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ABSTRACT: Through coupled experimental analysis and computational
techniques, we uncover the origin of anodic stability for a range of nonaqueous
zinc electrolytes. By examination of electrochemical, structural, and transport
properties of nonaqueous zinc electrolytes with varying concentrations, it is
demonstrated that the acetonitrile−Zn(TFSI)2, acetonitrile−Zn(CF3SO3)2, and
propylene carbonate−Zn(TFSI)2 electrolytes can not only support highly
reversible Zn deposition behavior on a Zn metal anode (≥99% of Coulombic
efficiency) but also provide high anodic stability (up to ∼3.8 V vs Zn/Zn2+).
The predicted anodic stability from DFT calculations is well in accordance with
experimental results, and elucidates that the solvents play an important role in
anodic stability of most electrolytes. Molecular dynamics (MD) simulations
were used to understand the solvation structure (e.g., ion solvation and ionic
association) and its effect on dynamics and transport properties (e.g., diffusion
coefficient and ionic conductivity) of the electrolytes. The combination of these techniques provides unprecedented insight into
the origin of the electrochemical, structural, and transport properties in nonaqueous zinc electrolytes.

KEYWORDS: nonaqueous electrolyte, electrode/electrolyte interface, reversible deposition, Coulombic efficiency, anodic stability,
solvation structure

■ INTRODUCTION

Electrochemical, structural, and transport properties of an
electrolyte play a crucial role in defining the performance
characteristics of energy storage technologies (e.g., batteries,
fuel cells, and supercapacitors), sensors, metal plating, and
many other applications.1−7 Thus, it is of paramount
importance to obtain fundamental understanding of electrolyte
properties and behavior that govern (in part) application
performance. The electrolytes, however, remain a poorly
understood topic relative to the research devoted to other
components and have undergone only minor changes for a long
time holding back the progression of those applications. For
example, the Li-ion battery, one of the most promising energy
storage technologies, has been developed for the past 30 years
mostly focusing on the electrodes and recently the electrode/
electrolyte interface, but it still faces several issues (limited
performance, cost, aging, and safety concerns which are mostly
induced from limitation of the current state-of-the-art electro-
lyte) to apply in transportation and the electricity grid. With
constant inflation in energy generation the future energy
storage quest is rapidly moving toward high performance, safe
and low cost batteries such as metal−air, multivalent, and
lithium−sulfur batteries, but the development of a compre-

hensive understanding of electrolyte interactions/properties
and the exploration of new electrolyte solvents/salts are
required to advance beyond Li-ion battery technologies.
As one of the potential candidates for a post-lithium-ion

battery, nonaqueous multivalent (e.g., Mg2+, Ca2+, and Zn2+)
metal cells provide an attractive opportunity in energy storage
research due to higher theoretical volumetric capacity of a
multivalent metal anode and the limited dendrite formation at
the Mg metal anode.8 The development of compatible
multivalent electrolytes with a metal anode and reversible
multivalent intercalation cathodes, however, is a significant
challenge requiring an increased focus on fundamental
understanding of electrolyte properties and behavior. For
instance, in Mg metal cells various halides, halide derivatives,
BH4, and BH4 derivatives electrolytes are known to be
compatible with Mg metal anode, but correlation between
speciation and functionality is still under debate.9−21 The
compatibility of glyme−Mg(TFSI)2 electrolyte with Mg metal
is also controversial, and generally a high overpotential and low
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Coulombic efficiency are observed in cell cycling.21,22 In the
case of Ca metal cells, an electrolyte has been recently
developed that has some reversible chemistry at a Ca metal
anode, however, there still needs to be substantial improvement
for practical implementation.23,24 We note that Ca has a very
low standard free energy of oxide formation, lower even than
Mg metal, compared to other metals as noted in a Ellingham
diagram.25 However, it appears that Zn2+ ion chemistry in Zn
metal cells provides an exception among multivalent metals. Zn
metal anodes coupled with a reversible intercalation cathode
chemistry have a number of promising features: (1) highly
efficient (≥99%) reversible Zn deposition on Zn metal anode
in high performance nonaqueous Zn electrolytes (e.g., high
anodic stability (maximum ∼3.8 V) and ionic conductivity);
(2) relatively lower activation barrier energy for migration of
Zn2+ ions in a variety of cathode materials (e.g., FePO4, NiO2,
and V2O5);

26 (3) similar ionic radius compared with Li+ and
Mg2+ ions;27 (4) much higher volumetric capacity compared to
other multivalent metals, such as Mg and Ca.8 However, due to
the high electrochemical potential of Zn metal, Zn cells are not
considered a competitor compared to Li-ion energy storage.
Nevertheless, the nonaqueous Zn system provides an
opportunity to delve into the mechanisms in multivalent cell
chemistry (e.g., reversible deposition on a metal anode and
(de)intercalation into (from) a cathode material) and
furthermore possibly solves the present issues in multivalent
cell design and prototyping. From previous studies, it is
apparent that the advent of multivalent batteries relies on the
electrochemical, transport, and structural properties of electro-
lytes. An enhanced understanding of nonaqueous Zn electrolyte
(electrochemical and transport properties (e.g., anodic stability,
diffusion coefficient, and ionic conductivity) and mechanisms at
an electrolyte/electrode interface) can aid in understanding the
correlation between the atomistic structure of the electrolyte
and its performance by utilizing experimental analysis
combined with classical molecular dynamics and DFT
calculations. As shown in previous studies,28−34 the molec-
ular-level solvation structure (i.e., ion solvation and ionic
association behavior) and dynamics of the bulk electrolytes are
not only crucial factors influencing the bulk electrolyte
properties and possibly elucidating mechanisms at an electro-
lyte/electrode interface but also critical design metrics for novel
electrolytes.
Most of the previous rechargeable Zn cell studies have been

