DMEy 5 and ECO‘5 : DECo,s, while the
ternary solvents include: ECg 45 : PCp 45 : DMCq 1, ECo 4 : PCo4 : DMCo 2,
ECO_4 : PCO_4 : DMEOVZ and ECO_4 : PCO_4 : DECO_2. In this investigation, 1
M NaClO, salt was selected from the AEM library, in order to match the
conditions in the respective literature studies. The objective is to
determine if the HC reversible capacity can be correlated to the amount
of EC in the various electrolyte blends. Therefore, the reversible capacity
of HC reported in literature was correlated to the mass fraction, volume
fraction, mole fraction, and the cationic preferential ion solvation (PIS)
of EC in different electrolytes.

4. Results and discussion
4.1. Comparison between experimental data and AEM results

The conductivity and viscosity results are listed in Table 1 and
Table 2, respectively. Fig. 3a and b shows the conductivity and viscosity
results of the ECys : PCos (w/w) electrolyte as a function of concen-
tration and temperature, respectively. The conductivity of the electro-
lyte increases with increasing NaPFgs concentration in dilute electrolyte



K. Chayambuka et al.

Table 1
Conductivity experimental results for the NaPFg in ECos : PCos (W/w) electro-
lyte at various temperatures and NaPFe concentrations.

Concentration Conductivity (mS ecm™!) at the indicated temperature
(mol kg™ cQ

-10 0 10 20 30 40 50
0.15 1.53 211 273 336 4.04 471 5.40
0.5 262 3.66 486 6.03 720 841 9.75
1 2.70 4.11 5.57 7.18 8.83 10.48 12.2
1.5 252 355 527 7.03 861 107 12.5
2 1.35 248 396 569 7.60 9.65 11.7

Table 2

Viscosity experimental results for the NaPFg in ECq 5 : PCo 5 (w/w) electrolyte at
various temperatures and NaPFg concentrations.

Concentration Viscosity (cP) at the indicated temperature (°C)
(mol kg’l)
-10 ©0 10 20 30 40 50

0 6.23 4.65 3.59 2.90 2.36 1.94 1.63
0.15 7.67 552 416 330 264 215 177
0.5 103 7.35 552 434 346 288 242
1 17.0 12.4 8.73 6.85 5.21 4.09 3.32
1.5 38.0 222 144 101 760 580 454
2 76.2 394 233 163 11.1 804 6.05

solutions (Fig. 3a). However, in concentrated electrolytes, the conduc-
tivity levels off and even decreases at high concentrations. This is related
to a concomitant increase in several counteracting effects, such as
electrolyte viscosity, ion-ion associations and the coordinated ion sol-
vation shells [13]. Therefore, the conductivity attains a maximum at a
molality of about 1 mol kg™'. The electrolyte viscosity, on the other
hand, is shown to increase exponentially with increasing salt concen-
tration (Fig. 3b). Sharp increases in viscosity are found at low
temperatures.

The AEM results shown in Fig. 3 are close to the experimental results
over the full concentration and temperature range studied. Errors in the
experimental conductivity measurements, represented by the error bars,
were calculated based on the following analytical approximation [26].

k(e,T)=Ki7 S+ K7 & +Ksrc, [5]

where « is the electrolyte conductivity [S m™'], ¢ the electrolyte con-

centration [mol kg~'] and Kis a temperature-dependent coefficient
given by

E,; 1 1 .
Kir=Kias -c CXP( R (298 157T>>’ i={1,2,3} (6]

where E,; is the activation energy [J K! mol™'] of the ith temperature-
dependent coefficient, R the wuniversal gas constant [8.314
J K! mol!] and T is the temperature [K]. This model has been pre-
viously applied to experimental conductivity data of lithium-ion batte-
ries [26]. Egs. (5) and (6) result in an analytical expression for the
conductivity at various concentrations and temperatures, which is useful
in battery modeling applications. A maximum conductivity uncertainty

of +4 % was obtained at 50 °C and 2 mol kg™' in the experiments.
Uncertainties in viscosity measurements were similarly calculated
based on deviations from the Arrhenius expression [27].

