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ABSTRACT: Electrolytes are an important component of
electrochemical energy storage systems and their optimization
is critical for emerging beyond lithium ion technologies. Here,
an integrated computational-experimental approach is used to
rank-order and aid the selection of suitable electrolytes for a Na-
ion battery. We present an in silico strategy based on both
thermodynamic and kinetic descriptors derived from molecular
dynamics simulations to rationally arrive at optimal electrolytes
for Na-ion batteries. We benchmarked various electrolytes (pure
and binary mixtures of cyclic and acyclic carbonates with
NaClO4 salt) to identify appropriate formulations with the
overarching goal of simultaneously enhancing cell performance
while meeting safety norms. Fundamental insights from
computationally derived thermodynamic and kinetic data
considerations coupled with atomistic-level description of the solvation dynamics is used to rank order the various electrolytes.
Thermodynamic considerations based on free energy evaluation indicate EC:PC as a top electrolyte formulation under
equilibrium conditions. However, kinetic descriptors which are important factors dictating the rate capability and power
performance suggest EC:DMC and EC:EMC to be among the best formulations. Experimental verification of these optimized
formulations was carried out by examining the electrochemical performance of various electrolytes in Na/TiO2 nanotubes half
cells with NaClO4 salt. Our rate capability studies confirm that EC:DMC and EC:EMC to be the best formulations. These
optimized formulations have low-rate specific capacities ∼120−140 mAh/g whereas the lower ranked electrolytes (EC: DEC)
have capacities ∼95 mAh/g. The various electrolytes are also evaluated from a safety perspective. Such results suggest
encouraging prospects for this approach in the a priori prediction of optimal sodium ion systems with possible screening
implications for novel battery formulations.

■ INTRODUCTION

Rechargeable Lithium-ion battery (LIB) has been the major
breakthrough in the field of energy storage technology and is
primarily based on insertion of Li ions from the electrolyte into
a solid electrode with preferably little change in the electrode
host structure and electrolyte properties.1−3 The current Li-ion
technologies are under intense research and development, but
are facing limitations to offer increased energy and power
density, improved safety, longer calendar life, and lower
cost.3−12 There is a tremendous drive toward finding electrical
energy storage systems that go beyond Li-ion technolo-
gies.13−18 Important considerations in alternative battery
technologies include low-cost, safe, environmental benign,
sustainable rechargeable batteries of adequate energy density,
and rate capability.8,19−21 Sodium-ion batteries are being touted
as a viable alternative candidate18,21,22 owing to its enormous
abundance and availability, low cost, and its similarity to Li

intercalation chemistries. Despite similar intercalation chem-
istries, sodium ion batteries are anticipated to have difficulties
competing with Li-based batteries in terms of energy density
due to their higher equivalent weight and larger ionic size of Na
compared to Li. In order to compete and go beyond the
existing Li-ion technology, a significant advancement in our
understanding of electrodes, electrolytes, and interfacial
dynamics is needed.
While substantial recent efforts have focused on electrode

materials for sodium-ion batteries,23−25 studies involving the
identification of optimal electrolytes have remained scarce.26−28

Among the various important battery components, the
selection of an appropriate electrolyte is a critical consideration
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in the design of next-generation batteries such as Na-ion. Based
on available reports,26−28 it should be pointed out that the
electrolytes and additives, which perform well for Li-ion cells do
not guarantee their suitability for Na-ion batteries. For example,
vinylene carbonate, which is commonly used as an electrolyte
additive in LIBs has been found to be detrimental for Na-ion
batteries.28 Hence, a simple extrapolation for the choice of
optimal electrolytes for Na-ion from Li-ion chemistry is not
possible. The development of next generation electrolytes is
catered toward an improved performance and can be based on
evaluation of thermodynamic (good solubility) and kinetic
properties (high ion mobility/low viscosity), electrochemical,
thermal and mechanical stability, (electrochemical window,
temperature/pressure parametric), minimization of interface
reactions, thereby enhancing cell performances and safety
aspects.2,26,29 For Na-ion technology to become a practical
reality, a systematic investigation of the various solvents and the
aforementioned properties is a must.
In this work, we demonstrate that an integrated computa-

tional-experimental approach can be used to determine the
rank-order based on different objective criteria and aid the
selection of suitable electrolytes for a Na-ion battery. While
there may be various criteria to narrow down the candidate list
from the ever-growing chemical phase space, it is often
worthwhile to include both thermodynamic and kinetic
considerations for optimization of the best electrode/electro-
lyte combination. Therefore, we first present an in silico
strategy based on both thermodynamic and kinetic descriptors
to rationally arrive at optimal electrolytes for Na-ion batteries.
Fundamental insights from both thermodynamic and kinetic
considerations coupled with atomistic understanding of the
solvation dynamics is used in rank-ordering the various organic
electrolytes (cyclic and acyclic carbonates) and their combina-
tions. We evaluate various electrolytes (pure and binary
mixture) and rank-order them based on a) thermodynamic
(solubility) b) kinetic factors (ionic conductivity and activation
barrier) c) safety (heat of vaporization) factors. In particular, we
perform an in silico based molecular dynamics simulation
(MD) study on a variety of electrolytes and salt combination
(NaClO4). We subsequently verify our rank-order scheme by
performing experiments based on titanium dioxide electrodes.30