performed using aqueous Zn electrolytes, such as Zn(NO3)2
and/or ZnSO4, with various types of MnO2 or copper
hexacyanoferrate (CuHCF) nanocube cathodes, which mostly
focus on the structural and electrochemical properties of
cathode materials, reversible intercalation mechanism, and cycle
life performance for the Zn metal cells.35−41 On the other hand,
in 1987 R. Schöllhorn et al. reported the intercalation of Zn2+

ion by electron/ion transfer reactions into the Chevrel-type
molybdenum cluster chalcogenides Mo6X8 (X = S, Se) in
nonaqueous electrolytes (i.e., Zn(ClO4)2 in acetonitrile (AN)
or propylene carbonate (PC)) demonstrating the competitive
influence of electronic and steric factors upon these processes.42

As new rechargeable Zn electrolytes, the binary room
temperature molten electrolyte based on acetamide and
Zn(ClO4)2

43 and the dicyanamide ionic liquids-based electro-
lytes44 were characterized and evaluated with the γ-MnO2/Zn
and Zn/Zn cells, respectively. K. Zaghib et al. recently
demonstrated cycling performance of a Zn/PANi (polyaniline)
cell with a nonaqueous PC−Zn(TFSI)2 electrolyte.

45 Remark-

ably, most previous studies on Zn2+ ion (de)intercalation
mechanism or rechargeable Zn battery have been performed in
aqueous Zn electrolyte system, while very little information is
available in the literature on nonaqueous Zn battery, in
particular nonaqueous Zn electrolytes.
Hence, this study aims to scrutinize in detail the general

electrochemical and transport properties (e.g., reversible Zn
metal deposition behavior with Coulombic efficiency, over-
potential, anodic stability, diffusion coefficient, and ionic
conductivity) of nonaqueous Zn electrolytes consisting of
mixtures of Zn salts (e.g., Zn(PF6)2, Zn(TFSI)2, Zn(BF4)2, and
Zn(CF3SO3)2) and organic solvents (e.g., diglyme, propylene
carbonate, acetonitrile, and N,N-dimethylformamide). Classical
molecular dynamics simulations are utilized to complement the
experimental work and to provide insights into the molecular-
level ion solvation/ionic association behavior, dynamics of the
bulk electrolytes, and the relationship between solution
structure and transport properties of bulk electrolytes. In
addition, electrochemical stability windows of the electrolytes
are predicted via adiabatic ionization potential (IP) DFT
calculations considering both solvents and salt anions.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Materials and Electrolyte Preparation. The zinc salts and
solvents used in the present study and their acronyms/schematics are
noted in Figure 1. Zinc carbonate basic ([ZnCO3]2·[Zn(OH)3]),

tetrafluoroboric acid (HBF4, 48 wt % in H2O), zinc chloride (ZnCl2),
and silver hexafluorophosphate (AgPF6) were purchased from Sigma-
Aldrich and Alfar Aesar. The syntheses of Zn(BF4)2 and Zn(PF6)2 are
following literature procedures.46,47 A 2.75 g of zinc carbonate basic
([ZnCO3]2·[Zn(OH)2]3, 25 mmol of Zn) was suspended in 250 mL
of deionized water in a 500 mL round-bottom bottle, to which was
added 8.2 g of tetrafluoroboric acid solution (HBF4, 48 wt % in H2O,
45 mmol of HBF4) slowly over 30 min. After the bubbling stopped,
the mixture was further stirred at room temperature overnight to
confirm complete reaction. The mixture was then filtered through a
Celite (Sigma-Aldrich) overnight. Removal of water solvent from the
collected colorless solution via a Rotavapor evaporator afforded pure
Zn(BF4)2 as white solid (4.0 g, 74.4% yield). The purity of salt was

Figure 1. Structures and acronyms of the zinc salts and solvents
studied.
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confirmed by 19F NMR in CH3CN, recorded at −149.5 ppm,
referenced to Et2O·BF3 at −153 ppm. The salt was then dried under
vacuum at room temperature overnight, which followed additional
drying of Zn(BF4)2 at 80 °C under vacuum in an argon-filled glovebox
for more than 24 h before use. In an argon-filled glovebox, 490 mg of
zinc chloride (ZnCl2, ≥98%, Sigma-Aldrich) (3.6 mmol of Zn) was
suspended in 20 mL of anhydrous acetonitrile (CH3CN, 99.8%,
Sigma-Aldrich), to which was added a mixture, 1.77 g of silver
hexafluorophosphate (AgPF6, 98%, Sigma-Aldrich) (7.0 mmol of Ag)
in 20 mL of anhydrous acetonitrile, slowly over 10 min. The mixture
was allowed to stir at room temperature in the dark for 12 h to ensure
the completion of the reaction. After stirring, the clear solution was
collected via filtration through a Celite. Removal of acetonitrile from
the solution under Schlenk line afforded white solid of analytically
pure Zn(PF6)2 (430 mg, 34.6% yield). The salt was then dried under
vacuum at room temperature in an argon-filled glovebox for more than
24 h before use.
Zn(TFSI)2 (Solvionic, 99.5%) and Zn(CF3SO3)2 (Sigma-Aldrich,