E,
B =}, exp (ﬁ) , [7]

where | is the dynamic viscosity [Pa s], p,, the limiting viscosity at
infinite temperature [Pa s], and E, is the activation energy [kJ mol'].
A maximum viscosity uncertainty of +7 % was obtained at —10 °C and 2

mol kg™ in the experiments. The uncertainties in viscosity at higher
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Fig. 3. Comparison of the conductivity (a) and viscosity (b) in the experiments
(symbols) and AEM simulations (lines) of ECys : PCos (w/w) electrolytes at
various temperatures and NaPFs concentrations. The error bars are calculated
from standard deviation from analytical equations.

temperatures were less than +2 %. Alternatively, the viscosity as a
function of concentration can be modeled by the Jones-Dole equation
[28-30], which can be similarly applied to determine uncertainties. The
resulting uncertainties are represented by the error bars on the experi-
mental data points in Fig. 3.

Fig. 4a and b shows the analysis of the mean absolute error in con-
ductivity and viscosity between the AEM and experimental data as a
function of concentration and temperature, respectively. It can be
concluded that the absolute error in conductivity is more or less constant
within 1 mS cm™! (Fig. 4a), and tends to increase somewhat with
increasing temperature (Fig. 4b). In contrast, the absolute error in
electrolyte viscosity increases substantially with increasing the NaPFg
concentration (Fig. 4a) and decrease with increasing temperature
(Fig. 4b). In general, deviations between the AEM simulations and vis-
cosity experiments are the highest at the lowest temperature of —10 °C
and at the highest concentration of 2 mol kg .

Fig. 4c and d shows the mean relative error in conductivity and
viscosity between the AEM and experimental data as a function of
concentration and temperature, respectively. The relative error is
highest at the concentration extremes (0.15 and 2 mol kgfl) and tem-
perature extremes (—10 and 50 °C). The maximum relative error of 15%
is recorded for the conductivity at the lowest concentration of 0.15
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Fig. 4. Mean absolute error and relative error of the conductivity (red) and viscosity (green) between the experiments and AEM simulations at various concentrations
and temperatures. Mean absolute error (a) and (b). Mean relative error (c) and (d). Mean calculated over all temperature points in (a) and (c). Mean calculated over
all concentration points in (b) and (d). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

mol kg™'. At all other intermediate temperature and concentration
conditions, the mean relative error in viscosity and conductivity is less
than 10%, which is quite accurate and shows improvement from pre-
vious versions of the AEM [31].

4.2. Walden analysis

The relationship between the ionic conductivity and viscosity has
been shown to follow a simple Stokes’ law in previous investigations of
ionic liquids [32] and aprotic LIB electrolytes [33]. Herein, we investi-
gate if a similar relationship can be obtained based on experimental and
AEM results of SIB electrolytes. Using Stokes’ law, the ionic conductivity
is expressed as a function of the electrolyte viscosity and ionic radius, as

[8]

where z; is the charge, F is the Faraday constant 96485 [c mol’l], c; is
the molar concentration [mol l’l} and r; is the Stokes’ radius of the i
ionic species [m]. r; represents the effective solvated ion radius,
including the solvation shell, for ionic conductivity [11]. Considering a
monovalent salt such as NaPFg, Eq. (8) can be expressed as

Fc, ( 11 )
o=—|—+—]|,

6 \ry 1
where r. and r_ are the Stokes’ radii of the cations and anions,
respectively, and c is the molar concentration of dissociated cations or
anions in the electrolyte. The electroneutrality condition for a mono-

valent electrolyte stipulates equality of ionic concentrations for oppo-
sitely charged ions. Note that, ¢ is only equal to the salt concentration

[9]

for a fully dissociated electrolyte.

Assuming the Stokes’ radii to remain constant and the salt to be
either fully dissociated or the degree of dissociation to be constant, Eq.
(9) can be simplified to

[10]

where A is the molar conductivity [S cm?mol '] and p is a constant
which is inversely proportional to the Stokes’ radii. According to Eq.
[101, plots of A versus 1/p are linear. This theoretical expression has
been validated experimentally in ideal electrolyte solutions according to
Walden rule [32,34].

log(A) =log G) .

Eq. (11) has been experimentally validated using 1 M KCl solutions,
which is assumed to represent a fully dissociated, ideal electrolyte so-
lution [32]. The KCl data are therefore used as a reference in the present
experiments to assess the ionicity or degree of dissociation of an
electrolyte.