In designing new electrolytes, it is generally desired that the
solubility of the salt in nonaqueous solvents are high. Our basic
hypothesis is that for a successful ion-electrolyte system the ion
should have a favorable free energy of solvation in a particular
electrolyte. As a first rank-order criterion, we perform the
potential of mean force (PMF) calculations to extract the free
energy of solvation for these different electrolyte-salt
combinations in bulk and rank them based on the magnitude
of free energy predictions. The energetics of ion solvation is
used to understand the surface preference of the intercalating
ion for a given electrolyte. With the aid of PMF simulations, we
are able to accurately predict the free energies of solvation of
these salts in a variety of different nonaqueous liquid
electrolytes with the standard deviation from the mean values
being in the range of 0.5 to 1 kcal/mol. The PMF calculations
provide insights into the solubility of Na salts in the various
electrolytes and serve as a metric for choosing the most suitable
electrolyte-salt combination for Na-ion batteries.
As a second criterion for rank-ordering electrolytes, we

compute the ionic conductivity as well as the activation barriers
for Na ion diffusion based on the MD simulation trajectories of
Na ions in the various electrolytes. These transport metrics are

used to refine the rank order of the electrolytes, in addition to
the thermodynamics and equilibrium considerations. Ionic
conductivity is closely linked to key performance metrics of Na-
ion battery cells such as rate capability. We also quantify the
ionic mobility of the various electrolytes by evaluating the Na
ion transport numbers. The atomistic models are also used to
explore the intricate relationship between the thermodynamic
and kinetic variables to the local coordination/solvation, the
short-range ion−solvent interaction and the long-range
interionic Coulombic attraction of the Na salt.
As a third criterion, we have also determined the heats of

vaporization of the various pure and mixed organic electrolytes.
This information will be used to identify the operational range
and safety aspects of the electrolytes. Electrolytes with low heat
of vaporization can be considered unsafe whereas those with
high heats of vaporization can be considered to be safe for
operation.
Finally, based on this a priori knowledge, we also evaluated

the rank-ordering of the electrolytes experimentally by testing
the performance of amorphous TiO2 nanotube30 anode with
NaClO4 salt. TiO2 is one of the most versatile materials
available, and has found its way into many practical applications
such as solar cells, catalysts, and pharmaceuticals.31 Due to its
inertness to chemical environment and relatively low operating
electrochemical potential, TiO2 has long been considered as a
good candidate for producing a safe anode.32 Previously, we
have demonstrated that amorphous TiO2 nanotube (TiO2NT)
electrode is a viable anode for Na-ion batteries.30 The well-
defined size and morphology of TiO2 nanotubes make them
suitable model system to study the electrode−electrolyte
interactions in Na system which can be extended to more
complex oxide electrodes. The performances of the TiO2
nanotube electrode in Na half-cells were found to be
commensurate with the computational predictions. Collec-
tively, we demonstrate an integrated in silico-experimental
approach to rank-order electrolytes based on thermodynamic,
kinetic, and thermal properties useful for Na-ion batteries.

■ METHODS
A. ) Computational details. a. ) Potential of mean force

calculations. We employ the adaptive biasing force (ABF)
method developed by Darve and co-workers33 to calculate the
free energy of solvation for the various battery electrolytes. As a
part of ABF algorithm, an external biasing force, estimated
locally from the sampled conformations of the system and
updated continuously, is applied at each step to facilitate the
system in overcoming significant energy barriers along the
collective variable. This allows the system to evolve freely
without constraints, enabling the simulation to visit multiple
states separated by high free energy barriers and improving
sampling along the reaction coordinate. A unique feature of the
ABF method is the use of unconstrained collective variables,
thereby enabling unbiased and uniform sampling of the defined
region. Using this method we have been able to accurately
predict the free energy of solvation, hydration and partition
coefficients, of a variety of compounds ranging from alkanes34

to complex fluids such as ionic liquids35 and including
exfoliation and stabilization energetics of nanomaterials in
ionic liquids.35 Key to the success of any free energy
perturbation method using Monte Carlo or MD in predicting
macroscopic observables is the intermolecular potential used to
describe the pairwise interactions. In this work, an all-atom
force field based on the CHARMM General Force field
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(CGENFF)36 was used to model the cyclic, acyclic carbonates
and the salt interactions.
Here, the ABF method adopted in NAMD37 is used to

determine the free energies of solvation for Na+ cation in
different cyclic, acyclic carbonates viz. ethylene carbonate (EC),
dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl
methyl carbonate (EMC), propylene carbonate (PC), vinyl
carbonate (VC), and butylene carbonate (BC). We have also
evaluated four equimolar binary mixtures − EC:PC, EC:EMC,
EC:DMC, and EC:DEC. In Figure 1, the left panel shows
sodium ion in complex with ClO4

− anion solvated in a
nonaqueous electrolyte. The sodium cation is subjected to a
force F and moved from the electrolyte rich phase to vacuum.
The free energy of solvation which is based on the integration
of the applied force FU along the reaction coordinate (z) and is
computed based on the difference of free energy in electrolyte
rich phase and vacuum. The right panel shows the computed
free energy profiles of Na cation complexed with ClO4 anion in
a variety of different cyclic, acyclic carbonates and binary
mixtures of cyclic/acyclic carbonates.
b. ) Simulation setup. A simulation box was used, whose

dimensions were 30 Å × 30 Å × 60 Å, with the cyclic/acyclic
carbonate and/or its binary components occupying a region
approximately 30 × 30 × 30 Å3. This cell was extended to 150
Å in the z−direction with a 90 Å vacuum region. The vacuum
region was necessary to prevent interactions of the solute in the
condensed phase with its image through periodic boundary
conditions. The number of molecules in each box was selected
to reproduce the density of cyclic/acyclic carbonate predicted
by NPT simulations at 1 atm and 300 K for a specific potential
truncation (14 Å). The initial distribution of salt ion (solute) is
random and therefore homogeneous through the various
different bulk electrolytes. The free energy is computed based
on the force FU exerted on the solitary Na ion. The collective
variable for the determination of free energy changes was
defined as the distance between the center of mass of the solute
(COMS) under study and center of mass of the condensed