98%) were used after drying at 90 °C in a vacuum oven. Anhydrous
diglyme (Sigma-Aldrich, 99.5%), propylene carbonate (Sigma-Aldrich,
99.7%), acetonitrile (Sigma-Aldrich, 99.8%), and N′,N′-dimethylfor-
mamide (Sigma-Aldrich, 99.8%) were used after overnight drying with
completely dried molecular sieves (Sigma-Aldrich, 4 Å, 8−12 mesh).
Appropriate ratios of zinc salts and solvents were mixed together in
hermetically sealed glass vials and stirred on a hot plate to form
homogeneous solutions. All materials were handled in an argon-filled
inert atmosphere glovebox (<0.5 ppm of H2O and <0.5 ppm of O2).
The water content of the mixtures was verified to be <30 ppm using a
Mettler Toledo DL39 Karl Fischer coulometer.
Electrochemical Measurements and Morphology Character-

ization. Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) measurements of the prepared electrolytes were performed in a
three-electrode cell inside the glovebox using a Parstat MC
potentiostat (Princeton Applied Research). The zinc wires (Alfa
Aesar, 99.95%, 2.0 mm diameter) polished with a sand paper were
used as the reference and the counter electrodes, and a Pt disk (CH
Instruments, 2.0 mm diameter) was used as the working electrode.
Conductivity values were measured in 20 °C steps from −20 to 60 °C

using an Orion 3 Star conductivity meter (Thermo Scientific) with a
MI-915 dip-type conductivity probe (Microelectrodes, Inc.), which is
one of the integrated tools on Freeslate’s robotic platform (CM3,
Freeslate Inc.) in a custom-built nitrogen-filled glovebox (MB 200B,
MBraun). In each measurement, the probe was washed with
anhydrous methanol (Sigma-Aldrich, 99.8%) and dried over adsorbing
mats to avoid cross contamination. The probe was regularly calibrated
with standard solutions (0.1, 1, 5, 10, and 20 mS cm−1, Ricca
Chemical) at 25 °C. The error on the reported conductivities is
estimated to be ±5%. The diffusion coefficient was estimated by the
chronoamperometry technique using the same three-electrode cell
used in CV or LSV measurements. The electrode potential was held at
−0.5 V vs Zn/Zn2+ for 70 s. Current as a function of time was
recorded using a Parstat MC potentiostat, and Coulombic charge was
calculated by integrating current with respect to time. The diffusion
coefficient was calculated according to the following equation:

π
= + +Q

nFAC D
t Q Q

2 0
1/2

1/2
1/2

dl ads (1)

where Q is the total Coulombic charge (C) for Zn deposition, n is the
number of electrons transferred, F is the Faraday constant (C mol−1),
A is the electrode area (cm2), C0 is the bulk Zn ion concentration
(mol/cm3), D is the Zn ion diffusion coefficient in the electrolyte (cm2

s−1), t is time (s), Qdl is the double-layer charge, and Qads is the charge
associated with the adsorbed species.48

Hitachi S4700 scanning electron microscope with an energy
dispersive X-ray spectrometer (SEM-EDS) was used to characterize
the morphology and to investigate the elements of deposited materials
on a Pt electrode. To obtain deposited materials, chronopotentio-
metric technique was utilized for a Pt electrode in different
nonaqueous Zn electrolytes at −0.5 mA constant current overnight.

MD Simulations and DFT Calculation. Classical molecular
dynamics (MD) simulations were performed using the GROMACS
MD simulation package, version 4.5.3.49 Initial cubic simulation boxes
with periodicity in the XYZ directions were constructed for the
Zn(TFSI)2 and Zn(CF3SO3)2 salts in G2, AN, PC, and DMF solvents
at 0.1 and 0.5 M concentrations using PACKMOL.50 All initial
configurations were subjected to two steps of energy minimization,

Figure 2. CVs of variable-concentration (a) AN−Zn(TFSI)2, (b) AN−Zn(CF3SO3)2, and (c) PC−Zn(TFSI)2 (the scan rate for the CVs was 0.1 V
s−1). (d) LSVs of 0.5 M AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and PC−Zn(TFSI)2 electrolytes (the scan rate for the LSVs was 0.025 V s−1).
Reversible deposition overpotential of (e) variable-concentration AN−Zn(TFSI)2 and (f) 0.5 M AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and PC−
Zn(TFSI)2 electrolytes (the scan rate for the 20 CV cycles was 0.01 V s−1).
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first using steepest descent with the convergence criteria of 1000 kcal
mol−1 Å−1 followed by conjugated-gradient energy minimization with
convergence criteria of 10 kcal mol−1 Å−1. After minimization
isothermal−isobaric (NPT) simulations were performed at 25 °C
and 1 bar using the Berendsen barostat with a time constant of 0.1 ps
to get the correct density. All systems were then heated to a
temperature of 127 °C for 1 ns followed by a 3 ns annealing to 25 °C
in a canonical ensemble (NVT) using an improved velocity rescaling
algorithm with a coupling constant of 0.1 ps to ensure that the
molecules were not trapped in a metastable state. Afterward, NVT
simulations were performed for 10 ns to equilibrate the systems at 25
°C. The simulations are long enough to capture the structural and
dynamical properties of equilibrated systems. Structural and dynamical
properties were averaged over two independent configurations of the
same system. The bonded and nonbonded parameters were obtained
using generalized amber force fields (GAFF), and the partial charges
were obtained with the RESP procedure using Antechamber.51−53