Fig. 5a and b shows the molar conductivity as a function of the in-
verse of the viscosity (Eq. (10)) and the Walden plot (Eq. (11)),
respectively. The experimental data (colored symbols) are grouped by
concentration (solid lines) while colored dots illustrate the various
temperatures. In Fig. 5a, the AEM predicted Walden dependency
(dashed line) matches the experimental data very well in all cases. This
is another illustration of the accuracy of the AEM approach in predicting
experimental data. The AEM uses a revised form of Stokes’ law, which
accounts for additional effects omitted by the simple Stokes’ law. That
form includes solvent-ion effects, ion association effects, counter-ion

[11]
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Fig. 5. Walden analysis for NaPFs in ECys : PCos (W/w) SIB electrolyte. (a)
Molar conductivity versus the inverse of the viscosity. (b) Walden plot showing
the logarithmic of the molar conductivity versus the inverse of the viscosity. The
experimental data are shown as colored dots; lines are used to group electro-
lytes of the same molality, and AEM modeling is represented by the dotted line.
The KClI reference data line is shown in (b).

diffusion, random motion of ions, ionic hopping, viscosity as a function
of salt concentration, and solvated ion size as a function of salt con-
centration [12]. Comparing the AEM results and the simple Stokes’ law
therefore reveals the extent to which these additional effects influence
ionic conductivity.

Fig. 5b shows a comparison of the experimental data (colored dots),
the AEM data (dashed line) and the simple Stokes’ law, which is rep-
resented by the KCl reference data (solid black line). The simple Stokes’
law is also shown to be a reasonable approximation of the experimental
conductivity as a function of the viscosity for the electrolyte. Never-
theless, the experimental and AEM data lie below the KCl line. Points
above the KCl line are characteristic of highly ionic solutions (superionic
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conductors) while points below the KCI line are typical for poor ionic
conductors [35]. Therefore, the ionic conductivity of the ECys : PCys
electrolyte is less than ideal. It is worth highlighting that using the
Walden rule in a rigorous interpretation of electrolyte temperature or
solvent-composition dependence has been questioned [36]. Neverthe-
less, the empirical rule provides a facile and qualitative assessment of
the degree of dissociation in electrolytes in comparative studies [37].
Because the AEM and experimental results at concentrations 0.15,
0.5 and 2 mol kg"1 are approximately linear and close to the KCl line,
the additional effects of the revised Stokes’ law do not have a large in-
fluence on the conductivity of the ECy s : PCy 5 electrolyte. This means
that viscosity, as predicted by the Stokes’ law, has a greater influence on
the electrolyte conductivity as compared to ion solvation effects. The

characteristic drop in conductivity at concentrations above 1 mol kg™
NaPF in Fig. 3a is therefore primarily caused by the increase in elec-
trolyte viscosity.

Nevertheless, several trends of the experimental data compared to
the KCl reference data can be observed from Fig. 5b. The experimental
data deviates slightly further from the KClI data as the concentration and
temperature increase. This indicates that non-ideal ion solvation effects
increase at high concentrations and temperatures. Increased deviations
at 2 mol kg™! are indeed expected, since electrolytes are only fully
dissociated at infinite dilution. The deviations at 50 °C can be explained
by the gradual increase in the mole fraction of triple ions as the tem-
perature increases [38]. This phenomenon is herein illustrated by the
decrease in the mole fraction of single ions as the temperature increases,
due to reduced electrolyte relative permittivity at higher temperatures
(see Fig. 6¢).

4.3. Comparison of Na-ion and Li-ion battery electrolytes

It is often reported that SIB electrolytes have a higher conductivity
compared to analogous LIB electrolytes [39,40]. The AEM is herein used
to investigate and compare properties of 1 M NaPFs and 1 M LiPF¢ in
ECys : PCos (w/w). Using the same solvent removes the question of the
dielectric permittivity, and using salts of the same anion and concen-
tration, allows any differences to be attributed to the charge density of
the cation.

Table 3 shows a comparison of the main electrolyte properties at
25 °C determined by the AEM. The main advantages of Na-based elec-
trolytes over Li-based electrolytes are a higher conductivity (15%),
lower viscosity (—13%), higher diffusivity (14%), and better solubility,
as indicated by the lower free energy of solvation (—33%). For this
reason, Na-based salts can dissolve in low dielectric solvents and
therefore display better ion transport properties. Other effects such as
the solvated ion diameter, ion solvation numbers, and cation trans-
ference numbers have only a marginal influence (<4%). The solvated
ion diameter here represents the effective transport diameter, which
includes the bare-ion diameter and the hard-sphere or collision diameter
[13]. Based on the ion solvation numbers, it is apparent that anions are
poorly solvated. This corroborates the findings that the electrolyte
conductivity is mainly influenced by solvated cations [41]. Finally, the
transference numbers of the two electrolytes are almost identical due to
the similarities in solvated ion size.