phase (COMCP). In the initial system setup, the COMS was
placed at approximately the COMCP. Over the course of
simulation, the reaction coordinate spanned a distance of 30.0
Å from COMCP to the center of the vacuum region. To reduce
the statistical error of the calculations, the reaction pathway was
divided into six equally sized non−overlapping windows of 5.0
Å. To generate the initial configurations for each window, a
single 30 ns ABF run was performed spanning the complete
pathway from 0.0 Å to 30.0 Å after heating and equilibration of
the system. Coordinates from the trajectory of this simulation
were saved periodically to generate five initial coordinate files
for the five windows. Force statistics were stored in bins of
width 0.02 Å. The biasing force was applied after every 500
samples were collected in each bin. To keep the solute within
the specified window, a harmonic force with a magnitude of
10.0 kcal mol−1 Å−1 was applied on the upper and lower
boundary of the window along the z axis of the simulation box.
A final production run of 30 ns for each window was
performed.

c). MD Simulation details. Molecular dynamics simulations
were performed with NAMD.38 The initial configurations for
each system were generated with Packmol software. Energy
minimization on the system was performed for 500 steps using
the steepest decent algorithm. Subsequently the systems were
equilibrated over a simulation time period of 20 ns in the
isobaric−isothermal (NPT) ensemble at 1.0 atm and 300 K,
followed by the ABF−MD calculation using the isothermal
NVT ensemble. For all calculations, the temperature was
maintained at 300 K using Langevin dynamics. For the NPT
simulations, constant pressure was maintained at 1.0 atm using
the Nose−́Hoover algorithm. A 1.0 fs time step was used for
the integration of Newton’s equation of motion. Periodic
boundary conditions were used in all the three spatial
coordinates. Long-range electrostatic interactions were calcu-
lated with Particle−mesh Ewald algorithm. A switching
function was applied for all Lennard−Jones interactions at
12.5 Å for 14.0 Å cut−off.

Figure 1. Schematic diagram for the interfacial system consisting of [Na]+ cation [ClO4]
−anion pair placed in the cyclic/acyclic carbonate rich

environment, separated from its periodic image in the z direction by vacuum. Six windows whose dimensions were 5 Å in the z-direction and ∼30 Å
in the x and y-direction each respectively were used to compute the potential of mean force using ABF−MD simulations. The arrow suggests the
direction of solute transfer (Na+ cation) with a force FU along the z reaction coordinate such that the cation is translocated in a reversible fashion
across the Gibbs dividing surface into vacuum. The counterpart of the force is distributed over all the solvent molecules forming the cyclic/acyclic
carbonate lamella. Right: Average free energy of solvation profiles generated with ABF−MD for Na+ cation solvation transferred from a carbonate-
rich phase to vacuum. The reaction coordinate is defined in the z-direction.
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d). Calculation of ionic conductivity and diffusion barrier.
The ionic conductivity (σ) for Na ion in the various
nonaqueous electrolytes can be estimated based on the
diffusion coefficients using the Nernst−Einstein equation:39

σ =
Nq D
fk T

i
2

B (1)

Here, N is the density of the charge carriers per unit volume
and q is the charge on the charge carrier. Here, the charge
carrier is the Na+ ion, f is the Haven ratio, T is the system
temperature, and kB is the Boltzmann constant. The Haven
ratio in this case has been taken as 1. The Na-ion diffusion
coefficients are computed from the slope of the mean square
displacements evaluated over the 300 K−400 K range (T = 300
K, 325 K, 350 K, 375 and 400 K). The diffusion coefficient, Di,
can be derived from the time observed mean square
displacement of the molecules using the following equation:

⟨ ⟩ = +r t D t C( ) 6i i
2

(2)

where C is the Debye−Waller factor. The activation energy
barriers associated with the ionic diffusion in the 300 K−400 K
range are then calculated using the standard Arrhenius
equation:

=
⎛
⎝⎜

⎞
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E
k T
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B
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e. ) Calculation of heat of vaporization. The heat of
vaporization calculations were performed as follows: Pure
solvent MD simulations consisted of 250 molecules in a
periodic cubic box. To obtain converged results three
independent MD simulations were run for 5 ns with different
initial velocities assigned to the particles. The first 1 ns of the
simulations were treated as equilibration and the final 4 ns were
used in the analysis, and averages were obtained from the three
independent simulations. The heat of vaporization ΔHvap was
determined using the following expression

Δ = ⟨ ⟩ −
⟨ ⟩

+H U
U

N
RTvap molecule

box
(4)

where ⟨U⟩box is the average potential energy of the condensed
phase simulation, N is the number of molecules in the periodic
box, ⟨U⟩molecule is the average potential energy of the molecule
in the gas phase using infinite nonbonded cutoffs, R is the
universal gas constant, and T is the temperature of the
condensed phase and gas phase simulations. In the case of
mixed solvents, ⟨U⟩molecule is the average potential energy of the
more volatile molecule in the gas phase.
B. ) Experiments. i). Electrolyte preparation. All tested

electrolytes consist of a 1 M NaClO4 in pure or binary solvent
mixtures (1:1 by volume) from propylene carbonate (PC,
Aldrich, anhydrous, 99.7%), ethylene carbonate (EC, Aldrich,
anhydrous, 99.0%), dimethyl carbonate (DMC, Aldrich,
anhydrous, >99%), diethyl carbonate (DEC, Aldrich, anhy-
drous, 99.0%), and ethyl methyl carbonate (EMC, Aldrich,
99.0%). Solvents were used as received. All chemicals were
handled in an Ar-filled glovebox to avoid air and moisture
exposure.
ii). Synthesis of TiO2 nanotube electrodes. TiO2 nanotubes