Long range electrostatic interactions were handled by the particle-
mesh Ewald (PME) method with a cutoff of 1.2 nm, and the Lennard-
Jones interaction was truncated at 1.2 nm. The diffusion coefficient
was computed from a least-squares fitting for a straight line in mean
squared displacement in the diffusive regime. The conductivity is
computed using the Nernst−Einstein (NE) equation as follows, where
Npair is the number of ion pairs, q+ and q− are the total charges on
cation and anion respectively, D+ and D− are the self-diffusion
coefficients of cation and anion, respectively, V is the simulation box
volume, T is the temperature, kβ is the Boltzmann constant:

σ = +
β

+ + − −
N

VTk
q D q D( )NE

pair 2 2

(2)

DFT calculations were performed using the QChem 4.1 pack-
age.54,55 All the species were fully relaxed at the B3LYP/6-31+G*
level.56,57 Vibrational frequency calculations were carried out for each
stationary point to check the character of the stationary point, as a true
minimum should have no imaginary frequencies. All final geometries
were confirmed as true minima by iteratively adjusting the structures.
The single point energy was evaluated at the same theoretical level.
The solvent effect is taken into account by the IEF-PCM dielectric
continuum model.58 All the calculations were carried out automatically
by a workflow infrastructure developed by the Electrolyte Genome
project.59 Ionization potentials (IPs)60(the energy to oxidize a
compound as calculated by the energy difference between the oxidized
and the original state) were calculated to predict the anodic stability of
the electrolyte components. To identify the limiting components of

the electrolyte electrochemical stability, we calculated the stability of
both anions and solvents. Guided by the MD calculations, the anion IP
calculation utilized the solvation structure of a Zn−anion ion pair for
all systems except that of DMF−Zn(TFSI)2, since ion pairing was
found to be the prevailing solvation structure for the considered
systems and concentrations.

■ RESULTS AND DISCUSSION
Zn Metal Plating/Stripping Behavior and Deposition

Morphology. Parts a−c of Figure 2 represent the CVs of the
AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and PC−Zn(TFSI)2
electrolytes with varying concentration to evaluate the Zn
plating/stripping behavior, Coulombic efficiency, overpotential,
and the electrochemical window. In Figure 2a−c, the cathodic
currents below 0 V and the anodic peak around the open-circuit
voltage (OCV) are related to Zn deposition and dissolution,
respectively.23 The AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and
PC−Zn(TFSI)2 electrolytes show reversible Zn deposition
behavior with negligible or no additional redox reaction and
wide electrochemical window up to approximately 3.7, 3.5, and
3.4 V vs Zn/Zn2+, respectively (Figure 2d, for 0.5 M
concentration), suggesting that those mixtures can be used as
potential electrolytes with a variety of cathode materials in
rechargeable Zn batteries. It is noteworthy that all three
electrolytes have the highest current density values for 0.5 M
concentration (possibly due to increased unstable ion-paired
anions34 and/or solubility limit), which possibly can be selected
as the standard concentration for further studies. Additional
CVs and LSVs for the 0.1 M electrolytes composed of one of
the zinc salts (i.e., Zn(TFSI)2, Zn(BF4)2, Zn(PF6)2, and
Zn(CF3SO3)2) and one of the organic solvents (i.e., G2, PC,
AN, and DMF) are demonstrated in Supporting Information
(Figures S1−S4). In Figures S1−S4, the current density for
several electrolytes exhibits minimal change on cycling (e.g.,
G2−Zn(TFSI)2, G2−Zn(CF3SO3)2, DMF−Zn(BF4)2, and
DMF−Zn(PF6)2), possibly due to the reaction of the
uncoordinated solvent present in the electrolyte with the
freshly plated Zn metal.61 Most other electrolytes, such as G2/
DMF−Zn(TFSI)2, G2/PC/DMF−Zn(CF3SO3)2, AN/PC/
DMF−Zn(BF4)2, and G2/AN/PC/DMF−Zn(PF6)2, also
show the electrochemical plating/stripping behavior of Zn,

Table 1. Electrochemical Properties Comparison among 16 Different Nonaqueous Zn Electrolytes (for 0.1 M Concentration)

Zn(TFSI)2 Zn(CF3SO3)2 Zn(BF4)2 Zn(PF6)2

diglyme (G2) ASa ∼2.6 V ∼2.4 V n/a ∼2.3 V
CEb n/a n/a n/a 100%
solubilityc lightly cloudy homogeneous not soluble lightly cloudy
CVd additional redox reactions additional redox reaction n/a additional redox reactions

acetonitrile (AN) ASa ∼3.8 V ∼3.6 V ∼3.8 V ∼3.6 V
CEb 99% 100% 100% n/a
solubilityc lightly cloudy homogeneous cloudy homogeneous
CVd no additional redox reaction no additional redox reaction additional redox reactions additional redox reactions

propylene carbonate (PC) ASa ∼3.4 V ∼3.3 V ∼3.3 V ∼3.3 V
CEb 100% 100% n/a 100%
solubilityc lightly cloudy cloudy cloudy homogeneous
CVd additional redox reactions additional redox reactions additional redox reactions additional redox reactions