Fig. 6 shows AEM results comparing properties of NaPFs- and
LiPFg-based ECys : PCos(w/w) electrolytes as a function of the salt
concentration and electrolyte temperature. Fig. 6a, b, and ¢ show the
conductivity, viscosity, and mole fraction of single ions (SI), as a func-
tion of electrolyte concentration and temperature, respectively. A series
of thermodynamic mass action law (MAL) expressions within AEM
predict the equilibrium proportions of single ions, ion pairs (IP) and
triple ions (TI), as well as the onset of solid solvates. MAL calculations
are sensitive to the relative permittivity of the electrolyte solution,
which is allowed to vary over salt concentration due to the absolute
concentrations and electrostatic fields of SI, IP, and TI species. While the
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Table 3
Comparison of AEM-simulated electrolyte properties of 1 M NaPFgand 1 M
LiPFein ECy 5 : PCo5 (W/w) at 25 °C.

-
o
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o

N w
o o

-
o

viscosity, p / cP

——AEM, NaPF
- - AEM,LiF’F6
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O
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concentration, ¢ / mol kg'1

Fig. 6. Comparison of AEM simulated conductivity (a), viscosity (b) and mole
fraction of single ions (SI) (c) for NaPF¢- (solid lines) and LiPFs-based (dashed
lines) electrolytes in ECq s : PCos(w/w) at —10 (black lines), 30 (blue lines),
and 50 °C (red lines) as a function of concentration (molality). (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

conductivity, viscosity, and SI values are nearly indistinguishable in
(dilute) concentrations below 0.5 mol kg™?, the differences between the
two salts become more pronounced at higher concentrations. At con-
centrations above 1 mol kg~!, the conductivity and the mole fraction of
SI decrease more rapidly in LiPFs compared to NaPFe, while the vis-
cosity of LiPFg increases more sharply compared to that of NaPFg. This
drop in conductivity is due in part to the 2% larger solvated cation
diameter of Li*, as shown in Table 3, which corresponds to a substan-
tially larger solvated proportion of its diameter compared to Na*once
their bare ions are subtracted from their solvated volumes. Nevertheless,
ion dissociation remains high even as the concentration exceeds 2

Property LiPFg NaPFq Unit %
Difference”

Electrolyte 7.117 8.211 mS cm ! 15.4
conductivity

Electrolyte Viscosity 6.12 5.34 cP -12.7

Effective diffusivity 1.02 x 1.16 x m2 s! 13.7

10-10 10-10

Free energy of 483.17 323.23 kJ mol ! -33.1
solvation

Solvated cation 7.52 7.38 A -1.9
diameter

Solvated anion 6.41 6.35 A -0.9
diameter

Cation solvation 4.244 4.065 - —4.2
number

Anion solvation 1.313 1.301 - -0.9
number

Cation transference 0.453 0.457 - 0.9
number

# Based on the formula.([NaPFe] — [LiPFs])/[LiPFs] x 100.

mol kg™ ! with the mole fraction of SI above 85%. This result indicates
that the dilute solution theory can be adequately applied to model most
LIB and SIB electrolytes whose equilibrium concentrations are typically
around 1 M.

The interesting feature on the conductivity profile of the NaPFg
electrolyte is that the conductivity remains high and close to the peak at
high concentrations. Na-based electrolytes, therefore, outperform anal-
ogous Li-based electrolytes at high salt concentration and low-
temperature conditions. These results should encourage the explora-
tion of highly concentrated SIB electrolytes, which have improved
thermal stability, a wider electrochemical stability window, and fast
electrode kinetics [18,19]. Nevertheless, the high viscosity under these
conditions might present wettability challenges when using common
separators.