were synthesized by electrochemical anodization method
described previously.30,40,41 Pure titanium foil (99.8%, Alfa
Aesar) was ultrasonically cleaned by acetone, isopropyl alcohol,

and deionized water before anodization. The back of the Ti foil
was protected by adhesive to ensure uniform current
distribution. The anodization was carried out in a two-electrode
cell with Ti metal as the working electrode and a Pt mesh as the
counter electrode under a potential of 25 V at room
temperature using electrolytes of formamide with 0.8 wt %
ammonium fluoride (Aldrich) and 5 vol % D.I. water. The as-
anodized samples were ultrasonically cleaned in D.I. water for
30 s. All amorphous TiO2NT samples were vacuum annealed at
110 °C overnight before assembly in electrochemical cells.

iii). Electrochemical Characterization. Na half-cells were
assembled in coin-type cells (Hohsen 2032) with TiO2
nanotube as the positive electrode, a Na metal foil (Aldrich,
99.9%) as the negative electrode and glass fiber separator
(Whatman GF/F). TiO2 nanotube film was grown directly on
Ti current collector without adding any carbon additives and
polymer binders. Half-cells were cycled galvanostatically at
varying currents between 2.2 and 0.6 V or 2.5 and 0.5 V vs Na/
Na+ using an automated Maccor battery tester at ambient
temperature. Electrodes removed from cells for analysis were
thoroughly washed with dry DMC (Aldrich) and allowed to dry
under inert atmosphere. All cell assembly and disassembly
operations were performed in an Ar-filled dry glovebox (oxygen
level <0.5 ppm). The actual mass of the TiO2 nanotube films
were determined by peeling off the nanotube film from Ti
substrate using adhesives and measuring the weight difference.
The remaining substrate was examined by SEM to make sure
that no residual TiO2 nanotube was left on the substrate.

■ RESULTS AND DISCUSSION
(a). Free energy of solvation from PMF calculations

for Na ion battery electrolytes. With the aid of PMF
simulations, we are able to accurately predict the free energies
of solvation of the sodium salts in a variety of electrolytes. The
free energy of solvation for different electrolyte-salt combina-
tions in bulk (EC, EMC, DEC, DMC, PC, BC, VC, PC:EC,
EMC:EC, DMC:EC, and DEC:EC) is computed and used to
rank them based on the free energy predictions. The profiles of
the PMF for Na+ cation in the different carbonate systems as a
function of distance along the reaction coordinate are presented
in Figure 1(b). The Gibbs free energy of solvation is defined as
the Gibbs free energy change associated with transferring a
solute from vacuum to the condensed phase. The free energy of
solvation was computed based on the difference in the free
energy of the first window (solute in carbonate-rich phase) and
the last window (solute in vacuum phase).
The energetics of ion solvation is used to understand the

solubility and solvation characteristics of the Na ion for a given
electrolyte. The differences in the free energies of sodium
cation in the seven pure carbonate solvents and four binary
mixtures of carbonates are presented in Figure 2. The higher
the magnitude of absolute free energy of solvation of ion in a
particular electrolyte under consideration, the more is the
affinity for the particular ion in that electrolyte. The rank order
for the sodium ion in the carbonates and their binary mixtures
based on the free energies of solvation ranging from maximum
to minimum affinity toward each electrolyte was found to be
EC > EC:PC > EMC:EC ∼ DMC:EC > DMC ∼ DEC > BC >
DEC:EC > VC > PC > EMC.
To provide an atomistic picture behind the differences in the

free energy of solvation, we analyze the atomistic interactions
that govern the nature of the solvation shell of Na+ ions and the
resulting ion complexes in the various nonaqueous electrolytes.
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The solvation behavior of the Na+ cation in the various
electrolytes is dictated by its coordination with the surrounding
oxygen of the carbonates in the first solvation shell. Based on
our MD simulation trajectories, we find that the Na+ ion
interacts strongly with the carbonyl (CO) oxygen of the
carbonates. As seen in the carbon−oxygen RDF shown in
Figure 3a, the peak intensities and the nearest neighbor
distances suggest that Na+ ion interacts weakly with the ether
oxygen in the alkyl carbonates. This is primarily due to the
steric hindrance from the backbone carbons of the carbonates
shielding the interaction of the Na+ ion with the oxygen.
However, the carbonyl oxygen projects out of the carbonate
molecular surface and hence is easily accessible to interact with
the sodium ion. The radial distribution functions computed
from our MD trajectories reveals that the Na+-O2− interaction
distance is ∼2.5 Å which defines the width of the first solvation
shell. Figure 3b shows the number integral calculated for 10 ns
of Na+ in solvent under NVT conditions at T = 300 K. The
value corresponding to a cutoff distance of 2.5 Å gives the
oxygen coordination for the first solvation shell.
It is observed that oxygen coordination around a Na+ ion in

the case of pure solvents is ∼3−3.5 for EMC, PC, and BC
whereas DMC and DEC are ∼4−4.5 and EC is the highest with
∼5. Among the binary mixtures, Na+ ion in DEC:EC has an
oxygen coordination ∼3 whereas Na+ ion in DMC:EC has a
high oxygen coordination ∼5 and the highest is ∼5.5−6 for