N,N-dimethylformamide (DMF) ASa ∼2.9 V ∼2.8 V ∼2.8 V ∼2.5 V
CEb 50.8% n/a n/a 100%
solubilityc lightly cloudy homogeneous cloudy homogeneous
CVd additional redox reactions additional redox reactions additional redox reactions additional redox reactions

aAnodic stability (V vs Zn/Zn2+). bCoulombic efficiency. cAt 25 °C (inhomogeneous mixtures with G2, AN, PC, and DMF were also stirred/heated
on a hot plate up to 80−120 °C considering boiling point of each solvent and decomposition temperature of each salt, but transparent homogeneous
solutions could not be created.) dCyclic voltammogram.
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but there are additional large and/or small peaks that indicate
additional reversible and/or irreversible redox reactions. In
addition, those electrolytes have relatively narrower electro-
chemical windows (Figures S1−S4). The CV of the G2−
Zn(BF4)2 electrolyte is characterized by featureless cathodic
and anodic currents, probably due to highly limited solubility of
Zn(BF4)2 salt in G2, which can also be deduced from relatively
low current density values (Figure S3a).
The Coulombic efficiency of Zn deposition/dissolution

behavior from CVs is summarized in Table 1. Coulombic
efficiency for most electrolytes is not available because the Zn
plating/stripping peaks overlap with additional redox reaction
peaks. Only 0.1 M DMF−Zn(TFSI)2 electrolyte shows
approximately 50.8 Coulombic efficiency, while other electro-
lytes, including the AN−Zn(TFSI)2, PC−Zn(TFSI)2, and AN−
Zn(CF3SO3)2 electrolytes, show ≥99% Coulombic efficiency
for varying concentrations (Figure 2a−c), which suggests very
high reversibility of Zn deposition/dissolution. Figure 2e and
Figure 2f demonstrate the reversible deposition overpotential
for the variable-concentration AN−Zn(TFSI)2 electrolytes and
the 0.5 M AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and PC−
Zn(TFSI)2 electrolytes, respectively. Additional results of
reversible deposition overpotential for the variable-concen-
tration AN−Zn(CF3SO3)2 and PC−Zn(TFSI)2 electrolytes are
represented in Figure S5. After five cycles, the overpotential
values are almost consistent for additional 15 cycles and are
decreased with increase of concentration (Figures 2e and S5).
In Figure 2f, the reversible deposition overpotential of 0.5 M
AN−Zn(TFSI)2 is the highest (∼0.1 V), 0.5 M AN−
Zn(CF3SO3)2 the next (∼0.07 V), and 0.5 M PC−Zn(TFSI)2
the lowest (∼0.06 V).
Typical SEM micrographs and the corresponding EDS

spectrum of the deposited materials on the Pt electrodes are
shown in Figure 3. Parts a, c, and e of Figure 3 provide
overviews of the Zn deposited Pt electrodes in three selected
nonaqueous Zn electrolytes (i.e., AN−Zn(TFSI)2, AN−Zn-

(CF3SO3)2, and PC−Zn(TFSI)2) under a lower magnification,
while parts b, d, and f of Figure 3 show the morphologies of
selected zones (i.e., α, β, and γ) of each overview. The
morphologies represent deposited Zn nanolines with approx-
imately 100 nm diameter, which were possibly obtained from a
nuclear-growth kinetic process of the Zn on the Pt electrodes.
The inset images in parts b, d, and f of Figure 3 show the EDS
spectrum for the deposited materials, in which Lβ1, Kα1, and
Kβ1 characteristic peaks at around 103.5, 863.7, and 957.0 eV,
respectively, correspond to the Zn element. Both surface
topography and EDS spectrum analysis indicate that only Zn is
readily deposited on the Pt electrodes in all three selected
electrolytes by utilizing chronopotentiometric technique, which
is in accord with apparent Zn metal plating behavior observed
from previous CVs (Figure 2). Upon the basis of the analysis of
CVs and LSVs of the electrolytes (Figures 2 and S1−S4) and
morphologies and EDS spectrum of the deposited materials
(Figure 3), it appears that selected nonaqueous Zn electrolytes
show highly efficient (≥99%) reversible deposition behavior on
a Zn metal anode with wide electrochemical window (up to
∼3.8 V vs Zn/Zn2+), which can provide possible utilization of
those electrolytes in nonaqueous Zn metal cells.

Electrochemical Stability and Elucidation of Its Limit-
ing Factors. The oxidation of a nonaqueous electrolyte is a
crucial issue when high potential cathodes are used for the
development of high energy density batteries based on polar
aprotic electrolyte solutions.62 Most of the nonaqueous
solvents and salts of interest are possibly oxidized at high
potentials, and thus their intrinsic anodic behavior is important
for further studies. The anodic stability of each 0.1 M
electrolyte was obtained from LSVs measurements (Figures
S1−S4) and summarized in Table 1. As shown in the CV plots
(Figures S1b, S1c, and S2b), the LSVs confirm higher anodic
stability of the 0.1 M AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and
PC−Zn(TFSI)2 electrolytes as 3.8, 3.6, and 3.4 V vs Zn/Zn2+,
respectively, compared to those of other electrolytes (Figures