4.4. Preferential ion solvation (PIS) — why some electrolyte combinations

fail

EC is an electrolyte solvent with high dielectric permittivity which
forms a stable solid electrolyte interface (SEI) on HC and graphite
electrodes [42,43]. Due to these properties, EC is considered an indis-
pensable component in mixed battery electrolytes [5]. Nevertheless, EC
has a high viscosity and is a solid at room temperature, making its use as
a pure solvent impossible. EC is therefore commonly found in mixed
solvents containing low viscosity solvents such as PC, DMC, DME, or
DEC, which results in improved electrolyte properties with respect to
viscosity, conductivity, and liquidus temperature [5,6].

Several fundamental empirical studies have been performed to
optimize binary and ternary mixtures of SIB electrolytes [7,8]. These
studies concluded that ECys : PCos (w/w) and ECy4 : PCo4 : DMCp 1
(w/w) are the optimum electrolyte blends for SIB applications due to
their wide ESW and the high reversible capacity of HC electrodes. The
results of these studies are summarized in Table 4.

While the different electrolyte blends were prepared on the basis of
equal EC solvent weight show different results on the reversible capacity
of HC electrodes, it is interesting to investigate trends which arise when
the EC solvent composition is expressed other units such as volume, and
mole fraction. The objective is to understand if HC’s reversible capacity
reported in literature can be correlated to the amount of EC in the sol-
vent blends (expressed in volumetric and mole fraction units) and
whether the minimum composition of EC needed for stable electrolytes
can be defined. Furthermore, the AEM provides values of the preferen-
tial ion solvation (PIS), a measure of the probability of finding a solvent
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Table 4
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Fractional composition of EC in 1 M NaClO4 binary and ternary electrolytes at 25 °C.

Electrolyte Composition of EC at 25 °C in different units

ESW (V vs. Na'/Na)” HC Cap. (mAhg™")

Weight Volume Mole

Cation PIS"

EC:PC 0.50 0.47 0.54
EC:.DMC 0.50 0.44 0.51
EC:.DME 0.50 0.39 0.51
EC:DEC 0.50 0.42 0.57
EC: PC: DMGo 2 0.40 0.36 0.43
EC: PC: DMEg > 0.40 0.35 0.43
EC: PC: DECo» 0.40 0.36 0.45
EC: PC: DMCo 0.45 0.42 0.48

0.46 01-50 200/300°
0.36 0.1-48 180"

0.34 0.4-45 70"

0.41 1.0- 46 185"

0.33 - 265°

0.32 - 100°

0.35 - 270¢

0.39 - 310°

# Data derived from AEM v. 2.19.1.
b Data derived from literature: Ponrouch et al. [7].
¢ Data derived from literature: Ponrouch et al. [8].

molecule in the primary solvation shell of an ion. Due to the preferential
association of different solvent molecules with a cation, the PIS number
inevitably deviates from the bulk quantities (mass, volume and mole
fraction) mentioned above [5]. In this study, the PIS of EC on the
Na'-cation is the most interesting quantity, which governs the amount
of EC delivered by the cation onto the HC interface during ion interca-
lation and SEI formation. Therefore, high values of the EC PIS on the
cation can be expected to improve the cycle stability on HC electrodes.

Fig. 7 shows the measured reversible capacity of HC (bar graphs),
and calculated PIS (squares), EC volume fraction (diamonds), and EC
mole fraction (triangles). Fig. 7a and b shows results for the binary and
ternary SIB electrolyte mixtures, respectively. There is a direct correla-
tion between the reversible storage capacity and the EC PIS in all solvent
mixtures with correlation factors (R%) of 0.92 and 0.95 for the binary
and ternary solvents, respectively In addition, it can be deduced that a
PIS minimum value of 0.4 is necessary for long-term cycle stability of
HC.

The other quantitative measures are, however, inconsistent between
binary and ternary mixtures. For example in volumetric terms, the bi-
nary and ternary R? value are 0.63 and 0.98, respectively, while in molar
terms, the R? values are 0.05 and 0.90, respectively. As a result, it is
impossible to define a target EC fraction on the basis of volumetric or
molar properties. However, the volume fraction shows better correlation
factors compared to the molar units and therefore presents a better
choice for comparing different solvent mixtures when the PIS is not
available.