PC:EC and EMC:EC. For comparison, Li+ ion usually allows
no more than 4 solvent molecules in its solvation shell due to
its small ionic radius.2 The rank order for pure solvents based
on the free energies of solvation ranging from maximum to
minimum affinity is EC > DMC ∼ DEC > BC > VC > PC >
EMC whereas for binary mixtures, it is found to be PC:EC >
EMC:EC ∼ DMC:EC > DEC:EC. Thus, the extent of oxygen
coordination of Na+ ions is directly correlated to the free
energy of solvation of the electrolyte as well as the stability of
the resulting ion−solvent complex.
The best description for the observed variation in the

solvation free energies may be that the solvation shells of the
Na+ and ClO4

− ions are complete only when oxygen
coordination is ∼5−6, and remain incomplete for low
coordination ∼3. The low oxygen coordination is seen to
increase the solvation free energy, thereby increasing the
driving force required for equilibration of the ion concentration
gradients (see Results and Discussion on transport number in
the next section). The solvation shell for high oxygen
coordination can be estimated to shield the interionic
Coulombic attraction to form close ion pairs that leads to a
reduction in the ionic mobility.
At the atomistic level, there is a very intricate relationship

between the local coordination/solvation, the short-range ion−
solvent interaction, and the long-range cation−anion inter-
action of the Na salt. The atomistic interactions in the
nonaqueous electrolytes can be divided into long-range ion−
ion Coulombic interactions and short-range ion−solvent
interactions.42 Both the short-range ion−solvent and the
long-range ion−ion interactions directly relate to the degree
of dissociation of the salt, which depends on the dielectric
constant of the solvents.
In the case of solvents with low dielectric constant such as

EMC, BC, DMC, and even DEC (Table 1), we observe that the
oxygen coordination of Na+ is <3 in the first solvation shell (see
Figure 3 and snapshots shown in Figure 4). For such low
coordination complexes, the charge on the Na+ ions cannot be
effectively neutralized through solvation and instead the charge
is neutralized by formation of neutral ion pairs.2 The
electrostatic forces between the ions become therefore more
predominant in such solvents, which leads to very high stability
of these ion-pair complexes. The high ion pair stability is thus a
manifestation of the lower degree of dissociation and is
expected to eventually translate into poor ionic mobility.

Figure 2. Comparison of the free energy of solvation of sodium cation
in various acyclic/cyclic carbonates and their binary mixtures as
predicted using ABF−MD simulations at 300 K. The standard
deviation of the free energy estimates are within 1 kcal/mol.

Figure 3. (a) Radial distribution function between carbon and oxygen (b) Number integral calculated from 10 ns of NVT-MD simulations for Na+

cation with the carbonyl and ether-oxygen of different carbonates and binary mixtures.
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On the other hand, EC has a high dielectric constant of
89.78, which is even higher than the most common solvent of
water (∼79). In the case of EC and its binary mixtures such as
EC:PC, EC:EMC, and EC:DMC, we find that the oxygen
coordination of Na+ ion is ∼5−6 (see Figure 3 and snapshots
shown in Figure 4). In such solvents, the charge on the Na+

ions is effectively neutralized through solvation and hence the
ion−solvent interactions are dominant. Thus, for solvents with
high dielectric constant or in other words high oxygen
coordination Na+ complexes, the stability of the complex is a
direct consequence of favorable Na+ ion−solvent short-range
interactions. The larger number of solvent molecules
(especially the interaction of carbonyl oxygen with Na+) results
in more favorable solvation free energies and maybe in part
responsible for better “charge-balance” between the solvent and
Na+. We observe that the ether oxygen in cyclic and acyclic
carbonates interact weakly for distances >5 Å and thus the
interaction of carbonyl oxygen with Na+ is governing the short-
range interactions.
(b). Experimental evaluation. Experimentally, we exam-

ined the electrochemical performance of amorphous TiO2NT
electrode in various electrolytes containing 1 M NaClO4 in
single solvent (PC) and binary solvent mixtures (EC:EMC,

EC:DEC, EC:DMC, and EC:PC) at low current rate (∼C/20)
to resemble equilibrium conditions. Figure 5(a) displays the
first cycle voltage profiles of TiO2NT electrode in different
electrolytes. The initial voltage profile exhibits a solid solution
intercalation mechanism which is consistent with what we have
observed previously.30 The initial discharge voltage profile,
which is related to processes such as Na+ solvation/dissociation,
migration, diffusion, desolvation, insertion into host materials,
as well as electrolyte decomposition upon reduction, indicates
that the degree of voltage loss under the same load between
2.5−1 V (electrolyte decomposition may occur during
reduction at voltages below 1 V) from low to high follows
the order: EC:EMC < EC:DMC ∼ EC:PC < PC ∼ EC:DEC.
Generally, there are three major contributions to the voltage
loss: (a) activation polarization loss, (b) ohmic loss, and (c)
concentration loss.43 As the tested cells were operated at a slow
rate (∼C/20), the contribution from concentration loss can be
considered less significant. Therefore, the voltage loss of
TiO2NT electrode in the initial discharge between 2.5−1 V can
be ascribed to the effects from ohmic loss (electrolyte) and
activation polarization loss (electrode/electrolyte). We notice
that the rank-order observed experimentally matches quite well
with theoretical prediction except in the case for EC: PC. We
attribute this difference to the possible activation polarization
during the charge transfer across the electrode/electrolyte
interface when PC is involved in the solvent. As shown in
Figure 4, solvation shells at equilibrium mostly consist of
solvents with high dielectric constant such as EC and PC.
Therefore, solvent molecules in the solvation shells will be
possibly more involved in the reductive process at the electrode
during discharge than the noncoordinating solvents. The exact
mechanisms dictating the charge-transfer process as well as the
formation of possible solid electrolyte interface (SEI) layer are
not clear and studies on the mechanisms are currently
underway in our group.
The initial discharge capacities of the TiO2NT electrode in

various electrolytes are within the range of 200−260 mAh/g
(Figure 5a), however, significant irreversibility is observed for
all systems tested. The initial Coulombic efficiency is within the