Figure 3. SEM images of (a) Pt electrode after overnight Zn deposition in 0.5 M AN−Zn(TFSI)2 electrolyte, (b) a selected zone α of part a, (c) Pt
electrode after overnight Zn deposition in 0.5 M AN−Zn(CF3SO3)2 electrolyte, (d) a selected zone β of part c, (e) Pt electrode after overnight Zn
deposition in 0.5 M PC−Zn(TFSI)2 electrolyte, and (f) a selected zone γ of part e (the insets in parts b, d, and f show the EDS spectrum of Zn
deposits).
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S1−S4). It is noteworthy that anodic stability of an electrolyte
reduces with increasing concentration (insets of Figure 2a−c):
approximately 0.15 V for the AN−Zn(TFSI)2, 0.1 V for the
AN−Zn(CF3SO3)2, and 0.17 V for the PC−Zn(TFSI)2
electrolytes. In addition, it is interesting to note that a trend
can be observed based on different solvents: the range of high
voltage limit with varying Zn salts is approximately 3.6−3.8 V
vs Zn/Zn2+ for AN, 3.3−3.4 V vs Zn/Zn2+ for PC, 2.5−2.9 V vs
Zn/Zn2+ for DMF, and 2.3−2.6 V vs Zn/Zn2+ for G2 (Table
1). This indicates the following order for decreasing anodic
stability in 0.1 M nonaqueous zinc electrolytes,

− > − > − ≥ −

= − − − −

AN Zn(X) PC Zn(X) DMF Zn(X) G2 Zn(X)

(X TFSI , CF SO , BF , and PF )
2 2 2 2

3 3 4 6

which suggests that a solvent is one of the most important
factors in determining the electrochemical window of non-
aqueous Zn electrolytes.
The DFT predicted anodic stability (IP) is shown in Figure

4. In each electrolyte, the anodic stability limit is determined by

either the solvent or the anion, whichever is lower. For the 0.1
M AN−Zn(TFSI)2, AN−Zn(CF3SO3)2, and PC−Zn(TFSI)2
electrolytes, the lowest anodic limit is above 4.0 V vs Zn/Zn2+,
which is roughly consistent with experimental results that no
oxidation reaction is observed until approximately 3.8, 3.6, and
3.4 V vs Zn/Zn2+, respectively. Except for the AN−Zn(TFSI)2
and PC−Zn(TFSI)2 electrolytes, the anions are predicted to
have a higher anodic limit than the solvents. It means that the
anodic stability of AN−Zn(TFSI)2 and PC−Zn(TFSI)2
electrolytes is mostly limited by the TFSI− anion, while the
solvent is the predominant limiting factor for the anodic
stability of the other electrolytes. The anodic stability of the
electrolytes decreases in the order of AN ≥ PC > DMF ≥ G2,
which is in good agreement with the experimental trend.
Previous studies on anodic stability for a variety of nonaqueous
systems highlight the salt, the electrode materials, and
impurities as potential stability-limiting factors governing the
onset of the oxidation reactions, but the anodic reactions of
polar aprotic systems and their mechanism are unclear.62 From
our study of nonaqueous zinc electrolyte systems, it appears
that the solvent is a dominant factor in determining the anodic
stability, and only AN−Zn(TFSI)2 and PC−Zn(TFSI)2 are
governed by the stability of the salt anion.

Ion Solvation and Ionic Association. The solvation
structure (i.e., ion solvation and ionic association) is one of the
important factors, as it provides a link between the molecular-
level interactions and electrolyte properties such as diffusion
coefficient and ionic conductivity. The Zn−anion, Zn−solvent,
and anion−solvent radial distribution function g(r), thus, was
computed to understand the local solvation structure of the
electrolyte. The g(r) and snapshots of all computed systems are
provided in Supporting Information (Figures S6−S13). The
first solvation shell around Zn2+ consists of oxygen or nitrogen
from TFSI− or CF3SO3

− anion and/or solvent molecules at
∼2.2 Å. The Zn−solvent g(r) shows peak from Zn−O(DMF)
and Zn−O(PC) at 2.2 Å and Zn−O(G2) at 2.1 Å, whereas
Zn−N(AN) peak is observed at 2.3 Å (Figure S14). Among the
four solvents considered in this work, small size O-donor
solvents (i.e., DMF, PC, and G2) show the stronger interaction
with Zn2+ as compared to N-donor solvents (i.e., AN), which
indicates the following order of DMF > PC ∼ G2 > AN for the
strength of Zn−solvent interaction in the Zn(TFSI)2 electro-
lytes and DMF ∼ PC > G2 > AN in the Zn(CF3SO3)2
electrolytes (Figure S14). Figure 5 shows the coordination

numbers (CN) of the Zn−anion and Zn−solvent for 0.1 and
0.5 M Zn(TFSI)2 or Zn(CF3SO3)2 electrolytes with DMF, PC,
G2, and AN. The CN was computed by integrating g(r) of
atoms in their respective first solvation shell, which consists of
oxygen or nitrogen from TFSI− or CF3SO3

− anion and/or
solvent molecules. For the Zn−anion coordination, the CN is
computed by integrating g(r) between Zn2+ and N(TFSI−) and
Zn2+ and S(CF3SO3

−), although the first solvation shell around
Zn2+ consists of oxygen atoms of TFSI− and CF3SO3

−, while
the CN in Zn−solvent coordination is computed from g(r)
between Zn2+ and N(AN), Zn2+ and O(DMF), Zn2+ and

Figure 4. Calculated electrochemical windows (IP) of different salt
anions in different solvent dielectric media. All the values are reported
versus Zn/Zn2+, and the solvent effect is taken into account by the
IEF-PCM model. All the anions are listed in the legend and indicated
by different symbols.