4.5. Optimization of 1 M NaPFg ECy : PC;_, electrolytes

Having specified the EC PIS minimum value, it is now possible to
optimize the conductivity of 1 M NaPFg as a function of the ECy : PC; 4
(w/w) electrolyte composition. Note that for the 1 M NaPFg ECy : PCy 4
electrolyte, the EC PIS on the cation was found to be equal to the EC
weight fraction. Fig. 8 shows the AEM calculated conductivity of 1 M
NaPFg in EC, : PC;_x (W/w) as function of the EC content fraction x at 50
(a), 30 (b), and —10 °C (c). Low amounts of EC are undesirable because
they result in poor SEI formation at HC electrodes. Furthermore, ion-
pairing effects increase under these conditions, due to a low dielectric
permittivity, resulting in a low ionic conductivity. On the other hand,
excessive amounts of EC are also unsuitable because the electrolyte
conductivity is reduced by the increase in viscosity (see Fig. 6a) and also
results in wettability issues with separators. The optimum composition
is therefore between these extremes, a situation best illustrated at
—10°Cin Fig. 8c. This figure further illustrates the importance of mixed
solvents and why pure EC and PC solvents have lower conductivities
compared to their mixed solvents. The optimum EC composition is
therefore 0.55, 0.70 and 0.75 (w/w) at —10, 30, and 50 °C, respectively,
which are all above the EC PIS minimum value of 0.4. Because the

) Binary SIB electrolytes
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Fig. 7. Effect of EC preferential ion solvation (PIS) on the reversible capacity of
hard carbon (HC) anodes for 1 M NaClO4 binary (a) and ternary SIB electro-
lytes. HC data derived from Ponrouch et al. [7,8].

viscosity effects are more pronounced at low temperature, the optimum
EC composition locus is lower at low temperatures.

Nevertheless, the improvements in conductivity as a result of the EC
composition are marginal. For example, a change in the EC weight
fraction from 0.4 to 0.7 results in a 4% conductivity increase at 30 °C.
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There are also cost factors to consider because EC is generally the most
expensive solvent. Therefore, in practice, the PIS constraint may over-
ride conductivity optimization in the final formulation.

5. Conclusions

In this work, experimental electrolyte conductivity and viscosity
measurements were used in combination with the Advanced Electrolyte
Model (AEM) to derive extensive properties of sodium-ion battery (SIB)
electrolytes. Based on the agreement between the experimental and
model data, the AEM is shown to be a reliable software to obtain
extensive properties that are often difficult to measure experimentally.

10
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In addition, a method of conductivity measurement using two Pt
blocking electrodes and electrochemical impedance spectroscopy (EIS)
is validated and shown to be reliable for the first time in a PAT-Cell
setup.

It is herein shown that the NaPFe ECy5 : PCo5 (W/W) SIB electrolyte
in the concentration range 0-2 mol kg~ 'follows the simple Stokes’ law,
based on the Walden analysis. This implies that the electrolyte con-
ductivity is highly dependent on the viscosity and not on ion pairing
effects. This justifies the search for low viscosity, liquefied gas electro-
lytes, for improved battery performance at low temperatures [44]. It is
further shown that 1 M NaPFj electrolyte has a 15% higher conductivity
compared to the analogous 1 M LiPFg electrolyte at 25 °C, and that the
conductivity of the Na-based electrolyte remains high at higher con-
centrations. The concentration versus conductivity profile of the
Na-based electrolyte therefore encourages exploration of super-
concentrated SIB electrolytes, with improved electrochemical stability
and safety.

Finally, the optimization of the 1 M NaPF¢ ECy : PC;_x (w/w) elec-
trolyte was carried out using AEM data. It is revealed that the optimized
mass fraction of EC is temperature dependent and ranges between 0.55
and 0.75 at —10 and 50 °C. Using literature-derived cycling data of hard
carbon (HC) electrodes, it is herein shown that the cycling stability
correlates with the preferential ion solvation (PIS) of EC on the cation.
Based on 8 binary and ternary electrolyte mixtures investigated, those
with EC PIS on the cation below 0.4, result in poor cycle stability, which
can be attributed to poor SEI formation. Given the high cost of EC,
electrolyte mixture optimization might best prioritize the minimum EC
PIS for stable cycling while adding a second or third low-cost and low-
viscosity solvent for higher conductivity.

Future investigations will use the AEM results on conductivity,
transference number and diffusion coefficient in electrochemical
modeling of SIBs and will further explore the role of the EC PIS on the
electrochemical stability window and reversible capacity of different
carbonaceous electrodes.
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