Table 1. Dielectric constant,26 viscosity,2,26 and transport
number of the Na+ cation for the various electrolytes. *
indicates estimates based on our MD simulations

Electrolyte Dielectric constant Viscosity (cP) Transport Number*

EC 89.78 1.95 0.49
PC 64.92 6.8 0.44

DMC 3.11 0.5 0.44
DEC 2.81 0.3 0.34
VC -- -- 0.30
BC -- -- 0.49
EMC 2.96 0.65 0.44
EC:PC -- 5.3 0.51

EC:DMC -- 2.2 0.49
EC:DEC -- 2.7 0.41
EC:EMC -- -- 0.49

Figure 4. Snapshots from MD simulations showing the local oxygen coordination of Na+ cation within the first solvation shell for the various
nonaqueous electrolytes. Top panel shows the pure solvents whereas bottom panel shows the snapshots for the mixed solvents. It can be seen that
oxygen coordination around a Na+ ion is ∼3 for EMC, PC and BC whereas DMC and DEC are ∼4 and EC is the highest with ∼5. Among the binary
mixtures, Na+ ion in DEC:EC has an oxygen coordination ∼3 whereas Na+ ion in PC:EC and DMC:EC have a high oxygen coordination ∼5 and the
highest is ∼6 for EMC:EC.
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range of 50−60%. We believe that major contribution of the
irreversibility is from side reactions between TiO2NT electrode
and the electrolytes. Further structural and surface character-
izations of the side reaction products are needed to elucidate
processes of such reactions. For all the testing cells, the
discharge capacities dropped after the initial cycle. Reversible
capacities for EC:PC, PC and EC:DEC were observed in
successive cycles. For EC:EMC and EC:DMC, it was found
that discharge capacities increased with cycles, however,
Coulombic efficiency decreases apparently with cycles. The
discrepancy is ascribed to possible formation of unstable SEI
layers that react to the electrolytes at each discharge. The exact
reason is unclear at this stage and further surface analysis is
currently carried out in the group to elucidate the interfacial
chemistry. The capacity of TiO2NT electrode in various
electrolytes at low rate follow the order: EC:EMC > EC:DMC
> EC:PC ∼ PC > EC:DEC. This order agrees with the
theoretical predictions.

c). Ionic conductivity for Na diffusion in the electro-
lytes. Ionic conductivity and diffusion properties of Na salts in
the nonaqueous electrolytes determine some of the key
performance metrics of Na+-ion battery cells like rate capability.
Figure 6a shows the calculated ionic conductivity for NaClO4 in

single carbonate solvents (EC, BC, VC, DMC, DEC, EMC, and
PC). It can be seen that the ionic conductivity of pure solvents
follows the rank order EC > BC ∼ EMC > DMC > DEC > PC
> VC. Pure solvents such as EC display an ionic conductivity of
∼18 mS/cm whereas PC displays an ionic conductivity of ∼3
mS/cm.
In order to evaluate the role of the cosolvent, we add EC

(which performed best on the free energy of solvation as well as
the ionic conductivity metric) to form binary equi-molar
mixtures of EC:PC, EC:EMC, EC:DMC, EC:DEC. As seen in
Figure 6 (b), the addition of EC as a cosolvent resulted in a
strong improvement in ionic conductivity in all the cases. The
synergetic effects of cosolvent has long been observed in Li
system.2,44 The highest ionic conductivity is seen for EC:DMC
(ca. 18 mS/cm) followed by EC:PC (ca. 16 mS/cm) and
EC:EMC (ca. 13 mS/cm). The lowest among the simulated
organic mixed solvents is seen for EC:DEC which has an ionic
conductivity of ∼9 mS/cm.
The ionic conductivity of the solvents is dictated by several

factors. Some of the most critical ones include (a) the dielectric
constant which dictates the degree of dissociation of the salts
(b) the viscosity of the solvents which is inversely related to the
ionic mobility and (c) the transport number which depends on
the relative mobility of the Na+ cation to its counteranion. The
dielectric constant and the viscosity values for the organic
solvents simulated in this work is available in literature2,26 and
is summarized in Table 1.
Based on the dielectric constants, it can be seen that EC has a

value of ∼89.78. Therefore, EC and its binary mixtures have
high degree of dissociation and as explained earlier have
dominant ion−solvent interaction, which screens long-range
cation−anion electrostatic attractions. EC also has a low
viscosity of 1.95 cP. EC as a pure solvent displays high ionic
conductivity and its addition as a cosolvent results in
significantly improved ionic conductivity of the mixture.
Other solvents such as DMC, DEC, VC, and BC have low
dissociation constants and hence have lower ionic conductivity

Figure 5. (a) First cycle voltage profiles for amorphous TiO2NT
electrodes cycled in 1 M NaClO4 in various solvents at ∼ C/20 rate.
(b) Discharge capacity vs cycle number for the corresponding cells. (c)
Coulombic efficiency vs cycle number for the corresponding cells.
Error bars are within the symbols.