Figure 5. Coordination numbers of Zn−anion and Zn−solvent in the
first solvation shell for the (a) Zn(TFSI)2 and (b) Zn(CF3SO3)2
electrolytes with four different solvents (0.1 M (filled bars) and 0.5 M
(hollow bars) concentrations).
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O(PC), and Zn2+ and O(G2). The small size linear O-donor
solvents exhibit better dissociating capability (between cations
and anions) than the cyclic solvent of PC and N-donor solvent
of AN. As previously reported for Mg electrolytes,34 the
dissociation of cation−anion is not directly proportional to
dielectric constant of solvents: even though G2 has a much
smaller dielectric constant, its high O-donor denticity and
ability to wrap around cation promote dissociation between the
cation and anion. Relatively weaker interaction between Zn2+

cations and AN solvent molecules results in formation of
aggregates (AGGs) in the solution.
The increase in CNs of the Zn−anion and decrease in CNs

of the Zn−solvent are observed with increasing concentration
from 0.1 to 0.5 M (Figure 5). This increase in CNs of the Zn−
anion with increasing concentration may affect the stability of
an electrolyte if the ion-paired anions become unstable in the
solution,34 which can be observed in experimental results
(Figure 2a−c). The decrease in CNs of the Zn−solvent with
increasing concentration is the least for G2, which showcases its
strong chelating effect around Zn2+ with high O-donor
denticity. At both 0.1 and 0.5 M the CN of Zn−TFSI is
similar to Zn−CF3SO3 in weakly coordinating solvents AN and
PC, whereas CN of Zn−TFSI is smaller than ZN-CF3SO3 in
strongly coordinating solvents DMF and G2. Also, the increase
in CNs of Zn−TFSI and Zn−CF3SO3 with increase in
concentration from 0.1 to 0.5 M is more significant in TFSI−

as compared to CF3SO3
−. The molecular-level interactions

between those solvent molecules and the anions were
investigated to verify this difference. Figure S15 shows that in
all solvents the CF3SO3

− anions have relatively stronger
interaction with solvent molecules as compared to TFSI−

anions possibly due to the steric hindrance and more dispersed
charge of the TFSI− anions resulting in lesser impact on Zn−
CF3SO3 coordination with increase in concentration. Similar
trends have been observed previously for lithium salts.29,63

Upon the basis of the detailed understanding of electrolyte
mixtures including how interactions at the molecular level are
affected by factors such as solvent/ion structure and
concentration, the relationship between the molecular-level
interactions and electrolyte properties will be addressed in the
following section.
Dynamical, Transport, Electrochemical Properties.

The isothermal diffusion coefficients (at 25 °C) of the 0.1 M
electrolytes composed of Zn(TFSI)2 or Zn(CF3SO3)2 salts with
four different solvents (e.g., AN, DMF, PC, and G2) were
estimated using eq 1 with the integrated values from
chronoamperometry technique (Figure 6a) and were simulated
from mean square displacement of ions (Figure 6b and Figure
6c). The trends observed in diffusion coefficient values from
simulations are in good agreement with experimental results,
while the quantitative agreement is difficult due to limitation of
nonpolarizable force field used in this work. Among the four
different solvent-based electrolytes, the AN-based electrolytes
have the highest diffusion coefficient values and the DMF-based
electrolytes show the second highest diffusion coefficient values
compared to those of the PC- and G2-based electrolytes
(Figure 6a). The MD simulations also indicate the same trend
for the different solvents (Figure 6b and Figure 6c). It appears
that a solvent with low viscosity, weaker coordination with Zn2+

and anions, such as AN, and more dispersed charge on salt
anion, such as TFSI−, may result in faster dynamics of both
cation and anion. The mobility of cations and anions is the
fastest in AN followed by DMF and the slowest in PC for both

Zn(TFSI)2 and Zn(CF3SO3)2 salts possibly due to viscosity
difference (AN = 0.37 mPa·s, DMF = 0.79 mPa·s, and PC =
2.50 mPa·s at 25 °C) and dielectric constant difference (AN =
36.6, DMF = 38.3, and PC = 60 at 20 °C) in each solvent
(Figure 6).64,65 This trend is in agreement with previously
reported experimental results for LiClO4, where the fastest
dynamics is observed in AN followed by DMF and the slowest
dynamics in PC.66 Upon the basis of the dynamics studies of
AN-, DMF-, and PC-based electrolytes, it is concluded that
relatively lower viscosity and dielectric constant of solvents
result in faster dynamics of ions in the solution. Compared to
PC, however, G2 has lower viscosity (1.88 mPa·s at 25 °C) and
much lower dielectric constant (ε = 7.2 at 20 °C), but G2-
based electrolyte shows similar ion mobility of PC-based
electrolytes possibly due to its stronger chelating effect (Figure
6). In Figure 6b and Figure 6c, DMF has stronger interaction
with Zn2+ of Zn(TFSI)2 than Zn2+ of Zn(CF3SO3)2, which
contributes to more strongly solvated Zn2+ with slower
dynamics and more uncoordinated TFSI− with faster dynamics.