Figure 6. Room temperature ionic conductivity values for systems
with 0.1 M of Na salts dissolved in various (a) pure solvents and (b)
solvent mixtures.
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when compared to EC-based electrolytes. It should be noted
that while PC also has a high dielectric constant of 64.9, it also
has a high viscosity of 6.8 cP, which explains its poor ionic
conductivity.
We further quantify the ionic mobility of the electrolytes by

evaluating the Na+ transport numbers. The transport number is
calculated based on the diffusivity of the Na+ and ClO4

− ions
from the 10 ns MD simulation trajectories. The transport
number is defined as the fraction of the net charge carried by
the cations out of the total charge passing across a reference
plane:4

=
+

+ +

+ −
t

D
D D (5)

In the above equation, D ± are the mobility and the diffusion
coefficients of the cations and the anions, respectively.
Table 1 summarizes the Na+ transport numbers for the

various solvents. It can be seen that EC has a high transport
number t+= 0.49, which suggests that fraction of charge
transport by the cations and anions, is similar. The EC-based
binary solvents also have high Na+ transport numbers ∼0.5 for
EC:PC ∼ EC:DMC ∼ EC:EMC with EC:DEC showing a
somewhat lower transport number of ∼0.41. The observed
variation in the transport number is consistent with the ionic
conductivity variation shown in Figure 6. Note that the
transport numbers for Li+ in liquid electrolytes commonly used
in Li ion batteries (EC and PC) have been reported to be
typically less than 0.4.2 For example, the Li transport numbers
in electrolytes such as EC are in the range of ∼0.4 whereas they
are ∼0.5 for Na. A transport number of ∼0.4 for Li suggests
that the anions are more mobile than the cations. The small
cation current portion is believed to be caused by the high
surface charge density on the cations due to their small ionic
radii.2 In the case of Na, however, there is an equal contribution
from both cations and anions and hence the transport numbers
are ∼0.5. Hence the transport numbers for EC-based
electrolytes in general suggests their suitability for Na-ion
batteries. We observe that DMC and EMC have a somewhat
lower transport number ∼0.44 whereas BC surprisingly displays
a higher t+= 0.49. The low transport numbers t+= 0.30 and
0.34 obtained in the case of VC and DEC, respectively shows
that Na+ carries only a small fraction of the charge. Since the
charge is also carried by the counterions, a concentration
gradient develops in the case of solvents with low transport
numbers, which does not augment well for battery operation.
d). Activation barrier for Na+ ion diffusion. We evaluate

the activation barrier for Na+ ion conduction in the various
electrolytes in the temperature range 300 K−400 K.
Considering that the ionic conduction can be the rate-
determining process compared to electronic conduction in an
electrochemical reaction, it is important to consider kinetic
factors such as the activation barrier for Na ion diffusion. In
liquid electrolytes, diffusion is governed by random jumps of
atoms or ions, leading to position exchange with their
neighbors. The kinetics of this process is temperature
dependent and follows an Arrhenius-type relationship, which
was used to extract the Na+ diffusion barrier in the 300−400 K
range. The same is shown in Figure 7 for the various neat and
mixed electrolytes.
It can be seen that among the pure solvents, PC presents the

highest activation barrier. This is not surprising since the
viscosity of PC is ∼6.8 cP which is considerably higher than

other pure solvents (Table 1). EC presents the lowest barrier
among the simulated pure solvents. The rank order of ionic
mobility based on decreasing Na+ diffusion barrier is EC >
EMC > BC ∼ DMC > DEC > VC > PC. At the macroscopic
level, it appears that the viscosity of the solvent primarily
dictates the diffusion barrier.
At the atomistic level, the solvation shell around a Na+ ion is

incomplete in the case of pure solvents such as PC, VC, EMC,
and BC (oxygen coordination is ∼3−3.5) whereas for DMC
and DEC, they are more complete (oxygen coordination are
∼4−4.5) and EC has the most complete solvation shell with
∼5. In the case of solvents with incomplete solvation shells, the
electrostatic interactions between the salt ions are not
effectively screened. As a result, the interionic attractions
dominate over the ion−solvent interactions. The long-range
electrostatic attractions lead to the formation of high stability
ion-pair complexes, which reduce ion mobility and lead to an
increased activation barrier for diffusion. The addition of EC as
a cosolvent to PC, EMC, and DMC leads to an increase in
oxygen coordination and the ion−solvent interactions become
dominant leading to a reduction in the activation barrier. Note
that Na+ ion in DEC:EC has an oxygen coordination ∼3 and
therefore based on the above argument is expected to have a
higher activation barrier as shown in Figure 7.
In parallel with theoretical calculations, we conducted rate

capability study on amorphous TiO2NT electrodes in Na half-
cells with a variety of electrolytes. Figure 8 displays the
Modified Peukert plot of TiO2NT electrodes cycled in 1 M
NaClO4 solutions of solvents (PC, EC:PC, EC:EMC,
EC:DMC, and EC:DEC). We observed that the rate capability
of TiO2NT electrodes in various electrolyte systems follow the
order: EC:EMC > EC:DMC > EC:PC > PC > EC:DEC. As
rate capability is dictated by how fast and efficient charge can be
transported, our experimental results indicate that the EC:EMC
and EC:DMC should have the lowest diffusion barrier and
highest ionic conductivity among the studied electrolytes,
which agrees well with our MD simulations. The dramatically
low rate capability in EC:DEC compared to other systems
might be related to the low transport number of Na+ in
EC:DEC. The rate capability studies thus confirm the
importance of “kinetic effects” of the electrolytes on cell
performance.

Figure 7. Activation barrier for ionic diffusion calculated for systems
with 0.1 M of Na salts dissolved in various (a) pure solvents and (b)
solvent mixtures.
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e. ) Heat of Vaporization of Electrolytes. Safety is an
important consideration in the design of batteries and organic
electrolytes generally have high volatility and flammability,
which can pose serious safety issues. One of the important
metrics of safety is the flammability of the vented electrolyte. It
is a function of several variables such as temperature, pressure
as well as solvent properties such as heat of vaporization, heat
of combustion, and vapor pressure.45 While the use of flame-
retardant additive is an alternative, it has been shown to reduce
the cell performance.45 Mitigation of issues pertaining to
flammability can be resolved by utilizing an inherently
nonflammable or low-volatile electrolyte.
We extract the heat of vaporization for the various carbonates

(pure components and their mixtures) and rank-order them to
identify safe electrolytes. Figure 9(a) shows the calculated heat

of vaporization for pure components. Electrolytes should have
high heat of vaporization to be considered safe. EMC was
found to be the worst electrolyte and its ΔHvap is about 15 kJ/
mol lower than EC, which performs the best among the
simulated pure components. The heat of vaporization for pure
component electrolytes follows the rank order (from more safe
to least): EC> BC> PC> VC ∼ DEC> DMC> EMC. Note that
the quantitative estimates and the predicted rank order of the

simulations are in very good agreement with those reported
experimentally (see Table 2).

We further estimate the heat of vaporization for the binary
mixtures of EC:PC, EC:EMC, EC:DMC and EC:DEC. The
same are plotted in Figure 9 (b) We find that the binary
mixtures follow the rank order (from less to more volatile):
EC:PC> EC:DEC> EC:EMC> EC:DMC. In general, we find
that addition of the low-volatile pure component to EC to form
a binary mixture resulted in the increase of ΔHvap. Hence, the
binary mixtures of PC, DEC, EMC, DMC with EC are expected
to fare much better in the safety aspect when compared to their
respective pure components. It should be noted that a more
extensive rank-order scheme to include descriptors such as heat
of combustion and heat release rate are required to
comprehensively evaluate the electrolyte safety.48 Efforts are
underway to compute the same and will be reported in a
separate study.

IV. CONCLUSIONS
We report an in silico-experimental pipeline strategy to
determine the rank-order of different electrolyte formulations
for Na+ ion batteries. Several different cyclic and acyclic
carbonate electrolytes (EC, PC, DMC, EMC, DEC), binary
mixtures (EC:PC, EC:DMC, EC:EMC, and EC:DEC) and
additives (VC, BC) with NaClO4 as dissolved salt were
benchmarked. Both thermodynamic and kinetic descriptors
were used to establish some intrinsic trends and rationally
arrive at optimal electrolyte formulations for Na+ ion batteries.
As a first rank-order criterion, PMF calculations were
performed to calculate the free energy of solvation of the salt.
Using free energy calculations as the thermodynamic descriptor
to rank-order the various electrolyte combination, we arrive at
EC:PC, EC:EMC and EC:DMC as the most suitable
electrolytes. While thermodynamic descriptors help in identify-
ing specific electrolyte formulations under equilibrium con-
ditions, the use of kinetic descriptors as a transport metric is
critical to identify electrolyte formulations with high power
performance. Kinetic descriptors such as ionic conductivity and
diffusion barrier based on the simulated MD trajectories were
thus used to refine the rank-order of Na+ ions in the various
electrolytes. EC:DMC and EC:EMC emerged as the two most
optimal electrolyte formulations among the various simulated
carbonates.
A comprehensive atomistic picture of the solvation dynamics

of Na+ ions in the various electrolytes is derived from MD
simulations and used to explain the atomistic origin of the
observed trends in the thermodynamic and kinetic descriptors.
At the atomistic level, the intricate relationship between the
local coordination/solvation, the short-range ion−solvent
interaction, and the long-range cation−anion interaction of

Figure 8. Modified Peukert plot for TiO2NT electrodes in various
electrolyte systems.

Figure 9. Estimated heats of vaporization for various pure and mixed
solvents containing Na salts. In the case of mixed solvents, ΔHvap is the
amount of heat required to remove the more volatile component from
the mixture. The standard deviation in the estimates is ∼0.5 kJ/mol.

Table 2. Computed heat of vaporization for the various pure
component electrolytes in comparison to experimental
values. The standard deviation is given in the parentheses

electrolyte simulations (kJ/mol) experiments (kJ/mol)

EC 55.12 (0.3) 51.6846

PC 45.3 (0.6) 45.7346

VC 43.2 (0.4) 41.446

DEC 42.73 (0.4) 41.96−44.7647

DMC 37.50 (0.3) 36.53−38.5647

EMC 35.22 (0.3) 34.6346
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the Na salt dictate the observed energetics of ion solvation, the
transport characteristics of the salt ions and degree of ion-
pairing.
To verify our rank-order approach, cells were assembled with

these various formulations (EC:PC, EC:DMC, EC:EMC, and
EC:DEC) and state-of-the-art nanostructured TiO2NT electro-
des with NaClO4 salt. Their electrochemical performance were
evaluated and found to strongly correlate with the electrolyte
formulation. Consistent with our computational predictions,
EC:DMC and EC:EMC were found to be top electrolyte
candidates for Na+ batteries and EC:DEC was found to be the
worst. Our rate capability studies confirm that EC:DMC and
EC:EMC to be the best formulations. These optimized
formulations have specific capacities ∼120−140 mAh/g
whereas the lower ranked electrolytes (EC:DEC) have
capacities ∼95 mAh/g. While this could be attributed to the
choice of the electrode, in future, our in silico approach will
encompass explicit modeling and simulation of electrode with
different electrolytes for an optimized Na ion electrode−
electrolyte formulation. Our findings offer encouraging
prospects for this approach in the a priori prediction of optimal
Na+ ion systems with possible screening implications for novel
electrolyte formulations for technologies that go beyond the
standard Li+ ion while enabling in the mapping of electrode−
electrolyte-genome database.
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