Figure 6. Isothermal diffusion coefficients of (a) Zn(TFSI)2 and
Zn(CF3SO3)2 (from experimental estimation methods at 25 °C), (b)
Zn2+ cations, and (c) TFSI− and CF3SO3

− anions (from MD
simulations at 25 °C, error bars were estimated based on the difference
of the diffusion coefficients obtained from fits over the two halves of
the fit interval) of 0.1 M Zn(TFSI)2 and Zn(CF3SO3)2 electrolytes
with AN, DMF, PC, and G2.
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In the case of AN-based electrolytes, the diffusion coefficient of
Zn ion for TFSI− anion is relatively higher than that for
CF3SO3

− anion (Figure 6), probably due to an association
tendency of the anions (i.e., anion···Zn2+ cation coordination)
(uncoordinated free TFSI− anions, proposed to be a highly
dissociated anions and also less coordinated with solvent
molecules (Figure S15), result in higher diffusivity compared to
highly associated CF3SO3

− anions) reported in previous
electrolyte solvation and ionic association studies for the
AN−Li(X) electrolytes (X = PF6

−, FSI−, TFSI−, ClO4
−,

DFOB−, BF4
−, CF3CO2

−, and CF3SO3
−).28−33 Overall, all

these observations in nonaqueous Zn electrolyte systems
suggest that dynamics of ions are determined by a variety of
complicated factors such as viscosity, dielectric constant, donor
atoms of a solvent, molecular geometry, and strength of
interaction with cation and anion.
The isothermal ionic conductivities (at 25 °C) of 0.1 M

Zn(TFSI)2 and Zn(CF3SO3)2 electrolytes with AN, DMF, PC,
and G2 were computed using eq 2 (Figure 7a). The trend in

ionic conductivities (AN > DMF > PC ≥ G2) is in accordance
with experimental results (Figure S16) and inferences from
previous diffusion coefficient values (Figure 6). Faster dynamics
and more charged pairs in AN-based electrolytes attribute to
relatively higher conductivities compared to DMF-, PC-, and
G2-based electrolytes. Figure 7b demonstrates the experimen-
tally measured isothermal ionic conductivity values (at 20 °C)
for the AN−Zn(TFSI)2 electrolytes, along with values for the
corresponding mixtures with another Zn salt (i.e., AN−
Zn(CF3SO3)2) or solvent (i.e., PC−Zn(TFSI)2) for compar-
ison. It is interesting to note that the AN− and PC−Zn(TFSI)2

electrolytes exhibit a peak in ionic conductivity near the
concentration of 0.5 M, which is not the case for other Li salt
electrolytes with aprotic solvents,30,67 while the ionic
conductivity of the AN−Zn(CF3SO3)2 electrolytes peaks near
a concentration of 1.0 M (Figure 7b). The explanation for this
may lie in possible increase of unstable ion-paired anions34

and/or solubility limit with increasing concentration, noted
above from solubility observation in Table 1: both AN− and
PC−Zn(TFSI)2 electrolytes are lightly cloudy solutions even at
0.1 M, while AN−Zn(CF3SO3)2 electrolyte is a homogeneous
solution. For the concentration range (0.1−1.0 M) at room
temperature (20 °C), the conductivity of the AN−Zn(TFSI)2
electrolyte is remarkably higher than the values for the
electrolytes with another salt, Zn(CF3SO3)2, or solvent, PC
(Figure 7b), which may be expected considering the diffusion
coefficient values for the AN−Zn(TFSI)2 electrolyte in Figure
6. The variation with temperature of the ionic conductivities of
the 0.5 M Zn(TFSI)2 and Zn(CF3SO3)2 electrolytes with four
different solvents are given in Figure S16. Unlike other
electrolytes, the ionic conductivities of the AN−Zn(TFSI)2
and −Zn(CF3SO3)2 electrolytes are almost the same or minor
increase with increasing temperature (≥20 °C for the AN−
Zn(TFSI)2 and AN−Zn(CF3SO3)2 electrolytes) possibly due
to relatively lower boiling point of AN (82 °C). The behavior
shown in Figure S16 for different solvents is in accord with the
above-noted diffusion coefficient values for the electrolytes
(Figure 6). The conductivity data were reproduced with
samples prepared from different batches of Zn salts, and the
water content of the electrolytes was verified to be negligible.

■ CONCLUSIONS
The electrochemical, transport, and dynamical properties of
nonaqueous zinc electrolytes have been examined in detail by
employing several modes of experimental evaluation in concert
with MD simulations and DFT calculations. Among a variety of
electrolytes, the AN−Zn(TFSI)2, PC−Zn(TFSI)2, and AN−
Zn(CF3SO3)2 electrolytes represent highly efficient (≥99%)
reversible deposition behavior on a Zn metal anode with wide
electrochemical window (up to 3.8 V vs Zn/Zn2+), which can
provide possible utilization of those electrolytes in nonaqueous
zinc metal cells. Upon the basis of experimental analysis and
DFT calculations for the anodic stability of electrolytes, we
identify that the solvent is the most important factor in
determining the anodic stability of most zinc electrolytes except
for the case of Zn(TFSI)2 where the TFSI− anion sets the
upper voltage limit due to its relatively lower anodic stability.
The solvation structure and dynamical/transport/electrochem-
ical properties analyses demonstrate weakly coordinated
nitrogen donor solvent, such as AN, promote formation of
large complexes with faster dynamics and low partial charge
which can dissociate easily resulting in higher conductivity. In
the case of AN-based electrolytes, the diffusion coefficient of Zn
ion for TFSI− anion, proposed to be a highly dissociated anion,
is relatively higher than that for CF3SO3

− anion, possibly highly
associated anion, which results in relatively higher conductivity
of the AN−Zn(TFSI)2 electrolyte.
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Figure 7. Isothermal ionic conductivities of (a) 0.1 M Zn(TFSI)2 and
Zn(CF3SO3)2 electrolytes with AN, DMF, PC, and G2 (from MD
simulations at 25 °C) and (b) the AN−Zn(TFSI)2, AN−Zn-
(CF3SO3)2, and PC−Zn(TFSI)2 electrolytes with varying concen-
tration (error bars shown for multiple measurements at 20 °C).
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